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15.1 Pinch Technology in Theory

Kirtan K. Trivedi

Many industrial processes require that heat be added to and removed from streams within the process.
This is notably the case in the chemical process industry. Raw materials are heated or cooled to the
appropriate reaction temperature. Heat may be added or removed to carry out the reaction at the
specified condition of temperature and pressure. The product separation is achieved by heat addition
(to a reboiler in a distillation column) and removal (from a condenser of the distillation column). The
product may be heated or cooled to the correct temperature for storage and transportation. Thus, at all
times heat is either added or removed to a variety of process streams by utilities or by heat exchange
between process streams. In an integrated plant this is normally achieved with a heat exchanger network
(HEN). A large fraction of the capital cost of many chemical process plants is attributed to heat
recovery networks.

The aim of a designer is to synthesize a near optimal configuration for a process. this indicates that a
proper trade-off between the capital invested and the operating cost of the plant should be achieved. The
capital cost depends on the type, number, and size of units utilized to satisfy the design objectives. A
substantial part of the operating cost usually depends upon the utilities consumed. To reduce these costs,
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the process designer should aim for an economic combination having near the theoretical minimum
number of heat exchanger units and aim to recover the maximum possible heat with them. An obvious
way to recover heat is by exchanging it between hot process streams that need to be cooled and cold
process streams that need to be heated, in addition to the heating and cooling utilities. Furthermore, the
designer should also investigate the operability of the final design.

These objectives can be achieved by synthesizing a good heat exchanger network. However, a very large
number of alternatives exist. Because of this, it will be highly rewarding to synthesize quickly and
systematically the best possible alternatives. It is now possible to do this with the aid of “pinch
technology.”

Pinch technology refers to a large and growing set of methods for analyzing process energy
requirements in order to find economically optimal and controllable designs. Considerable development
has taken place in pinch technology during the last two decades, mainly due to the efforts of Linnhoff and
co-workers. Pinch technology has proved to be effective and is successfully applied to process integration'
that encompasses overall plant integration and includes heat exchanger networks, heat and power
integration or cogeneration, and thermal integration of distillation columns. To date, there are 65
concepts used by this technology. However, due to the limited scope of this chapter, only the most
important concepts are discussed here.

Industrial applications of this technology include capital cost reduction, energy cost reduction,
emissions reduction, operability improvement, and yield improvement for both new process design and
revamp process design. Imperial Chemical Industries (ICI) where this technology was first developed
reported an averaged energy saving of about MM$11/year, (about 30%) in processes previously thought
optimized.? The payback time was typically in the order of 12 months. Union Carbide showed even better
results.” Studies conducted by Union Carbide in none projects showed an average savings of 50% with an
average payback period of 6 months. BASF reports energy savings of 25% obtained by application of
pinch technology to their Ludwigshafen site in Germany.* Over a period of 3 years about 150 projects
were undertaken by BASE. Fraser and Gillespie” reported energy savings of 10% with a payback period of
2 years by applying pinch technology to the Caltex Refinery situated in Milnerton, Cape, South Africa.
The energy consumption before the study was 100 MW for the whole refinery. A newsfront article in
Chemical Engineering® gives more details about the experience of various companies in using pinch
technology and the benefits obtained.

15.1.1 Fundamental Principles and Basic Concepts

Pinch technology is based on thermodynamic principles. Hence, in this section we will review the
important thermodynamic principles and some basic concepts.

15.1.1.1 Temperature-Enthalpy Diagram

Whenever there is a temperature change occurring in a system, the enthalpy of the system will change. If a
stream is heated or cooled, then the amount of heat absorbed or liberated can be measured by the
amount of the enthalpy change. Thus,

Q=4H (15.1)
For sensible heating or cooling at constant pressure where CP =1,

AH = CPAT (15.2)

For latent heating or cooling,

AH = m) (15.3)
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If we assume that the temperature change for latent heating or cooling is 1°C, then
CP = mA (15.4)

Equation 15.2 enables us to represent a heating or cooling process on a temperature—enthalpy diagram.
The abscissa is the enthalpy and the ordinate is the temperature. The slope of the line is (1/CP).
Figure 15.1a shows a cold stream being heated from 20°C to 80°C with CP=2.0 kW/°C.

As enthalpy is a relative function, the stream can be drawn anywhere on the enthalpy scale as long as it
is between its starting and target temperatures and has the same enthalpy change. Figure 15.1b shows
such a case. Thus, one of the important advantages of representing a stream on the temperature—enthalpy
plot is that the stream can be moved horizontally between the same temperature intervals. Figure 15.1c
shows two different streams in the same temperature interval.

Two streams can be easily added on the temperature—enthalpy plot to represent a composite of the two
streams. Figure 15.2 shows how to obtain the composite of two streams on this plot. This feature will be
used in later sections to predict the minimum utility requirement for multistream problems.

A heat exchanger is represented by two heat curves on the temperature—enthalpy diagram as shown in
Figure 15.3. This figure also shows how we will represent heat exchangers in a grid diagram form and the
conventional form. In the grid diagram form, the hot stream goes from left to right and the cold stream
goes from right to left. If the flow is counter to the current in the exchanger, then the temperature will
decrease from left to right. The exchanger is represented by two circles connected by a vertical line. The
advantages of the grid diagram will become apparent when we discuss the design of heat exchanger
networks. The exchanger has a temperature difference at the hot end and another at the cold end of the
heat exchanger. The smaller of these two temperature differences is called Afp,i,.

15.1.1.2 Second Law of Thermodynamics and Exergy Analysis

According to the Second Law of Thermodynamics, heat can be transferred from a higher temperature to
a lower temperature only. Design of low-temperature processes uses exergy analysis that is based on
this law.

80°C
80°C

Slope = 1/CP =0.5
20°C

120 kW o
0 H 20°C H

80°C

20°C

(©

FIGURE 15.1 The temperature—enthalpy diagram. (a) Representation of a cold stream on the T-H diagram.
(b) A stream can be moved horizontally on the T-H diagram in a given temperature interval. (c) Two
different streams in the same temperature interval.
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CP=A+B

CP=B

FIGURE 15.2 Composite stream obtained from two different streams in the same temperature interval.

15.1.1.3 Some Definitions

A match between a hot and a cold stream indicates that heat transfer is taking place between the two
streams. A match between two streams is physically achieved via a heat exchanger unit. The number of
heat exchanger units impacts the plot plan and determines the piping and the foundation cost.

For reasons of fouling, mechanical expansion, size limitation, cleaning, improved heat transfer
coefficients, and so on, most process heat exchangers are shell-and-tube type with 1 shell pass and 2
tube passes. Often what appears as a single match between two streams in a heat exchanger network
representation is actually installed as several 1-2 exchangers in series or parallel. The term shell will be
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FIGURE 15.3 Heat exchanger representation. (a) Representation of an exchanger on the 7-H diagram. (b) Grid
diagram representation of an exchanger. (c) Conventional representation of an exchanger.
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TABLE 15.1 Commercially Available Computer Programs for Pinch Technology

Software Marketed By
Name
Supertarget Linnhoff-March Inc., 9800 Richmond Av. Suite 560, Houston, TX 77042 Phone: (713) 787 6861 Fax: (713)
787 6865
Advent Aspen Technology Inc., Ten Canal Park, Cambridge, MA 02141 Phone: (617) 577 0100 Fax: (617) 577 0303
Heatnet Britain’s National Engineering Laboratory East Kilbride Scotland
Hextran Simulation Sciences Inc. 601 S. Valencia Ave., Brea, CA 92621 Phone: (714) 579 0354 Fax: (714) 579 0412

used to represent a single 1-2 shell-and-tube heat exchanger. See Chapter 13 for more discussion on 1-2
shell-and-tube heat exchangers.

15.1.2 Software

Pinch technology is a mature state-of-the-art technology for process integration and design. While
various programs have been written by different researchers at various universities, only a handful of
commercial programs are available. Table 15.1 shows the commercially available programs for
process integration.

15.1.3 Heat Exchanger Network Design Philosophy
This section discusses the design philosophy of pinch technology.

15.1.3.1 Optimization Variables

The objective of the heat exchanger network synthesis problem is to design a network that meets an
economic criterion such as minimum total annualized cost. The total annualized cost is the sum of the
annual operating cost (which consists mainly of energy costs) and annualized capital cost. The capital
cost of a network primarily depends on the total surface area, the number of shells, and the number of
units that will be installed. The capital cost will also depend on the individual type of heat exchangers and
their design temperature, pressure, and material of construction.

If we include the pressure drop incurred in a heat exchanger, then the capital and operating cost of the
pumps will also have to be taken into account. We will limit the scope of this chapter by not including
stream pressure drop constraints.

Figure 15.4 shows the various variables that affect the optimization of a heat exchanger network. To
make the network operable or flexible, extra cost may be incurred. This cost may be in the form of added
equipment, use of extra utilities, or use of additional area on some of the exchangers in the network.

From this discussion, it is clear that the synthesis of heat exchanger networks is a multivariable
optimization problem. The design can never violate the laws of thermodynamics. Hence, the philosophy
adopted in pinch technology is to establish targets for the various optimization variables based on
thermodynamic principles. These targets set the boundaries and constraints for the design problem.
Further, targets help us identify the various trade-offs between the optimization parameters. They help us
in obtaining a bird’s-eye view of the solution space and identify the optimal values of the optimization
parameters. Once the optimal values are identified, design the network at these values. This approach will
always lead to an optimal design.

To understand the interaction between the different optimization variables consider the heat curves
with a small At,,;, for a simple two-stream system shown in Figure 15.5a. Three different sections can be
easily identified on this diagram. Section 1 represents the cold utility requirement, Section 2 represents
the process-process heat exchange, and Section 3 represents the hot utility requirement. From this set of
heat curves we can calculate the utility requirements for the system, and for each section we can calculate
the area required as we know the duty for each section and the terminal temperatures. Further, we can
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FIGURE 15.4 Optimization variables in the design of heat exchanger networks.

deduce that each section will require one unit. We can use Bell’s method” to estimate the number of shells

required for each unit that represents the different sections. In Section 2, two shells will be required. The
heat curves for the hot and cold streams establish targets for energy, area, units, and shells. These are the
major components that contribute towards the annualized cost of the network.

T Hot utility

A'(min

Cold utility
Section 1 Section 2

(@)

Section 3

Hot utility

At

min

Cold utility
Section 1 Section 2 Section 3

H H
(o)

FIGURE 15.5 Effects of At,,;, on the energy, area, units, and shells required for a heat exchange system.
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Now for the same system, let us increase the Af.;,. The new set of heat curves is shown in
Figure 15.5b. The preceding exercise can now be repeated to obtain targets for energy, area, units,
and shells. When we increase the value of Afy,, the utility requirement will increase and the total
network area required will be decreased. The number of units for this system remains the same, but
the number of shells required will decrease. Section 2 now only requires one shell. Thus, as the
value of At,,;, increases, the utility cost increases and the capital cost decreases. This indicates that
Atin is the single variable that fixes the major optimization variables shown in Figure 15.4. Hence,
we can reduce the multivariable optimization problem to a single-variable optimization problem.
This single variable is Aty;,. At the optimum value of At;,, the other optimization variables—that
is, number of shells, number of units, total network area requirement, and the hot and cold utility
requirements—will also be optimal. For a multistream problem the same conclusion can be easily
derived. Hence, for the multistream problem optimization discussed in the next sections, we will
develop methods to optimize the value of Af,.

15.1.4 Design Problem

Consider an illustrative plant flowsheet shown in Figure 15.6. The feed is heated to the reaction
temperature. The reactor effluent is further heated, and the products are separated in a distillation
column. The reboiler and condenser use external utilities for control purposes. The overhead and
bottoms products are cooled and sent for further processing. We shall use this problem to illustrate the
concepts of pinch technology.

Table 15.2 lists the starting and target temperatures of all the streams involved in the flowsheet. It also
shows the CP values. While pressure drop constraints on the individual streams determine the film heat
transfer coefficients, we shall not take into account this constraint. Instead, we use (unrealistically) the
same heat transfer coefficient value of 1 kW/m? K for all streams. Our objective is to design an optimum
heat exchanger network for this process using the economics outlined in Table 15.3. Further, let At,;,
denote the minimum temperature difference between any hot stream and any cold stream in any
exchanger in the network. It is desired that the final network should be able to control the target
temperature of all the streams at the design temperature.

20°C 160°C
H
]
Reactor
feed
Reactor Overhead
product
e 20°C
120°C 4 250°C Column
ni O

Reactor \\

effluent

Bottoms

' Q product

280°C @ 60°C

FIGURE 15.6 A typical plant flowsheet.
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TABLE 15.2 Stream Data for the Flowsheet in Figure 15.6

Stream Number Stream Name Stream No. T, (°C) T, (°C) CP (kW/°C)
1 Reactor Feed 1 20 160 40
2 Reactor Effluent 2 120 260 60
3 Overhead Product 3 180 20 45
4 Bottoms Product 4 280 60 30

15.1.5 Targets for Optimization Parameters
15.1.5.1 Energy Targets

15.1.5.1.1 Composite Curves

Let us plot the heat curves for all the hot streams on the 7-H diagram (see Figure 15.7). We can divide the
diagram into a number of temperature intervals, defined by the starting and target temperatures for all
the streams. Between two adjacent temperatures we can calculate the total heat content of all the streams
that are present in this temperature interval. For example, between 180°C and 60°C, the sum total of the
heat available is calculated as

AH = (T, —T,) Y, CP;

AH, = (180 —60)(40 + 30) = 8,400 kW (152
A composite curve that represent the heat content of all the hot streams is obtained by summing the heat
available in each of these temperature intervals as shown in Figure 15.7. Similarly, a composite curve for
all the cold streams can be obtained. These two composite curves can be used as the heat curves for the
whole process.

To obtain the energy target, fix the hot composite curve and move the cold composite curve
horizontally till the shortest vertical distance between the two curves is equal to the value of At,.
The overshoot of the cold composite curve is the minimum hot utility requirement and the overshoot of
the hot composite curve is the minimum cold utility requirement.8 For Atyi,=30°C, the minimum hot
utility requirement is 4,750 kW and the cold utility requirement is 4,550 kW (see Figure 15.8).

15.1.5.1.2 The Problem Table

The preceding procedure for obtaining the energy targets using composite curves is time-consuming and
clumsy. An alternative method based on thermodynamic principles is developed. Hohmann® called it the
feasibility table. Linnhoff and Flower’ independently developed the problem table. The problem table
algorithm is easy and involves no trial and error.

The algorithm consist of the following steps:

TABLE 15.3 Economics for the Flowsheet in Figure 15.6

Heat Exchangers

Installed cost per shell ($) =10,000 A>® (m?)
Utility Data
Cost of using hot oil =68 ($/kW yr1), ($2.36/MMBtu)
Cooling water =2.5 ($/kW yr), ($0.09/MMBtu)
Temperature range of hot oil =320°-310°C
Temperature range of cooling water =10°-20°C
Plant Data
Interest rate =10%/year
Lifetime =5 years
Operation time =8000 hr/yr
Calculated capital recovery factor, CRF (see Chapter 3 for details) =0.2638/yr
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FIGURE 15.7 Construction of the hot composite curve.
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o Select a value of Aty,,. Since we have already established the targets using composite curves for

Atin=30°C, we shall use that value here.

o Convert the actual terminal temperatures into interval temperatures as follows:

for the hot streams: T = Tyt — Atmin/2
for the cold streams: T = T,e+ Atpin/2
where Tj, =interval temperature
T,«=actual stream temperature

300
250
Pinch point

0 200
e
g Bel inch
] elow pinch or
2 150 source region
€
lg) O,

50

Qcmin
4550 KW
0 5000 10,000
Enthalpy kW

FIGURE 15.8 Composite curves for the flowsheet in Figure 15.9.
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TABLE 15.4 Generation of Temperature Intervals for At,,;,=30°C

Stream No. Actual Temperature (°C) Interval Temperature (°C) Interval Ordered Interval
Number Temperatures (°C)
T; T, T T:
1 20 160 35 175 1 275
2 120 260 135 275 2 265
3 180 20 165 5 3 175
4 280 60 265 45 4 165
5 135
6 45
7 35
8 5

The interval temperatures now have the allowance for At,;,. This modification guarantees that for a
given T, the actual temperature difference between the hot and cold stream will always be greater

than or equal to Af;,.

o All the interval temperatures for both the hot and cold streams are sorted in descending order and

the duplicate intervals are removed (see Table 15.4).

e For each interval, an enthalpy balance is made. The enthalpy balance for interval i is calculated

using the following equation:

N,

streams

AH; = (Tini = Tinir) | Y CPy—

J

where AH;=net heat surplus or deficit in interval i
CP.=mass specific heat of a cold stream
CPj, =mass specific heat of a hot stream

N,

streams

> cpy
j

(15.6)

For the example problem this calculation is shown in Table 15.5. With each interval the enthalpy
balance will indicate that there is either heat deficit or surplus or the interval is in heat balance. A heat

surplus is negative and a heat deficit is positive.

TABLE 15.5 The Problem Table

Stream No. 1 2 3 4
CP 40 60 45 30
Temperature Interval AT  2CP;—Z2CPy;  AHjy Heat Corrected
Interval Number Cascade Heat
Cascade
Hot utility—275 0 0 4,750
275-265 1 10 60 600 —600 4,150
265-175 2 90 30 2,700 —3,300 1,450
175-165 3 10 70 700 —4,000 750
165-135 4 30 25 750 —4,750 0
135-45 5 90 —35 —3,150 —1,600 3,150
45-35 6 10 -5 —50 —1,550 3,200
35-5 7 30 —45 —1,350 —200 4,550
5-Cold utility 8 4,550

© 2007 by Taylor & Francis Group, LLC



Process Energy Efficiency: Pinch Technology 15-11

The Second Law of Thermodynamics only allows us to cascade heat from a higher temperature to a
lower temperature. Thus, a heat deficit from any interval can be satisfied in two possible ways—by using
an external utility or by cascading the surplus heat from a higher temperature interval. If no external
utility is used, the heat cascade column of Table 15.5 can be constructed. All intervals in this heat cascade
have negative heat flows. This is thermodynamically impossible in any interval (it would mean heat
flowing from lower to higher temperature). To correct this situation, we take the largest negative flow in
the cascade and supply that amount of external hot utility at the highest temperature interval. This
modification will make the heat cascade feasible (i.e., none of the intervals will have negative heat flows).
The amount of external heat supplied to the first interval is minimum amount of hot utility required. The
surplus heat in the last interval is the minimum amount of cold utility required.

For the example under consideration, the minimum hot utility required is 4,750 kW and the
minimum cold utility required is 4,550 kW. These are the same targets obtained from the composite
curves. It is clear, however, that the problem table algorithm is an easier, quicker, and more exact method
for setting the energy targets. One can easily set up a spreadsheet to implement the problem table
algorithm. Further, once the energy targets are obtained, the composite curves can be easily drawn to
visualize the heat flows in the system. It should be noted that the absolute minimum utility targets for a
fixed flowsheet are determined by the case of At,,;,=0.

15.1.5.2 Capital Cost Targets

To find the optimal value of At,,;, ahead of design, we need to set the targets for the capital and energy
costs. As seen before, the capital cost target for a given At,,;,, depends on the total area of the network, the
number of shells required in the network, and the number of units required in the network. We will now
establish these targets.

15.1.5.2.1 Target for Minimum Total Area for the Network

The composite curves can be divided into different enthalpy intervals at the discontinuities in the hot and
cold composite curves. Between any two adjacent enthalpy intervals, if the hot streams in that interval
transfer heat only to the cold streams in that interval and vice versa, then we say that vertical heat transfer
takes place along the composite curves.'® This mode of heat transfer models the pure countercurrent
heat exchange.

The equation for establishing the minimum area target is based on a complex network called the
“spaghetti” network. This network models the vertical heat transfer on the composite curves. In this
network, for any enthalpy interval defined by the discontinuities in the composite curves, each hot stream
is split into the number of cold streams in that enthalpy interval. Each cold stream in the enthalpy
interval is also split into the number of hot streams in that interval. A match is made between each hot
stream and each cold stream. Figure 15.9 shows this network. The area target is obtained by the following
equation:

N

intervals

1 q;
Apin= > ——— (Y T (15.7)
zi: ATimrpi z}: h;

N,

streams

=

i

where

Apin =total minimum area for the network

ATy ymrpi=ATivrp for enthalpy interval i

g;=heat content of stream j in enthalpy interval i

he=film plus fouling heat transfer coefficient of stream j in enthalpy interval i

The equation gives a minimum total surface area for any system where the process streams have uniform
heat transfer coefficients. Townsend and Linnhoff'° claim that for nonuniform heat transfer coefficients
the equation gives an useful approximation of the minimum area, with errors being typically within 10%.
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FIGURE 15.9 Enthalpy intervals for area targeting and the spaghetti network that mimics vertical heat transfer.

15.1.5.2.2 Minimum Number of Units Target

The minimum number of units is given by:""

u=N-+L—s (15.8)

where

u=number of units including heaters and coolers
N=number of streams including utilities
L=number of loops

s=number of separate networks

A loop is a closed path through the network, and its effect is to increase the number of units. For a
network to have the minimum number of units, the number of loops should be zero. Figure 15.10 shows
a loop on the grid diagram. Normally for a given stream system, only a single network exists and if the
number of loops is assumed to be zero, then the equation can be reduced to®

u=N-—1 (15.9)

Figure 15.10 illustrates the occurrence of independent networks. The total network consists of two
independent subnetworks. Thus, for the system shown in this figure, N=5, L=1, s=2, and u=4.

15.1.5.2.3 Target for Minimum Number of Shells

Trivedi et al.'® have developed a method for estimating the total number of shells required for the

heat exchanger network. The method starts by setting the energy targets for the selected value of At;,.
The hot and cold utilities are added to the process stream system and the composite curves for the
process, and the utility streams are constructed. No external utility requirement will be needed for these
set of composite curves. Hence, these are called the balanced composite curves.'” The method estimates
the number of shells based on the balanced composite curves. The method involves two steps:
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Two independent
subnetworks

Loop

FIGURE 15.10 Loops and independent subnetworks in a heat exchanger network.

Step 1 Estimate the total number of shells required by the cold process streams and the cold utility
streams. See Figure 15.11a.

e Commencing with a cold stream target temperature, a horizontal line is drawn until it
intercepts the hot composite curve. From that point a vertical line is dropped to the cold
composite curve. This section, defined by the horizontal line, represents a single
exchanger shell in which the cold stream under consideration gets heated without the
possibility of a temperature cross. In this section, the cold stream will have at least one
match with a hot stream. Thus, this section implies that the cold stream will require at
least one match with a hot stream. Further, it ensures that log mean temperature
(LMTD) correction factor, F,>0.8.

e Repeat the procedure until a vertical line intercepts the cold composite curve at or below
the starting temperature of that particular stream.

e The number of horizontal lines will be the number of shells the cold stream is likely to
require to reach its target temperature.

e Repeat the procedure for all the cold streams including the cold utility streams.

350 1 320°C
O 250 | - _#260°C (5

g ®

2 1 S

2 200 | 2

é_ 150 4 160°C 8_

o £
© 1004 120°C k)
50 1
10°C -—0--,_-—-—-—— 120°C 20°C —*y
; . . . o . . . .
0 5000 10,000 15000 20,000 0 5000 10,000 15000 20,000

(a) Enthalpy kW (b) Enthalpy kW

FIGURE 15.11 (a) Shell targeting for cold streams on the balanced composite curves. Cold streams will require 8
shells. (b) Shell targeting for hot streams on the balanced composite curves. Hot streams will require 9 shells.
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e The sum of the number of shells for all the cold streams is the total number of shells
required by the cold streams to reach their respective target temperatures.

Step 2 Estimate the total number of shells required by the hot process streams and the hot utility
streams. See Figure 15.11b.

e Starting from the hot stream initial temperature, drop a vertical line on the balanced
composite curve until it intercepts the cold composite curve. From this point construct
the horizontal and vertical lines until a horizontal line intercepts the hot composite curve
at or below the hot stream target temperature.

e The number of horizontal lines will be the number of shells required by the hot streams
for heat exchange in the network.

e Repeat the procedure for all the hot streams including the hot utility streams.

e The sum of the number of shells required by the hot streams will be the total number of
shells required by the hot streams to reach their respective target temperatures.

The quasi-minimum number of shells required in the network would be the larger of either the
total number of shells required by the hot streams or the total number of shells required by the
cold streams.

Ahmad and Smith'* have pointed out that this procedure works for the problems whose composite
curves are wide. They suggest that the procedure should be applied independently to the above and below
pinch subnetworks. (Above and below pinch subnetworks are discussed in “Pinch Point and Network
Design.”) They have also proposed another method for finding the number of shells in a network. Their
method is more sophisticated and is not within the scope of this chapter.

15.1.5.3 Optimum At,;, Value

The procedures presented so far establish, for a selected Af.,;, value, targets for minimum energy,
minimum area, minimum number of units, and minimum number of shells. These targets along with the
cost data can be translated into capital and energy cost for the network. The targets can be evaluated at
different values of Af,,;, to obtain a bird’s-eye view of the solution space and the optimal value of At,;,
ahead of design. This philosophy was first proposed by Hohmann® and later developed by Linnhoff and
Ahmad'® as “supertargeting”

For the process flowsheet illustrated in Figure 15.6, the different targeting curves are shown in
Figure 15.12(a—f). It is seen from the total annualized cost curve, Figure 15.12f, that the optimal region is
very flat. While selecting a value of At,,;, from the optimal region, a couple of points should be kept in
mind. Different values of At,;, lead to different topologies. Hence, we should take into account different
factors that can affect the final cost. They are the wideness of the composite curves and the problem
constraints that have significance in the network synthesis and refinement. The optimal value of A,
selected for this problem is 40°C and the target values for energy, area, units, shells, and annualized total
cost are given in Table 15.6.

15.1.6 The Pinch Point

On the composite curves, are one or more enthalpy values for which the two composite curves are
Ati, apart. For the example under consideration (see Figure 15.8), this occurs at a hot stream
temperature interval in the problem table. In this interval, the heat cascade has zero heat flow (i.e.,
no heat is transferred across this interval when minimum hot utility is used). This interval,
identified by a zero in the corrected heat cascade column, is referred to as the pinch point.'"'® The
significance of the pinch point is now clear—for the minimum external utility requirement do not
transfer heat across the pinch point. Any extra amount of external heat that is put into the system
above the minimum will be transferred across the pinch point and will be removed by the cold
utility."”
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FIGURE 15.12 (a) Minimum energy targeting plot. (b) Minimum network area targeting plot. (c) Targeting plot
for minimum number of shells. (d) Minimum energy cost targeting plot. (e) Minimum annualized capital cost
targeting plot. (f) Targeting plot for total annualized cost.

15.1.6.1 Cross Pinch Principle

For a given value of At,,;,, if the network is using Qy, units of hot utility and if Qp, is the minimum
energy target,'” then

Qn = Qumin + & (15.10)
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TABLE 15.6 Comparison of Target and Design Values for Different Network Optimization Variables at At;,=
40°C

Figure 15.24 MER Design Figure 15.25 Design
Target % Deviation % Deviation
from Target from Target
Total network area, m” 687 779 13 708 3
Total hot utility 5,500 5,500 6,400 16
consumption, kW
Total cold utility 5,300 5,300 6,200 17
consumption, kW
Number of units 7 7 6
Number of shells 8 9 7
Energy cost, $/yr 387,250 387,250 450,700 16
Annualized capital cost $/yr 305,407 333,576 9 282,996 -7
Total annualized cost, $/yr 692,657 720,826 4 733,696 6

If the network uses Q. units of cold utility and if Qy;, is the minimum energy target, then

Qc = Qcmin +a (1511)

where

a=the amount of cross-pinch heat transfer.

15.1.6.2 The Pinch Point and Its Significance

The pinch point divides the stream system into two independent subsystems. The subsystem above the
pinch point is a net heat sink, and the subsystem below the pinch point is a net heat source. Thus, for a
system of hot and cold streams, to design a network that meets the minimum utility targets the following
rules set by the pinch principle should be follows:'”

e Do not transfer heat across the pinch point.
¢ Do not use hot utility below the pinch point.
¢ Do not use cold utility above the pinch point.

We shall use these principles to design the network for the optimal value of Af,;;,.

15.1.7 Network Design
15.1.7.1 Network Representation on the Grid Diagram

If we attempt to design the network using the conventional flowsheet format, any changes in the design
may lead to redrawing the flowsheet. Hence, we shall use the grid diagram to represent and design the
network. Figure 15.13 shows the grid diagram for the flowsheet shown in Figure 15.6. On this grid
diagram we can place a heat exchanger match between two streams without redrawing the whole stream
system. The grid representation reflects the countercurrent nature of heat transfer that makes it easier to
check temperature feasibility of the match that is placed. Furthermore, we can easily represent the pinch
point on the grid diagram as shown in Figure 15.13.

15.1.7.2 Pinch Point and Network Design

We now continue with the design of the example problem. Figure 15.8 shows the composite curves with
Atin=30°C for the process flowsheet. It also shows the pinch point. The pinch point is the most
constrained region of the composite curves. From optimization principles, we know that for a
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Above pinch or Pinch point Below pinch or
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6600 kw
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H feed T 40
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260°C H 120°C  Reactor 60
effluent
8400 kw

FIGURE 15.13 Grid diagram representation of the network in the flowsheet of Figure 15.9.

constrained problem, the optimal solution is located at the point formed by the intersection of multiple
constraints. Hence, if we can satisfy the constraints at that point then we are guaranteed an optimal
design. Thus, we should start the design where the problem is most constrained, that is, the pinch point.'”
The pinch point divides the problem into two independent subnetworks—an above pinch subnetwork
that requires only hot utility and a below pinch subnetwork that requires only cold utility.

15.1.7.2.1 Pinch Design Rules and Maximum Energy Recovery

Let us make some observations at the pinch point. Immediately above the pinch point,'”

> cp, <) cp (15.12)

and immediately below the pinch point,

Zcphchpc (15.13)

This condition defines the pinch point, that is, the constraint which the designer has to satisfy. Thus, each
and every match in the sink subnetwork at the pinch point should be placed such that CP, <CP..
Similarly, each and every match in the source subnetwork at the pinch point should be placed such that
CP_< CPy,. Figure 15.14 shows these conditions on the T-H diagram.

Two situations arise where the above condition may not be satisfied. The first condition is shown in
Figure 15.15. The solution is to split the hot stream. Another situation is shown in Figure 15.16. Here we
will have to split the cold stream.

Consider the situation shown in Figure 15.17, which shows the stream population at the pinch point in
a sink subnetwork. Here, the number of hot streams is greater than the number of cold streams. Two
matches can be easily placed, but for the third stream there is no cold stream to match unless we split a
cold stream. Thus, immediately at the pinch for a sink subnetwork, the stream population constraint tells
us that the number of hot streams should be less than or equal the number of cold stream. Applying the
same logic to the source subnetwork immediately at the pinch point, the number of cold streams should
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FIGURE 15.14 CP matching rules at the pinch point.

be less than or equal to the number of hot streams. If this condition is not satisfied, then split a hot
stream. Figure 15.18 shows the algorithms that are developed for placing matches immediately at the
pinch point for both the above and below pinch subnetworks.

The matches and stream splitting can be easily identified with the CP table.'” Consider the stream
system shown in Figure 15.19. The CP table is shown in the same figure. The first row in this table
contains the conditions that need to be satisfied for the subnetwork under consideration. The CP values
of the hot and cold streams are arranged in a descending order in the columns. The stream numbers are
shown in brackets adjacent to the CP values. For the sink subnetwork under consideration, the CP value
for the hot streams is listed in the left column and the CP value for the cold stream is listed in the right
column. There is no feasible match for hot stream 1. Hence, it will have to be split. Hot stream 2 can
match with either stream 3 or 4. Once we split hot stream 1 we violate the stream population constraint.
To satisfy this constraint we will have to split a cold stream. Either stream 3 or 4 can be split. The designer
can use his or her judgment and decide which stream should be split depending on controllability and
other physical constraints. For example, it is not advisable to split a stream that may have a two-
phase flow.

CP %

3.0
5.0 2.0
2.5 25
4.0 4.0

FIGURE 15.15 Stream splitting when CP rule is not satisfied.
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FIGURE 15.16 Stream splitting at the pinch point when CP rule is not satisfied for all hot streams above the pinch
point.
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FIGURE 15.17 Stream population at the pinch point may force a stream to split.
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FIGURE 15.18 (a) Algorithm for sink subnetwork design at the pinch point. (b) Algorithm for source subnetwork
design at the pinch point.
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FIGURE 15.19 Identifying matches and stream splitting using the CP table.

Two different designs will be obtained depending on which stream is split. The hot stream is split into
two streams having CP values of X and 7 — X. In the first alternative, we split stream 4 into streams having
CP values of Yand 6 — Y. In the second option we split stream 3 into streams having CP values of Z and
5—Z. To find the initial values of X, ¥, and Z it is reccommended that all matches except for one are set for
CP equality. Thus, for the first option set X=5 and Y=2. For the second option set X=6 and Z=1.
This is an initial solution. The values of X, Y; and Z can be adjusted to obtain an optimal design. The two
different topologies obtained for this example are shown in Figure 15.20.

Once the matches are identified at the pinch, the heat loads for these matches are fixed to maximize the
heat exchange to the limit of heat load of either the hot stream or the cold stream. This will eliminate that
stream from the analysis. Fixing the heat loads for match with this heuristic will also help us to minimize
the number of units and thus the installation cost."”

Matches away from the pinch point do not have to satisfy the condition just outlined, as the system is
not constrained in this region. Matches are easily identified away from the pinch point. The network
obtained will satisfy the energy targets set. Such a network is called maximum energy recovery (MER)
network."”

15.1.7.3 AT-T, Plot

To appropriately place matches in the network that utilize the correct driving forces, the driving force
plot is very useful design aid."” A plot of the temperature difference AT between the hot composite curve
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FIGURE 15.20 Two different topologies for the problem in Figure 15.23.

and the cold composite curve vs. the cold composite temperature is derived from the composite curves as
shown in Figure 15.21. Different versions of this plot can also be used such as the AT— Ty, plot or T, — T,
plot. To meet the area targets established one must place the matches such that the AT— T, plot of the
exchanger must fall in line with the AT— T, plot obtained from the composite curves. This is a good
guiding principle when the heat transfer coefficients of all the streams are in the same order of magnitude.

Figure 15.22 shows two matches placed in the network. The match in Figure 15.22a is a good match, as
it makes the correct utilization of the available driving forces. The match in Figure 15.22b is a bad match,
as it uses more AT than available. If a match uses more driving force than is available, it will force some
other match in the network to use less driving force than available. This results in an overall increase in
the total surface area of the network. Badly placed matches do not waste energy but waste surface area.’

15.1.7.4 Remaining Problem Analysis

As we have noted, the rules that are established for design guidelines can identify multiple options. The
option that satisfies the targets established ahead of design will be the optimal design. To help screen
different options, Remaining Problem Analysis (RPA) technique'® should be used. RPA evaluates the
impact of the design decision made on the remaining problem. Once a matching decision is made, the
remaining stream data excluding the match is retargeted. The targets for the remaining problem should
be in line with the original targets. In case they are not, look for other options such as decreasing the heat
duty on the match or finding a new match.
Figure 15.23 shows how RPA is undertaken. For the original problem the targets are

350 140
300 120
S;) 250 Pinch point 100
5 80
5 200 o o
2 150 5 60
€ o
@ 100 Aty = 30°C 40
20
50 Atmin
0 0
0 5000 10,000 15,000 20,000 0 50 100 150 200 250 300
(a) Enthalpy kW (b) Tc°C

FIGURE 15.21 Construction of the AT— T, plot.
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FIGURE 15.22 Identifying good and bad matches using the AT— T, plot.

thin =30 MW
Qcmin =20 MW
Minimum area =1,000 m?
Minimum number of shells =15

A match is placed that has a duty of 40 MW, has a 200 m? area, and needs 3 shells (see Figure 15.23b).
The targets for the remaining stream data that excluded the match are

thin =40 MW
Qcmin =30 MW
Minimum area =900 m*
Minimum number of shells =14

Thus, by placing the selected match, 10 MW of extra energy will be required, 100 m® more area will be
required, and two extra shells will be needed. If we place a new match as shown in Figure 15.23c the
remaining problem targets are in line with the original targets (i.e., only a small penalty is associated with
this match). Hence this match should be selected.

The procedure is repeated after placing each and every match. This way the designer gets continuous
feedback on the impact of the matching decisions and the heat load assigned to the match. The final
design will meet all the targets set before we start the design.

15.1.7.5 Local Optimization—Energy Relaxation

The optimal region is generally very flat, and the optimal value of At,,,;, is not a single point but a region.
The targeting exercise helps identify this region. Once a value of At,,;, is selected, and the network is
designed using the methodology outlined earlier, there is still some scope for further optimization. This is
achieved by a process called energy relaxation.'”

The number of units in the design obtained using this procedure will generally be greater than the
target value. This is due to the presence of loops. If we can eliminate the loops in a network, then the heat
transfer area is concentrated on fewer matches and hence will decrease the piping and foundation
requirements. This will tend to decrease the capital cost of the network. However, the same energy
penalty may be incurred.

Identifying loops in a large network cannot be done visually as we had done in the example problem.
Various algorithms exist to identify loops in a given network.?>*! Trivedi et al.** have proposed LAPIT
(Loop and Path Identification Tree) for identifying loops and paths present in the network. A path is the
connection between a heater and a cooler via process-process matches.
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FIGURE 15.23 Remaining problem analysis.

Loops can be broken by removal of unit in a loop and redistributing the load of the unit among the
remaining units of the loop. Some exchangers may result having a very small At,,,;,, when a loop is broken.
The At,,;, across such exchangers can be increased by increasing the utility consumption along a path
that consists of a heater, the unit having a small value of At,;,, and a cooler.

Loop breaking is a very complex optimization process. Trivedi et al.>>** have proposed a detail method
that systematically breaks loop and identifies options available at each step of the process. The method is
based on loop network interaction and load transfer analysis (LONITA)?® and on a best-first-search
procedure.?

15.1.7.6 Summary of the Design Procedure

The pinch design procedure can be summarized now. Establish the value of the optimum At,;, using the
targeting techniques. This identifies the region in which the design should be initialized. Using the pinch
design procedure, design the network. Reduce the number of units using the loop breaking and energy
relaxation techniques outlined earlier.
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15.1.7.7 Example

The principles and procedures just discussed are used for the design of the network for the flowsheet of
Figure 15.6. The value of the optimum At;, is 40°C. The final network MER design is shown in
Figure 15.24. Note that the annualized capital cost of this network is only about 4% higher than the target
value of $692,700. This design is in the neighborhood of the predicted optimum.

The design after energy relaxation is shown in Figure 15.25. This design has one less unit than the MER
design in Figure 15.24. Hence, this will decrease the piping, installation, and maintenance cost. The cost
of the new design is about 2% higher than the MER design. Since we are using simplified models for
costing, the cost of the design in Figure 15.25 is within the errors of cost estimating. However, this design
will be cheaper when detail cost is evaluated, as it has less number of units.

Table 15.6 compares the target values of the various optimization parameters with actual design values
for Figure 15.24 and 15.25.

15.1.8 The Dual Temperature Approach Design Method
15.1.8.1 Concept

The pinch design procedure fixes the At,;,, designs a network, and then undertakes local optimization.
During the process of local optimization either the constraint of At,,;,, across exchangers may be relaxed
or the energy consumption may be increased. Thus, the final network will have a At,;, less than the At
on the composite curves corresponding to the final energy consumption.

The final network for the flowsheet in Figure 15.6 using pinch design is shown in Figure 15.25. In this
network the energy consumption correspond to a Af,;, of 52°C on the composite curves. However, the
minimum approach temperature is 40°C across exchanger 2. The dual temperature approach design
method for the heat exchanger network synthesis is based on this observation.

The network is characterized by two approach temperatures. One approach temperature is called the
network minimum approach temperature Atyy,i,. This is the minimum approach temperature on the
composite curves and thus fixes the energy consumption for the network. The other approach
temperature is called the exchanger minimum approach temperature Afgy;,. This is the minimum
approach temperature that any exchanger will have in the network. In the network of Figure 15.25,
AtNmin=>52°C and Atgn;, =40°C. Generally, Atgmin < Afnmin- When Atgmin = Dfymin the network has a

Pinch point CP
Bottoms 280 213 160 c 60 30
product
3000
Overhead 180 160 71 20
product C 45
2300
160 120 20 Reactor 1 40
feed
1600 4000
260 168.5 135 120
H Reactor > 60
effluent
5500 2000 900

FIGURE 15.24 Pinch design for the flowsheet in Figure 15.9. Total annualized cost is $720,800.
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FIGURE 15.25 Energy of the pinch design in Figure 15.30. Total annualized cost is $773,700. Afymin=>52 K and
Atﬁmin =40 K.

global minimum approach temperature just like the Af,,;;, parameter of the pinch design procedure. This
is in contrast to the pinch design method, which utilizes a global value of At,,;, (i.e., ATNmin = Atgmin)
and then relaxes the energy consumption of the network (with the obvious implication of increase in
Atmin).

The concept of using dual approach temperatures for the design of the network is very powerful as the
designer retains complete control over the energy consumption of the network. This is in contrast with
the pinch design method where energy consumption increases following loop breaking and is determined
by the new topology and not the designer. Another advantage in using the dual temperature method is
the reduction in the number of shells and units. As well, unnecessary stream splits may be avoided,
making a more practical network with better operability characteristics. This may result in substantial
decrease (~20%) in the capital cost for a fixed operating cost, representing millions of dollars savings in
industrial applications.**

The design procedure proposed by Trivedi et al.>*> incorporates the best features of both the pinch
design method and the dual temperature approach design procedure. Their design procedure is based on
the concept of a pseudo-pinch point.

15.1.8.2 Location of the Pseudo-Pinch Point

Initially two sets of composite curves are generated using Afymin and Afgmin, With Afymin selected
such that Afymin=> Afgmin- Both sets will have different energy consumption denoted as EC. As
AtEmin S AtNmina EC(AtNmin) 2 EC(AtEmin) .

Let us define the energy difference « (see Figure 15.26a and b) as

o = EC(Atymin) — EC(Atgmin) (15.14)

As the network is designed employing two approach temperatures, a new interpretation of the problem
could be this: As Atgn;, is less than Atymin, an amount of energy « traverses the Atgn,;, conventional
pinch point. This can be compensated by energy carried upward across the pinch because heat exchange
is allowed at temperature differences as low as Afgy,;, between streams. The maximum amount of this
upward carriage that can be achieved is the value of « defined earlier. This represents additional flexibility
in stream matching by providing for upward and downward carriage, which is permitted by the reduced
Atgmin between streams, while the total energy requirement remains fixed at EC(Afym;n), which in turn is
defined by the network approach temperature Atymin.

© 2007 by Taylor & Francis Group, LLC



15-26 Handbook of Energy Efficiency and Renewable Energy

Pinch point Qhmin New pinch point Qpin* ¢

Qcmin Qcmir\+ o

H H
(a) (b)

FIGURE 15.26 (a) Energy relaxation with heat transfer across the pinch point. (b) New pinch point with minimum
energy consumption plus (e).

A pseudo-pinch point (actually a set of stream temperatures) is defined so that the stream
temperatures at this point allow the problem to be partitioned as shown in Figure 15.27. Thus, the
two parts of the network are in enthalpy balance with the utility consumption determined by Atymin-

The pseudo-pinch point is defined based on the observation that the changes in slope of the composite
curve that occur at the conventional pinch point require (at least) one hot or cold stream entering at a
real pinch point temperature.”® This stream’s starting temperature is chosen to determine the pseudo-
pinch point. Let the subscripts pp denote the pseudo-pinch temperatures. To determine the pseudo-
pinch point temperatures with « units of heat transferred across the conventional pinch point at Afgpin,
various strategies for allocating the a units are proposed by Trivedi et al.*® Generally the following
heuristics are used:

1. Pseudo-pinch point temperatures having AT= Aty ,;,: If a hot stream with a starting temperature
T}, determines the conventional pinch point for Aty OF Afgmin, then this stream is also assumed
to be at the pseudo-pinch point with all the cold stream temperatures given by Ty,— Afgmin.
Likewise, if a cold stream entrance determines the conventional pinch point, then the pseudo-
pinch temperatures of all the hot streams are given by Tis+ Afgyi,. It is possible that different

Pseudo-pinch point

"Sink" subproblem

"Source" subproblem

FIGURE 15.27 Pseudo-pinch division of the system.
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streams may determine the conventional pinch point for both Atgn;, and Afymin. In such a
situation different topologies will result and all possible configurations should be investigated.
2. Pseudo-pinch point temperatures with AT> Afg,i: The « units of heat carried across the
conventional pinch point will increase the pseudo-pinch point AT’s for some stream com-
binations. Assuming that a hot stream determines the conventional pinch point, various strategies
are used. Generally, if there are N other hot streams with T,;= Ty, then aj=a/N is allocated to
each of these streams so that their pseudo-pinch point temperatures are increased by a/NCP;.

15.1.8.3 Design of the Sink Subproblem
15.1.8.3.1 Feasibility Criteria at the Pseudo-Pinch

As the problem constraints are relaxed at the conventional pinch point by passing heat across it, a wide
variety of network topologies can be generated. The method commences the design at the pseudo-pinch
point. As there are only a few essential matches to be made at the pseudo-pinch point, all the options
available to the designer are readily identified. The designer, utilizing the process knowledge and
experience, can now select the necessary matches. These could include imposed and constrained matches
required for safe, controllable and practical network or any other preferences the designer may have. The
feasibility criteria for stream matching and splitting follow.

Number of Process Streams and Branches. In a conventional pinch situation, the stream population is
compatible with a minimum utility design only if a pinch match is found for each hot stream above the
conventional pinch point. The situation is illustrated in Figure 15.17, where stream splitting is
unavoidable. However, for the pseudo-pinch situation, splitting may not be necessary as demonstrated
in Figure 15.28. This results from the relaxation of the conventional pinch temperatures resulting in an
increase in the available driving forces for the pseudo-pinch matches.

It is exceedingly difficult to determine in advance if stream splitting is necessary. Hence, two
approaches are suggested. The first approach is identical to the pinch design method. Stream splits
may be removed once the initial design is generated. This will be discussed later. In the second approach,
we place the pseudo-pinch matches and see if the unmatched streams at the pseudo-pinch can be

Pseudo-pinch
point

150°C

150°C

150°C

130°C

130°C
100°C

Atgmin = 20°C

FIGURE 15.28 Stream splitting may not be necessary in pseudo-pinch problems.
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FIGURE 15.29 Temperature feasibility for stream splitting immediately adjacent to the pseudo-pinch point for the
sink subproblem.

satisfied. If the streams are matching violating Afgy;,, then a stream is split and the pseudo-pinch
matching is repeated.

Temperature Feasibility Criteria. Four temperature profiles are possible for a match at the pseudo-
pinch point as shown in Figure 15.29. These profiles are for the sink subproblem. The match illustrated in
Figure 15.29a possesses the same characteristics as that of an above conventional pinch match. However,
for a pseudo-pinch, other matches of the type illustrated in Figure 15.29b, ¢, and d are also possible.
Trivedi et al.*®> have outlined the various criteria to be used at the pseudo-pinch that determine the
maximum heat load Q.. for a match between a hot and a cold stream.

15.1.8.4 Design of the Source Subproblem

For the source subproblem analogous feasibility criteria can readily be developed. These depend both on
the stream populations and temperature feasibility shown in Figure 15.30. The complete design
procedure is summarized in Figure 15.31a and b.

15.1.8.5 Design of the Remaining Network

Once the pseudo-pinch matches are placed, the remaining problem can be designed employing the rules
mentioned earlier depending on the subproblem. It should be noted that the remaining problem is still in
enthalpy balance and only requires either a hot or cold utility, depending on the subproblem. The utilities
can be placed on either end or at an appropriate temperature level. (The rules outlined by Trivedi et al.*®
can also be employed in selecting the nonpinch matches when the pinch design method is employed.)

Once an initial topology is synthesized, its capital cost can be further reduced by decreasing the
number of units and removing stream splits keeping the energy consumption constant. A linear program
can be used to remove stream splits.”> To reduce the number of units, LONITA can be used.

15.1.8.6 Example

We shall illustrate the dual temperature design method for the flowsheet shown in Figure 15.6. A final
topology obtained by employing the pinch design method is illustrated in Figure 15.25. In this design
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FIGURE 15.30 Temperature feasibility for stream splitting immediately adjacent to the pseudo-pinch point for the
source subproblem.

Atgmin=40°C and Atypin=52°C. For Atgni, =40°C, the pinch point is determined by the entrance of
cold stream 2. Hence, the pseudo-pinch temperature for all the hot streams is 160°C and for the cold
stream 2 is 120°C. As the energy consumption of the network corresponds to Atymin =52°C, & =900 kW.
This additional heat load is carried by stream 1, and hence the pseudo-pinch temperature of cold stream
1 is 97.5°C.

15.1.8.6.1 Above Pseudo-Pinch Design

The two possible designs are illustrated in Figure 15.32a and b. It is interesting to note that the topology
of Figure 15.32b will not be identified if the pinch design method is employed.

15.1.8.6.2 Below Pseudo-Pinch Design

Again two designs are possible as illustrated in Figure 15.32¢ and d. The matches suggested in
Figure 15.32¢ will not be identified by the use of pinch design rules.

The above and below pseudo-pinch designs can be combined to create four different fixed-energy
designs. Combining Figure 15.32a and c gives the same design as shown in Figure 15.25. The other
designs are illustrated in Figure 15.33(a—c). The capital cost of the designs obtained so far are within 3%
of the one shown in Figure 15.24. As the cost of all these networks is very close, we will choose the final
design based on other factors such as operability, controllability, and flexibility. A detailed analysis may
have to be under taken on all these designs.

The design shown in Figure 15.33a has utility matches for all the streams. This design will probably be
the most controllable design. Hence it is selected. The final process flow diagram for the flowsheet in
Figure 15.6 is shown in Figure 15.33d. Observe that there is a heater on the reactor feed before it enters
the reactor. This heater controls the reactor feed temperature. Similarly, the heater on the reactor effluent
stream to the distillation column controls the distillation column feed enthalpy. The coolers on the
products will control the final product temperatures.
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FIGURE 15.31 (a) Above pseudo-pinch design algorithm. (b) Below pseudo-pinch design algorithm.

15.1.9 Criss-Cross Mode of Heat Transfer

The pinch design procedure, the AT— T, plot, and the remaining problem analysis try to achieve the
targets set ahead of design. The area target is based on the assumption that vertical heat transfer takes
place in the network. This target is good if the film heat transfer coefficients are the same for all the
streams. In the majority of the processes phase changes will be occurring, and the streams will be in
different phases. Thus, a process may consist of streams that have, at times, film heat transfer coefficients
that differ by an order of magnitude. Such as situation is shown in Figure 15.34, where there are two gas
streams and two liquid streams. A network that criss-crosses on the composite curves may have a smaller
area than predicted by vertical heat transfer mode.*”

A network will generally have different types of exchangers. Further, each exchanger will have different
material of construction and design temperature and pressure. These factors contribute to the capital cost
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annualized cost is $740,100. (d) Final flow diagram for the plant in Figure 15.9.
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FIGURE 15.34 Criss-cross heat transfer will reduce the network area when heat transfer coefficients are very
different. (b) Vertical heat transfer. (c) Criss-cross heat transfer.

of the network. Thus each stream match will have different coefficients in the cost equation. To optimize
the network one will have to undertake criss-crossing on the composite curves.

Stream matching constraints may also require criss-crossing on the composite curve. For example, a
match between two streams may be prohibited to maintain process safety or to avoid incurring excessive
piping costs associated with a particular match. When constraints are imposed, extra utilities may be
required. As a result, one may have to use cold utilities above the pinch point, use hot utilities below the
pinch point, or transfer heat across the pinch point. This is totally in contrast to the pinch design rules.

All these scenarios force the designer to criss-cross on the composite curves. Various design methods
are proposed in the literature to obtain optimal designs using the criss-cross mode of heat transfer in the
network and is not with the scope of this work.

15.1.10 Selection of Utility Loads and Levels

The annual operating cost depends on the amount and type of utilities used. In a complex process such as
an ethylene plant, there would be about four or five steam levels and about seven or eight refrigeration
levels. High-pressure steam generated within the process is let down to other steam levels via steam
turbines that generate power. Steam from these levels is used for heating the process. The power
generated from the turbines is used by the compressors and pumps and to generate various levels of
refrigeration needed. The question faced is what pressure levels of steam to use and what the load is on
each level. Also, what are the best temperature levels of refrigeration and what will be their respective
loads?

Pinch technology helps us answer these questions in a very simple manner using the Grand Composite
Curves (GRCC).”® The GRCC is the curve that shows the heat demand and supply within each
temperature interval. This curve is derived from the problem table (refer to Table 15.5). In the
problem table, we had modified the stream starting and target temperatures depending on the value
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FIGURE 15.35 Grand composite curve for the flowsheet of Figure 15.9.

of At ;. From now on we shall refer these modified temperatures as shifted temperature. The heat flows
between two adjacent shifted temperature intervals can be plotted on the shifted temperature—enthalpy
plot. Figure 15.35 shows the heat cascade and how the grand composite curve is developed for the
flowsheet shown in Figure 15.6. The grand composite curve gives us a graphical representation of heat
flows taking place in the system. At the pinch point the heat flow is zero.

The grand composite curve is piecewise linear. The slope of this curve also changes from interval to
interval. A line with a positive slope indicates that the system in that region needs external heat. A line
with a negative slope indicate that there is surplus heat available within that temperature interval that can
be cascade down within the system and used at a lower temperature interval. It is very clear from the
grand composite curve that the above pinch region is a heat sink and the below pinch region is a
heat source.

To further explain the importance of the grand composite curve and the kind of information that can
be extracted from it, consider the curve shown in Figure 15.36. Consider the section AB that is between
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FIGURE 15.36 Selection of utility loads and levels.
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the shifted temperature interval of 295°C and 280°C. This section demands external heat of 2,000 kW.
Hence we should place a hot utility such as high-pressure steam or hot oil to supply it.

Next, consider section BC of the GRCC between the shifted temperature intervals of 280°C and 250°C.
This section has a heat surplus, so we can use it else where in the system. We can drop a vertical line from
B to meet the GRCC at point D. Section CD of the GRCC, which is a heat deficit region of the system, can
now be satisfied by the heat surplus from the BC section. This section of the GRCC is called a pocket, and
the process is self-sufficient with respect to energy in this region. The section DE now needs external heat.
This heat can be supplied at any temperature ranging from the highest available temperature to a
minimum temperature corresponding to point D.

Following the same logic, EFG will be a pocket. In section GHI one hot utility level can be used at a
shifted temperature level of point G with a total duty of 3,000 kW, or two levels can be used—one at
160°C with a duty of 1,500 kW, and other at the shifted temperature level of point H (i.e., 140°C with a
duty of 1,500 kW). The choice is dictated by the trade-off between the power requirement, capital
investment, and complexity of the design. Using only one level will make the design of the utility system
simpler and the capital cost of the heat exchanger smaller due to higher-temperature approaches. On the
other hand, if there is demand for power, then using two levels will produce more power.

A similar economic trade-off will be required for supplying the external heating requirement in section
KL of the composite curve. Point L is the pinch point. Below point L heat needs to be rejected into a
cooling utility such as an air cooler or cooling water. Also, in the below pinch section of the process we
can address the question, Is it possible to raise steam at some temperature? If so, how much?

For example, for the process grand composite curve shown in Figure 15.36, we want to find out how
much low-pressure superheated steam can be generated. The saturation temperature of the low-pressure
steam is 70°C and boiler feed water is available at 30°C. The superheat is 10°C. Using a simple trial-and-
error procedure we can find out how much steam will be generated. Assume the amount of steam that is
generated. Develop a heat curve for the low-pressure steam generation on the shifted temperature scale.
As generation of low-pressure steam will be a cold stream, the temperature of the stream will be increased
by Atmin- Keep on increasing the amount of steam generated till the steam generation heat curve
touches the process grand composite curve at any point. The selection of refrigeration levels uses the
same technique.

Once the utility levels are decided, introduce them into the stream data and obtain the balanced
composite curves. The number of pinch points will increase. In addition to the original process pinch
point, each utility level will introduce at least one pinch point. A balanced grid diagram that includes all
the utility streams and all the pinch points identified on the balanced composite curve can now be used
along with the network design algorithms to develop a network that achieves the target set. Advances

have made the task of selecting and optimizing multiple utilities easier.**°

15.1.11 Process Integration

Until now we have discussed the design and optimization of heat exchanger networks. But heat exchanger
networks are a part of a whole process. Processes consist of reactors, distillation columns, utilities, and so
on. For the process to be optimally designed, all the unit operations should be properly integrated.
Generally each unit operation is individually optimized. It is a misconception that if each individual unit
is individually optimized then the resulting process is also optimized. Each unit operation interacts with
the other in the process. Hence, for the process to be optimized, each unit operation should be
properly integrated.

Figure 15.37 shows the onion diagram proposed by Linnhoff et al.'® that represents the hierarchy of
process design. Generally, the reactors are designed first that fix the heat and material balance for the whole
process. The products, by-products, and reactants are then separated using the most common unit
operation—distillation. A number of columns may be used if a large number of components need to be
separated. To achieve the separation and to carry out the reaction in the reactor, the heat exchanger
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FIGURE 15.37 Onion diagram.

network, using heat exchangers, heats and cools the process streams. External heating and cooling is
supplied by the utility system. The utility system may consist of a simple boiler system or a cogeneration
unit that produces the necessary steam for the process and the power requirement. All these layers interact.
An optimal process design must take into account these interactions and must be properly integrated.
Process integration uses principles that we have already established. Process integration starts by
optimizing stand-alone distillation columns with respect to reflux ratio, feed conditioning, side-reboilers,
and side-condensers.” To properly integrate the distillation column with the background process, it should
be placed above or below but not across the background process pinch point.”* The same principle applies
for the appropriate integration of heat engines. Heat pumps should be placed across the pinch point.*®
Linnhoff and Leur”” have developed procedures for integrating furnaces with the rest of the process.

15.1.12 Process Modification

In the above pinch region, hot streams should be modified such that they can transfer more heat to the
cold streams. The cold streams should be modified such that they require less heat. Both of these
modifications will decrease the amount of external hot utility requirement. Similarly, in the below pinch
region, the cold streams should be modified such that they require more heat and the hot streams should
be modified such that they transfer less heat. These modifications will reduce the amount of cold utility
requirement. This principle is called the plus/minus principle® and is illustrated in Figure 15.38.

15.1.13 Shaftwork Targets

Recently, Linnhoffand Dhole** have proposed shaftwork targets based on exergy analysis of the stream data
for a plant. The shaftwork targeting procedure calculates the change in the total shaftwork requirement of
the system due to any changes in the base case. They use exergy composite and grand composite curves that
are obtained from the composite and grand composite curves by changing the temperature axis to the
carnot factor. Shaftwork targets are very important in the design of low-temperature processes.
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FIGURE 15.38 The plus/minus principle.

15.1.14 Sitewide Integration

Generally, individual process are located in a site. The site consist of multiple units. For example a
refinery may consist of a crude unit, vacuum unit, naphtha hydrotreater, diesel hydrotreater, fluidized
catalytic cracking (FCC) unit, visbreaker unit coker unit, and so on. A petrochemical complex may
consist of an ethylene unit, polyethylene unit, and so on. All these units will have one utility system that
provides hot and cold utilities as well as power to the whole site. Each unit will have steam demands at
different temperatures. At the same time, each unit may be producing steam at different levels. It is
possible to directly integrate different units, but that may cause political problems or piping problems.
Hence, different units are generally integrated indirectly through the utility system. The problem that
sitewide integration addresses is what is the correct level of steam for a site and what is the trade-off
between heat and power. Should power be imported or cogenerated?””

The most important benefit of the sitewide analysis is that correct pricing for different levels of steam are no
longer required. The impact of any modification in terms of fuel or power can be easily evaluated. There is no
need for “cost of steam,” as energy pricing is only done with respect to either fuel or power at the battery limit.

Sitewide analysis has increased the understanding of global emissions associated with any processing
industry. To minimize the emissions associated with a process, sharper separations are required. Since
distillation is the workhorse of the chemical industry, to obtain sharp separation, the reboiler and
condenser duties will increase or additional processes may be added that require additional heating and
cooling. External energy is obtained by burning fuel, and when fuel is burned emissions are generated. If
extra power is used, then the emissions in the utility company will increase. Thus, to decrease the
emissions in the process we might end up increasing the emissions associated with burning the fuel. The
net effect might be that we increase the global emissions.' Recently, Smith and Delaby’® have established
techniques to target for CO, emissions associated with energy. Combining these CO, targeting
techniques with sitewide analysis will help in trading off different emissions.>’

15.1.15 Data Extraction

Process integration studies start from a base-case flowsheet. This flowsheet may be existing or may be
developed from designer’s experience. To conduct pinch analysis properly, it is important to extract the
flow rate, temperature, and heat duty data correctly.

Stream target and starting temperatures should be chosen so that we do not generate the original
flowsheet.'® To illustrate this, consider the flowsheet shown in Figure 15.39. If we extract the data as two
streams, then we might end up with the original flowsheet. If the drum temperature is not important
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FIGURE 15.39 Flowsheet for data extraction example.

then we can consider it to be one stream and we stand a chance for finding new matches. The drum and
the pump can then be kept as a natural break point in the system.

While extracting data, extra care should be taken when streams are mixing nonisothermally.'®
Consider the system shown in Figure 15.40. Stream A is being cooled to the mixed temperature, and
stream B is being heated to the mixed temperature. This happens due to mixing the streams. The mixed
stream is then heated to a higher temperature. If we extract the data as shown in Figure 15.40a and if the
pinch temperature is 70°C then we are inherently transferring heat across the pinch point by mixing the
two streams. In the process of mixing we are cooling stream A and then subsequently heating it up again.
The correct way to extract the data is shown in Figure 15.40b.

When a stream is split and the split streams have two different target temperatures then each stream is
considered as two separate streams. However during the design phase we can use the stream splitting and
mixing technique to eliminate one unit.'®*® See Figure 15.41.

15.1.16 Procedure for Optimization of an Existing Design

Process design generally starts with an existing flowsheet. The flowsheet is modified to meet the new
requirements defined by the project. Figure 15.42 shows the procedure proposed by Trivedi et al.*® that
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FIGURE 15.40 Data extraction for streams that are mixing.
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FIGURE 15.41 Stream bypassing and mixing can save a unit.

utilizes all the concepts of pinch technology for optimizing an existing design. The following sections
discuss various steps of this procedure.

15.1.16.1 Problem Definition

From the existing process flow diagram and the project requirement develop a problem definition and
scope of the project. At this early stage in the design process, identify all the key project constraints. These
constraints may be utility temperature levels (if the construction of the plant is going to be in an existing
site), environmental constraints, budget constraints, schedule constraints, and so on.

15.1.16.2 Conceptual Flow Design

On the basis of the problem definition and project constraints, develop a new conceptual flow diagram.
This flow diagram need not be detailed. However, it should at least contain the reactors, the distillation
columns, and the associated conceptual utility system. Furthermore, it should also contain key operating
parameters such as feed conditions to distillation columns, operating temperature, and pressure of
distillation columns. This flow diagram becomes the basis for optimization.

15.1.16.3 Marginal Cost of Utilities

Develop a simulation model of the conceptual utility system to evaluate the marginal cost of various
utility levels. With this model it is possible to evaluate the interactions between the various utility levels.
Use a reference utility level as the basis for calculating the savings associated with the other levels. The
reference utility level may be the fuel fired to generate steam or to export/import steam at a
certain level.

15.1.16.4 Simulate and Optimize Distillation Columns

In this step, simulate the distillation columns using the conditions set by the problem definition and the
conceptual flow diagram. Optimize these columns on a stand-alone basis using the procedures outlined
by Dhole and Linnhoff.*!

15.1.16.5 Stream Data Extraction

The conceptual flow diagram along with the simulation of the distillation columns establish the heat
and material balance for the entire process. Simulation will also generate the heat curves for all the hot
and cold streams. Extract stream data from the process flow diagram using the guidelines
established earlier.

15.1.16.6 'Targeting

Assume a value of At,,;,. Set overall energy targets using the composite curves. Divide the problem into
above ambient temperature and below ambient temperature subproblems. The temperature of cooling
water will generally decide this division point. Construct the grand composite curve (GCC) for the above
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ambient temperature subproblem. For the below ambient temperature subproblem, construct the
process exergy grand composite curve. Fine-tune the column optimization undertaken previously.

15.1.16.7 Optimize Total Annualized Cost

From the grand composite curve, optimize the steam levels and their corresponding loads. From these
utility loads and levels, design the utility system and estimate its capital cost. Now construct the
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composite curves that include the utilities. These set of composite curves are the balanced composite
curves. Estimate the capital cost of the heat exchanger network from these curves. Calculate the utility
cost from the utility loads and levels. Hence, estimate the total annualized cost for the heat exchanger
network and the utility system. Optimize this cost by changing the utility loads and levels.

15.1.16.8 Process Modification

Use the balanced composite curves to identify process modifications that can potentially reduce the total
annualized cost. Changing the operating pressure of a distillation column or modifying the flow rate of a
stream are some of the potential process modifications that can be made. The total annualized cost needs
to be reoptimized if the utility system design changes significantly.

15.1.16.9 Optimize the Value of At;,

At this stage we have the optimal total annualized cost targets for the heat exchanger network and the
utility system for the assumed value of At,;,. Assuming another value of At.;, will give another
optimized total annualized capital cost. Repeat the exercise over a range of At;, values to find the
optimal value. Design the heat exchanger network at the optimal value of At ;..

Trivedi et al.*® have reported a case study that discusses the application of the above outlined approach
to optimize Brown & Root’s state-of-the-art Ethylene process. They achieved 12% savings in energy
consumption. The capital cost increased by 2% with a simple payback period of 2 years. (Typical specific
energy consumption of an ethylene plant for cracking ethane through naphtha ranges from 3,000 to
5,000 Kcal/kg. The total world production capacity of ethylene in 1989 was 61 million MTY*).

15.1.17 Recent Developments

Recent developments have been made to solve different process design problems using pinch technology
principles and concepts. We shall discuss these developments in brief.

Normally plants have many variables that change during the course of time. For example, depending
on market conditions the through put may change or the feed stock can change. Process conditions can
change from summer to winter operations. Catalytic reactors lose their effectiveness and heat exchangers
get fouled over time. The final process design should be able to handle such changes. Sensitivity analysis
and multiple base-case design procedures are developed that address the issue of flexibility.>*'

The pressure drop in a heat exchanger network is also important. Polley et al.** have developed
methods that account for stream pressure drops during the targeting and detail design phase. Stream
pressure drop constraints are very important during revamp projects. Pinch technology concepts are also
applied to retrofit projects, heat integrate batch processes, minimize waste water, integrate evaporator
systems, and design power cycles.!

15.2 Pinch Technology in Practice

Ed Fouche and Kelly E. Parmenter

15.2.1 Introduction

Pinch technology is a practical technique for maximizing energy efficiency, reducing costs, and
improving environmental performance across multiple processes in an industrial setting. Its implemen-
tation can lead to higher profitability and increased competitiveness for the plant.

In industrial processes, some of the energy that goes into a process must be released at a lower
temperature. Thus, the process “consumes” higher-temperature (and therefore higher-quality) energy. In
principle, a low-temperature process can potentially use the waste heat from other processes that operate
at higher temperatures. Pinch analysis was pioneered by Linnhoff to identify opportunities for utilizing
heat across different industrial processes. It was first applied to industrial energy systems in response to
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the energy crisis of the late 1970s. The theory behind pinch technology is discussed in great detail in
Section 15.1.

In short, to perform a pinch analysis, engineers integrate the temperature characteristics for all of the
streams that need to be heated (cold streams) into a single cold composite curve and then combine this
curve with an analogous hot composite curve that represents all of the streams that need to be cooled
(hot streams). The result is a diagram showing two temperature vs. heat flow plots—or composite
curves—as shown in Figure 15.43. The overlap region between the two curves represents the potential for
plant-wide heat recovery. The curves also reveal the minimum net heating and cooling requirements, or
energy targets. The minimum vertical distance between the hot and cold composite curves is called the
process pinch. The pinch represents the bottleneck for heat transfer. This leads to three important
principles for efficient energy use:

1. Heat should not be transferred across the pinch.
2. There should be no external cooling above the pinch.
3. There should be no external heating below the pinch.

Therefore, the identification of the bottleneck, or pinch, enables heat transfer to be optimized. The
benefit of this technique is that it illustrates the big picture and provides a comprehensive overview. Prior
to development of pinch technology, the energy requirements of a unit operation in a large processing
plant were evaluated without consideration of what energy sources or sinks might be available elsewhere
in the plant. Pinch analysis provides this overview and forces discipline; in many cases, the installation of
a boiler or chiller has been avoided by taking advantage of temperature surpluses and demands elsewhere
in the plant.

Key features of pinch analysis are that:

e The minimum heating and cooling needed to operate the process are explicitly quantified.
e The maximum possible process heat recovery is defined.

e Unnecessary capital costs are avoided.

e Possible uses for low-grade waste heat are identified.

The remaining sections of this article discuss the application of pinch technology in a variety of real-
life settings. First, an overview of the general methods employed by pinch experts is provided; this is then
followed by summaries of several specific case studies.
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15.2.2 Pinch Technology in Practice

Pinch technology can be employed to identify practical and cost-effective ways to improve
substantially the energy efficiency of a processing facility. It can be used to optimize the energy use
in individual processes or across a complete site. In general, the objectives of a pinch analysis are to
quantify the minimum heating and cooling required for process operation, to pinpoint the maximum
heat recovery potential, and to develop technically and economically viable projects to achieve energy
saving targets.

The approach typically taken in a pinch study begins with the formation of a team consisting of pinch
experts, key plant personnel, and possibly utility representatives. The team then visits the site to gather
data pertaining to the processes, as well as economic and utility information. With data in hand, the
pinch experts characterize the heating and cooling requirements of the plant’s processing units using
pinch technology. They next quantify the scope for potential improvement in each unit and the overall
site. Then, the team identifies specific projects based on process change, process heat recovery, etc. that
can be implemented to achieve target energy savings. The target energy savings is the summation of
savings from practical, cost-effective projects identified to move the energy use at the site as close as
possible to the minimum total process heating and cooling energy defined by the pinch analysis.

Since its inception, a variety of experts have implemented pinch technology with a high degree of
success to improve energy utilization in processes. Early application focused on designing optimum heat-
exchanger networks; recent efforts have extended the analysis to include boilers, turbines, heat pumps,
and refrigeration systems, and techniques have been developed for designing effective combined heat and
power systems.

The Electric Power Research Institute (EPRI) and its utility members in the U.S. and overseas have
sponsored a variety of energy-related projects in the process industries through EPRI’s Industrial
Technology Application Service. The Industrial Technology Application Service is now owned and
operated by Global Energy Partners. Pinch studies have historically been a key element of EPRI’s process
industries programs, particularly in the Pulp, Paper, and Forest Products program (see Section 15.2.3)
and the Chemicals, Pharmaceuticals, Petroleum Refining, and Natural Gas program (see Section 15.2.4).
Electric Power Research Institute has also carried out numerous studies for the food and beverage
industry and several studies for the textile and fiber industry. In all, EPRI has conducted more than fifty
pinch studies in the last 15 years that, on average, have identified energy cost savings of more than 20
percent with one-to-three year payback periods.

15.2.3 Pinch Technology in Pulp and Paper Industries

Pulping and papermaking are energy-intensive. Rising energy costs have triggered a new awareness of
energy usage and have spawned a number of energy efficiency studies across the industry. The U.S.
Department of Energy cofunds several programs for improving energy efficiency. Its short-term
initiatives include the popular plant-wide energy assessments where energy audits identify cost-reduction
opportunities. Longer term, its Agenda 2020 program focuses on developing major technology jumps
meant to reduce the energy costs of papermaking and to provide environmental benefits. Energy and
environmental issues are intertwined; lower energy use reduces emissions from both the mill and from
the power plant that generates the energy.

EPRI and associates have conducted over 30 pinch studies for the pulp, paper, and forest products
industry alone. Collectively, the studies have pinpointed potential energy savings of over
$80 million/year, with many projects having a simple payback period of about one year. Table 15.7
summarizes results from some of these studies. The table shows the target, actual, and scope energy
values, as well as practical energy and cost savings by mill type. Target values represent the minimum
energy required to run a process; actual values represent the current, actual energy use; scope values
represent the maximum possible heat recovery; and practical values represent what is realistically feasible
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TABLE 15.7 Summary of Results from Pinch Studies in the Pulp, Paper, and Forest Products Industry

Mill Type Target 10° Btu/h (MW) Actual 10° Btu/h (MW) Scope 10° Btu/h (MW) Practical Savings
10° Btu/h (MW) $10%/year

Semisulfite/ OCC linerboard 297 (87) 417 (122) 120 (35) 45-80 (13-23) 1.4-2.8
Kraft/NSSC/OCC linerboard 939 (275) 1250 (366) 311 (91) 177 (52) 1.37
Continuous bleached kraft NA NA 177 (52) 127 (37) 3.2
Bleached kraft 428 (125) 553 (162) 125 (37) 85 (25) 3.2
Bleached kraft 732 (215) 866 (254) 134 (39) 80 (23) 1
Newsprint kraft 516 (151) 921 (270) 405 (119) 160 (47) 1.6
Bleached kraft 292 (86) 442 (130) 150 (44) 100 (29) 3
Continuous bleached kraft HWD NA NA 140 (41) 118 (35) 2.5
Bleached kraft/TMP/groundwood 792 (232) 1154 (338) 362 (106) 300 (88) 4.0
Bleached kraft 826 (242) 1096 (321) 270 (79) 160 (47) 2.0
Bleached kraft 1265 (371) 1904 (558) 639 (187) 235 (69) 2.8
Bleached semisulfite 235 (69) 314 (92) 79 (23) 37 (11) 1.4
Bleached kraft/TMP 625 (183) 965 (283) 340 (100) 294 (86) 2.1
Bleached kraft & NSSC 499 (146) 688 (202) 189 (55) 100 (29) 2.1
TMP/recycle mill greenfield design Capital cost avoided ~ $5 million
Bleached kraft 531 (156) 693 (203) 162 (47) 79 (23) 2
TMP NA NA 137 (40) 70 (21) 1.5
Bleached kraft 1212 (355) 1387 (407) 175 (51) 100 (29) 1.8
TMP/Deink Mill 19 (6) 156 (46) 137 (40) 67 (20) 1.3
Bleached kraft/TMP/groundwood Multiple case scenario 350 (103) 5.8
Bleached kraft 542 (159) 864 (253) 322 (94) 175 (51) 2.3
Bleached kraft NA NA 80 (23) 3.5
Continuous bleached kraft northern NA NA 190 (56) 110 (32) 3.1
Groundwood/coaters 255 (75) 360 (106) 105 (31) 53 (16) 0.7
Kraft/NSSC/OCC linerboard 933 (273) 1178 (345) 245 (72) 225 (66) 4.8
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TABLE 15.8 Practical Steam Cost Savings Identified by Pinch
Technology in the Pulp, Paper, and Forest Products Industry

Mill Type $/BDST ($/metric ton)
Bleached kraft/NSSC 2.9 (3.2)
Bleached kraft/TMP & other 5.0 (5.5)
Bleached market pulp 5.5 (6.1)
Nonintegrated papermaking 1.3 (1.4)
Kraft/NSSC/OCC 2.9 (3.2)
Sulfite or semisulfite 4.4 (4.9)

considering constraints. As the table shows, practical energy savings per mill range from about 50 to
350 million Btu/h [~ 15 to 100 MW], and practical cost savings range from about $1 million/year to
$6 million/year.

Table 15.8 lists the average cost savings per ton of product for several types of mills. Savings range from
$1.3 per bone dry short ton (BDST) ($1.4/metric ton) for nonintegrated papermaking to $5.5/BDST
($6.1/metric ton) for bleached market pulp.

Two specific examples of pinch technology being applied to the pulp, paper, and forest products
industry are described in the following case studies.

15.2.3.1 Case Study 1: Minimizing Process Energy Use in a Large
Thermomechanical Pulp (TMP) Mill*

EPRI and American Process, Inc. conducted an energy targeting scoping study using pinch analysis at a
large TMP mill in Canada. A local utility company cofunded the project. The mill produces bleached,
unbleached, and semibleached kraft market pulp and standard and offset newsprint. Fiber is prepared in
kraft continuous and batch digesters, groundwood, and TMP departments. The kraft digesters separate
wood chips into fiber by use of chemicals that act on the wood’s binding agent (lignin). In the
groundwood process, wood chips are mechanically pressed against a grindstone and, with the addition of
water, are separated into fibers. The TMP process uses both heat and mechanical forces to convert wood
chips into fibers.

Spent chemicals and lignin, which are referred to as black liquor, are recovered from the kraft process
in a recovery cycle that includes three evaporators and three recovery boilers, a recausticizing line, and
two kilns. First, the black liquor is removed from the pulp in washers; next, it is thickened in the
evaporators; then, it is burned in the recovery boilers. During the burning process, the chemicals and
lignin are recovered and the steam raised in the boilers is used to support operations. Two lime kilns
provide calcium oxide for causticizing. Chlorine dioxide is produced onsite and used in a six-stage
bleach plant.

The mill also has power boilers that use oil and hog fuels. The steam from the power boilers is used in
steam turbines to generate a portion of the mill’s power requirement, as well as to support various
operations. The balance of the mill’s power is purchased.

The intent of the energy targeting scoping study using pinch analysis was to identify ways for the mill
to reduce energy costs as part of a long-term improvement in competitiveness. In particular, operators of
the mill wanted to reduce process steam consumption so that they could decrease steam production from
the power boilers.

Pinch analysis yielded the hot and cold composite curves shown in Figure 15.44 and the grand
composite curve shown in Figure 15.45. The figures show that the pinch interval temperature is 246°F
(119°C) and the thermal energy target (minimum thermal energy required to run the extracted process

*Data from EPRI, Minimizing Process Energy Use for a Large TMP Mill with Pinch Technology, EPRI, Palo Alto, CA,
2000.
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FIGURE 15.44 Hot and cold composite curves for thermomechanical pulping (TMP) mill.

steam) is 1023 million Btu/h (300 MW). Because the existing process thermal consumption is
1336 million Btu/h (392 MW), the maximum potential process steam savings (scope) is about
313 million Btu/h (~ 310,000 Ib/h, 92 MW, 140,000 kg/h).

To accomplish the objective of reducing steam consumption, two options were developed for the
recovery of TMP dirty steam. Option 1 uses TMP steam in the mill’s pulp and paper companies, and
option 2 restricts the use of TMP steam to the paper company. For option 1, implementation of TMP
heat recovery in conjunction with several other recommended projects was found to potentially save
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FIGURE 15.45 Grand composite curve for thermomechanical pulping (TMP) mill.
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292,400 Ib/h (132,600 kg/h) of process steam; for option 2, the potential savings were found to be
232,800 Ib/h (105,600 kg/h). These steam savings equate to cost savings of about Can$9.5 million/year
(Canadian dollars per year) for option 1 and Can$8.7 million/year for option 2 as a result of decreased
steam production in the power boilers. The simple payback periods were estimated to be 2.5 years for
option 1 and 2.1 years for option 2.

Additionally, a target cogeneration analysis showed that with the existing steam consumption, there
was an opportunity to increase onsite power generation by about 21 MW (which equates to a savings of
about Can$6.3 million/year) by correcting turbine inefficiency, pressure-reducing valve operation, and
incorrect use of steam levels. After implementation of the proposed projects and the resulting new steam
consumption, this additional power generation opportunity decreases to about 9.1 MW and
Can$2.7 million/year.

Furthermore, a comparison of the steam cycle with a combined cogeneration cycle showed that a
combined cycle would potentially generate 49 MW as opposed to only 8.6 MW in the steam cycle. This
generation capacity equates to a monetary savings of Can$5.3 million/year.

15.2.3.2 Case Study 2: Minimizing Process Energy Use in a Newsprint Mill®

With support from a local utility company, EPRI and American Process, Inc. carried out an energy-
targeting scoping study using pinch analysis at a newsprint mill in Mississippi. The mill generates
780 tons/d (707 metric tons/d) of newsprint from a combination of TMP and purchased kraft pulp.
Steam is produced in a reboiler using TMP-generated steam and in a bark boiler using mill-generated
and purchased hog fuel. To take advantage of off-peak power rates, the mill swings the
refiner operation.

Prior to the pinch analysis, the mill had already completed a cost assessment study and established
several possible energy savings projects. The objective of the pinch analysis was to augment previous
efforts and identify additional possible projects, as well as to prioritize all projects and ensure that the
savings were additive.

For the steam duties evaluated, the hot and cold composite curves and the grand composite curve
yielded a pinch interval temperature of 244°F (118°C) for the minimum temperature driving force of the
AThin=20°F (11°C), and a thermal energy target (minimum thermal energy required to run the
extracted process streams) of 42 million Btu/h (12 MW). Because the existing process thermal
consumption of the streams is 96 million Btu/h (28 MW), the scope (or maximum potential to
reduce process heat demand) is 54 million Btu/h (16 MW).

The significance of the pinch results is that, ideally:

e No utility steam should be used for heating cold streams below 224°F (107°C).

e No cold water should be used for cooling streams above 264°F (129°C) and no heat should be
rejected to the environment above 264°F (129°C).

e No heat exchange should occur between above-the-pinch streams and below-the-
pinch streams.

The instances where these rules are violated are referred to as cross-pinch heat exchanges or “XPs,” and
are the reasons why the actual steam consumption by the mill is larger than the minimum or “target”
quantity. These XP heat exchanges need to be corrected for the mill to get closer to its target
energy consumption.

The existing configuration was placed on a heat recovery grid to identify where the 54 million
Btu/h (16 MW) of XP heat transfer was being used inappropriately. Table 15.9 lists the XP
occurrences.

The team developed a variety of projects for the mill to consider to achieve energy savings. For the
energy savings to correspond to realistic monetary savings, the energy savings by steam reduction must

®Data from EPRI, Energy Targeting Scoping Study Using Pinch Analysis: Bowater Newsprint, Grenada, MS, EPRI, Palo
Alto, CA, 2004.
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TABLE 15.9 Existing Cross-Pinch Heat Transfer Occurrences in a Newsprint Mill

Stream Process-Process XP Stream XP 10° Btu/h ~ Waste XP 10° Btu/h Total XP 10° Btu/h
10° Btu/h (MW) (MW) (MW) (MW)
Bark boiler air heating 3.78 (1.11)
Demin water heating 7.88 (2.31)
Condensate return 2.90 (0.85)
heating
White water heating 3.70 (1.08)
Off machine silo 5.64 (1.65)
heating
Warm water heating 1.30 (0.38)
Paper machine PV air 14.12 (4.14)
heating
Paper machine 0.86 (0.25)
building air heating
Primary & secondary 12.20 (3.58)
refiners steam
Primary & secondary 1.36 (0.40) 0.63 (0.18)
refiners steam
condensate
Subtotals 1.36 (0.40) 40.18 (11.78) 12.83 (3.76) 54.37 (15.93)

lead to a decrease in purchased hog fuel. Some of the projects initially developed would have had good
payback periods if the steam were produced with fossil fuel; however, they yielded poor returns based on
the cost of marginal steam from hog fuel. Six additional low-cost projects were proposed that would
result in steam savings of 9000 Ib/h (4080 kg/h) in the summer and 29,000 Ib/h (13,150 kg/h) in the
winter with payback periods of only 5-20 months. An additional project was recommended to temper
incoming mill water with effluent during the winter months to reduce the seasonal variation in steam
demand, yielding a potential savings of 15,000 Ib/h (6800 kg/h) during the winter. Table 15.10
summarizes the energy costs savings, capital costs, and payback periods for all of the recommended
projects. If implemented, the potential savings would be about $273,100/year with a capital cost of
$462,100 and a simple payback period of 1.69 years.

15.2.4 Pinch Technology in Chemical and Petroleum Industries

The chemical and petroleum industries offer tremendous opportunities for energy savings from pinch
analysis. EPRI and associates have carried out several dozen pinch studies in these industries since 1988.
The calculated payback periods for most of the projects have been below two years and energy cost

TABLE 15.10 Summary of Costs and Benefits of Projects Developed for a Newsprint Mill

No. Description Savings ($/year) Capital Cost ($) Payback (years)
1 Scrubber-condensate storage tank vent 30,000 25,000 0.83
2 Sewer pressate purge after pressate coolers 25,000 10,300 0.41
3 Turpentine condenser—heated water generation 30,000 50,100 1.67
4 Optimize reject refinery vent heat recovery 39,900 55,500 1.39
5 Ejector for vent steam to chip bin 58,400 103,200 1.77
6 Series water flow through pressate coolers 15,000 10,700 0.71
7 Tempering mill water with process effluent 74,800 207,300 2.77
1-7 Totals 273,100 462,100 1.69
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TABLE 15.11 Representative Results from Pinch Studies in the Chemical and Petroleum Industries

Type of Facility Study Highlights

Petroleum refinery $840,000/year savings at 1.5-year payback, plus capital savings of $390,000 for
planned retrofit

Petroleum refinery Scope for 32% reduction in net fuel consumption

Petroleum refinery Revised heat exchanger network in crude distillation unit to reduce costs by
$1 million/year at less than 1.5-year payback

Petroleum refinery Revised heat exchanger network in hydrocracker to save $2.7 million/year in
steam/fuel costs at 1.6-year payback

Petroleum refinery Steam cost savings of $5 million/year with 1-4-year payback

Pharmaceutical company Increased heat recovery to reduce fuel costs by 13% at less than 1-year payback

Pharmaceutical company Identified measures to reduce thermal energy requirements by 30%; annual
savings of $70,000/year at 1.3-2.5-year payback

Specialty chemical plant: kelp Steam savings of $2.8 million/year at 1-2-year payback

harvesting and extraction
Wax extraction plant Cost savings of $930,000/year at 2.3-year payback

savings have typically been over $1 million. Table 15.11 summarizes a few of the studies conducted. Two
more detailed examples are provided in the following case studies.

15.2.4.1 Case Study 1: Minimizing Process Energy Use in a Petroleum Refinery®

With cofunding from local utility company, EPRI and Aspen Technology, Inc. conducted a sitewide pinch
study at an oil refinery in Illinois. The objective of the study was to recommend ways to improve the
refinery processes and utility system to achieve plant-wide energy savings. The project was conducted in
two phases. The first phase consisted of a targeting and scoping study of the overall site. The second phase
involved revising the basic design of selected process units.

The following processing units were included in the study:

o Atmospheric crude and vacuum distillation unit (VDU)
e Two delayed coker units

e Reformer and naphtha hydrotreater

¢ CCR reformer and naphtha hydrotreater

e Isom and LSR hydrotreater

e HF alkylation

e FCCU and light ends recovery

¢ Diesel hydrotreater

e MTBE

e Two saturated gas plants

o Two sulfur recovery trains and tail gas units
¢ Hydrocracker

o Utility system

During the first phase, the team performed an overall site analysis that included energy targeting,
utility placement, and total site targeting. Table 15.12 summarizes the results of the study for each of the
individual processes and for the total site. The table compares the total existing hot and cold utility usage
for each of the processes to the total hot and cold utility targets. The final rows repeat this comparison for
the total site.

“Data from EPRI, Pinch Technology/Process Optimization: Volume 9: Case Study—Marathon Oil Company, EPRI, Palo
Alto, CA, 1997.
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TABLE 15.12  Sitewide Energy Targets for a Petroleum Refinery

Unit Rating Total Hot Existing  Total Hot Target Hot Delta Total Cold Existing  Total Cold Target Cold Delta Sum Delta
Crude/Vacuum 1 199.9 181.5 18.4 106.9 88.0 18.9 —0.5
FCC 1 20.8 0.0 20.8 177.9 157.1 20.8 0.0
Isom 1 15.0 11.0 4.0 17.8 13.8 4.0 0.0
CCR reformer 1 196.4 167.5 28.9 115.1 86.2 28.9 0.0
Coker A 1 34.1 31.6 2.5 52.2 49.7 2.5 0.0
Coker B 1 39.1 38.1 1.0 53.7 52.7 1.0 0.0
Reformer 1 159.9 139.1 20.8 87.0 66.2 20.8 0.0
Hydrocracker 1 65.4 37.1 28.3 140.0 111.7 28.3 0.0
HF alkylation 2 62.3 59.8 2.5 81.2 78.7 2.5 0.0
DHT 2 31.9 21.0 10.9 71.7 60.8 10.9 0.0
MTBE 2 30.6 29.3 1.3 31.6 30.3 1.3 0.0
Amine 3 22.1 22.1 0.0 21.3 21.3 0.0 0.0
Naphtha splitter 3 12.2 12.2 0.0 12.0 12.0 0.0 0.0
BT/PFS towers 3 26.2 26.2 0.0 22.1 22.1 0.0 0.0
Sat gas 23 3 22.1 21.9 0.2 23.0 22.7 0.3 —0.1
Sat gas 8 3 31.0 31.1 —0.1 32.0 32.1 —0.1 0.0
SWS 3 24.2 24.2 0.0 23.1 23.1 0.0 0.0
Sulfur plants 3 6.9 2.2 4.7 51.4 46.7 4.7 0.0
Total 1000.0 856.0 144.0 1119.9 975.3 144.6 —0.6
Total site 0.0 853.6 0.0 968.2
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The estimated existing process hot utility usage for the refinery is 1000 energy units and the energy
target for the complete refinery is 856 energy units. Therefore, the scope for energy reduction is 144
energy units, or 14.4%.

The table indicates that of the 18 units included in the study, there are eight that are key to the overall
refinery efficiency improvement, three others have an impact but are less important, and the remaining
seven need not be considered further. The key units are the crude/vacuum unit, FCC, Isom, CCR
reformer, two cokers, reformer, and hydrocracker. The eight key units account for 73% of the existing hot
utility usages, or 730 energy units, and 71% of the energy target, or 606 energy units. Therefore,
concentrating on the eight key units reduces the scope for energy reduction to 124 energy units, or 12%
of the site.

Phase 2 of the project involved using pinch analysis to study the key units in detail. Six of the eight key
units were chosen:

Coker A

Coker B
Crude/vacuum unit
CCR reformer
Hydrocracker
Reformer

SR

For reasons mainly associated with future investment plans and plant turnaround schedules, the FCC
and Isom were not studied further.

Phase 2 analysis resulted in the identification of several projects with energy cost savings ranging from
$200,000/year to $1,410,000/year and simple payback periods of as low as 0.5 years up through 16 years.
The projects with the biggest energy savings were associated with the longest payback periods; however,
these projects also offer significant, cost-effective debottlenecking potential for the units. Implementation
of all mutually exclusive projects would result in energy savings of about $4.6 million/year.

A plant-side steam balance was also conducted. The results from the steam balance showed an overall
energy savings potential in the steam system of about $5 million/year with a payback of 1-4 years.
However, it is important to note that projects identified within the units and within the steam system
sometimes compete. Therefore, energy cost savings for the projects and steam system are not
directly additive.

15.2.4.2 Case Study 2: Minimizing Process Energy Use in a Wax
Extraction Plant?

Together with support from a local utility company, EPRI and Linnhoff March, Inc. conducted a
comprehensive energy study using pinch analysis at a wax extraction plant in Pennsylvania. The plant
produces high-grade waxes for use in a variety of commercial and consumer markets. The objective of the
study was to identify ways for the plant to reduce processing costs per barrel of throughput. The plant’s
first priority was to implement quick payback projects such as insulation of storage tanks. The plant was
also interested in increasing manufacturing flexibility and achieving compliance with a nitrogen oxide
(NO,) abatement order at a minimum cost.

The waxes produced at the plant are petroleum based. Waxy crudes and distillates are first fractionated
in a VDU to separate the oil into several distinct cuts. The VDU bottoms stream is treated with propane
in the propane deasphalting (PDA) unit to separate out the asphaltenes (or heavy resin fraction), and the
main oil fraction is recovered for further processing. The side cuts from VDU and recovered oil from
PDA are then subjected to solvent extraction using methyl ethyl ketone (MEK) to separate wax from oil.
The waxes are purified by bauxite filtration. The residual oils are sold as by-products to lube oil
processors and heating oil dealers, and asphalt is used onsite as fuel.

Data from EPRI, Pinch Technology/Process Optimization: Volume 7: Case Study—A Wax Extraction Plant, EPRI, Palo
Alto, CA, 1995.
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TABLE 15.13 Economics of Developed Projects for a Wax Extraction Plant

Project Savings ($/year) Capital Cost ($) Payback (years)
VDU retrofit 300,000 300,000 1.0
MEK retrofit 350,000 1,500,000 4.2
Tank insulation 280,000 300,000 1.0
Total 930,000 2,100,000 2.3

The project team was charged with improving operating economics, debottlenecking processing
capacity, evaluating the feasibility of hydrotreating vs. bauxite filtration for the wax finishing operation,
and determining the optimum combined heat and power strategy for the site, paying particular heed to
compliance with rather stringent NO, abatement requirements.

The results of the study yielded a comprehensive process improvement strategy that improved wax
yield by 8%, debottlenecked refrigeration capacity by 10%, and reduced total steam demand by 22%. The
steam savings would allow shut down of two of the plant’s four boilers, automatically reducing NO,
emissions, enabling compliance with the NO,, abatement order without installing expensive end-of-pipe
controls. Implementation of suggested retrofits in the VDU and MEK process areas along with tank
insulation would potentially yield operating savings of $930,000 million/year with a cost of $2.1 million
and a simple payback period of 2.3 years. Evaluations related to cogeneration and to replacing the
existing bauxite process with a hydrotreater showed that the economics did not favor either measure.
Table 15.13 summarizes the economics of the proposed retrofits. Note that although the stand-alone
economics of the MEK revamp are not particularly attractive (i.e., the payback period is 4.2 years), this
project is essential to enable shutdown of two of the boilers, thereby achieving a relatively low-cost
NO, reduction.
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