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Preface

This book is presenting to explain the principles of process integration, the use of
pinch technology as well as energy recycling in oil, gas, petrochemical and industrial
processes.

We made every effort to prepare this book as a complete content overview of all
aspects in similar references in the field of energy recovery in oil, gas and petro-
chemicals, by considering standards and the way of performing heat exchangers
network and implementing the engineering, procurement and construction projects
also the helpful experiences in optimizing them via latest process modeling of the
largest engineering companies, for those who are involving in this field and would
be focusing on their future plans.

It is hoped that this book will serve as a guide and reference for professors,
technicians, craftsmen, managers, students and graduated people in various engi-
neering majors, especially chemical and process engineering. Meanwhile the con-
tent presented provides enough basic information as feed for all students interested
in energy industry and its technical, process and operational topics. We wish that
the contents of this book would be a guide for developing the future and various
applicable plans for the energy, oil, gas and downstream industries.

In case you have any criticisms, suggestions or solutions for improving this
book and other similar books that are being written, it would be our pleasure if you
contact us through the aforementioned communication channels.

https://doi.org/10.1515/9783110786323-202

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1515/9783110786323-202


 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



Contents

Preface V

Foreword XI

About the Authors XIII

Chapter 1
Overview on the History of Integration and Fundamental Concept 1
1.1 Overview on the History of Pinch Technology 1
1.1.1 Process Integration 1
1.1.2 Mathematical Programming Method 2
1.2 Introduction of Pinch Technology 3
1.3 Basic Definitions 5
1.3.1 The Process Stream 5
1.3.2 Utilities 5
1.3.3 Sensible Heat 6
1.3.4 Concept of the First Law of Thermodynamics 8
1.3.5 Concept of the Second Law of Thermodynamics 9
1.3.6 Minimum Allowable Temperature Difference in Heat Exchangers

(ΔTmin) 9

Chapter 2
Composite Curve 12
2.1 Data Extraction 12
2.2 Composite Curve 13

Chapter 3
Cascade Diagram 19
3.1 Golden Rules of Pinch Technology 19
3.2 Cascade Diagram 20

Chapter 4
Heat Exchanger Network Design with Maximum Energy Recovery 27
4.1 Heat Exchanger Network Design with Maximum Rate of Energy

Recovery (MER) 27
4.2 Grid Diagram 27
4.3 Rules of Exchanger Design Above and Below the Pinch Point 28

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 5
Heat Exchanger Network Design with Minimum Heat Transfer Unit 43
5.1 Heat Exchanger Network Design with Minimum Heat Transfer Unit

(Nmin) 43
5.2 Grand Composite Curve (GCC) 46

Chapter 6
Estimating the Number of Shells and Heat Transfer Area of Heat Exchanger
Network 53
6.1 Area Targeting 53
6.2 Log Mean Temperature Difference (LMTD) Calculation 56
6.3 Estimating Correction Factor (FT) 56
6.4 Estimating the Number of Shells and Heat Transfer Area of Heat

Exchanger Network 64
6.4.1 Trial-and-Error Methods and Rule of Thumb for Estimating the

Number of Shells in Exchanger 65
6.4.2 Stepping-Off Method for Estimating the Number of Shells in Heat

Exchangers 67

Chapter 7
Estimating the Cost of Heat Exchanger Network 71
7.1 Energy Cost Targeting for Heat Exchanger Network 71
7.2 Capital Cost Targeting for Heat Exchanger Network 71
7.3 Total Cost Targeting for Heat Exchanger Network 73
7.4 Estimating the Minimum Allowable Temperature Difference in

Heat Exchangers (ΔTmin)opt 73

Chapter 8
Furnaces, Heat Engines, Heat Pumps and Distillation Tower 75
8.1 Furnaces 75
8.2 Heat Engine (H.E.) 77
8.2.1 Placement of Heat Engine Across the Pinch Point 78
8.2.2 Placement of Heat Engine Above the Pinch 79
8.2.3 Placement of Heat Engine Below the Pinch 79
8.3 Heat Pump (H.P.) 80
8.3.1 Placement of Heat Pump Across the Pinch Point 82
8.3.2 Placement of Heat Pump Above the Pinch 82
8.3.3 Placement of Heat Pump Below the Pinch 82
8.4 Distillation Tower 83

VIII Contents

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.4.1 Placement of Distillation Tower Across the Pinch Point 84
8.4.2 Placement of Distillation Tower Above the Pinch 84
8.4.3 Placement of Distillation Tower Below the Pinch 85

References 87

Index 89

Contents IX

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



Foreword

In the past few decades, by developing technology and industry day by day, due to
the decrease in energy resources, the integration and optimization of energy con-
sumption have become one of the main programs and priorities of industrial units,
for instance, petrochemicals and refineries. In these units, a high level of energy
usage in addition to imposing heavy costs would increase the environmental pollu-
tants, which the sponsors and investigators of environmental organizations have
always opposed. Despite the improvement and development of various industries
and many benefits, the excessive consumption of raw materials and energy produces
toxic and polluted substances, causing irreparable damages to the environment.

Therefore, energy optimization and increasing the rate of recovering energy
have been always the most important issues in modification and design of indus-
trial processes. Energy recovery systems and methods will prevent the losses in a
process and would utilize the wasted energy to heat or preheat the process which is
mandatory. Therefore, the energy that has been lost would be removed from the
process or might be converted into a helpful energy for the process. Hence, the first
task in heat recycling analysis is to discover the energy losses which can be recov-
ered in a process and to consider the process unit from the sight of energy. In this
regard, with the aim of process integration and optimization of energy consump-
tion, pinch technology is a widely used and applicable way to design and optimize
many of the processes and industrial units.

The most important applications of pinch technology are as follows:
– Design and optimization of heat exchangers network
– Proper and optimal selection of hot and cold utilities
– Heat integration and optimization of distillation towers, reactors and pumps
– Reducing the generation of pollutant gas

In this book, by presenting pinch technology and investigating on that, we attempt
to describe and clarify the fundamental concepts to gain composite curve, grid dia-
gram and optimal process design. May the engineers who are interested in the field
of process design and optimization find this guidebook as one of the most helpful
references.

https://doi.org/10.1515/9783110786323-204
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Chapter 1
Overview on the History of Integration
and Fundamental Concept

1.1 Overview on the History of Pinch Technology

Reducing the energy consumption and industrial unit expenses is the factor that
has been always studied and researched in process optimization issues. Generally,
the results are showing that by applying changes and providing suitable opera-
tional conditions by an accurate process control and monitoring, using standard
methods and engineering design could help achieve this purpose.

In this regard, many concepts have been spread and process integration is rela-
tively a new concept and widely used today in industries, in order to examine a par-
ticular part of process design.

1.1.1 Process Integration

A chemical and industrial process consists of a set of related units and many differ-
ent streams. Process integration is a general way to design and run a process, and
actually, it emphasizes on integrity of the process, which includes several parts.

Due to the evolution that occurred in process integration during recent decade,
the International Energy Agency has presented a definition of process integration
as follows:

In fact, process integration is the application of methods and algorithms which are based on
system and through a comprehensive approach, it can lead to new design, modification and
integration of industrial processes. These methods might be mathematical, thermodynamic and
economic models and algorithms, that the Artificial intelligence, pinch analysis and mathematical
programing are also some examples of them.

In other words, the main purpose of process integration is an integrated system
analysis in such a way that the interaction of components in system is examined
comprehensively in order to improve the design aims or utilization [1].

Process integration includes the following items:
– Optimization of energy consumption
– Optimization of external heat sources system and utilities
– Improving the process and operational conditions of equipment such as distillation

towers and reactors
– Reducing operational and capital costs
– Optimization of hydrogen consumption

https://doi.org/10.1515/9783110786323-001
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– Reducing greenhouse gas emissions
– Optimization of sequential separation processes and discontinuous processes
– Reducing the rate of water consumption and effluent production

Heat recovery system is one of the basic parts of process units and has a decisive
and key role to play in energy consumption of units, determining heat cost and pro-
moting heat recovery in chemical processes. This system includes heat exchanger
network, cold utilities and hot utilities.

Therefore, using process integration methods in refinery units such as petro-
chemical units has been developed and expanded. In this regard, many new meth-
ods have been invented, and the most important ones are pinch analysis and
mathematical programming method.

1.1.2 Mathematical Programming Method

For so long, the energy supplying system of the process heat network was performed
traditionally. In this method, the process core is firstly designed by constant flow
rates and temperatures, and the mass and energy balances of system take place.
After that the design of heat recovery system would be completed. At the end, other
system requirements will be covered by the use of external heat sources.

Due to the high energy consumption and operational costs in classical meth-
ods, researchers by presenting mathematical methods have provided solutions in
order to optimize energy and operating costs of industrial units.

In 1969, Kesler and Parker proposed a linear programming based on a simulta-
neous algorithm. In this method, which aims to minimize the total costs of process
heat network, each stream splits into multiple and smaller streams that are equal
and have specific heating load. Then the smaller hot flows will be connected to the
cold flows. To expand more, networks that include all substreams must be built.

In 1973, sequential algorithms method and tree searching algorithm have been
presented by Lapidus, which eventually created a tree diagram to design a heat net-
work. But the disadvantage of this method is that it could only be applied on the
systems with less than ten streams.

However, the most significant researches which have been done through math-
ematical method are based on the researches by a group of scholars such as Flou-
das and Grossmann: By using a nonlinear model, Floudas and his colleagues have
studied various structural changes in the network at the same time, including
changing the position of exchangers, reusing piping and adding new exchangers to
heat network.

Grossmann and his teammates presented the mixed integer nonlinear program-
ming for targeting and design of the network, which caused improvement of accuracy

2 Chapter 1 Overview on the History of Integration and Fundamental Concept
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and efficiency of the model. But due to an increase in calculation of volume, the cost
and time had grown as exponential functions of the exchangers.

As most of the proposed models are based on mathematical models, there
would be still two main problems:
– First, because of using extensive structures, math problems become so large,

then the problem solving gets impossibly hard and takes lots of time and cost.
– Second, since the target function usually has local optimal points, the obtained

answer may not be the absolute optimal response.

1.2 Introduction of Pinch Technology

Due to the weakness of the theoretical foundations and algorithms of solving optimi-
zation problems and methods in the past, using mathematical methods has always
been limited. Therefore, the researches focused on identifying the optimization aims,
based on optimizing energy consumption and economic analysis of exchanger’s net-
work and heat sources. In this regard, the idea of many researchers and scholars
turned to creation of pinch technology [2].

The advent of pinch technology can be considered as a method of heat recovery
at the pinch point which was invented separately by scientists such as Hohmann,
Linnhoff and Umeda in the 1970s.

Since the pinch technology has a wide range of applications with high efficien-
cies in optimizing industrial units, it has been developed and more completed
through lots of efforts and researches over the years.

Along with the chapters in this book, by investigating the pinch technology, we
intent to provide some methods in order to optimize heat exchangers network and
flow diagrams, as well as minimizing energy consumption of industrial units.

Firstly, Figure 1.1 shows a schematic of flowsheet for an industrial unit, which
is representing a traditional design. Six heat transfer units including heaters, cool-
ers and exchangers are used, and the energy requirements are 1,722 kW for heating
and 654 kW for cooling. Figure 1.2 shows an alternative design using pinch analysis
technology for optimal design with energy targeting and heat exchanger network
integration.

Therefore, in alternated flow diagram, only four heat exchangers are used, and
the external source of cooling water has been removed from the process unit. Fur-
thermore, in alternative design, the heat load of the heating source has been de-
creased from 1,722 to 1,068 kW, which causes a 40% reduction in total energy of the
process unit.

1.2 Introduction of Pinch Technology 3
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In the schematic expression of an industrial unit, it can be well recognized that
in industrial factories, there are so many opportunities to save energy, which could
optimize these units by identifying and providing solutions.
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Figure 1.1: Traditional process design and heat network of an industrial unit.
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Figure 1.2: Process design of an industrial unit by using pinch technology.
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1.3 Basic Definitions

Before analyzing the pinch technology, we would introduce the basic concepts and
definitions which are required to be known in pinch technology.

1.3.1 The Process Stream

The streams in industrial units can be divided into two categories: hot streams and
cold streams.

Hot streams: These flows will move from a high temperature to a lower temperature
by losing energy, for instance, the exhaust steam from the top of distillation tower:

Ts!Tt , Ts > Tt

Ts is the supply temperature and Tt is the target temperature.

Cold streams: These flows receive energy and rise from a lower temperature to a
higher temperature, for example, the drained outlet flow from the bottom of a distil-
lation tower:

Ts!Tt, Ts < Tt

1.3.2 Utilities

In order to fully supply the heat requirements in industrial units, we must use utilities,
which are divided into two categories: hot utility and cold utility.

Hot utility: This is the source that provides heat to the unit but is not considered as
process flow such as furnace and steam utility (at different temperature levels).

Hot utilities and hot streams are the same in terms of supplying energy, but hot
utility is not considered as process flow; however, the hot stream is a part of process
flow [3].

Heaters: These are the equipment in which cold stream is a part of process flow and
their hot stream is part of hot utility.

Cold utility: This is the source that supplies cooling to the unit but is not included
in process flows, such as refrigerant utility (in different temperature levels), cooling
water utility and air cold utility.

Cold utilities and cold streams are the same in terms of receiving energy, but
cold utility is not considered as process flow; however, the cold stream is a part of
process flow [4].

1.3 Basic Definitions 5
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Coolers: These are the equipment in which hot stream is a part of process flow and
their cold stream is part of cold utility.

Heat exchangers: These are equipment that exchange the heat and in which their
hot and cold streams are considered as process flow.

One of the main aims in integration of process and heat exchangers network is
to increase the heat load of exchangers and decreasing the heat load of hot and
cold utilities. In other words, increasing energy recovery and reducing the use of
utilities are favorable goals in process integration.

1.3.3 Sensible Heat

Sensible heat of each flow represents the amount of energy that the flow losses or
receives. This heat can be calculated through the following equation [5]:

Q= FCP Ts −Ttð Þ
where Q represents sensible heat, F is the mass flow rate, CP is the specific heat
capacity, Ts is the flow supply temperature, Tt is the flow target temperature.

If we introduce the result for multiplication of specific heat capacity and mass
flow rate as the flow heat capacity and denote it by CP, the above equation changes
as follows:

Q=CP Ts − Ttð Þ
Note that while the phase is changing, the sensible heat will be calculated by the
following equation:

Q= Fλ

In this equation, λ is the latent heat.

Example 1.1: Information about the two streams in the process is given below. Determine how the
energy of these two flows will be supplied?

No. of flow Flow type Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Hot   .

 Cold   .

Answer: Flow no. 1: It is considered as hot stream because it must raise from a higher temperature
to a lower temperature. The sensible heat of flow no. 1 is calculated as follows:

Q1 = CP Ts − Ttð Þ=0.1 150− 50ð Þ= 10 MW

6 Chapter 1 Overview on the History of Integration and Fundamental Concept
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It means that this flow must lose 10 MW of energy to reach 50 °C from the temperature of 150 °C.

Flow no. 2: It is considered as cold flow because it must rise from a lower temperature to a higher
temperature. The sensible heat of this flow is calculated as follows:

Q2 =CP Ts − Ttð Þ=0.2 50− 100ð Þ= − 10 MW

It means that this flow must receive 10 MW of energy to reach the temperature of 100 °C from 50 °C.
The following methods can be used to supply required energy by these two streams:

First Method: Using Utilities
In this method, hot stream transmits 10 MW of energy to cold utility and cold stream receives
10 MV of heat energy from hot utility.

150 °C 50 °C

100 °C50 °C

10MW

10MW

H

C

As it is obvious, in this method, the energies in the process have not been used at all and only hot
utilities have been used to supply energy. Therefore, this method does not seem to be a desired
and suitable method for designing the exchanger network in the process unit.

Second Method: Using Heat Exchanger
In this method, the hot and cold streams in the process are entered into a heat exchanger. The hot
stream loses 100 MW of energy and reaches the temperature of 150–50 °C, while the cold stream is
receiving 10 MW of energy from the hot stream and rises from the temperature of 50–100 °C.

Heat Exchanger
50 °C

50 °C150 °C

100 °C

In the last sections, we explained that in the process of heat integration, increasing the heat load
of the exchanger and reducing the heat load of utilities are the main goals in designing the heat
exchanger network of process units.

As it is clear, in this method, all energy in the process has been used but no utility has been
consumed.

Now the question is whether this method is the desired method or not.
The answer to this question is no. Because on one side of the exchanger, ΔT is equaled to zero.

Therefore, according to the following equation, the required area of heat transferring in the ex-
changer will tend to be infinite:

Q=UAΔ T

where Q is the exchanger heat load, U is the exchanger heat transfer coefficient, Δ T is the temper-
ature difference, and A is the exchanger area.

1.3 Basic Definitions 7
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Therefore, we conclude that although in this method, we have reduced the consumption of utility,
but on the other hand, we have increased the exchangers surface area to infinity. Though we have
reduced the energy cost, the equipment cost will be infinite. As a result, we recognize that this
method is not favorably the same as the first method.

To solve this issue, we firstly express the concepts of first and second laws of
thermodynamics.

1.3.4 Concept of the First Law of Thermodynamics

The first law of thermodynamics, also known as the law of conservation of work
and energy, represents the macroscopic equilibrium state of a system and is ex-
pressed by a factor called potential energy [6].

If the system interacts with the environment, it changes from its primary macro-
scopic state to its secondary macroscopic state. In this process, a change in the po-
tential energy of the system is shown as follows:

ΔU =Q+W ! ΔU = F ·CP ·ΔT +P ·ΔV

where W represents the macroscopic work done by the system and Q represents the
amount of heat transferred during the process.

In a process that will run with a constant pressure, the sum of the work done
and the heat transferred from the system to the environment is equal to the en-
thalpy difference of the system:

ΔU =ΔH =Q+W

In constant volume processes, where the fluid volume does not change during the
process, the work done is zero. Therefore, in these types of processes such as fluid
heat transferring inside the heat exchanger, the potential energy of the system is
equal to the heat absorbed by the system or the heat transfer rate from the system
to the environment:

ΔU = F ·CP ·ΔT + P ·ΔV, ΔV =0! ΔU =Q= F ·CP ·ΔT

In constant pressure and volume processes, the enthalpy change will be equal to
the rate of heat transfer of the system or the sensible heat:

ΔU =ΔH =Q+W, ΔV =0! ΔH = F ·CP ·ΔT

8 Chapter 1 Overview on the History of Integration and Fundamental Concept
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1.3.5 Concept of the Second Law of Thermodynamics

Heat is transferred from a higher temperature to a lower temperature. In other
words, we would need a driving force to transfer the heat, and the temperature dif-
ference is the driving force for heat transfer [7, 8].

In actual processes, both the first and second laws of thermodynamics must be
considered. So when we put two hot and cold flows into a heat exchanger, we have
to follow both the laws of thermodynamics.

Now we return to Solution 1.1. Note the exchanger which we have used in the
second method:

Heat Exchanger
50 °C

50 °C150 °C

100 °C

Hot flow loses 10 MW of energy. If we ignore the amount that has been lost, the
cold flow receives a total of 10 MW from the hot flow. Therefore, the first law of
thermodynamics is true and applied.

Now pay attention to the temperature difference between the left and right
sides of the exchanger. The temperature difference on the left side of the heat ex-
changer is 50 °C, while on the right side of it the temperature difference is zero,
which has broken the second law of thermodynamics.

Hence, in heat exchangers, a parameter named ΔTmin will be defined.

1.3.6 Minimum Allowable Temperature Difference in Heat Exchangers (ΔTmin)

ΔTmin refers to the minimum allowable temperature difference in heat exchangers. As
an example if ΔTmin = 10 °C, the temperature differences must not be less than this
amount at any part of the exchanger (but it is permitted to be more than this amount).

The parameter “ΔTmin” plays an important decisive role in the area of exchangers
and the consumption of utilities. The increase in ΔTmin value is defined/considered
as follows:
1. Increasing the heat load of utilities aims to increase the energy costs and the

reduction in energy recycling.
2. Decreasing the surface area of heat exchangers reduces the capital costs and

expenses for the equipment and devices.

1.3 Basic Definitions 9
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The decrease in ΔTmin is defined as follows:
1. Decreasing the heating load of utilities aims to reduce the energy costs and in-

crease the energy recycling.
2. Increasing the surface area of heat exchangers increases the capital costs and

expenses for the equipment and devices.

With reference to the above description, ΔTmin is a function of energy costs and cap-
ital cost (Figure 1.3). Therefore, as the total cost is evaluated at a lower level, the
value of ΔTmin would be optimal.

This diagram represents an important point that the process of heat integration is
not defined by minimizing the energy consumption but actually the optimization of
that. As it is shown in the above diagram, while the energy is at the minimum level
of itself, equipment cost becomes infinite.

It should be noted that since the energy and equipment costs vary in different
countries, for a specific project, the value for optimal ΔTmin differs from one country
to another.

Now in Example 1.1, we assume that ΔTmin is equal to 10 °C. In this case, the
hot stream must come out from the exchanger with the temperature of 60 °C at
least, so that the temperature difference between the hot and cold inlet flows
reaches to 10 °C, and the sensible heat of the hot stream in the exchanger will be
calculated as follows:

Q=0.1 150− 60ð Þ= 9MW

In this regard, hot stream loses 9 MW energy inside the exchanger. This amount of
heat is received by the cold stream. As a result, according to the sensible heat equa-
tion, the temperature of outlet cold stream from the exchanger can be calculated as
follows:

− 9=0.2 50− Ttð Þ ! Tt = 95 �C

Now the hot stream will go through the cooler in order to reach the temperature of
50 °C, and cold stream will get into the heater to catch the temperature of 100 °C.

TOTAL

ENERGY

CAPITAL

ΔT min

COST

OPT1 2
Figure 1.3: Diagram of industrial unit cost
in comparison to Δ Tmin.
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The heating load of heater and cooling load of cooler can be calculated from the
following equations:

Cooling load of cooler! QC =0.1 50− 60ð Þ= 1 MW

Heating load of heater! QH =0.2 100− 95ð Þ= 1 MW

Therefore, the schematic of heat exchanger of the process in Example 1.1 is as
follows:

150 °C

95 °C

60 °C
C

50 °CHeat Exchanger100 °C

50 °C

H

As a result, by using the applied method, we have been able to get the most out of
the energy of the process streams in order to exchange the heat.

1.3 Basic Definitions 11
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Chapter 2
Composite Curve

In the last chapter we have been learning the basic concepts of process integration
and now we present the pinch analysis.

Many different examples are given in each section for better understanding of
the concepts; by solving them, we intend to explain and present the pinch topics as
well as possible.

2.1 Data Extraction

The first step in pinch analysis is data extraction, which stands for identifying the pro-
cess hot and cold streams and extracting all data belonging them into a table, such as
supply and target temperatures, heat capacity and sensible heat (enthalpy difference).

Example 2.1: Please consider the process shown in Figure 2.1, then extract the process data and
add them into a table.

Heat
CP=2

Heat
CP=4

Cool
CP=1.5

Cool
CP=3

COND

100°

135°
C1

R1
C2

80°

Cold
Shot

150°

140°

60°

170°

100°

20°

30°

COND

REB REB

Figure 2.1: Process schematic of an industrial unit.
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Answer: In this way, the data of the above process are summarized in the table as follows:

2.2 Composite Curve

In this diagram, vertical axis displays the temperature and horizontal axis displays
the enthalpy (energy) difference [9]. The slope of this diagram is equal to 1/CP ac-
cording to the following equation:

ΔH = F ·CP ·ΔT =CP · Ts −Ttð Þ
At first, we would study a simple case including a hot and a cold stream.

Example 2.2: The information regarding two hot and cold streams are presented in the following
table. Draw the composite curve ðΔTmin = 10 �CÞ.

Stream no. Stream type Supply temperature (°C) Target temperature (°C) Enthalpy (MW)

 Cold   −

 Hot   

Answer: Firstly, we draw the hot flow in a specific location on the diagram of enthalpy variation
with temperature (T – H). Then draw the cold stream at the right of the hot stream and bring it
closer to hot stream that at one point the distance becomes equal to Δ Tmin. This point is named
pinch point.

The area between B and C is where the two hot and cold streams can exchange heat
with each other (according to Figure 2.2, in this area the two streams overlap). The
amount of energy transferred in this area is shown as QREC. In accordance to the
figure in this example, the value is 11 MW.

With reference to the table for the hot flow:

ΔH =CP · ðTs − TtÞ=CP ð150−30Þ= 12 MW ) CPHot =0.1 MW=�C

Stream
no.

Stream
type

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Hot   

 Hot   .

 Cold   

 Cold   

2.2 Composite Curve 13
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By considering the diagram in the overlapping area between hot and cold streams,
we will have

QREC = CP · Ts − Ttð Þ = 0.1 ð150− 40 Þ = 11MW

The area between A and B is where the hot stream must lose the remaining heat.
This amount of heat must be transferred to a cold utility. Therefore, the energy of
this area indicates the cooling load of the cooler, which is shown by QCmin. In this
example, according to the enthalpy of hot stream and the QREQ in the diagram, the
value of QCmin is equal to 1 MW.

Actually, QCmin represents the minimum amount of energy that must be trans-
ferred to a cold utility in the process.

The area between D and C is where the cold stream must supply its remaining
energy which is required, and this amount of energy must be given to cold stream
by a hot utility. Therefore, the energy of this region indicates the heating load of the
heater, which is shown by QHmin. In this example, in accordance to the figure the
value of QHmin is equal to 3 MW.

Actually, QHmin represents the minimum amount of energy that must be sup-
plied from a hot utility.

Example 2.3: Solve Example 2.2 with Δ Tmin = 20�C.
According to the explanations given in Example 2.2, the composite curve for ΔTmin = 20 is shown in
Figure 2.3.

150°

100°

30°

QCmin = 1MW

ΔTmin = 10°

QREC = 11MW

Cold StreamHot S
tre

am

A

T

B C D H
QHmin = 3MW Figure 2.2: Composite curve of Example 2.2

(ΔTmin = 10 °C).
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Considering these two examples, we would discover that if ΔTmin increases, the
heat load of exchanger decreases, but the heat load of hot utility increases.

Example 2.4: Draw the composite curve for Example 2.1 (Δ Tmin = 10�C).
Answer: As you see, the number of streams are more than the last two examples (Figures 2.4 and
2.5), so how to draw a composite curve is bit more complicated. At first, we draw hot streams on
one diagram and the cold streams on another.

170
T

H

150

30

CP
 =

 0.
15

CP = 0.25

60

330 180
Figure 2.4: Composite curve for each hot stream
regarding Example 2.4.

150°

100°

30°

QCmin = 2MW

ΔTmin = 20°

QREC = 10MW

Cold StreamHot S
tre

am

T

H
QHmin = 4MW Figure 2.3: Composite curve of Example 2.3

(ΔTmin = 20 °C).
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Now we get the sum of hot and cold streams separately, and then we will show
them as two different streams.

In order to sum up the hot streams, we would do as follows:
1. At the temperature range of 150–170 °C, there are just the streams with heat

capacity of CP = 3 MW/˚C. So the enthalpy difference in this region is equal to

ΔH = 3 (170–150) = 60 MW

2. At the temperature range of 60–170 °C, there are two streams with heat capaci-
ties of 3 and 1.5 MW/˚C. So firstly, we get the sum of streams’ heat capacities,
and then we calculate the enthalpy difference in this region as follows:

ΔH = 4.5(150–60) = 405 MW

3. At the temperature range of 30–60 °C, there is only one stream with a heat capac-
ity of 1.5 MW/°C. Therefore, the enthalpy difference in this region is equal to

ΔH = 1.5 60−30ð Þ= 45 MW

As a result, the composite curve of the sum of hot streams is drawn as in Figure 2.6.
For cold streams, we would do the same as hot streams. Therefore, the compos-

ite curve of the sum of cold streams is also drawn as in Figure 2.7.
While these two diagrams are combined, the application of them becomes more

important. In this regard, firstly we draw the hot stream on T–H diagram as in the last
example, and then the cold stream at the right side and bring it closer to the hot
stream; hence, at one point the distance between two graphs becomes ΔTmin, which is
actually named the pinch point and divides the process into above and below the
pinch point.

140
T

H

135

80

240 230

CP = 0.2

CP = 0.3

20
Figure 2.5: Composite curve for each cold stream
regarding Example 2.4.
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Finally, regarding this process, the graph of T–H will be drawn and QHmin and
QCmin are estimated as follows (Figure 2.8):

QHmin = 20 MW

QCmin = 60 MW

(

Pinch point=
90 �C Hot

80 �C Cold

(

120 330 20

20

135

80

140

T

H

CP = 0.2

CP = 0.6

CP
 =

 0.
4

Figure 2.7: Composite curve of cold streams regarding
Example 2.4.

170

150

60

30

45 405 60

T

H

CP = 1.5

CP = 4.5

CP
 =

 3

Figure 2.6: Composite curve of hot streams regarding
Example 2.4.
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170

90
80

30
20

A
B C

D H (MW)

T (C) QHmin = 20 MW

QCmin = 60 MW

QREC

ΔTmin = 10°C

Pinch

Figure 2.8: Composite curve of industrial unit regarding Example 2.4.
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Chapter 3
Cascade Diagram

3.1 Golden Rules of Pinch Technology

In accordance with composite curve we can gain some important points which are
known as pinch golden rules (Figure 3.1):
1. To design by considering minimum energy consumption, any of the energy

flows are not allowed to pass through the pinch point.
2. Thermal energy must be added to the heat network only at the above of pinch

point, Therefore, in order to design above the pinch point, only hot utility can
be used to supply energy.

3. Thermal energy must be excreted from the heat network just below the pinch
point. Therefore, in order to design below the pinch point, only cold utility can
be used to receive excreted energy.

According to the T–H diagram, points 2 and 3 are obvious but point 1 needs more
description.

To explain this, consider that the amount of energy is transferred from above to
the below point (Figure 3.2). So when this amount of energy is transferred from the top
to the below of pinch, it causes the cold flow above the pinch to have a shortage of α-
energy, in which this amount must be supplied by hot utility; therefore, the heating
load of heater will increase by the value of α.

On the other hand, when this amount of energy is transferred below the pinch,
it is an additional heat that must be excreted to cold utility. As a result, the cooling
load of the cooler increases as much as α.

T

Possible

QHmin

QCmin

impossible

H

Figure 3.1: Composite curve for golden rules of pinch.
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3.2 Cascade Diagram

In the last section, we studied how to specify the pinch point by using the T–H dia-
gram and to draw hot and cold streams [10]. Since there always might be some devia-
tions and possibility of error in the drawing method, for solving this problem we
shall introduce the cascade or cascade diagram. To draw this graph, we follow the
instructions:
1. We consider two different axes for hot and cold streams. Then place the hot

stream on the left and the cold stream on the right.
2. We determine the temperature corresponding to the temperatures of cold or hot

streams according to the value of ΔTmin.
For instance, assume that the temperatures of hot streams are 100 °C and ΔTmin

is equal to 10 °C; in this regard, the temperature of the cold streams will be 90 °C.
3. We identify each flow according to the initial and final temperatures with a ver-

tical vector on the diagram. Then we write the amount of heat capacity regard-
ing each flow on the vector.

4. In every section, we calculate sensible heat through the following equation:

Qi =
X

FCPð ÞHoti −
X

FCPð Þcoldi
h i

ΔTi

5. In this diagram, the temperature decreases from top to down the graph. There-
fore, in accordance to the second law of thermodynamics, heat is transferred
from top to bottom. Whenever heat is required, it must be supplied by hot utility
and at the end the energy of the last part below the pinch point shall be excreted
to cold utility.

T

Above

Below

QHmin + α

α

QCmin + α

H

Figure 3.2: Composite curve of pinch, in case of heat transferring from above to below the pinch.
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Note that the point at which there is no energy drop or transmitted is named the
pinch point.

Example 3.1: Process data of two hot and cold streams are as follows, and by assuming ΔTmin = 10 °C,
draw the cascade diagram.

No. of
stream

Type of
stream

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Hot   .

 Cold   .

Answer: Firstly, we place the existing temperatures in two different axes and scales, and then by
considering Δ Tmin = 10 �C, we determine and write the temperatures opposite to the hot or cold
stream. Furthermore, according to the supply and target temperatures of the streams, we indicate
each stream via a vector and write the heat capacity on them:

110°

4

–7

1
0.2

0.1

40°

30°

150°
Cold ScaleHot Scale

160°

120°

50°

40°

Figure 3.3: Cascade diagram of Example 3.1 (A).

As it is obvious in Figure 3.3, there are three regions that the sensible heat of each part is calculated
as follows:

Sensible heat of the first region: Q1 = 0.1−0½ �× 160− 120ð Þ=4MW
Sensible heat of the second region: Q2 = 0.1−0.2½ �× 120− 50ð Þ= − 7MW
Sensible heat of the third region: Q3 = 0.1−0½ �× 50−40ð Þ= 1 MW

With reference to the second law of thermodynamics, excess heat from the first
zone can be transferred to the second zone. Therefore, the transmitting of 4 MW en-
ergy from the first zone to the second zone supplies the amount of heat demanded
by this zone, but to meet the remaining energy we have to use hot utility. So we
supply 3 MW of energy from a hot utility to this region (Figure 3.4). In this regard,
no energy is conducted from the second area to the third area. At this point where

3.2 Cascade Diagram 21
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there is no energy drop or transmission, it is named the pinch point. Finally, the
third zone has 1 MW of energy that must be excreted to cold utility.

Hence, the cascade diagram is completed and according to Figure 3.4, the pinch
points, QH_min and QC_min are equal to

Pinch point=
(

50 �C Hot

40 �C Cold

QHmin = 3 MW, QCmin = 1MW

Example 3.2: Draw the cascade diagram of Example 2.1 and determine the pinch point accordingly.
Answer: As it is mentioned earlier in Example 3.1, first of all, we place the existing temperatures in
two different axes and scales, then by considering Δ Tmin = 10 °C, we determine and write the tem-
peratures opposite the hot or cold stream. We indicate each stream via a vector and write the heat
capacity on them according to the supply and target temperatures of them (Figure 3.5).

Now we calculate the sensible heat for each zone:

Q1 = 3−0½ �× 170− 150ð Þ= 60

Q2 = 3+ 1.5ð Þ− 4½ �× 150− 145ð Þ= 2.5

Q3 = 3+ 1.5ð Þ− 4+ 2ð Þ½ �× 145− 90ð Þ= − 82.5

Q4 = 3+ 1.5ð Þ− 2½ �× 90− 60ð Þ= 75

Q5 = 1.5− 2½ �× 60− 30ð Þ= − 15

Hot Scale

160°

120°

50°

40°

110°

4
4

0

1

Hot
utility

Cold utility

–7

1

3

0.2

0.1

40°

30°

150°

Cold Scale

Pinch Point

Figure 3.4: Cascade diagram of Example 3.1 (B).
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Afterward, we show the obtained values on the diagram and then conduct the
energy from top to the down of cascade diagram graph (Figure 3.6).

Hot Scale

170°

1.5

4

3 160°

150° 140°

145° 135°

90° 80°

60° 50°

30°
2

20°

Cold Scale

Section 1

Section 2

Section 3

Section 4

Section 5

Figure 3.5: Cascade diagram of streams in Example 3.2 (A).

Hot Scale

Hot utility

Cold utility

60
60

62.5

0

75

60

60 MW

20 MW

2.5

–82.5

75

–15

170°

150°

145°

90°

60°

30°

160°

140°

135°

80°

50°

20°

Cold Scale

Pinch Point

Figure 3.6: Cascade diagram of Example 3.2 (B).
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Therefore, the pinch points Q(H_min) and Q(C_min) are equal to

Pinch point=
(
90 �C Hot

80 �C Cold

QHmin = 20MW, QCmin = 60MW

As you see, the obtained values from the cascade diagram are similar with the values
which are gained from the composite curve.

Example 3.3: With reference to the information in the below table, draw the cascade diagram for
this process (Δ Tmin = 10 °C).

No. of
stream

Type of
stream

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Cold   .

 Cold   .

 Hot   .

 Hot   .

Answer: Firstly, we draw the basic cascade diagram and then we calculate the sensible heat of each
area (Figure 3.7).
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Figure 3.7: Cascade diagram of streams in Example 3.3 (A).
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Q1 = 0.15−0½ �× 250− 240ð Þ= 1.5MW

Q2 = 0.15−0.3½ �× 240− 200ð Þ= −6MW

Q3 = 0.15+0.25+0.3½ �× 200− 190ð Þ= 1MW

Q4 = 0.25+0.15ð Þ− 0.3+0.2ð Þ½ �× 190− 150ð Þ= − 4MW

Q5 = 0.25+0.15ð Þ−0.2½ �× 150−80ð Þ= 14MW

Q6 = 0.15−0.2½ �× 80−40ð Þ= − 2MW

Q7 = 0−0.2½ �× 40− 30ð Þ= − 2MW

Now we indicate the obtained values on the diagram and then we conduct energy from top to down
the graph (Figure 3.9):

As it is clear in Figure 3.8, the first area transfers 1.5 MW of energy to the second area. So the second
area needs 4.5 MW of energy that must be supplied by a hot utility; therefore, the final part of
the second area will be the pinch point.

The third area will transmit 1 MW of its energy to the fourth area, and the fourth area shall sup-
ply the required energy from the hot utility. Hence, the final part in this region would not have any
energy drop or transmission; definitely, this cannot be the pinch point. At this situation and when
there are more than one pinch point we must proceed with completing the operation to the end of
process. Then we summarize the whole received energy from the hot utility and we inject it to the
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Figure 3.8: Cascade diagram of Example 3.3 (B).
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process from the top of the graph to the first region and we shall follow the instructions once again
(Figure 3.9). In the given example, the sum of energy from hot utility is equal to 4.5 + 3 = 7.5 MW.

Therefore, the pinch points Q(H_min) and Q(C_min) are equal to

Pinch point=
(

150 �C Hot

140 �C Cold

QHmin
= 7.5MW, QCmin

= 10MW
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Figure 3.9: Cascade diagram of Example 3.3 (C).
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Chapter 4
Heat Exchanger Network Design with Maximum
Energy Recovery

The most important part in pinch analysis and heat exchanger network design of a
process unit is to recognize the design targets. Design targets or design objectives
are the significant part of energy consumption monitoring plans in industrial proj-
ects. Generally, the aims of heat exchanger network design include the following
two methods:
1. Design method with maximum energy recovery (MER)
2. Design method with minimum number of heat transfer units (Nmin)

In this chapter, we present the design method with MER, and in the next chapter,
we examine the design method with minimum number of heat transfer units (Nmin).

4.1 Heat Exchanger Network Design with Maximum Rate
of Energy Recovery (MER)

In heat exchangers network design with a maximum rate of energy recovery, the
aims are to make a maximum heat exchange between hot and cold streams in order
to maximize energy recovery.

By designing with MER, we will see a reduction in energy costs and an increase
in capital costs. So for heat exchangers network design, we shall use a grid diagram,
and before investigation on the design methods we introduce the grid diagram.

4.2 Grid Diagram

The composite curve and grid diagram are not supposed to provide information for
the design of heat exchanger’s network and in order to achieve such information we
shall use the grid diagram. To draw this graph, we stick to the following instructions:
1. Firstly, we draw a vertical dotted line and place the pinch hot temperature on

above and the cold temperature below of it.
2. We draw hot streams from left to right and cold temperature from right to left.
3. We indicate heat capacities of streams at the right of the graph.

In this regard, the initial shape of the graph is prepared. Now we shall start design-
ing the heat exchanger network. As explained earlier in the last sections, the pinch
point thermally divides the whole process into two independent parts:

https://doi.org/10.1515/9783110786323-004
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1. The upper side of pinch point, which has a higher temperature than the pinch
point.

2. The lower side of pinch point, which has a lower temperature than the pinch
point.

These two parts are different and independent. In other words, we have to design
the upper and lower sides of the pinch point separately. At the end, by considering
and combining the design of both regions, the design of the whole unit will be
determined.

Regarding the heat exchanger network design, there are some rules that we
would express them as discussed further.

4.3 Rules of Exchanger Design Above and Below the Pinch Point

1. Rule for the number of inlet and outlet streams to the pinch point is Nout ≥Nin.
According to this rule, the number of outlet streams from the pinch must be
greater or equal to the number of inlet streams. (In the following sections, we
will explain that in case of contravention of this rule, the outlet streams must
be split into different branches.)

2. We always start from the pinch point and then reach to the other side.
3. We would have pinch matches based on the number of inlet streams, which

must be the same. (Pinch matches actually illustrate the exchangers that have a
temperature value equal to the pinch point at their one side.)

Regarding the pinch matches, we must follow the heat capacity rule. In accordance
with this law, the heat capacity of the outlet flow from the pinch point must be
greater than or equal to the heat capacity of inlet flow CPout ≥CPin

� �
. (In the follow-

ing sections we will explain that in case of contravention of this rule, the inlet
streams must be split into different branches.)

Example 4.1: By using the grid diagram, design the heat exchanger’s network for the process re-
lated to Example 2.1.

No of stream Type of stream Supply temperature (°C) Target temperature (°C) Heat capacity
(MW/°C)

 Hot   

 Hot   .

 Cold   

 Cold   
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Pinch point=
90 �CHot
80 �CCold

(

QHmin
= 20 MW, QCmin

=60 MW

Answer: Regarding this process and in order to draw the grid diagram, we would have to draw a verti-
cal dotted line and then write the hot temperature above it and the pinch cold temperature below it.
Then we draw hot streams from left to right and the cold temperature from right to left. Moreover, we
indicate heat capacities of streams at the right of the graph (see Figure 4.1).

Note that the upper and lower sides of the pinch point must be designed separately.
Therefore, we shall firstly design the upper area, and all the rules of exchanger de-
sign must be performed on the upper area of pinch.

As it is clear in Figure 4.1 of upper pinch area, the inlet streams include two hot
streams and the outlet streams contain two cold streams Nout = 2, Nin = 2ð Þ, so the
law of streams number are all followed and applied.
1. We start from the pinch point and then we continue to the other side.
2. The number of inlet streams is 2, so two pinch matches are required.
3. According to the law of streams heat capacity, we place a pinch match between

streams 2 and 3 and other pinch match between streams 4 and 1.

With reference to the explanations earlier, we would reach to Figure 4.2. (The heat
load of each stream is mentioned below it.)

As shown in Figure 4.2, the amount of energy required by streams 2, 3 and 4
have been supplied, but stream 1 needs 20 MW of energy so that it receives from the
hot utility.

Therefore, the design of the top area is completed (Figure 4.3). Now we start
designing the heat exchangers in the lower area.
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Figure 4.1: Primary grid diagram for Example 4.1.
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In order to design the lower region of the pinch, we perform every single rule again.
1. As it is obvious from the lower area of pinch in Figure 4.3, at this region the

inlet stream to the pinch is only one cold stream and the number of outlet
streams from the pinch is two hot streams ðNin = 1, Nout = 2Þ, so the rule for the
number of streams has been applied and considered.

2. We start from the pinch point and then we continue to the other side.
3. The number of inlet stream is 1, so one pinch match is required.
4. According to the law of streams heat capacity, we can only create a pinch

match between streams 1 and 2.

According to Figure 4.4, the total amount of energy required by stream 2 has been
supplied but stream 1 needs 30 MW of energy and stream 4 should lose 90 MW, so
we can place an exchanger between streams 1 and 4 with a heat load of 30 MW.

Therefore, the required energy for stream 1 will be supplied. (Note that it is not
necessary for the other exchangers that are not considered in pinch matches to fol-
low the rule of heat capacity.) At the end, stream 4 has to lose 60 MW of energy,
and this amount could be excreted to a cold utility (Figure 4.5).
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Figure 4.2: Grid diagram of pinch matches in the upper side of the pinch for Example 4.1.
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Figure 4.3: Grid diagram of the upper area regarding Example 4.1.
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As a result, the design for the lower area of pinch is completed. (The heat load
of the exchangers is indicated below them.)

By combining the design of both upper and lower regions of pinch point, we
will achieve the design for the whole process unit. Finally, the cascade diagram of
heat exchanger network could be drawn as in Figure 4.6.
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Figure 4.4: Grid diagram of pinch matches in the lower side of the pinch for Example 4.1.
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Figure 4.5: Grid diagram for the upper area of pinch regarding Example 4.1.
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Figure 4.6: Grid diagram of Example 4.1 by MER method.
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As shown in Figure 4.6, by using the pinch technology, we could apply the heat
integration of this process.

Example 4.2: In accordance with the below data, design the heat exchangers network for the pro-
cess belonging to Example 3.3.

No. of stream Type of stream Supply temperature (°C) Target temperature (°C) Heat capacity
(MW/°C)

 Cold   .

 Cold   .

 Hot   .

 Hot   .

Pinch point=
150 �CHot

140 �CCold

(

QHmin
= 7.5 MW, QCmin

= 10 MW

To complete the grid diagram of this unit, we draw the streams on the diagram by considering the
pinch point as in Figure 4.7.

Firstly, we start designing the upper region of pinch point, so we follow all the rules and instructions
of exchanger design on this area.
1. With reference to Figure 4.7, the number of inlet flows in the upper area is two hot streams and

two cold streams, and these are observed as the outlet flows ðNin = 2; Nout = 2Þ. Therefore, the
rule for the number of streams is followed.

2. We start from the pinch and then we continue to the other side.
3. The number of inlet streams is 2. So we would require two pinch matches.
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Figure 4.7: Initial grid diagram for Example 4.2.
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4. According to the law of streams’ heat capacities, there would be one pinch match between
streams 2 and 4, and also other pinch match is placed between streams 1 and 3.

According to the network in Figure 4.8, the required energy for streams 1 and 4 is supplied. But
stream 3 requires 7 MW more energy and stream 2 needs to lose 14.5 MW of energy. So we can
place an exchanger with 7 MW heating exchange between streams 2 and 3.

Note that for the exchangers that are not considered as pinch matches, we have to calculate the
temperatures of inlet and outlet streams in order to make sure that the value of Δ Tmin is right and
not conflicted.

As shown in Figure 4.9, in the exchanger with a heating load of 7 MW, the inlet hot flow’s tem-
perature is equal to 250 °C. Meanwhile, the temperature of outlet flow from this exchanger will be
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Figure 4.8: Grid diagram of pinch matches in the upper area of the pinch for Example 4.2.
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Figure 4.9: Grid diagram of the upper area of pinch for Example 4.2 (A).
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calculated through the following equation, based on the heating load, heat capacity and the inlet
temperature (Figure 4.10):

ΔH= CP Ts − Ttð Þ

7=0.15 250− Ttð Þ ! Tt = 203.33 �C

Regarding the cold flow no. 2 in this exchanger, the temperatures of inlet and outlet streams are not
clear and we have no idea about them. (Note that the outlet flow temperature is not 230 °C, and this
stream despite of going through an exchanger with a heating load of 7 MW would have to lose 7.5 MW
more energy to reach 230 °C.) The temperature of inlet flow to the exchanger with 7 MW of heating
load will be the same as the temperature of outlet flow from the exchanger with 12.5 MW of energy.
Therefore, the temperature of outlet flow from the 12.5 MW exchanger is determined as follows:

ΔH= CP Ts − Ttð Þ
− 12.5=0.3 140− Ttð Þ ! Tt = 181.66 �C

Now we can calculate the temperature of outlet flow from the exchanger with a heating load of
7 MW as follows:

− 7=0.3 181.66− Ttð Þ ! Tt = 204.99 �C

Then we calculate the temperature difference between the two sides of this exchanger:

250− 204.99=45.01
203.33− 181.66= 21.67 �C

(

As you see, Δ Tmin = 10 �C is not conflicted, and this exchanger has been located properly. In this
regard, the required energy by stream 3 will be supplied but stream 2 needs 7.5 MW of energy that
must be provided from the hot utility. Therefore, in general, the design of the upper side of the
pinch would be as shown in Figure 4.11.
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Figure 4.10: Grid diagram for the upper area of pinch for Example 4.2 (B).
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Now we start designing the lower region of the pinch, so we apply all the instructions of ex-
changer design to this area.
1. As it is clear from the lower part of pinch in Figure 4.11, in this region the number of inlet

streams is just one cold flow and the number of outlet flow from pinch is two hot flows ðNin = 1,
Nout = 2Þ, So the rule for number of streams is followed.

2. We start from the pinch point and then we continue to the other side.
3. The number of inlet streams to the pinch is 1, so we would require one pinch match.
4. According to the law of heat capacity of the streams, we place one pinch match between streams

4 and 1.

With reference to Figure 4.12, the required amount of energy by stream 4 has been supplied. But
stream 1 has to lose 6.5 energy; therefore, we locate an exchanger with a heating load of 6 MW
between streams 1 and 3.
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Figure 4.11: Grid diagram for the upper region of pinch regarding Example 4.2 (C).
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Figure 4.12: Grid diagram of pinch matches in the lower region of pinch regarding Example 4.2.
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Since this exchanger is not considered to be a pinch match, we shall calculate the temperatures
around it in order to make sure that the value of ΔTmin is not conflicted.

As shown in Figure 4.13, the temperature of hot stream (flow no. 3) entering the exchanger with
a heating load of 6.5 MW is equal to 150 °C. The outlet flow temperature from it by knowing the
heating load, heat capacity and inlet flow temperature would be determined as follows:

ΔH=CP Ts − Ttð Þ
6.5=0.15 150− Ttð Þ ! Tt = 106.66 �C

Moreover, according to Figure 4.13, the cold flow temperature (stream no. 1) entering to this exchanger
is 20 °C and the temperature value of outlet flow from the exchanger will be calculated as follows:

ΔH=CP Ts − Ttð Þ
−6.5=0.2 20− Ttð Þ ! Tt = 52.5 �C

The result is shown in Figure 4.14.
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Figure 4.14: Grid diagram for the lower region of pinch regarding example.
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Figure 4.13: Grid diagram for the lower region of pinch regarding Example 4.2 (A).

36 Chapter 4 Heat Exchanger Network Design with Maximum Energy Recovery

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



Now we calculate the temperature difference between the two sides of an exchanger:

150 − 52.5 = 97.5 �C
106.66 − 20 = 86.66 �C

(

As it turns out, the value of ΔTmin is not conflicted. So placing this exchanger is done correctly and
stream 3 has to lose 10 MW of energy in order to reach 40 °C. Therefore, we would require a cold
utility with a cooling load of 10 MW.

In this regard, the design for this area is completed as shown in Figure 4.15. Now by combining the
upper and lower areas of pinch, designing heat exchanger’s network for the whole process will be
gained as shown in Figure 4.16:
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Figure 4.15: Grid diagram for the lower region of pinch regarding Example 4.2 (C).
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Example 4.3: Referring to the below data, design the exchanger’s network for this process
ΔTmin = 50 �Cð Þ

Stream no. Type of stream Supply temperature ( C) Target temperature ( C) Heat capacity
(MW/˚C)

 Hot   .

 Hot   .

 Cold   .

 Cold   .

Answer: To design the heat exchanger network in this process, first of all, we must draw a cascade
diagram for the unit, in order to identify the pinch points, QHmin

and QCmin
.

Regarding the cascade diagram (Figures 4.17 and 4.18) and as explained earlier, while there are
more than one pinch point, we have to aggregate all energies from hot utilities and enter it to the
first region on top and perform heat transferring from top to the bottom of cascade again.

So the pinch points, QHmin
and QCmin

are equal to

Pinch point=
550 �C Hot

500 �C Cold

(

QHmin
= 9.2MW, QCmin

=6.4 MW
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Figure 4.17: Cascade diagram for Example 4.3 (A).

38 Chapter 4 Heat Exchanger Network Design with Maximum Energy Recovery

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



Now to proceed with designing a heat exchanger network, we have to draw the grid diagram. The
initial shape of the grid diagram would be as shown in Figure 4.19.

Firstly, we start designing the upper area of pinch. In this regard, we have to perform all the rules
belonging to the exchanger design at the upper region of pinch point (Figure 4.20).

1. As it is clear in Figure 4.19 at the upper area of pinch, the number of inlet streams is just the one
hot stream, and the number of outlet streams from there is two cold streams Nout = 2, Nin = 1ð Þ.
Therefore, the rule for the number of streams is followed and applied properly.

2. We start from the pinch side and then we continue to the other side.
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750°

600°

550°

350°

250°

900°
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550°

500°

300°

200°

Pinch Point

Figure 4.18: Cascade diagram for Example 4.3 (B).
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Figure 4.19: Initial grid diagram for Example 4.3.
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3. The number of inlet flows is just 1, so we would require one pinch match.
4. In accordance to Figure 4.19, we realize that the law of heat capacity is not applied and is con-

flicted. So the inlet streams would have to be split.

We shall split stream 1, where the heating load of the cold streams can be fully supplied. By making
this design and splitting hot stream 1 and creating an exchanger with a heating load of 1 MW be-
tween this stream and the cold stream 4, the required energy by cold stream would be completely
supplied and covered. So the heat capacity of one of the branches will be 0.04 MW/˚C and the other
one is 0.005 MW/˚C.

This technique is named “tick off,” in which we design an exchanger that by using it, a cold
stream receives all its required energy or a hot stream will lose the entire energy of itself.

Therefore, the final shape of the grid diagram for the upper region of pinch would be designed
as in Figure 4.21.

Now we proceed with designing the lower area of pinch. In this way, we apply all the instructions
of exchanger design to this area.
1. As it is clear from the lower part of pinch in Figure 4.21, at this region the number of inlet streams

to the pinch is two cold flows and number of outlet streams are two hot flows ðNin = 2, Nout = 2Þ.
So the rule for number of streams is followed.

2. We start from the pinch point and then we continue to the other side.
3. The number of inlet streams to the pinch is 2, so it would require two pinch matches.
4. According to the law of heat capacity for the streams, we place one pinch match between

streams 1 and 3 and other pinch match between streams 2 and 4.

Above the pinch
CP

0.045

0.043

0.02

750 °C

900 °C

550 °C

550 °C

500 °C

500 °C

9 MW

ΔH

3

1

4

17.2 MW

1 MW

Figure 4.20: Grid diagram for the upper region of pinch regarding Example 4.3 (A).
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The final design of the lower area of pinch will be as shown in Figure 4.22:

By combining the design of upper and lower regions of pinch, we would have the final design for
the process heat exchanger network (Figure 4.23).

CP CP = 0.04

CP = 0.005

9.2 8

1
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0.043

0.02

750 °C

900 °C

550 °C

550 °C

500 °C

500 °C

9 MW

ΔH

3

1

4

17.2 MW

1 MW

H

Figure 4.21: Grid diagram for the upper region of pinch regarding Example 4.3 (B).
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Figure 4.22: Grid diagram for the lower region of pinch regarding Example 4.3.
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Figure 4.23: Completed grid diagram for example 4.3 with MER method.
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Chapter 5
Heat Exchanger Network Design with Minimum
Heat Transfer Unit

As explained earlier in the last chapter, generally, there are two methods of heat
exchanger network design. We studied the method of maximum energy recovery
(MER) in the previous chapter.

In this chapter, we would examine the design method of minimum process heat
exchanger (Nmin). But first of all we shall define the concept of loop in exchanger’s
network and the way of estimating the number of heat exchangers.

Loop definition: In case that we start moving from a point, then return to that
point from the other route so that we would have a loop in the network.

5.1 Heat Exchanger Network Design with Minimum Heat Transfer
Unit (Nmin)

This method is showing the network with minimum number of equipment and heat
exchangers that in this case the energy load of utilities will increase.

In order to reduce the number of heat exchangers, we have to identify the loops in
the grid diagram and remove them. By removing loops, the first golden rule of pinch
will be conflicted and some amount of energy will pass through the pinch point, which
may cause an increase in energy load of hot and cold utilities. Therefore, the number
of heat exchangers could be determined by two exchanger design methods as follows:

Number of exchangers by MER design =Number of streams + Number of heat sources
+ Number of loops – Independent systems

Number of heat exchangers by Nmin design = Number of streams + Number of heat
sources – Independent systems

Therefore, to design a heat network by minimum number of heat exchangers, the capi-
tal cost decreases and it will cause an increase in energy cost. Actually, a network
might comprise several loops, but to answer this question that how many loops shall
be removed would depend on the interactions between capital cost and energy cost
and by considering the general aims of the project we need to investigate this issue.

Heat exchanger network design by minimum number of heat exchanger (Nmin)
has lower capital costs and more energy costs in comparison to the network design
by MER method. Therefore, a heat exchanger network design through the method
of minimum number of heat exchangers (Nmin) would be a suitable choice for the
projects that are facing limitations and lack of initial capital cost but the energy
cost is in a minimum level in that country.

https://doi.org/10.1515/9783110786323-005
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Example 5.1: Design the heat exchanger network by Nmin method for the following process unit
(Example 1.2).

Stream
no.

Type of
stream

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Hot   

 Hot   .

 Cold   

 Cold   

Pinch point=
(
90 �C Hot

80 �C Cold

QHmin
= 20MW, QCmin

=60MW

Answer: As you can see, the grid diagram of this unit in Example 4.1 was shown based on the aim
of MER as in Figure 5.1.

First of all, we shall identify the loop and then mark it by a dotted line (Figure 5.2).
Generally, between the exchangers involving in a loop, we remove the one

which has the minimum heating load. So we remove the exchanger with 30 MW of
energy and we sum up this amount with the exchanger with 90 MW of energy.

Above

170

150

QHmin = 20 QCmin = 60

60

30

20135 125 80°

80°

180°

90° 90° 70°

90° 90°

35°

20
H

90 90

c

30

60

240
140

2

4

BelowPINCH

3

Figure 5.1: Grid diagram for Example 5.1 by MER method.
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Now we calculate the inlet and outlet temperatures from the 120 MW exchanger,
which is shown in Figure 5.3.

As shown in Figure 5.3, the temperature difference at one side of the exchanger is
equal to 5 °C, which means that the value of ΔTmin has been conflicted. In order to
modify this model, we need to reduce the heating load of 120 MW to make the tem-
perature difference at the right of the exchanger reach 10 °C. In this way, the first
law of pinch will conflict and as much as reducing the heat load of the exchanger
should be added to the energy load of cold and hot utilities. In this regard, we de-
fine path 1.

A path is a connection which is made between two hot and cold utilities so that
it passes through the defective exchanger and resolves the problems. (Usually after
breaking loops in the heat exchanger network, some heat paths will be made in that
network.)

This issue is shown in Figure 5.4.

170°

150°

135°

140°

20°

80°

1

3

60°

30°

2

4

LOOP

PINCH

H

C
60

309090

240

20

Figure 5.2: Identifying the loop in a grid diagram for Example 5.1.
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Figure 5.3: Breaking the loop in a grid diagram and making path in Example 5.1 (A).
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X will be calculated through the following equation:

120−X = 1.5 ð150− 75Þ ! X = 7.5

So by minimum number of heat exchangers (Nmin) method, the design will be com-
pleted (Figure 5.5).

5.2 Grand Composite Curve (GCC)

Utilities consist of different types, as follows:
Hot utilities: 1 – furnace; 2 – low-pressure steam, medium-pressure steam,

high-pressure steam (HP); 3 – hot oil utility.
Cold utilities: 1 – cooling water; 2 – cooling air; 3 – refrigeration system.
The point is that the most economical and suitable utilities must be selected for

heat exchanger network design.

20°65°121.25°

80°
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3
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75°150°

135°

140°

2

4

4

2

1.5

3
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C

H

67.5

112.527.5

240

90

Figure 5.5: Grid diagram of Example 5.1 by minimum number of heat exchanger (Nmin) method.
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Figure 5.4: Breaking the loop in a grid diagram and making path in Example 5.1 (B).
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The cascade and grid diagrams will show the pinch point and the values of
QHmin and QCmin, but they cannot identify the types of hot and cold utilities. In order
to choose the suitable type of utilities we shall use the grand composite curve (GCC).

To draw the GCC, we would follow the instructions as follows:
1. Firstly, we draw the cascade diagram.
2. In order to calculate the interval temperature (T*) for each region, we would

use one of the following equations:(
T*= TCold + ΔTmin

2

T*=Thot −
ΔTmin

2

3. We extract the enthalpy of each region from the cascade diagram and then cal-
culate the enthalpy value corresponding to each interval temperature. In this
purpose, the enthalpy of the first area above the pinch in the cascade diagram
is QHmin, and the value for first area below the pinch point is zero.

4. In GCC, the vertical axis is the interval temperature (T*) and the horizontal axis
is the enthalpy (H). Therefore, by having the interval temperature and enthalpy
of each region, a point on the graph will be specified.

This must be applied to all regions and all the points must be connected by a line.
So in this regard, GCC is drawn and the shape would be as shown in Figure 5.6.

The GCC expresses the following items:
1. The intersection of the curve with the vertical axis indicates the pinch point.
2. The GCC would divide the whole process into upper and lower sides of the

pinch as well as the composite curve.
3. The top open portion of graph shows the value of QHmin .

T *

Pinch Point

H

QHmin

QCmin

H.EX

Figure 5.6: Initial grand composite curve (GCC).
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4. The bottom portion of graph will indicate the value of QCmin .
5. The positive slope lines indicate cold streams and negative slope lines show

hot streams.
6. Hatching areas represent the amount of heat transfer between processes. In fact, in

these areas, negative slope lines provide the required heat for positive slope lines.

Now the question is that, how could we select the most suitable utility by the help
of GCC diagram?

To answer this question, firstly note Figure 5.7.
As it is obvious in the diagram, heating load of the hot utility is equal to QHmin

that this amount would be supplied by HP steam.
With the help of GCC, we can use steam at three different levels; instead of

using HP steam, this will cause reduction in energy costs.

In the following, we will explain how to draw a GCC in a few examples.

Example 5.2: Draw the GCC for Example 5.1.
Answer: Firstly, we have to draw the cascade diagram (Figure 5.8), which we have already done for
this process unit in Chapter 3 (Example 2.3).

At the first region in the upper side of the pinch Tcold = 160 �C, Thot = 170 �C and Q = 20 MW,
so the interval temperature for this area is equal to:

T * = 170−
10
2

= 165 �C or T * = 160+ 10
2

= 165 �C

Pinch Point

H

QHmin

MP

HP

LP

QCmin

T *

H.EX

Figure 5.7: Completed grand composite curve.
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In the same way, we calculate the interval temperature (T*) of each area created in the cascade
diagram, and results are shown in the following table:

With accordance to this table, we can draw GCC.

According to Figure 5.9, the values of QCmin
, QHmin

and pinch point are equal to

Pinch point=
Thot =85+ 10

2 =90 �C

Tcold =85− 10
2 =80 �C

(

QHmin
= 20MW, QCmin

=60MW

QHmin = 20

QCmin = 60

Hot Scale

170°

150°

145°

90°

60°

30°

160°

60

75

–15

75

0

82.5

80

60

2.5

–82.5

140°

135°

80°

50°

20°

Cold Scale

Pinch Point

Figure 5.8: Cascade diagram for Example 5.2.

Region Interval
temperature (°C)

Enthalpy (MW)

  

  

  .

  

  

  
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Example 5.3: Draw GCC for the below process unit (Example 3.3) ΔTmin = 10 �Cð Þ.

Stream
no.

Type of
stream

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Cold   .

 Cold   .

 Hot   .

 Hot   .

Answer: First of all, we have to draw the cascade diagram (Figure 5.10), which already has been
drawn for this process unit in Chapter 3.

At the first area, Tcold = 240 �C, Thot = 250 �C,Q= 7.5MW; so the interval temperature in this area
will be calculated through the following equation:

T * = 240−
10
2

= 245 �C or T * = 240+ 10
2

= 245 �C

In the same exact way, we determine the interval temperatures (T*) of the other regions, and the
results are shown in the following table:

165°

80

20

82.5

0

75

60

145°

140°

85° Pinch Point

H

55°

25°

T *

Figure 5.9: Grand composite curve for Example 5.2.
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With reference to this table, we draw the GCC as in Figure 5.11.
The values of QCmin

, QHmin
and pinch point are equal to

Pinch point=
(

Thot = 145+ 10
2 = 150 �C

Tcold = 145− 10
2 = 140 �C

QHmin
= 7.5MW, QCmin

= 10MW

Hot Scale Hot utility

Cold utility

3

4

0

14

12

10

Cold Scale
7.5

7.5
250°

240°

200°

190°

150°

80°

40°

30°

240°

230°

190°

180°

140°

70°

35°

20°

9
1.5

–6

1

14

–2

–2

–4

Pinch Point

Figure 5.10: Cascade diagram for Example 5.3.

Region Interval
temperature (°C)

Enthalpy (MW)

  .

  

  

  

  

  

  

  
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Figure 5.11: Grand composite curve for Example 5.3.
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Chapter 6
Estimating the Number of Shells and Heat Transfer
Area of Heat Exchanger Network

6.1 Area Targeting

In addition to the required information to predict energy targeting, the composite
curve also contains some necessary data for area targeting of the heat exchanger
network [11].

To calculate the surface area of heat exchanger network by using a composite
curve, we must also consider the streams of utilities as well as process streams for
plotting the curves, and for drawing the composite curve, we would use the cumu-
lative enthalpy method.

In order to determine the cumulative enthalpy of hot streams, we consider the
lowest temperature of the hot stream as the basis and set its cumulative enthalpy
to zero. And to calculate the cumulative enthalpy of other temperature ranges in
hot streams, we evaluate the enthalpy of each temperature range and then add
the enthalpy of the previous range to obtain the cumulative enthalpy of that
range [12].

In order to determine the cumulative enthalpy of cold streams, we consider the
lowest temperature of the cold stream as the basis and set its cumulative enthalpy
to the heating load of cold utility. And to calculate the cumulative enthalpy of other
temperature ranges in cold streams, we evaluate the enthalpy of other temperature
range and then add the enthalpy of the previous range to obtain the cumulative en-
thalpy of that range [13].

Example 6.1: Draw the composite curve for the process unit data in the following table (Example 2.1)
by using the cumulative enthalpy method.

Stream
no.

Type of
stream

Supply temperature (°C) Target temperature (°C) Heat capacity (MW/°C)

 Hot   

 Hot   .

 Cold   

 Cold   

The values of QCmin
, QHmin

and pinch point are equal to

https://doi.org/10.1515/9783110786323-006
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Pinch point=
90 �C Hot

80 �C Cold

(

QHmin
= 20MW, QCmin

=60MW

Answer: Firstly, draw the cascade diagram (Figure 6.1) for this unit and then calculate the cumula-
tive enthalpy of the cold and hot utilities separately.

The cumulative enthalpy of hot streams will be calculated through the following instruction:

Temperature (°C) Enthalpy (MW) Cumulative enthalpy (MW)

  

 . ( – ) =   +  = 

 (. + ) ( – ) =   +  = 

  ( – ) =   +  = 

The cumulative enthalpy of cold streams will be calculated as follows:

Temperature (°C) Enthalpy (MW) Cumulative enthalpy (MW)

  

  ( – ) =   +  = 

 ( + ) ( – ) =   +  = 

  ( – ) =   +  = 

Hot Scale

170°

150°
1.5

3

Section 1

Section 2

Section 3

Section 4

Section 5

4

2

145°

90°

60°

30°

160°

140°

135°

80°

50°

20°

Cold Scale

Figure 6.1: Cascade diagram of streams for Example 6.1.

54 Chapter 6 Estimating the Number of Shells and Heat Transfer Area

 EBSCOhost - printed on 2/14/2023 6:47 AM via . All use subject to https://www.ebsco.com/terms-of-use



As a result, the composite curve (cumulative enthalpy) for this unit will be plotted in Figure 6.2.

Regarding area targeting, we shall draw the composite graphs, then we place a vertical line at
every fracture. In this way, the curves and the surface area between two graphs of hot and cold
streams are divided into parts and intervals consisting of enthalpies. Then we calculate the mini-
mum of surface area between each interval through the following equation:

Ak =
1

LMTDð Þk FTð Þk
Xn
i =0

Qi

hi

� �

Hence, before completing the design of whole network, by assuming that all heat exchangers in
the network are made of the same material, the minimum surface area of exchangers is equal to

Amin =
X

Ak

where Qi is the heat load of each stream, hi is the heat transfer coefficient of each stream, n is the
number of streams in every interval (the streams in every interval can be included of hot streams,
cold streams as well as hot and cold utilities), FT is the correction factor in every interval, LMTD is
the log mean temperature difference in every interval and K is the counter in every interval.

170

150

140

135

80

60

30

20

4560 180 450 510 530 H (MW)

T (C)

QCmin = 60 MW

QHmin = 20 MW

ΔTmin = 10 °C

Pinch

Figure 6.2: Composite curve (cumulative enthalpy) for Example 6.1.
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6.2 Log Mean Temperature Difference (LMTD) Calculation

Logarithmic mean temperature difference between hot and cold streams will be
determined as follows:

Cocurrent

ΔTLMTD =
Th in − Tc inð Þ− Thout − Tc outð Þ

ln
Th in −Tc in

Thout −Tc out

Th in!Thout

Tc in!Tc out

Countercurrent

ΔTLMTD =
Th in − Tc outð Þ− Thout − Tc inð Þ

ln
Th in −Tc out

Thout −Tc in

Th in!Thout

Tc in Tc out

6.3 Estimating Correction Factor (FT)

Shell and tube heat exchangers are being used in chemical process industrial
applications more than the other types. The simplest type of them is 1–1 shell
and tube exchanger (which means one shell pass and one tube pass). Shell pass
and tube pass are presenting the number of passes which are supposed to be in
a shell and in a tube. Figure 6.3 shows this kind of heat exchanger as well as the
temperature difference diagram in comparison to the length of exchanger as in
Figure 6.4.

The fluid stream in a shell and tube exchanger 1–1 is countercurrent. Because
of this, the correction factor would be one and the equation of heating load for this
exchanger will be as follows:

Q=UAΔ T
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where Q is the heating load of exchanger, U is the heat transfer coefficient of the
exchanger, ΔTLMTD is the logarithmic temperature difference and A is the exchanger
surface area.

In spite of having minimum surface area of heat transferring in shell and tube heat
exchanger 1–1, with a certain heating load and heat transfer coefficient, but they
have some major weaknesses.
1. The tube’s bundle is fixed and cannot be removed from the shell for physical or

chemical washing.
2. With the fixed tube bundle, a slight expansion of the shell and tube will cause

damage to the exchanger.
3. In this type of exchanger, there should be a temperature cross.

Inlet cold
stream

Outlet cold
stream

Inlet hot
stream

A

B

Tc,in

Th,out

Tc,out

Th,in

Outlet hot
stream

Figure 6.3: 1–1 Shell and tube exchanger (one pass shell and one pass tube).

T

x

Th,i

Th,o

Tc,o

Tc,i

Figure 6.4: Diagram of temperature difference – length of shell and tube heat exchanger 1–1.
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There are some other arrangements for shell and tube exchangers, and the most
common and widely used type is 1–2 exchanger (one pass shell and two passes of
tubes). Figure 6.5 shows this kind of exchanger and the diagram of temperature
difference–pipe length in the following section.

As shown in Figure 6.6, in 2–1 shell and tube exchanger, some of the streams are
countercurrent and the others are cocurrent. Due to this matter, the effects of tem-
perature difference on heat transferring will reduce in comparison to the complete
countercurrent streams. To take this into consideration for network design, we use
a numerical correction factor between zero and one. Therefore, the heat load rela-
tion for these exchanger is as follows:

Q= FTUAΔ T

Inlet cold
stream

Outlet cold
stream

Outlet hot
stream

A

B

Tc,in

Th,out

Tc,out

Th,inInlet hot
stream

Figure 6.5: 1–2 Shell and tube exchanger (one pass shell and two passes of tubes).

T Th,i

Th,o

Tc,o

Tc,i

x

Figure 6.6: Diagram of temperature difference versus shell and tube exchanger length.
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where Q is the heat load, U is the heat transfer coefficient of exchanger, ΔTLMTD is
the log mean temperature difference, A is the exchanger surface area and FT is the
correction factor.

2–1 Shell and tube exchangers have so many industrial advantages that have
made them become very important and widely used in industries. Some of these
benefits are:
1. Easy physical or chemical washing of these exchangers
2. Thermal expansion capability
3. Having appropriate heat transfer coefficient of fluid inside the tube due to its

high speed

Generally, the correction factor (FT) depends on two thermal elements P and R. The
relation between P and R is as follows:

R= Th in −Thout

Tc out − Tc in

P = Tc out − Tc in

Th in − Tc in

By identifying the inlet and outlet temperatures, we can determine P and R parame-
ters, and then we would be able to calculate the value of correction factor by using
the graphs in heat transfer references.

Example 6.2: By assuming that all exchangers have been supplied with the same material, deter-
mine the minimum required heat transferring surface area of the network for the following process
unit (Example 2.1). Correction factor in each interval (FT) is equal to 1, and the other data regarding
convective heat transfer coefficient of the streams and data belonging to hot and cold utilities are
shown in the following table:

Stream
number

Type of
stream

Supply
temperature (°C)

Target
temperature (°C)

Heat capacity
(MW/°C)

Conductive heat
transfer coefficient
(MW/m °C)

 Hot    .

 Hot   . .

 Cold    .

 Cold    .

We would use cooling water as cold utility by considering the inlet temperature as 20 °C, outlet
temperature as 30 °C and heat transfer coefficient as 0.00375 MW=m2 °C. Also for hot utility we
will use steam with inlet and outlet temperatures for 250 °C and heat transfer coefficient as
0.006 MW=m2 °C.

Answer: To solve this exercise we assume 1–1 shell and tube exchanger.
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First Case: Before Design

As mentioned earlier in this case, the exchanger surface area would be determined from the com-
posite curve. We once plotted a composite curve regarding the network of this process unit in Ex-
ample 1.6 by using the cumulative enthalpy method.

In order to estimate the minimum surface area of heat network before designing it, we shall
draw vertical lines at the point of fractures on hot and cold stream graphs to divide the diagram
into thermal intervals.

The area between hot and cold graphs in the composite curve (cumulative enthalpy) is divided
into six intervals (Figure 6.7).

Now we calculate the area of each interval by using the composite curve and at the end, we sum up
all surfaces in order to determine the minimum required heat transfer surface area before design-
ing the network:

Tcout = 30 °C Tcin = 20 °C

Thin = 60 Thout = 30 °C

Interval 1

LMTD= 60− 30ð Þ− 30− 20ð Þ
ln
60− 30
30− 20

= 18.2

Qh = 1.5 60− 30ð Þ= 45, A1 =
45

5× 10−3 + 45

3.75× 10−3

� �
1

18.2 = 1, 153.84 m2

T (C)

H (MW)

170

150

140

135

80

60

30

20
1

2

3

4

5

6

45 60 180 450 510 530

Figure 6.7: Intervals in composite curve (cumulative enthalpy) for Example 6.2.
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Tcout = 30 °C Tcin = 20 °C

Thin = ? Thout = 60 °C

Interval 2

Q= FCPΔTh
60−45ð Þ= 1.5+ 3ð ÞΔTh ! ΔTh = 3.33

Q1h = 1.5× 3.33= 5, Q2h = 3× 3.33=9.99≈ 10

ΔTh = 3.33= Thin −60ð Þ ! Thin =63.33 �C

LMTD= 63.33− 30ð Þ− 60− 20ð Þ
ln
63.33− 30
60− 20

= 36.56

A2 =
5

5× 10−3 + 10

4.5× 10−3 + 15

3.75× 10−3

� �
× 1
36.56 = 197.54 m2

Tcout = 80 °C Tcin = 20 °C

Thin = ? Thout = 63.33 °C

Interval 3

Q= FCPΔTh
180− 160ð Þ= 1.5+ 3ð ÞΔTh ! ΔTh = 26.67

Q1h = 3× 26.67=80, Q2h = 1.5× 26.67= 40

ΔTh = 26.67= Thin −63.33ð Þ ! Thin = 90 �C

LMTD= 63.33− 20ð Þ− 90−80ð Þ
ln
63.33− 20
90−80

= 22.73

A3 =
80

4.5× 10−3 + 40

5× 10−3 + 120

3.5× 10−3

� �
× 1
22.73 = 2,642.47 m2

Tcout = ? Tcin = 80 °C

Thin = 150 °C Thout = 90 °C

Interval 4

Q= FCPΔTh
450− 180ð Þ= 2+4ð ÞΔTc ! ΔTc =45

Q1c = 2×45=90, Q2c =4× 45= 180

Q1h = 1.5×60= 90, Q2h = 3×60= 180

ΔTc = 45= Tcout −80ð Þ ! Tcout = 125�C
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LMTD= 150− 125ð Þ− 90−80ð Þ
ln
150− 125
90−80

= 16.37

A4 =
90

3.5× 10−3 + 180

4× 10−3 + 90

5× 10−3 + 180

4.5× 10−3

� �
× 1
16.37 = 7,862.81 m2

Tcout = 135 °C Tcin = 125 °C

Thin = 170 °C Thout = 150 °C

Interval 5

ΔTc = 10! Q1c = 2× 10= 20, Q2c = 4× 10=40, Qh = 3× 150− 170ð Þ=60

LMTD= 170− 135ð Þ− 150− 125ð Þ
ln
170− 135
150− 125

= 29.72

A5 =
20

3.5× 10−3 + 40

4× 10−3 + 60

4.5× 10−3

� �
× 1
29.72 =977.37 m2

Tcout = 140 °C Tcin = 135 °C

Thin = 250 °C Thout = 250 °C

Interval 6

ΔTc = 5! Qc = 5× 4= 20

LMTD= 250− 135ð Þ− 250− 140ð Þ
ln

250− 135
250− 140

= 112.48

A6 =
20

6× 10− 3 + 20

4× 10− 3

� �
× 1
112.48 = 74.09 m2

Amin =
X

Aið Þ= 1, 153.84+ 197.54+ 2,642.47+ 7,862.81+977.37+ 74.09= 12,908.12 m2

Second Case: After Design

In order to estimate the required surface area of heat exchangers, after designing the heat network,
we shall design the grid diagram (Figure 6.8) of the process unit which it was already plotted for
this unit in previous sections.
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By considering the process data in the grid diagram for this unit, we can calculate the surface
area of heat exchangers:

Tcout = 125 °C Tcin = 80 °C

Thin = 150 °C Thout = 90 °C

90 MW

LMTD= 150− 125ð Þ− 90−80ð Þ
ln
150− 125
90−80

= 16.37

A1 =
1

5× 10− 3 + 1

3.5× 10−3

� �
× 90
16.37 = 2,670.39 m2

Tcout = 140 °C Tcin = 80 °C

Thin = 170 °C Thout = 90 °C

240 MW

LMTD= 170− 140ð Þ− 90−80ð Þ
ln
170− 140
90−80

= 18.2

A2 =
1

4× 10− 3 + 1

4.5× 10− 3

� �
× 240
18.2 =6, 227.11 m2

Tcout = 80 °C Tcin = 35 °C

Thin = 90 °C Thout = 60 °C

90 MW

LMTD= 60− 35ð Þ− 90−80ð Þ
ln

60− 35
90−80

= 16.37

170°

150°

60°

30°

135° 125°

80°

20°

3

180°

90° 70°

90°

35°

20
H

90 90

c
60

30

240

140°

2

4

Figure 6.8: Grid diagram for Example 6.2.
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A3 =
1

4.5× 10− 3 + 1

3.5× 10− 3

� �
× 90
16.37 = 2, 792.56 m2

Tcout = 35 °C Tcin = 20 °C

Thin = 90 °C Thout = 70 °C

30 MW

LMTD= 90− 35ð Þ− 70− 20ð Þ
ln

90− 35
70− 20

= 52.46

A4 =
1

3.5× 10− 3 + 1

5× 10− 3

� �
× 30
52.46 = 277.76 m2

Tcout = 135 °C Tcin = 125 °C

Thin = 250 °C Thout = 250 °C

Heater
20 MW

LMTD= 250− 125ð Þ− 250− 135ð Þ
ln
250− 125
250− 135

= 119.93

Aheater =
1

3.5× 10− 3 + 1

6× 10−3

� �
× 20
119.93 = 75.44 m2

Tcout = 30 °C Tcin = 20 °C

Thin = 70 °C Thout = 30 °C

Cooler
60 MW

LMTD= 70− 30ð Þ− 30− 20ð Þ
ln

270− 30
230− 20

= 21.64

Acooler =
1

5× 10− 3 + 1

3.75× 10− 3

� �
× 60
21.64 = 1, 293.9 m2

AT =
X

Aið Þ= 2,670.39+6,227.11+ 2, 792.56+ 277.76+ 75.44+ 1, 293.9= 13, 337.16 m2

6.4 Estimating the Number of Shells and Heat Transfer Area
of Heat Exchanger Network

For industrial applications, if the target temperature of hot stream is higher than
the target temperature of cold stream, we would use a simple design consisting of
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one shell in heat exchanger. The 1–1 shell and tube exchangers have a minimum
level of heat transferred. Therefore, the 1–2 shell and tube heat exchanger is mostly
used for industrial purposes. Because in this type of exchanger by increasing the
surface area and the number of shells, the outlet temperature of cold stream will be
greater than the outlet temperature of hot stream. In this regard, the obtaining tem-
perature cross will cause an increase in the amount of energy recovery as well as in
developing the energy efficiency. To consider this issue in design process and im-
prove the exchanger’s efficiency, we shall use correction factor.

6.4.1 Trial-and-Error Methods and Rule of Thumb for Estimating the Number
of Shells in Exchanger

In case that multishell configuration is required for increasing the efficiency of ex-
changer in the network, designers typically use trial-and-error methods and rule of
thumb, such as the Kern method, which can estimate the correction factor for each
shell and obtain an appropriate design for the heat exchanger. In this way, we as-
sume to have one shell, and then determine the relevant correction factor [14, 15].

If the value of correction factor is not acceptable for one shell, more quantity of
shell will be considered in series, until a proper value of correction factor is gained
in every shell (Figure 6.9). In this method, the surface area of all shells and correc-
tion factors in converters would be the same and equal, and then the value of
FT ≥0.75 would be approved. Because in the value range of FT ≥0.75, the maximum
temperature cross could be estimated (Figure 6.10).
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0.9
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0.1 0.2 0.3 0.4
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R=10.0

R=2.0

R=1.0

R=0.5

R=0.1

0.5 0.6
P

0.7 0.8 0.9 1.0

(δFT /δP)R = –2.8

too sensitive

Figure 6.9: Diagram of correction factor variation in comparison to heat efficiency in heat
exchanger 2–1.
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An analytical equation for calculating Pmax (vertical asymptote) was proposed
by Mitson in 1984 [16]. In this relation, for every value of R, there will be a maximum
value for P (Pmax), for which in return FT tends to −∞:

Pmax =
2

R+ 1+
ffiffiffiffiffiffiffiffiffiffiffiffi
R2 + 1
p

The values greater than Pmax are not valid; therefore, the practical designs are lim-
ited to certain Pmax:

P =XP · Pmax, 0<XP < 1

XP is a constant defined by the designer and is considered for the purpose of the
exchanger design. For instance, with the geometric location for the assumed values
of Xp = 0.9 in Figure 6.11, this value is plotted on the P–FT graph. Obviously, the
greater amount of FT and R is acceptable and the lower points are not acceptable.

The exchangers that have been designed according to this method are not sensi-
tive to changes in flow rates and temperature differences. But in order to have reliable
designs that can withstand more temperature changes in the inlet of cold stream, the
value of angular coefficient or XP must be decreased. Hence, in general, the reliability
of an exchanger depends on the designer’s choice of parameters such as XP.

In case that the correction factor is too low or temperature cross is too high, the
1–2 shell and tube exchanger will be sensitive to temperature changes, and de-
signer would have to increase the number of shells or consider another type for
shell to design and make the exchanger properly. Figures 6.12 and 6.13 are turning
out the conventional methods of reducing the temperature cross in shells and con-
sequently in heat exchangers.
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Figure 6.10: FT – P diagram by calculating vertical asymptotic lines (Pmax) in heat exchanger 2–1.
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By using the Pmax and P relations as well as the following equations, another
formula could be achieved to determine the number of shells in an exchanger:

Nshell =

1−RP
1− P

� �
lnW

, R≠ 1

W = R+ 1+
ffiffiffiffiffiffiffiffiffiffiffiffi
R2 + 1
p

− 2RXP

R+ 1+
ffiffiffiffiffiffiffiffiffiffiffiffi
R2 + 1
p

− 2XP

Nshell =
P

1− P

� �
1+

ffiffi
2
p
2 −XP

� �
XP

, R= 1

6.4.2 Stepping-Off Method for Estimating the Number of Shells in Heat Exchangers

In this method, we first plot the (T–H) diagram for hot and cold streams, as a designer
assumes a specific value for XP, then the amount of R and P for each shell will be cal-
culated according to the supply and target temperatures of hot and cold streams [17].
Therefore, the values for slope coefficient of lines and the unknown temperature in
every shell will be determined:

P1, 2 =
ΔTH

ΔT1 +ΔTC
, ΔT1 =Thi −TCO

R= ΔTC

ΔTH
, ΔTH =

ΔT1.P1, 2
1−R P1, 2

To determine the number of required shells, we draw a horizontal line from the
cold stream target temperature to intersect the hot stream graph in the composite
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Figure 6.11: FT – P diagram by calculating Xp = 0.9 graph in heat exchanger 2–1.
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curve, and then draw a vertical line to intersect the cold stream graph again. In this
regard, in every situation, a horizontal line is drawn between two hot and cold curves,
and step by step, the space between hot and cold flow curves will be completed as
stepping-off from the beginning to the end. We keep continuing as long as the hor-
izontal line drawn from the cold stream curve no longer intersects the curve of hot
stream and actually it is not possible to plot any other horizontal line between the
space of the two curves. Hence, the horizontal lines in the final created graph rep-
resent the required number of shells to design a desired heat exchanger, which is
often estimated more than the number of shells required by the exchanger to be more
reliable.
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Figure 6.12: The effect of increasing the number of shells on the R curve in FT – P diagram for 2–1
heat exchanger.
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As an example in the exchanger with a hot stream which is supposed to lose its
temperature from 410 to 110 °C, and a cold stream whose temperature must rise
from 0 to 360 °C, R = 1.2 and P = 0.73 will be calculated. By assuming XP = 0.9 and
FT = 0.75, the number of shells for this exchanger can be estimated through the
stepping-off method. As shown in Figure 6.14, the number of shells is 4.

Heat Duty

Temperature

temperature
cross large

Length

Temperature

Length

Temperature

temperature
cross large

Heat Duty

Temperature

temperature
crosses smaller

Figure 6.13: The effect of increasing and decreasing the temperature cross on the diagrams related
to heat exchangers 2–1.
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Stepping-off for FT > 0.75
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Xp = 0.9
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Figure 6.14: Estimating the number of shells in a heat exchanger through the stepping-off method.
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There is also a simpler algorithm for determining the minimum number of
shells. In this way, same as the surface targeting algorithm, we divide the compos-
ite curve into intervals which consist of enthalpies. So the number of shells will be
equal to

Nshell =
XIntervals

k

Nk SK − 1ð Þ

where Nshell is the number of all shells, Nk is the actual number of shells based on
the temperature in enthalpy range and SK is the number of streams in the enthalpy
range.
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Chapter 7
Estimating the Cost of Heat Exchanger Network

7.1 Energy Cost Targeting for Heat Exchanger Network

Considering the value of ΔTmin in each network design, in order to estimate the energy
cost by using a grid diagram, we calculate QHmin and QCmin, and then multiply them by
the related utility costs, respectively. (Assume that only one type of hot and cold utility
has been used.) [18]

We would examine the calculation of capital cost in the following section:

Energy costs=
X

QH × $QH +
X

QC × $QC

where QH is the heating load of hot utility, QC is the cooling load of cold utility, $QH
is the cost for selected hot utility and $QC is the cost for selected cold utility.

7.2 Capital Cost Targeting for Heat Exchanger Network

The initial capital costs of the heat exchanger network include the cost for manufactur-
ing, purchasing, installation of the exchangers and supplying the other equipment in
order to run the heat exchanger network, which might vary in every project based on
the project’s objectives. But the cost for purchasing the heat exchangers plays an im-
portant role in capital cost targeting [19, 20]. To determine the cost of purchasing an
exchanger, we can use the following equation:

a+ bAC = $ð ÞCost for purchasing an exchanger

where a is the coefficient of installation costs, b is the coefficient of exchanger ma-
terial, c is the coefficient that is a function for the motion of two fluids inside the
exchanger and A is the surface area of each exchanger.

Depending on the type of industrial unit and fluids used in process and instal-
lation lines, different metals and alloys such as titanium, carbon steel and stainless
steel are being used to produce exchangers. Therefore, the cost of manufacturing
exchangers will change according to the heat transferring surface area (number of
shells) and the material of shells and tubes.

https://doi.org/10.1515/9783110786323-007
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Different models have been presented for the function of exchanger cost, depend-
ing on the shell and tube material, which we introduce one of them in the following
table:

In order to determine the cost price of each exchanger, according to the calculation
patterns in this table, we shall finally multiply the numbers obtained from the earlier
equations by 3.5.

In this regard, the capital cost of the network could be calculated as follows:

Capital cost of heat exchanger network=Nshells a+b
Amin

Nshells

� �c� �

In this equation, it is assumed that the surface area of all shells is equal to each
other, and the phrase in parentheses actually indicates the cost for one shell.

It is noteworthy that in the mentioned equations, for estimating the minimum
surface area of all heat exchangers of network (Amin) in the last chapter, it was as-
sumed that all heat exchangers are the same, while most of the time exchanger net-
works are being selected based on the type of fluids and network capital costs in
the process. Therefore, exchangers will not always be used with the same material.

In case that different combinations are used for manufacturing exchangers, the
equation of

Ak =
1

LMTDð Þk FTð Þk
Xn
i=0

Qi

hi

� �

will change as follows:

Ak =
1

LMTDð Þk FTð Þk
Xn
i=0

Qi

∅ihi

� �

In this relation, ∅i is a kind of coefficient for the exchanger material and in order to
calculate the value for it, we have to choose an exchanger as a reference. (This ex-
changer has been made with the largest portion in the heat exchanger network for

No. Cost function Shell and tube material

 Cost ($) = , +  A. CS/CS

 Cost ($) = , + , A. SS/SS

 Cost ($) = , + , A. TI/TI

 Cost ($) = , + , A. CS/CS

 Cost ($) = , + , A. CS/TI

 Cost ($) = , + , A. SS/TI
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the process unit.) Then through the below equation, we will determine ∅i, and we
consider the remaining exchangers the same as what we have chosen as a reference:

∅= b1
b2

� � 1
c1
× A1− c2

c1

" #

In this equation that is presented to estimate ∅i, the values for b1 and c1 are relating
to the reference exchanger, and the amount for b2 and c2 belong to the dissimilar
exchanger with the reference.

7.3 Total Cost Targeting for Heat Exchanger Network

Finally, in order to calculate the total cost of the heat exchanger network, we shall
determine the capital costs and energy costs separately, and then sum these values
together.

Total cost of heat exchanger network=Energy costs+Capital costs

7.4 Estimating the Minimum Allowable Temperature Difference
in Heat Exchangers (ΔTmin)opt

As you know, ΔTmin is a function of capital costs and energy costs, so the optimal
value is where the total cost is minimized. To calculate ΔTminð Þopt, we shall stick to
the following instructions:

We assume an initial value for ΔTmin.
1. Draw the cascade diagram and with the help of it we determine pinch points

QHmin and QCmin .
2. Draw the general composite curve and by using it, we choose the most appro-

priate hot and cold utilities.
3. Calculate the energy cost through the following equation:

Energy costs=
X

QH × $QH +
X

QC × $QC

4. Draw the composite curve and by using it, estimate the minimum required surface
area.

5. Determine the number of required number of shells in the exchanger network.
6. Calculate the capital costs of heat exchanger network through the following

equation:
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Nshells a+b
Amin

Nshells

� �c� �
=Capital costs of heat exchanger network

7. Calculate the total cost of a heat exchanger network.
Total cost of heat exchanger network = Capital costs + Energy costs.

8. Plot the points regarding energy costs, capital costs and total cost on the diagram
of cost – ΔTmin, in terms of assumed ΔTmin.

9. We return to the first step and specify a new ΔTmin, and for the considered
ΔTmin, we repeat all the above steps. By following these instructions again, the
curve of energy costs, capital costs and total cost is plotted in terms of ΔTmin. At
the end, ΔTminð Þopt is where the total cost of heat exchanger network would be
estimated as minimum or optimum.

Today, by developing the technology, computer software has been provided to the
aid of engineering sciences, which makes long and time-consuming calculations re-
garding ΔTminð Þopt, much more simple and accurate [21, 22].
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Chapter 8
Furnaces, Heat Engines, Heat Pumps
and Distillation Tower

8.1 Furnaces

If we need hot utility with a high temperature, in order to supply QHmin, we will use
the amount of heat resulting from combustion of fuel in furnaces.

The performance of furnaces is that the fuel and air enter into combustion cyl-
inder and after combustion operation, the fuel gases will leave the cylinder with a
temperature (TFT) which is equivalent to the flame temperature. These gases will
be used as a hot utility and will provide the heat required by the process and then
leave the furnace with the temperature of stack point (Tstack) (Figure 8.1).

The air often gets preheated before entering into the combustion cylinder, causing
the flame temperature to rise.

The stack temperature has two limitations (Figure 8.2):
– First, the stack temperature should not be lower than the dew point of sulfur

dioxide. Otherwise, due to the presence of sulfur in the fuel, acid corrosion will
occur ðTstack ≥TDEWÞ.

– Second, the stack temperature should not be lower than the pinch temperature. Oth-
erwise, the required heat by a part of process cannot be supplied (Tstack ≥ Tpinch).

T Stack

T TFT

Fuel

Air

T DEWT0

T air

QH min

Figure 8.1: Schematic of furnace performance.
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Therefore, if the pinch temperature is higher than the dew point temperature (Figure
8.3), the stack temperature will be equal to the pinch temperature, and if the dew
point temperature is greater than the pinch temperature, the stack temperature will
be equal to the dew point temperature.

Ambient Temperature

Flu
e G

as

Stack
Loss

Fuel

QHmin

ΔH

TO*

T *TFT

T *

T *STACK

Figure 8.2: General composite curve (GCC) for
furnace performance.

T*0

T*Acid Dew

T*Pinch

T*TFT

T*

ΔH
Figure 8.3: General composite curve (GCC) of furnace
if Tpinch > TDEW.
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There are three significant points to design furnaces:
1. By increasing the fuel and combustion, the amount of energy can rise and vice

versa.
2. By increasing the temperature of preheated air, the flame temperature will in-

crease and the heat loss rate will decrease.
3. The furnaces usually work with 5–20% of excess air, which depends on design-

ing of furnaces and flares. Increasing the excess air will make better combus-
tion but on the other side will decrease the temperature of flame. Therefore, the
rate of excess air has an optimum value that by considering this, the furnace
could have better and optimum performance.

8.2 Heat Engine (H.E.)

So far, we have examined the optimal use of thermal energy in the process, now at
this section we would explain about the heating power.

Thermal power is actually another form of energy that is much more valuable
than thermal energy.

The thermodynamic model of heat engines is simply shown in Figure 8.5.
The performance of heat engine is to generate work by receiving energy from a

heating source and excrete some energy to the cooling source at a lower temperature.
Therefore, the equations relating to the function of heat engines are as follows:

w=Q1 −Q2

T*0

T*Acid Dew
T*Pinch

T*TFT

T*

ΔH
Figure 8.4: General composite curve (GCC) for furnace
if Tpinch < TDEW.
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WMax =Q1 1−
TC

TH

� �

wReal =Wmax × ηm

where W is thework done by the heat engine, WMax is themaximum work that a heat
engine can do, WReal is the real work done by the heat engine, Q1 is the amount of en-
ergy that a heat engine receives from the heating source, Q2 is the amount of energy
that a heat engine dissipates through the cooling source, TH is the heating source tem-
perature, TC is the cooling source temperature and ηm is the heat engine efficiency.

Heat engines will be divided into two categories: steam turbines and gas turbines.
In steam turbine, the turbine blades are driven by steam at a high-pressure

state, while in a gas turbine this action is done via combustion gases.
Now we need to recognize, where is the right place to locate the heat engine in

a process?
To answer this question, we examine three possible modes: above the pinch,

below the pinch and across the pinch.

8.2.1 Placement of Heat Engine Across the Pinch Point

As we know, the above area of pinch is the receiver of energy, and heat engine
needs this energy to generate work. Therefore, the heating load of the heater will
increase based on the required energy by turbines. Moreover, we know that in the
lower region of pinch, some energy is dissipated through a cold utility, and heat
engine delivers some energy to the cold utility as well. Hence, the cooling load of
the cooler will increase (Figure 8.6).

In this case, no integration has occurred. Because in order to generate work as
W, some energy is received from hot utility and some amount would be dissipated
through the cold utility. So it will not be a suitable place to design and place a tur-
bine across the pinch point.

Sink TC

H.E.

Source TH

W = Q1–Q2

Q1

Q2

Figure 8.5: Thermodynamic model of heat engine
performance.
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8.2.2 Placement of Heat Engine Above the Pinch

As it was explained, the above region of pinch point is actually the receiver of en-
ergy. If we assume that the received amount of energy by the network at this area is
equal to A, the heat engine requires energy equal to Q in order to produce work as
much as W. On the other hand, according to Figure 8.7, the heat engine would
bring some energy as Q–w back to the process. In this case, the heating load of the
heater increases by W, but the cooling load of the cooler will not change. Hence,
this process eventually leads to generate work as W.

Therefore, in a simpler term, we consume as much energy as Q, but the same
amount of W will be produced in the network. So 100% of energy conversion to work
has occurred. This mode is practical and very ideal.

8.2.3 Placement of Heat Engine Below the Pinch

As mentioned earlier, in the below area of pinch, the system will lose some energy
through the cooler. According to Figure 8.8, by designing and placing the heat en-
gine in this region, further to supply the required energy for heat engine, the cool-
ing load of the cooler will be reduced as much as w, and the same amount of work

A+Q

A Q

Q–W

B+Q–W

WH.E.

Figure 8.6: Thermodynamic model of heat
engine placement across the pinch point.

A+Q–(Q–W) = A+W

A Q

Q–W

B

WH.E.

Figure 8.7: Thermodynamic model of heat
engine placement above the pinch.
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will be generated. This intends that without making any changes in the heating
load of the heater, some work is produced and also the cooling load of the cooler
has been reduced, which is theoretically very ideal. However, the noticeable point
is that there would never be a steam stream which is capable of moving the turbine
blades in the lower area of pinch. Hence, the lower region of pinch is not a good
place to design and locate the heat engine.

According to the explanations, it can be concluded that the best place to design
and locate turbine is at the upper region of the pinch (Figures 8.9 and 8.10).

8.3 Heat Pump (H.P.)

The performance of heat pumps is opposite to that of heat engines and turbines, as
the heat pumps that receive some work will transfer the energy from the cold source
to the hot source. Hence, the equations relating to the performance of heat pumps
are as follows:

A

Q–WB–Q+(Q–W) = B–W

W

Q

H.E.

Figure 8.8: Thermodynamic model of heat
engine placement in the lower area of pinch.

QHP

QFuel

BOILER

PINCH

QLP

HP Steam

W

Condensate

QCmin

water

Q Fuel = Q HP + Q LP + W + Q Loss

QLoss

Figure 8.9: Schematic design of heat engine
in the upper region of pinch.
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Q1 = Q2 +w

COP= Q2

w

COPh.p =
TH

TH − TC
, COPref =

TC

TH −TC

Whp =
QH

ηm COPð Þh.p
, Whp =

QC

ηm COPð Þref
where Q1 is the amount of energy which heat pumps will transfer to the hot source,
Q2 is the amount of energy which heat pumps will receive from the cold source, TH
is the hot source temperature, TC is the cold source temperature, ηm is the heat
pump efficiency and COP is the coefficient of performance.

According to these equations, it can be concluded that as the temperature difference
between hot and cold utilities decreases, then the heat pump performance will be better.
The thermodynamic model of heat pumps is shown simply in Figure 8.11.

Now we examine the appropriate location to place the heat pump in a heat network
design (upper area of pinch, across the pinch and pinch point).

QLP

QCmin

QHmin
QHP

T*

H

W

Figure 8.10: General composite curve regarding
the heat engine placement in the upper
region of pinch.

Source TC

H.P.

Sink TH

W

Q1 Q1  =  Q2 + w

Q2

Figure 8.11: Thermodynamic model of heat pump performance.
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8.3.1 Placement of Heat Pump Across the Pinch Point

As we know that the lower area of pinch will dissipate some energy through the
cooler, the heat pump will receive this energy; hence, the cooling load of cooler will
increase as much as Q.

The upper region of pinch is the receiver of energy, and the heat pump will
transfer some energy to the heat source. Therefore, the heating load of the heater
will decrease (Figure 8.12).

In other words, by using some work as much as W, the heating and energy load
are reduced by Q +W from the heater and Q from the cooler. Therefore, across the
pinch would be a suitable choice to design and place the heat pumps.

The significant point is that if the temperature difference between two sources
gets very large, the required value of work will be so high; hence, it would not be
possible to use the heat pump in the process and heat exchanger’s network.

8.3.2 Placement of Heat Pump Above the Pinch

The upper region of pinch is the receiver of energy, if we assume that the amount of
energy received by the network at this area is equal to A, and the heat pump will
transfer some energy as much as Q +W to the hot source; on the other hand, it will
receive some energy value as Q from the hot source. Therefore, at the end, the heat-
ing load of the heater will be reduced as much as W. In other words, some works
have been converted into the heat energy which is not economically efficient, since
the work is more valuable than the heat energy. Hence, the lower area of pinch
would not be a good choice to design and place the heat pump.

8.3.3 Placement of Heat Pump Below the Pinch

As explained earlier, some energy will be dissipated through the cold source. If we
assume that this amount is equal to Q, the heat pump at this region will transfer
some energy as much as W +Q to the cold source, and it will receive some energy
as Q from the cold source (Figure 8.13). Finally, the value of W will be added to the

A

Q
B

?

?

WH. P.

Figure 8.12: Thermodynamic model of heat pump
placement across the pinch point.
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energy load of the cooler. On the other hand, the heat pump has received some
work as W, which means that the value of W has been consumed and the same
exact amount is added to the energy load of the cooler (Figure 8.14). Hence, the
lower area of pinch is not appropriate to place and design the heat pump.

So according to the performed studies, we conclude that the best place to allocate and
design the heat pumps is across the pinch point (Figure 8.15).

8.4 Distillation Tower

As we know that the reboiler receives heat energy in a distillation tower, the con-
denser delivers some heat and the distillation tower performs separation. So we can

A – (Q+W–Q) = A–W

B

Q

Q+W

W
H. P.

Figure 8.13: Thermodynamic model of heat pump
placement above the pinch.

A

B+(Q+W–Q) = B+W Q

Q+W

W
H. P.

Figure 8.14: Thermodynamic model of heat pump
placement below the pinch.

Q1

CW

T

H

Q2

HP

W
H. P.

Figure 8.15: General composite curve (GCC) for the
heat pump placement across the pinch point.
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say that the distillation tower is a type of heat engine, which means that the distilla-
tion tower and heat engine are thermodynamically considered the same.

The most heating and cooling load is consumed by the condenser and reboiler,
and both of them will operate at constant temperatures (Figure 8.16).

Now we examine the appropriate place of heat pump in the heat network design
(above the pinch, below the pinch and across the pinch).

8.4.1 Placement of Distillation Tower Across the Pinch Point

As explained earlier, the upper area of pinch is the receiver of energy. The reboiler
requires energy as QR; therefore, the heating load of the heater will increase by QR.
On the other hand, the cooling load of the cooler will increase as much as QC in the
below region of pinch. Hence, at this state no energy will be saved and it just re-
stricts our freedom to design the proper network.

So across the pinch will not be a suitable place to design and locate the distilla-
tion tower.

8.4.2 Placement of Distillation Tower Above the Pinch

At the above region of pinch, distillation tower receives the heat energy equal to
QR, and it brings back the heat as much as QC to the process. If we assume that the
required amount of energy by the heater is A (Figure 8.17), after locating the distilla-
tion tower in the upper area of pinch, this value will be equal to A +QR – QC and the
cooling load of the cooler will not change.

A,B

A

B

Q

Q

Reboiler

Condenser

A

B

A,B

T

H

Figure 8.16: Overview of the distillation tower.
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QR and QC are often close to each other. If the values of them are same, then the
heating load of the heater will also remain the same.

According to the above explanations, the upper area of pinch could be a suit-
able place in order to design and locate the distillation tower (Figure 8.18).

8.4.3 Placement of Distillation Tower Below the Pinch

Distillation tower in the lower area (Figure 8.19), which is same as the upper area of
pinch, will receive the heat energy equal to QR and it brings back the value of QC

into the process. If we assume that B is the amount of energy in which the process
initially brings to the cooler, this would be equal to B – QR +QC, and the heating
load of the heater will remain the same.

QR and QC are often close to each other and equal, so the cooling load of the
cooler will also remain the same.

Therefore, the lower area of pinch could be a suitable place in order to design
and locate the distillation tower.

Hence, as a conclusion and according to the explanations, the upper or lower
regions of pinch would be suitable parts to design and place the distillation towers.

Q

Q

B+Q

A+Q

Reboiler

Condenser

Figure 8.17: Thermodynamic model of distillation
tower placement across the pinch point.

Q

Q

B

A

Reboiler

Condenser

Figure 8.18: Thermodynamic model of
distillation tower placement above the
pinch.
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Q

Q

B

A

Reboiler

Condenser
Figure 8.19: Thermodynamic model of
distillation tower placement below the pinch.
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