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ABSTRACT

Chemical or oil refinery processes utilize huge amounts of energy in their routine
operations. Therefore, it is vital for such industries to find ways of maximizing the use
of energy and make the system more efficient through reduction in energy, water and
raw material consumption. Waste energy can be transferred to another process and that
will increase the profitability of the industries. When the use of a heat exchanger
network (HEN) is considered for these tasks, the framework developed in this study can

be implemented to make a cost-benefit analysis.

This thesis represents a framework for generating the HEN over a specified range
of variations in the flow rates and temperature of the streams. So that the heat exchanger
area, number of heat exchange units and load on the heat exchangers can be estimated.
The proposed method to analyze and design the HEN is called pinch method, which is
one of the most practical tools and used to improve the efficiency of energy usage, fuel
and water consumption in industrial processes. This method investigates the energy
flows within a process and identifies the most economical ways of maximizing heat
recovery. This method consists of five major steps to follow, which will finally lead to
HEN design. The steps are: (1) choose a minimum temperature approach temperature
(DTmin), (2) construct a temperature interval diagram, (3) construct a cascade diagram
and determine the minimum utility requirements and the pinch temperature, (4) calculate
the minimum number of heat exchangers above and below the pinch and (5) construct

the heat exchanger network.

The emphasis of this work has been on the designing of the HEN. However, to
demonstrate the practical implications of pinch analysis, DTmin and the heat exchanger
costs, it 1s necessary to estimate the heat transfer area of the HEN, which will help in
arriving at the total cost including capital and running costs of the designed HEN. The

effect of changing the DTmin gave a good indication on the overall costs.
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ABSTRAK

Industri pemprosesan kimia atau penapisan minyak banyak menggunakan tenaga
dalam rutin harian mereka. Maka industri-industri sebegini perlu mencari alternatif
untuk memaksimumkan penggunaan tenaga dan memastikan sistem yang digunakan
adalah efisyen melalui pengurangan dalam penggunaan tenaga, air dan juga bahan
mentah. Haba buangan daripada proses yang dijalankan boleh dikitar dan diguna semula
untuk digunakan di dalam proses yang lain. Jadi, bila alat penukar haba digunakan di
dalam proses yang disebutkan di atas, maka kerja di dalam tesis ini boleh digunakan

untuk mengurangkan penggunaan kos untuk industri tersebut.

Tesis ini mempersembahkan jalan keja untuk merekabentuk ‘Rangkaian
Penukar Haba’. Hasilnya, kawasan yang diperlukan untuk membina alat-alat penukar
haba ini boleh dikira, begitu juga bilangan unit yang diperlukan dan bebanan yang
dikenakan kepada alat penukar haba boleh dianggarkan. Rangkaian yang diusulkan ini
menggunakan kaedah yang dikenali sebagai Kaedah Pinch. Kaedah ini merupakan
kaedah yang paling praktikal dan digunakan untuk meningkatkan penggunaan tenaga, air
dan bahan mentah secara efisyen. Kaedah ini mengenalpasti tenaga yang boleh dialirkan
dart buangan kepada proses yang berguna dan seterusnya dapat memaksimumkan
penggunaan tenaga. Kaedah ini mengandungi lima langkah yang perlu ditkuti: (1) pilih
suhu rendah yang dibenarkan, (2) bina diagram jarak-suhu, (3) bina diagram Cascade
dan tentukan keperluan tenaga minimum, (4) kira bilangan alat penukar haba yang

diperlukan dan (5) bina rangkaian alat penukar haba.

Objektif utama tesis ini adalah merekabentuk rangkaian alat penukar haba,
namun sebagai pelengkap kepada keperluan ekonomi, tesis ini turut mendemonstrasi
kesan daripada penggunaan kaedah pinch ini dengan suhu minimum yang dipilih dan
juga kos untuk membina rangkaian alat penukar haba. Kos-kos ini termasuk kos untuk

membina kawasan, kos pembuatan alat penukar haba dan lain-lain. Kos ini disebut
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sebagai kos utama yang melibatkan kos permulaan untuk memulakan operasi. Manakala
kos tahunan atau kos yang perlu ditanggung sepanjang industri in1 menjalankan operasi
mereka termasuk kos untuk membeli tenaga, minyak, air dan lain-lain. Dengan menukar
nilai suhu minimum yang dipilih di dalam langkah (1), kos-kos yang disebutkan akan

berubah dan di sini akan wujud titik optimum yang boleh diaplikasi oleh pihak industri.
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CHAPTER I

INTRODUCTION

The transfer of thermal energy is one of the most important and frequently
used processes in engineering, The transfer of heat is usually accomplished by a heat
exchanger. As a heat transfer device, it is the function of a heat exchanger to transfer
heat as efficiently as possible. This makes it the uitimate device of choice, for
instance, when it comes to saving energy by recovering wasted heat and making it
useful again. When there is a waste of energy or a hot stream that is not recovered, a
pre-heater or recuperator can convert that hot stream into a useful source of heat in

other applications.

When designing heat exchangers and other unit operations, limits exist that
constrain the design. These limitations are imposed by the first and second laws of
thermodynamics. In heat exchangers, a close approach between hot and cold streams
requires a large heat transfer area. Whenever the driving force for heat exchange is
small, the equipment needed for transfer becomes large and it is said that the design
has a “pinch”. When considering systems of many heat exchangers, it is called a heat
exchanger network (HEN). There will exist somewhere in the system a point where
the driving force for energy exchange is minimum. This represents a pinch or pinch
point. The successful design of these networks involves discovering where the pinch
exists and using this information at the pinch point to design the whole network. This

design process is called pinch technology.



The HEN synthesis has been one of the most well studied in process synthesis
during the last three decades and has been widely applied, especially in the
petroleum refining and petrochemical industry. To illustrate the role of HEN in the
overall process design, consider the “onion diagram” (Linhoff et. al., 1982) as shown
below. The design of a process starts with the reactors in the “core” of the onion.
Once feeds, products, recycle concentrations and flowrates are known, the separators
(the second layer of the onion) can be designed. The basic process heat and material
balance is now in place, and the HEN (the third layer) can be designed. The
remaining heating and cooling duties are handled by the utility system (the fourth
layer). The process utility system may be a part of a centralised sitewide utility

system.

The hezt and material balance
is at this boundary
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Figure 1.1: Onion Diagram of Hierarchy in Process Design

The pinch analysis starts with heat and material balances for the process.
Using pinch technology, it is possible to identify appropriate changes in the core
process conditions that can have an impact on energy savings (onion layers one and

two). After the heat and material balance is established, targets for energy saving can



be set prior to the design of the heat exchanger network. The pinch design method

ensures that these targets are achieved during the network design.

Process integration using pinch technology offers a chronicle approach to
generate targets for minimum energy consumption before heat recovery network
design. Heat recovery and utility system constraints are then considered in the design
of the core process. Interactions between the heat recovery and utility system are also
considered. The pinch design can reveal opportunities to modify the core process to
improve heat integration. The pinch approach is unique because it treats all processes
with multiple streams as a single, integrated system. This method helps to optimize

the heat transfer equipment during the design of the equipment.

1.1  Background of the Problem

As the heat exchanger consumes energy vastly, it is vital to find a method to
improve the use of energy and reduce capital and utilities cost. Finding ways to
reduce and conserving energy are always a smart way to cut cost. Reduced energy
usage is a big selling point for end users. If the functionality of a product is similar to
the competition, benefits like energy usage win customers. The benefit of reduced
usage cost over time allows manufacturers to charge a higher premium while saving

the customer money in the long run.

Excessive energy consumption by using hot and cold utilities influences the
global cost of industrial processes. The supply and removal of heat in a modern oil
refinery process plant represents an important problem in the process design of the
plant. The cost of facilities to accomplish the desired heat exchange between the hot
and cold media may cost up to one third of the total cost of the plant. To meet the
goal of maximum energy recovery or minimum energy requirement (MER) an

appropriate HEN is required. The design of such a network is not an easy task



considering the fact that most processes involve a huge number of process and utility

streams.

For this reason, one of the major worries of the designer has been the
reduction of utilities consumption, as well as the reduction of fixed cost in the
equipment. Thus, a lot of research work has been carried out to find the optimum
configuration of a HEN both in terms of total cost and operability. The major
challenge within HEN synthesis problem is to identify the best pair of process
streams to be connected with the heat exchangers, so as to minimize the energy

utilization.

The designing of HEN to be addressed in this thesis can be stated as follows:
A set of hot streams to be cooled and cold streams to be heated are given which
include multiperiod stream data with inlet and outlet stream temperatures, heat
capacity flow rates and heat transfer coefficients. The objective then is, within the
range of the operating conditions, to determine the HEN for energy recovery between
the given set of hot and cold streams, so that the heat exchanger areas can be
estimated. Hence, the annualized cost of the equipment plus the annual cost of
utilities can be minimized. Lastly, a set of heat exchanger designs which may consist

of process-to-process heat exchanger and utilities heat exchanger will be proposed.

1.2 Objectives

1) To design the HEN using Pinch Method.

2) To examine the effect of using three different values of minimum
temperature approach (DTmin).

3) To demonstrate the practical implications of pinch analysis, DTmin
and heat exchanger cost.

4) To propose the heat exchanger type and design.



1.3  Scope of Work

This project will be limited to these areas,

1) The design will be based on previous published data extracted from
practical examples.

2) The data taken will be altered to make it more realistic and applicable
to Malaysia’s environment.

3) The project will synthesize HEN based on the pinch method analysis.

4) The designed HEN is only one of the numerous examples of the
design which might be generated using the same method.

5) Many a priori assumptions have been made to accommodate the

process of designing.

1.4  The Importance of the Research

This work is about presenting the importance of application pinch analysis in
process industry. Pinch analysis has evolved and its technique has been perfected.
Significant examples of pinch analysis utilization is in designing HEN in process
industry are those which may lead to energy saving, debottlenecking of the critical
areas in a given process, minimization of raw material used, waste minimization,
minimizing operating cost, minimizing capital investment and minimizing

engineering cost and effort.

While pinch technology experience is important to the success of a project.
There are several other factors that make the difference between saving money and
having just another interesting study such as process understanding or knowledge of
process improvement and familiarity to the oil and gas environment. Furthermore,
this research has benefited the author in designing heat exchangers in the real process

industry.
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APPENDIX B

Tube Outside Tube Pitch [in. Layout F,

Diameter [in. (mm)] (mm)]

5/8 (15.88) 13/16 (20.6) - 0.90
5/8 (15.88) 13/16 (20.6) —0. [ 1.04
% (19.05) 15/16 (23.8) - X7 1.00
% (19.05) 15/16 (23.8) 0.7 1.16
% (19.05) 1 (25.4) - 7 1.14
% (19.05) 1(25.4) —0. ] 1.31
1 (25.4) 1Y (31.8) — <7 1.34
1 (25.4) 1% (31.8) —0. 7 1.54

Values of F; for Various Tube Diameters and Layouts



APPENDIX C

Inside Shell Diameter F for Number of Tube-Side passes
[in. (mm)]

2 4 6 8
Up to 12 (305) 1.20 1.40 1.80 ;
13 Vato 17 ¥4 (337 to 1.06 1.18 1.25 1.50
438)
19 Yato 23 ¥4 (489 to 1.04 1.14 1.19 1.35
591)
25 t0 33 (635 to 838) 1.03 1.12 1.16 1.20
351045 (889 to 1143) 1.02 1.08 1.12 1.16
48 t0 60 (1219 to 1524) 1.02 1.05 1.08 1.12
Above 60 (above 1524) 1.01 1.03 1.04 1.06

Values of F; for Various Numbers of Tube-Passes
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APPENBIX D
Type of Tube Fs for Inside Shell Diameter [in. (mm)]
Bundle Upto 12 13-22 23-36 37-48 Above 48
Construction (305) (330-559)  (584-914)  (940-1219) (above
1219)

Fixed tubesheet 1.00 1.00 1.00 1.00 1.00
(TEMAL,Mor
N)
Split backing ring 1.30 1.15 1.09 1.06 1.04
(TEMA S)
Outside packed 1.30 1.15 1.09 1.06 1.04
floating head
(TEMA P)
U-tube® (TEMA 1.12 1.08 1.03 1.01 1.01
U)
Pull-through - 1.40 1.25 1.18 1.15
floating head
(TEMA T)

Values of F; for Various Tube Bundle Constructions
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APPENDIX E
FRACTION B pt °cNumber of carbons Uses
— »Refinery gas
14 Bottled gas, fuels
40 ~8 Fuel for cars
. »Petrol
110 ~10 Raw material for chemicals and plastics.
. »MNaptha
i 180 ~19 Fuel for Aeraplanes
= »Kerosine
250 ~20 Fuel for cars and Iorries
»Diesel
Sy 340 ~35 Fuel for Power Stations, Lubricants and grease
= M
Hot crude »E
400+ 40+ Road surfacing.

»Bitumen

It is impartant to realise that the columin is hot at the bottom and cool at the top.

The crude oil separates into fractions according to weight and boiling paoint.

The lightest fractions, including petral and liquid petroleum gas (LPG), vapourise and rise to the top of the tawer,
Kerosine (aviation fuel) and diesel oil, stay in the middle of the tower

Heavier liquids separate lower down,

The heaviest fractions with the highest boiling points settle at the very bottom.

Typical Refinery Process
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Onginal Paper of Barbaro et al. (2004)

AN MILP Model for Heat Exchanger Networks Retrofit

Andres Barbaro., Miguel Bagajewicz.?, Narumon Vipanurat®, Kitipat Siemanond®

? The Petroleum and Petrochemical College, Chulalongkorn University, Bangkok

10330, Thailand. E-mail:kitipat.s@chula.ac.th

® University of Oklahoma, 100 E. Boyd St., T-335, Norman, OK 73019, USA.

E-mail:bagajewicz@ou.edu

This paper addresses the problem of automatically determining the optimal economic
retrofit of heat exchanger networks. It is a rigorous MILP (Mixed Integer Linear
Programming ) approach that considers rearrangement of the existing heat exchanger
units, heat transfer area addition and new exchanger installation. We illustrate the
method using a crude fractionation unit and we also compare this technique to one
existing retrofit approach.

KEYWORDS

Retrofit, Heat Exchanger Networks, Mixed Integer Linear Programming

1. INTRODUCTION

This paper is based on a recently accepted paper for grassroots HEN design. The
method consists of a rigorous MILP strategy that is based on a
transportation/transshipment strategy. This strategy can handle stream splits and non-
isothermal mixing rigorously, without any approximations.

For the case of retrofit, we have added constraints that are able to handle the fact that
there is an existing network. The proposed retrofit method as well as the previous
HENS design procedure is able to solve complex systems. This is illustrated through 2
application examples.

2. OUTLINE APPROACH FOR RETROFIT

The MILP model is based on the transportation-transshipment paradigm which has the
following features:

-]

Counts heat exchangers units and shells

Determines the area required for cach exchanger unit or shell
Controls the total number of units

Determines the flow rates in splits

Handles non-isothermal mixing

Identifies bypasses in split situations when convenient
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o Controls the temperature approximation (AT ,,) When desired
o Can address areas or temperature zones
e Allows multiple matches between two streams

The model considers a consecutive series of heat exchangers. Heat transter is accounted
using the cumulative heat transferred from intervals up to a specitic interval 10 other
counterpart intervals. The key of the model and what dilferentiates it from other
transport/transshipment models is the flow rate consistency cquations that allow
tracking flows in splits. For retrofit situations. the MILP model is extended by adding
constraints as follows: )

. 20 20 :N
A5 SA; +M7 + 45 ()
.0 0
‘—\’4:; < AA:‘;‘ max (2)
Uj SUJ ma 3
W N . ,0)
Ay S Uy -Uj (-H)

. . . _'_'0 . )
where Agf is the new area of an exchanger between streams 1 and j. Ar/ its orinignal
20 T4l Tt =Y :
area, AAU‘ the additional area to the existing shell. AAU the new arca in new shells.

nd "O .. ~ . .
and U']‘. and Uij‘. the new and original number of shells. respectively. Maximum

2 : .
values (A47,. and UJ ... ) are also used. When original values are zcro. then a new

match 1s added.

The objective function for the retrofit heat exchanger network structure is the total
annualized cost which consisted of utility cost, additional area cost and fixed cost lor
new exchanger installation. All terms of the hot and cold utility cost are the same as in
the grassroots design model, but the retrofit programming model has complicated
functions for the area cost. In the following. the objective function for the proposed
retrofit approach is expressed.

H o H - c
M Cost=%¥ ¥ S c/FFAT,+ S T % SFAT,+T S
ZisHUE peCt z 2 CUT e l?
(kP ()= F

yu 0 A
+X T Teg A el A [ EE
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()P G F
te)zs s

Especial constraints are added when more than onc exchanger between two streams is
allowed. We omit these and coneentrate more in showing results.



3. EXAMPLES

In this section, two ¢xamples are solved to illustrate the rigorous MILP method. The
optimization model was constructed in GAMS and run in a PC with a 24 GIEz
processor and 1 Gb of ram memory.

Example 1

Exampie 1 is the retrofit problem of crude distillation unit that composed of 18 strecams
and 18 existing exchangers. Streams propertics are shown in Table 1 and Table 2 while
the results of retrofit network are given in Table 3 and 4. Cost comparisons are given in
Table 5. The retrofit solution achicves 24.06% annual cost savings with two new
exchanger units and three shells addition. The original and retrofit networks are shown
in Figure 1 and Figure 2.

We report a solution that consumes 9577.781 scc. to reach 0.00% Gap. The original and
retrofit networks are shown in Figure 1 and Figure 2. If solution time is an issue one can
use scveral other solutions with smaller gap. One in particular has 20.8% annual cost
savings with also two new exchanger units and three ncw shells that is obtained in
1001.062 seconds.

Table 1 Stream properties for Examplel

Stream  F Cp Tin  Tout h Table 2 Cost data for Examplel
Ton/hr  Ki/ke-C C [of MJ/h-m2-C
11 1551 3161 3194 2441 1653
2 5695 4325 7324 30 18211 Utilites Cost SAMIr-yr)
2] 151.2 293 2635 1802 4 894 1 1975
17 9181 2262 7324 40 4605 nz 37222
3 2512 3111 3473 2027 321 1 ' 561
2573 2027 45 2278
I5 2603 3041 45 2032 4674 15 -6.494
2689 2032 110 3952 16 -12.747
16 86.14 2.831 110 147.3 4.835 Heat Exchanger Cost 5291 9+77.788A  SAT
2442 1473 S0 38
18 6399 2854 50 176 5023
2606 176 120 1846
192391 2595 1671 1161 4995 Table 3 Model statistics for Examplel
2372 1161 6955 4.88
N0 1338 6074 1467 126.7 1.807 Modd Statistics
4745 1267 9994 3373 - -
9464 9994 7324  6.878 Single Variables 3024
n 519 2314 30 1081 1.858 Discrete Variables 459
2.645 1081 2113 2.356 - .
334 2113 2322 2212 Single Bquations 3930
12 496.4 354 2322 3433 2.835 Nan Zero Hements 29046
J3 96.87 13.076 2262 2287 11.971 Time to reach a feasible solution 9577.781 sec
15.808 2287 2318 11075 ) )
m 250 249 216 Optimality Gap 0.00%
12 1000 500 04
4 20 25 135
15 124 125 216

J6 174 175 216
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Figure 1 Original HEN for Example 1 Figure 2 Retrofit HEN for Example 1

Table 4 Resulting of retrofit heat exchanger for Example 1

HE Onginal Load RetrofitLead Original Area Retrofit Area Area Addition  Shell Addition Cost

MI/hr MJ/hr m2 m2 m2 $

1 160,311.20 155,868.90 4,303.20 392625

2 6,903.09 6,903.09 59.40 63 80 440 342,03
3 17,118.40 9,628.07 33.40 21.53

4 658.00 6,560.99 230 16 63 1433 YES 6,406.84
5 2,554.70 0.02 26.30 28.93 2.63 204.58
6 2,410.70 9,902.58 24 60 398.53 373.93 YES 34,379.01
7 1,065.04 1,065 04 550 587 037 2870

8 45,024.40 6,012.97 145.00 14166

9 100,642.70 63,561.25 1,212.70 96201

10 4,473 60 4,045 64 93 70 9370

11 54,618.70 59,060.59 68570 1,239 90 554.20 YES 48,402.09
12 6,293 .80 3,37345 40 00 4400 400 31115
13 58,044.30 58,042.28 183.30 182.39

14 36,903.20 36,903.23 101.60 101.47

15 36,917.40 0 93.90 0

16 67,053.08 67,053 08 278 10 288.97 10.87 845.32
17 791377 791377 53 50 52.24

18 136,138.80 95,207 49 976 40 709.00

19 36,917 41 727.96 6191853
20 38,981.58 65193 56,004.54

8,318.60 9,556 76 14.88% 3 208,842.80

Table 5 Annual cost comparison between original and retrofit network

Cost Existing Retrofit
Syr
Total utility cost 6,865,616.51 5,004,800.230
Total fixed and area cost - 208,842.80
Totat cost 6,865,616.51 5,213,643.031

Cost saving 24.06%




89

Example 2

We now compare our method with Hypertargets (Briones and Kokossis, 1999). Table 6
shows the stream and cost data for crude distillation unit which consisted of 12 streams
and 11 existing units. Figure 3 shows the original network and Figure 4 shows the
retrofit structure generated by our MILP strategy. Hypertargets established two retrofit
designs (B1 and B2) with the same utility cost and one new unit in each case. They are
shown in Figure 5 and 6. Our MILP approach suggests using two new smaller
exchangers and more utility. The results are shown in Tables 7 and 8 and the total
annual cost in Table 9. The retrofit has a 4.17% saving over the original structure.

Table 6 Stream and cost data for Example 2

Stream FCp Tin Tout
kwiC c c KWim2-C Table 7 Model statistics for Example 2
11 470.00 140.00 40.00 08
2 825.00 160.00 120.00 [\RY Model Statistics
3 4242 210.00 45.00 08 Single Vanables 3120
4 100.00 260.00 60.00 08 Discrete Vanables 382
5 357.14 280.00 210.00 08 Smngle Equations 6347
I6 50.00 350.00 170.00 08 Non Zero Elements 23949
7 136.36 380.00 160.00 08 Time to reach a feasible solution att 4l sec
n 826.09 270.00 385.00 08 Optimality Gap 0.00%
J2 500.00 130.00 270.00 08
iK} 363.64 20.00 130.00 08
1B 500.00 499.00 08
J4 20.00 40.00 08
Note: Exchanger cost=300xArea; stream cost=605/kW yr.
coaling water cost=58/kW yr
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Figure 3 Original HEN for Example 2

Figure 4 Retrofit HEN for Examplc 2
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Figure 5 Hypertarget retrofit designs Bl

Figure 6 Hypertarget retrofit designs B2
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Table 8 Resulting of retrofit heat exchanger network for Example?

HE Ornginal Load Retrofit Load  Original Area  Retrofit Area  Area addition  Sheli Addition Cost
Mihr MI/hr m2 m2 m2 I

1 47,000.00 47,000.00 2,363.86 2,402.06 38.198

2 33,000.00 33,000.00 1,609.62 1,613.93 4310 YES 1.293 106
3 7,000.00 7,000.00 230.69 242.32 11.628 YES 3.488 165
4 10,200.00 8,711.41 692.14 692.14

5 9,800.00 11,287.49 339.80 366.26 26.457

6 25000.00 25,000.00 1,226.76 1,286 34 59.581 YES 17.874 203
7 9,000.00 9,000.00 224.92 396.58 171.669 YES 51,500 690
8 20,800.00 20,813.59 1,211.00 1,211.00

9 9,200.00 1,127.37 141.47 20.48

10 95,000.00 86,942.11 1,434.98 1.344.35

11 5,000.00 6,475.20 5331 66.93 13.617

12 1.10 0.05 NEW 15300
13 8,058.24 298.33 NEW 89,499 000

9,528.54 6.940.77 4.33% 4 163.670 763

Table 9 Annual cost comparison between Hypertargets and MILP algorithm

Cost Fxasting Hyperarget Bl Hypertarget B2 MILP
$hyr $Shyr $AT AT
Total utility cost 6,330,000 5,607,200 5,607,200 5902113
Total fixed and area cost 531,900 576,720 163,671
Totat cost 6,330,000 6,139,100 6,183,920 6,065,784
MILP more saving ($y1) 264,216 73,316 118136
4.17% 1.19% 191%
4. CONCLUSION

A new MILP formulation for the retrofit of heat exchanger networks, which takes into
account the retrofit options involving modification of the existing structure and new
exchanger placement, was presented. The model is very robust and capable of handling
rigorously large networks such as those of crude distillation units.
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