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BACKGROUb'D 

-· One of the premier goals of Subprogramme 2.1 of ICS-UNIDO, which specifically 
deals with decision support systems issues, is the transfer of knowledge on decision support 
systems towards developing countries. In this area the Subprogramme acts as a "knowledge 
collection centre" to gain expertise on general issues typical of the area such as process 
simulation, decision support systems and geographical information systems and to acquire 
skills in using the relevant informatics tools which implement the general ideas. The 
Subprogramme promotes the development of participatory initiatives in the field of 
monitoring systems, risk analysis and assessment, and the effective transfer of technology 
in response to environmental problems caused by industrial activities . 

..t.l \ ~ • In the specific area of Process Simulation and Optimization Techniques, the topic 11'1 ~een presented and illustrated by specialists in a series of meetings and specialised 
workshops in 1998 and 1999. These included: an Expert Group Meeting on Modelling in 
Chemistry and Chemical Industry held in Trieste, Italy from 14-16 October 1998, a 
Workshop on Industry and Environmental Management held in Hanoi, Vietnam from 19-24 
October 1998, a \Vorkshop on Industrial Pollution Assessment and Prevention in 
Mediterranean Coastal Areas held in Izmir, Turkey from 18-20 November 1998, and a 
Consultation \Vorkshop on the Preparation of Didactic Material for Integrated Coastal Area 
~fanagement held in Trieste, Italy from 10-12 March 1999. On top of these activities, two 
specific Training Courses on Process Simulation and Optimization Techniques have been 
carried out in Trieste, Italy, focusing on Sustainable Industrial Development (21-23 July 
1999) and on Essential Oil Extraction (12-19 October 1999). Both Training Courses 
presented the state of the art in process simulation and optimization techniques, as well as 
in control system, dynamic simulation and included case studies, exercises and hands-on 
sessions. In March 2000 JCS organized the first training course on process simulation 
directly in one of the developing country. The training course organized in Montevideo 
followed the same structure of lectures and exercises and hands on computers hardware and 
software: the training course organized abroad is particularly important for the mission of 
ICS-IB\WO on one side, but it is very difficult to organize because of the necessity of 
setting up the necessary environment far from the Trieste laboratories. 

During this "evangelisation" activity, an issue which was highlighted as a major 
problem in this area was the lack of adequately trained personnel in the technical 
communities and a lack of knowledge of the possibilities of process simulation and 
optimisation techniques in the decision making environments. In recognizing the urgent 
need for developing human resource capabilities, ICS-UNIDO is giving much importance 
to the training-of-trainers in the field of process simulation and optimisation techniques, 
with particular attention to the role of such topics within the framework of sustainable 
industrial development. 

Well-trained personnel would be an invaluable asset to environmental and planning 
agencies, which deal with complex environmental issues and problems, as well as the 
protection and conservation of the environment on a daily basis. Such interdisciplinary 
knowledge would also bring a better appreciation and understanding of the magnitude of 
the potential risks involved. 
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JUSTIFICATION 

In the Third Millennium, "mstainability" is increasingly becoming a key social, 
political, scientific and engineering issue. Indeed, there are increasing signs that 
sustainability will become a major new paradigm influencing the society of tomorrow and 
the engineering it requires. With their knowledge of chemistry and physics, mass and 
energy flows, and process technology, chemical engineers are in a pre-eminent position to 
play a major role in implementing sustainable development. This role is wide. 
Traditionally, it concerns the design and operation of chemical process plants. Nowadays, it 
also concerns ethical and rational public policy involving science and technology. 

The sustainable development can very simply be defined as a process in which one 
tries not to take more from nature than nature can replenish. It can be obtained without 
sacrificing the numerous benefits that modern technology has brought, provided that 
technology respects the imposed constraints. Engineers are asked to do this by designing 
new processes and/or by modifying existing processes aiming at using renewable resources 
and producing by products that can be returned to the earth . 

Decision support systems are a set of decision-making tools that are designed to 
help decision-makers to take appropriate steps in the development of new ideas and new 
concepts. A complete decision support system is made up by different components, the 
most important being the experitmce and the knowledge. Informatic tools, such as 
Geographical Information Systems, modelling tools and optimization techniques are of 
great help in the process of establishing a knowledge base for the decision makers. 

Process Simulation can play a dramatically important role in the decision support 
system in the framework of sustainable development by allowing engineers to perform 
process screening and a priori analy;is on the feasibility of a given industrial plan as well as 
performing simulation of performances of waste water treatment and air pollution control. 
Integration of three fundamenta:. topics: (i) steady state process simulation, (ii) 
environmental simulation, and (iii) process control can give, within the framework of the 
sustainable development theory, a solution for a decision-making system in developed and 
developing countries. 

For these reasons, there exists the urgent need to transfer consciousness and 
familiarity with informatic tools a.nd techniques implementing the three general topics 
mentioned above. In this respect, ICS-UNIDO organized a Training Course, covering 
various aspects of process simula1:ion and optimization techniques following the same 
structure of the Training Course of Montevideo (March 2000) and adjusting some topics 
and case studies to the specific geographical area of interest. 

OBJECTIVES 

• To set-up a training course considering process simulation within the framework of 
sustainable industrial development, to be used during the present course, and to be 
considered for the development of training courses to be made available to 
developing countries; 
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• To present the necessary background and basic principles necessary to understand 
and use the informatic tools implementing process simulations, process control and 
optimisation techniques; 

• To describe and teach "how to use" specific programs by means of demo and hands­
on sessions; 

• To explain how to tackle a simulation problem by showing the sequential steps to 
be considered in the development of a simulation and optimization strategy; 

• Participants will gain perspective and insight into the potential applications of 
simulation and optimization techniques, as well as experience in the use of specific 
computer tools that are currently available. 

OUTPUTS 

• Training material in the form of Power Point slides to be used as rough material for 
training modules and to be distributed "as is" to the participants; 

• A training course structure on Process simulation and optimization techniques; 
• A set of examples of application of the topic discussed in the course to be 

distributed to the participants. 

STRUCTURE OF THE COURSE 

• The Training Course was held at the Laboratoire d' Analise et de Synthese des 
Precedes Industriels (LASPI), Ecole Mohammadia d'Ingenieurs, Universite 
Mohammed V, Rabat, Morocco. 

• The Training Course was organized in morning sessions in which theoretical and 
basic subjects were presented in form of formal lectures. Each afternoon (excluded 
the first day of the course) an electronic workshop session was held in which 
participants practiced on fundamental techniques for solving on-the-job problems. 
Some of the afternoon session were devoted to working in small groups on the 
solution of case study problems using the computing facilities. LASPI provided a 
suitable room, as well as 12 networked personal computers, printer, projector and 
other equipment for the practical part of the Training Course. 

• All the activities were organized under the responsibility of the Programme Officer 
of the Area of Earth, Environmental and Marine Sciences and Technologies, Mr. G. 
Longo and the TC was carried out according to the attached programme. 

CONCLUSIONS AND RECOMMENDATIONS 

The training course was directed to technologists, planners and decision-makers 
working in close contact with industry, particularly engineers, scientists and managers 
interested in the state-of-the-art applications of computer-based techniques for modelling 
chemical process. The pre-requisites included a working knowledge of chemical 
engineering and/or experience in the process industry and a familiarity with the use of 
computers to solve engineering problems. 
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The final selection was made under the responsibility of ICS Programme Officer 
and LASPI representative, and in ac::ordance with the objectives of the training course and 
the profile of the candidates. Twenty participants from: Algeria, Cameroon, ~gypt, 
Ethiopia, Kuwait, Nigeria, Sudan, Tunisia and Morocco attended the training course. 

At the end of the training course, the most important messages to the participants to 
carry home were the following: 

• Informatic tools may be useful in the chemical process simulation environment; 

• Sustainable industrial development can be obtained by combining Process 
simulation, Environmental simulation and Process control; 

• Process simulation is a simple tool to be used by trained people with 
engineering knowledge; 

• Process simulation is a tool that does not interpret results: the presence of a 
trained engineer is esseni:ial; 

• It is possible and desirable to apply process simulation in the entire life cycle of 
the plant. 

In order to have an opinion on the training course by the participants, an evaluation 
questionnaire was distributed. Some of the comments are reported here below and in 
addition some statistics were prepared and attached to this report. As a general 
consideration, the hands-on part was found by all of them the most useful. 

Lt/MEDIATE FOLLOW-UP 
• Setting up of a Web site containing all the training course material. 
• Setting up of a mailing list of the participants of the training course to facilitate 

contacts among them. 

LIST OF ANNEXES 

• Aide-Memoire 
• List of participants 
• Statistics 
• Presentation by lecturers 
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UNIVERSITE MOHAMMED V 

ECOLE MOHAMMADIA D'INGENIEURS 

Financial statement 

The budget of the training course i!; based on the participation of 20 foreign candidates, of 
which 6 from Morocco, and of 2 European lecturers. 

The summary is as follows: 

1. Air tickets 
Foreign participants from: Algeria, Cameroon, Egypt, 
Ethiopia, Kuwait, Nigeria, Sudan, Tunisia 
2 European lecturers 

2. DSA 
16 participants x 7 nights 
2 international lecturers x 7 nights 

3. Fees for 2 international lecturers 

4. Rent of 1 LCD projector 
7 days x 200 US$ 

Subtotal 

7. Rent of3 PC machines and 10 SDRAM 64 MO 

8. Stationery 
25 folders, 25 badges, 25 pens and 25 notebooks 

Photocopies of Training Course documentation 

9. Local transportation 
5 days x 100 US$ 

11. Communication facilities (mail, fax and phone) 

Total 

Amount in US$ 

11,797 

13,511 
2,000 

15,511 
2,000 

1,400 

1,200 

327 

322 

568 

475 

33,604 

Univ.,•''''' ~\~·· : ·. AC · • 
EoA ·,, ,,; \} ·ecc•· · ·. 

Lo c;,-, '., ·, ::· 
v::.'"§AL:~·) ,- .. ,.- . .'·.,·~1 ,; 

-------------- Avenue lbn Sina ~ 765 - Rabat - Agdal 
~ : 77.05.98 77.19.05/06 77.26.47 

Fax : 77.88.53 
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BACKGROUND 

One of the premier goals of Subprogramme 2.1 of ICS-~WO, which 
specifically deals with decision support systems issues, is the distribution of knowledge 
on decision support systems towards developing countries. In this area, the 
Subprogramme acts as a "knowledge collection centre" to gain expertise on general 
issues typical of the area such as process simulators, decision support systems and 
geographical information systems, and to acquire skills in using the relevant informatics 
tools which implement the general ideas. The Subprogramme also acts as a prime 
mover to facilitate the development of participatory initiatives, as well as direct action 
in the field of monitoring systems, risk analysis and assessment, and the effective 
transfer of technology in response to environmental problems caused by industrial 
activities. 

In the specific area of Process Simulation and Optimization Techniques, the 
topic has been presented and illustrated by specialists in a series of meetings and 
specialized workshops in 1998 and 1999. On top of these activities, two specific 
training courses on process simulation and optimization techniques have been given in 
Trieste focusing on Sustainable industrial development (21-23 July, 1999), and on 
Essential oils extraction (12-19 October, 1999). Both training courses presented the 
state of the art in process simulation and optimization techniques, as well as in control 
systems, dynamic simulation, and included case studies, exercises and hands-on 
sessions. The experience gained during this activity together with the suggestions 
received from the participants advised us to organize locally the training courses 
providing lectures and process simulation laboratory directly in the hosting country. The 
first experiment has been done in South America (Montevideo, Uruguay) in March 
2000 and it has been very successful. The present activity continues on this line and 
brings the course on "process simulation and sustainable development" to .Nlorocco. 

During this "evangelization" activity, an issue which was highlighted as a major 
problem in this area is the lack of adequately trained personnel in the technical 
communities and a lack of knowledge of the possibilities of process simulation and 
optimization techniques in the decision-making environments. In developing countries, 
it is often the case that professional personnel, notwithstanding they are already thinly 
spread, are occasionally expected to perform functions beyond their technical remit. In 
recognizing the urgent need for developing human resource capabilities, ICS-UNIDO is 
attaching much importance to the training-of-trainers in the field of process simulation 
and optimization techniques, with particular attention to the role of such topics within 
the framework of sustainable industrial development. 

\Veil-trained personnel would be an invaluable asset to environmental and 
planning agencies, which deal with complex environmental issues and problems, as well 
as the protection and conservation of the environment on a daily basis. Such 
interdisciplinary knowledge would also bring about a better appreciation and 
understanding of the magnitude of the potential risks involved. 

JUSTIFICATION 

In the Third Millennium "sustainability" is increasingly becoming a key social, 
political, scientific and engineering issue. Indeed, there are increasing signs that 
sustainability will become a major new paradigm influencing the society of tomorrow 
and the engineering it requires. With their knowledge of chemistry and physics, mass 
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and energy flows, and process technology, chemical engineers are in a pre-eminent 
position to play a major role in implementing sustainable development. This role is 
wide. Traditionally, it concerns the design and operation of chemical process plants. 
Nowadays, it also concerns ethical and rational public policy involving science and 
technology. 

The sustainable development, which can very simply be defined as a process in 
which one tries not to take more from nature than nature can replenish, can be obtained 
without sacrificing the many benefits that modern technology has brought. The only 
problem is that technology respects the imposed constraints. Engineers are asked to do 
this by designing new processes and/or by modifying existing processes aiming at using 
renewable resources and producing by products that can be returned to the earth. 

Decision support system is a set of decision-making tools that are designed to 
help decision-makers to take appropriate steps in the development of new ideas and new 
concepts. A complete decision support system is made up by different components, the 
most important being the experience and the knowledge. Informatics tools, such as 
geographical information system5., optimization techniques and modeling tools are of 
great help in the process of establishing a knowledge base for the decision-makers . 

Process simulation and Optimization Techniques can play a dramatically 
important role in the decision support system in the framework of sustainable 
development by allowing engineers to perform process screening and a priori analysis 
on the feasibility of a given industrial plant, as well as performing simulation of 
performances of waste water treatment and air pollution -control. Integration of three 
fundamental topics (i) steady state process simulation, (ii) environmental simulation and 
(iii) process control can give, in the framework of the sustainable development theory, a 
solution for a decision making system in developed and developing countries. 

For these reasons, there exists the urgent need to transfer consciousness and 
familiarity with informatics tools and techniques implementing the three general topics 
mentioned above. In this respect ICS-UNIDO shall be organizing a Training Course, 
covering various aspects of process simulation and optimization techniques . 

OBJECTIVES 

• 

• 

• 

• 

• 

To set-up a training course considering process simulation within the framework of 
sustainable industrial development, to be used during the present course, and to be 
considered for the development of training courses to be made available to 
developing countries; 
To present the necessary background and basic principles necessary to understand 
and use the informatics tools implementing process simulations, process control and 
optimization techniques; 
To describe and teach "how to use" specific programs by means of demo and 
"hands-on" sessions; 
To explain how to tackle a simulation problem by showing the sequential steps to be 
considered in the development of a simulation and optimization strategy; 
Participants will gain perspective and insight into the potential applications of 
simulation and optimization techniques, as well as experience in the use of specific 
computer tools that are currently available. 
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OUTPUTS 

• Training material in the form of Power Point slides to be used as rough material for 
training modules and to be distributed "as is" to the participants. · 

• A set of examples of application of the topics discussed in the course to be 
distributed to the participants. 

STRUCTURE OF mE COURSE 

The Training Course is organized in morning sessions in which theoretical and 
basic subjects will be presented in form of formal lectures. Each afternoon (excluded 
the first day of the course) an electronic workshop session will be held in which 
participants will practice on fundamental techniques for solving on-the-job problems. 
Some of the afternoon sessions will be devoted to working in small groups on the 
solution of case study problems using the computing facilities. 

PARTICIPATION 

The Training Course is directed to technologists, planners and decision-makers 
who are working in close contact with industry, particularly engineers, scientists and 
managers interested in state-of-the-art applications of computer-based techniques for 
modeling chemical process. 

The prerequisites include a working knowledge of chemical engineering and/or 
experience in the process industry and a familiarity with the use of the computer to 
solve engineering problems. 

TENTATIVE PROGRA.kfjWE 

During the course the following topics will be covered: 

o Sustainable industrial development and industrial ecology 
o Process simulation fundamentals and techniques 
o Environmental applications of process simulation 
o Thermodynamic modeling: data banks, physical property determination, phase 

equilibria models 
o Steady state process simulation: user environment 
o Single stage unit operations 
o Steady state process simulation: process with reaction 
o Steady state process simulation: complex unit operations: distillation, 

crystallization, reaction 
o Steady state process simulation: application to simple processes 
o Optimization techniques 
o Fundamental of Process Dynamics and Control 
o Case studies 

DOCUMENTATION 

The documents available for the course shall be: 

o Aide-Memoire 
o Programme and list of participants 
o Power Point slides (hardcopy) of all lectures and examples 
o Any other relevant documentation 
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LANGUAGE 

The Training Course will be conduc!.ed in English; no translation facilities will be 
available. · 

Tl1ME AND VENUE 

The Training Course will be held at the Laboratoire d' Analyse et de Synthese 
des Precedes Industriels (LASPI) from 18 to 22 September 2000. 

FINANCIAL ARRANGEMENTS FOR JCS-UN/DO FUNDED PARTICIPANTS: 

The Course is financially supported by ICS-UNIDO. Round-trip economy air­
transportation from the airport of departure will be arranged for participants invited by 
ICS-UNIDO; prepaid tickets or otherwise will be issued as necessary. Daily subsistence 
allowance (DSA) to cover board and lodging will also be provided upon arrival to 
Rabat. Hotel reservation will be made for all participants upon request. 

The participants will be required to bear the following costs: all expenses in their 
home country incidental to travel abroad, including expenses relating to passport, visa, 
and any other miscellaneous items. 

ICS-UNIDO will not assume responsibility for any of the following costs, which 
may be incurred by the participar.t while attending the Training Course: 

o compensation for salary or related allowances during the period of the meeting; 
o any costs incurred with respect to insurance, medical bills and hospitalisation fees; 
o compensation in the event of death, disability or illness; 
o loss or damage to personal property of participants while attending the Course. 

VISA ARRANGEMENTS 

Participants are requested to arrange for their visa, if one is necessary, as early 
as possible in the Moroccan Embassy in their home country. In case of difficulties, 
please advise the contact persons (details below). 

CONTACT PERSONS 

In Trieste, Italy 

For technical aspects of the TC: 

Eng. Gennaro Longo, Programme Officer, Earth, Environmental and Marine Sciences 
and Technologies, ICS-UNIDO, Area Science Park, Padriciano 99, 34012 Trieste, Italy, 
Tel.: +39-040-9228104, Fax: +39-040-9228136, E-mail: gennaro.longo@ics.trieste.it. 

For organizational aspects: 

Ms. Elisa S. de Roa, Earth, Environmental and Marine Sciences and Technologies, ICS­
UNIDO, Area Science Park, Padriciano 99, 34012 Trieste, Italy, Tel.: +39-040-
9228108, Fax: + 3 9-040-922813 6, E-mail: elisa. roa@ics.trieste.it. 
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In Rabat, Morocco 

For technical aspects: 

Prof Tijani Bounahmidi, Laboratoire d' Analyse et de Synthese des Procedes Industriels 
(LASPI), Ecole Mohammadia d'lngenieurs, Universite Mohammed V, Avenue Ibn Sina 
765, Rabat, Agdal, Morocco, Tel.: +212-7-771905/06, Fax: +212-7-778853, E-mail: 
tij ani@emi.ac. ma. 

Further details about the Training Course and travel instructions will be provided upon 
request. 
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Training Course on Sustainable Industrial Development: 
Process Simulation and Optimization Techniques 

Rabat, Morocco, 18-22 September 2000 

Llst of participants 

Ms. Widad B. Benyahia 
Center of Research and Development 
35, Avenue Youcefben Khattab Mc1hamadia 
Algiers 
Algeria 
Tel./Fax: +213-2-820452 
E-mail: urmtp@yahoo.fr 

Mr. El-Hadi Benyoussef 
Center of Research and Development 
35, Avenue YoucefBenkhattab Mchamadia 
Algiers 
Algeria 
Tel.: +213-2-538969 
Fax: +213-538222/32 
E-mail: eh.benvoussef.@voila.fr 

Mr. Samuel Noumsi 
Department of Industry 
Ministry oflndustrial and Commercial Development 
1604 Yaounde 
Cameroon 
Tel.: +237-221120 
Fax: +237-222704 

Ms. Shadia Ragheb Tewfik 
Chemical Engineering and Pilot Plant Department 
Engineering Research Division 
National Research Centre 
El Tahrir St. 
Dokki, Cairo 
Egypt 
Tel.: +20-2-3370933 I 3371433 I 3371211 E,..1. 4159 
Fax: +20-2-3370931 
E-mail: shadia r@internetegypt com, shadia76:'?ihotmail.cori1 



.\fr. Amvar G. Sarnrat 
Egyptian Environmental Affairs Agency (EEAA) 
Alexandria Regional Branch Office 
P.O. Box 3 
Mansheyet El-Olama 
21632 Alexandria 
Egypt 
Tel.: +20-3-4364477 
Fax: +20-3-4364477 

Mr. Khalid AK. Sleem 
Abu-Qir Fertilizer Co. 
Alexandria 
Egypt 
Tel.: +20-3-5621126 
Fax: +20-3-5621990 

~fr. Gebre H. T egenie 
Finchaa Sugar Factory 
5734 Addis Ababa 
Ethiopia 
Tel.: +251-1-512557 
Fax: +251-1-512911 

Mr. Khaled J. Habib 
Systems and Control Department 
Kuwait Institute for Scientific Research 
P.O. Box 24885 
13109 Safat 
Kuwait 
Tel.: +965-543239 
Fax: +965-543239 
E-mail: khaledhabib@usa.net 

Mr. Anthony U. Ogbuigwe 
Port Harcourt Refining Company Ltd. 
Port Harcourt 
Nigeria 
Tel.: +234-84-236437 
Fax: +234-84-236431 
E-mail: anpez@phca.linkserve.com 

Mr. Daniel B. Ayo 
Raw Materials Research and 
Development Council 
PMB 232 Garki 
Abuja 
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Nigeria 
Tel.: +234-9-4137424 
E-mail: nstdb@rmrdc.nig.co1t1 

Mr. Abdel Ghani A.G. Hassan 
Ministry oflndustry and Investment 
P.O. Box 2184 
Khartoum 
Sudan 
Tel.: +249-11-783098 
Fax:+249-11-777603 

Mr. Isam E. Ibrahim 
Industrial Research & Consultancy Centre 
P.O. Box 368 
Khartoum 
Sudan 
Tel.: +249-11-313 750/52 
Fax:+249-ll-313753 
E-mail: ircc<Wsudannet.net 

Mr. Hedi Bou Aoun 
CITET - Centre International des Technologies de l'Evironnement de Tunis 
Boulevard de !'Environnement 
1080 Tunis 
Tunisia 
Tel.: +216-1-772285/770998 
Fax:+216-l-772255 

1'.1r. Mohamed Benfredj 
Technical Center of Chemical Industry 
Ministry of Industry 
5 Rue El K wakbi 
1002 Tunis 
Tunisia 
Tel.: +216-1-793782 
Fax:+216-l-790694 
E-mail: ctc@planet.tn 

Mr. Nabil Ramadane 
Maroc Phospore 
Jorfel Y oudi Road 
Safi, Morocco 
Tel.: +212-4-463089 
Fax: +212-4-462403 
E-mail: n. ramadane@ocpgroup 
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Ms. Rabia Janati Idrissi 
.Ministere de l'Industrie du 
Commerce et de l'Artisanat 
Quartier Administratif 
Place Chellah 
Rabat, Morocco 
Tel.: +212-7-762297 
Fax: +212-7-660022 
E-mail: janati@mcinet.gov.ma 

Ms. Jamila Alaoui 
Ministere de l'Industrie du 
Commerce et de l'Artisanat 
Quartier Administratif 
Place Chellah 
Rabat 
Morocco 
Tel.: +212-7-762297 
Fax: +212-7-660027 
E-mail: jhonv·'fPcaramai I. com 

Prof r-.fohamed Tahiri 
Departement Genie des Procedes 
Universite Mohammed V 
Ecole Mohammadia d'Ingenieurs 
B.P. 765 Agdal, Rabat 
Morocco 
Tel.: +212-7-771905/06 
Fax: +212-7-778853 
E-mail : tahiri'a:'emi.ac.ma 

Ms. Naoual Semlali 
Departement Genie des Procedes 
Universite Mohammed V 
Ecole Mohammadia d'Ingenieurs 
B.P. 765 Agdal, Rabat 
Morocco 
Tel.: +212-7-771905/06 
Fax: +212-7-778853 
E-mail : semlali@emi.ac.ma 

Ms. Nadia Bassouri 
Groupe ONA 
Tel: 212-2-488111 
Fax : 212-2-200670 
E-mail: guergachi@managem-ona.com 
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List of lecturers 

Prof Alberto Bertucco 
Istituto di Impianti Chimici 
Universita, degli Studi di Padova 
Via Marzolo, 9 
I-35131, Padua PD, Italy 
Tel.: +39-049-8275457 
Fax: +39-049-8275461 
E-mail: bebo@uxl.unipd.it 

Prof Massimiliano Barolo 
Istituto di Impianti Chimici 
Universita' degli Studi di Padova 
Via Marzolo, 9 
I-35131, Padua PD, Italy 
Tel.: +39-049-8275473 
Fax: +39-049-8275461 
E-mail: max@polochi. cheg. uni pd. it 

From ICS: 

Eng. Gennaro Longo 
Programme Officer 
Earth, Environmental and Marine 
Sciences and Technologies 
ICS-UNIDO 
Area Science Park, Building L2 
Padriciano 99 
34012 Trieste - Italy 
Tel.: +39-040-9228104 
Fax: +39-040-9228136 
E-mail: Q:ennaro.longo@ics.trieste.i·; 

Prof Maurizio Fermeglia 
Scientific Consultant 
ICS-UNIDO, and 
Department of Chemical, Environmental and 
Raw Material Engineering (DI CM IP) 
University of Trieste 
Piazzale Europa, 1 
34100 Trieste 
Italy 
Tel. : +39-040-6763438 
Fax: +39-040-599823 
E-mail : mauf@dicamp.univ.trieste:.it 
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From LASPI (El\Iij : 

Prof Tijani Bounahmidi 
Laboratoire d' Analyse et de Synthese 
des Procedes Industriels (LASPI) 
Departement Genie des Procedes 
Universite Mohammed V 
Ecole Mohammadia d'Ingenieurs 
B.P. 765 Agdal, Rabat 
Morocco 
Tel.: +212-7-771905/06 
Fax: +212-7-778853 
Mobile: +212-7-066634 
E-mail: tijani@emi.ac.ma 

Ms. Oumkeltoum Bennouna 
Laboratoire d' Analyse et de Synthese 
des Procedes Industriels (LASPI) 
Departement Genie des Procedes 
Universite Mohammed V 
Ecole Mohammadia d'Ingenieurs 
B.P. 765 Agdal, Rabat 
Morocco 
Tel.: +212-7-771905/06; Fax: +212-7-778853 
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Gennaro Longo 

Programme Officer 

Earth. EnlliTonmental and .Warilw Sciences Area 

ICS-U.VIDO 

AMI Se~"ct /#rulr., l'mtltYi.M H, B•ildilaf U, J.#112 Tri.mt, Ital:• 

Td: +31-tu4-,218lfJ.I, Fu: +1'../Utl-'2181J4, 

E~••il: pn,,.,..J.ttp@in.ll'Vm.it 

ICS 

Autonomous Institution operating 

within UNIDO legal framework 

Funded by Nobel prize-winner Prof. Abdus Salam 

In 1988 

Supported by Italian Government 

Headquarters: Trieste, Italy 

(within the Area Science Park) 
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~O'm~i~-r~ 

Pure and Applied 
Ch<lmistry 

Institutional Structure 
ICS 

lntemaUonal 
Centre for Science --j Steering Committee I 

and High 
Technology 

Project fDnnulotlon 

lnformmtion ayst.me 

Earth, En,,.ronmental High T echnoiogy and 
and Marine Sci41nces and New Materials 
Technologies 

Steering Committee 

'<:> Italian Government representatives 

~ Representative of Developing Countries 

'<:> UNIDO representative 

Objectives of /CS 

~ to foster and facilitate the transfer of technology 
in specific high-tech areas to developing 
countries 

~ to provide high-tech SMEs in developing and 
transition-economy countries with advanced 
tools and services for the enhancement of their 
sustainability and competitiveness 
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Project propo.sals 

~traditional training activities at ICS support the 
Identification and formulation of projects, which 
are submitted to donors for funding 

~ project proposals are identified and implemE,nted 
with the support of experts and fellows from 
Industries or institutions 

General Framework 

~ training courses 

~ scientific workshops 

~ high-level seminars 

~ fellowships 

~ publications and training packages 

Networking 

Identification In various regions of the world, 
selection and evaluation of partner Institutions 
willing to offer 

co-operation and support 
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Cooperation with different International and 
high-level Organizations: 

~ UNIDO (United Nations Industrial 
Development Organization) 

~ UNEP/MAP (Mediterranean Action 
Plan) 

~ MCSD (Mediterranean Commission 
for Sustainable Development) 

~ CEI (Central European Initiative) 

Training Activities 
1988-1999 

Training for 
Developing Countries 

Asia &r Pactnc ..... 

,,. 
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Fields of Activity 

Pure and Applied Chemistry 

Earth, Environmental and Marine 
Sciences and Technologies 

• High Technology and New Maturials 

Pure and Applied Chemistry 
'l;. Catalysis and sustainable chemistry 

'l;. Biodegradable plastics ~ _ 1 · (­
'l:> Remediation 

'l;. Combinatorial Chemistry and Technologius 

High technology and New Materials 
'l;. high technology 

lo-•ppl-no •nd opllcol toohnologiM lor lnduotry •nd n..ilom. 

'l;. new materials ....................... ,.,, __ .... 
~ photovoltaic solar energy 

dllluolon ol pv orot- - • ..,..._ .. 

~ telecommunication technologies 

radio----.-.~ 
_,.,..,_ 
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Earth, Environmental and Marine 
Sciences and Technologies 

~ impact analysis of industrial 
development 

~ sustainable industrial 
exploitation of natural 
resources 

~ forecasting and monitoring 

~ process simulation 

Environment subprogrammes 

'<:> Technologies for sustainable industrial 
development 

~ Coastal Zone Management 

~ Industrial Utilization of Medicinal and Aromatic 
Plants 

Technologies for sustainable 
industrial development 

~ Reinforce decision-making process for 
sustainable industrial development 

~ Exploit modem technical tools: 
- Process simulation 
- Remote sensing 
·GIS 
• Image processing ... 

6 



-

-
-
-
... 

-
• 

.. 

-
.. 

-

-

• 

Coastal Zone ManagE,ment 

~ Sustainable development of coastal economics 

~ Integration of scientific, economic, legislative 
aspects 

~ Application of decision support systems for: 

• lndustrl•I siting 

.. resource management and control 
·control and monitoring ol pollutlon 
·marine navigation control 

Industrial Utilization of Med;cinal 
and Aromatic Plants 

~ Consolidation of existing 
technology for developing 
countries 

~ Technical assistance in 
product R&D 

~ Raising government 
awareness 
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Training Course on 

Sustainable Industrial Developm1ent: 
Process Simulation and Optimization 
Techniques 

Training Course on-

Decision Support Systems: 
Process Simulation and Optimization Techniques 

Maurizio Fermeglia 

OJCAMP • CASlMI -~ dTnmtli 
ICS UNIDO ...,._ Soerim Plri<. T~ 

The motivation 
~Z.-··---

+ Sustainability and Chemical Engineering 

"I Tl' 

• ....,.._cn.._,_,,_...,-v>-llows,.....,.tectYology, 
~---• Tl'lldhklrWRde::~lndoperlltiendchemlc.lll~ . __ ,_1n11_..-__ ............ _a1ogy 

+ The sustainable development is a process in which one 
tries not to take more from nature than nature Cim 
replenish 
• Tec:trdcvr respedl the lr1'l(lled mnsninrs 
• __, .. _., ____ '""""'"ii __ -· .uw,. ........ ~ • ,,.......,Jll"IClr,ldl ... miblNUMdllDh .... 

+ Focus on Process Simulation and Optimization techniques 
L.D. d........,. tnin9d pcnornel In the ... 
l.D. "'b'IOWledge Q1 lhe pcmiblkoes i'I the decl9an INkrng enWomwnll 

---·---""~""'""_ ... """"" Traoring-""''"""""'"9 __ ,,-.ipngco•••l1<s 
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The Global vision 

The objectives of the course 
• To set-up a training course structure considering process 

simulation within the framework of sustainable industrial 
development, to be used during the present course, and to be 
considered for the development of a training package to be 
made available to developing countries; 

• To present the necessary background and basic princip/6 
necessary to understand and use the informatic tools 
implementing process simulations, process control and 
optimisation techniques; 

• To describe and teach 'how to use' specific programs by means 
of demo and 'hands on' sessions; 

• To explain how to tackle a simulation problem by showing the 
sequential steps to be considered in the development of a 
simulation and optimisation strategy; 

. Be~efit:_s for the Participants 
+ Participants will learn the basic principles of the 

sustainable chemical technology 
+ Participants will gain perspective and insight into the 

potential applications cl simulation and optimisation 
techniques 

+ Participants will gain experience in the use of specific 
computer tools that are currently available. 

+ Participants will gain experience by the presentation cl 
case studies cl interest. 
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The structure of the course 
+Traditional sessions in the morning 

• Basic prindples and lundamenlllls 

·~-­·"""""-
·-~ • llynlmoc ......_.. ond ""'""' 

Inside ... 
• ~ modetlng arid data bids 
• l.Jserinterfac:e 

. ~----­.Case-
• Specific tDpiCS 

• Batch Gstillabol . .__....... 
• Hands on sessions in the afternoon 

• lM" """1>a ond ~ ,,._... ·--..-.._....... • Complex Ul"llt opl!f'"M>cr6 
• llynlmoc ......_.. 

Agenda ... 
• Sustainable industrial development 

• Sustainability: wily? what? how? 
• Scenarios and goals 
• Master equati<>ns, indicators and tools 
• Implications for education 
• Sustainable chemical technologies 
• The role or chemical engineers 
• The role of chemieal engineering education 
• A ff!!W examples 
• ConCIUSIOnS 

-"-.'._ .. Agen_da ... 
+ Process simulation fundamentals 

• Procas rni.-go115and-
• Benellts and appllcatlons ol proces& sniu11t1on 
• Numeriall Slntevlm 
• Process slmulltlon: lh! pnndure 

• Tiie ---wlll! proces& rniulltlon 
• Oynomlcllrnulltion 

• Process sniullltlon .. a decision support -

+ User interface 
• User lnterfla! description and -I axapt5 

• - operoblllty 
• Englneering - lnlegrltlon 
• Hordw.,., Ind openting -
• A survey ol lh! edsllng scftwore 

3 



.... Agenda .... .. ---------

+ Data banks, physical properties and phase 
equilibrium 

User environment and data banks {demo) 
Physical ProperlJl!5 and Phase Equllibna 

• Fugadty end Fugadty coeffocientS 
Equabons or state by integration and derivation 

ActlYtty coeffoent models 
Henry's low approach 
Comparison betw<en two approaches 
Classificabon of the most rommon GE modets and EOS 
Model selection aitena 
COndusiOnS 

+ Single stage flash and environmental applications 
Flash 
General statements and strategy 

• Main features or an enwonmental Po'ICY 
• PoUubon ~tJOn techniques and Process simulaoon 

• Applations and exami:MeS 

... Agenda ... 
• Industrial applications 

Capaoty and select:Mty 

Stage processes 

Conbnuous contact processes 

• rxstillabon coiumns 

Absorpbon and stripping cotumns 

Degrees.o<Jf·freedom analysis 

• E.xamp6e: simulatJOn of tray distillation cotumns 
S1mJ*: example wrtt1 a Process Smulator 

• Complex Separation units 
Ternary Uquid·lJQuld Equihbnum (Uf) diitgrams 

S1ngie- and multrstage extraction dev1ces 

Aulds at supercntacal c.onditionS 

Extraction witll supe!<libCal nWds 

Potenbats or dense gases in the chemical and process industry 

Prec1prtabon & oystalhsation with dense gases as antlSoiYents 

r-i;-• 

~-----

... Agenda .... 
+ Industrial case studies 

, Production d Propylene Oxide in a Reactive distillation column 
• Solvent Extraction d t<aprolactam 

• orr-gas Packed Column Reac:tiYe Absorber 
• Feed Change AnalysiS in a Oil Refinery Plant 
• LPG plant 

+ Batch distillation 
• Ball:h prncesses &. batch distillation 

• Di!ferential {"simple} chstillation 
• Modeling ct batc:h rectifle1s 
• Operation d batc:h rectifiers 

• Slop cut handling 

• Alternative configuratiOns 
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... Agenda 
-•::r·-·-·- --- ··- - --

• Process Dynamics and Control 
• Objec:tiveS and jargOn d process control 
• Process modeling 

• Dynamics d linear systems 
• Coo""'1bonal feedback control 
• Improved control schemes (cascade and feedforward) 
• Multivariable systems 

+ Examples and case studies 
• Recovery d cyclohexane from a hydrogenation reactor 
• Distillation d methyk:ydohexane with phenol 

• Phosphoric acid production 

The Program 

<t Monday, 18 September 2000 - Morning Session 
08.30 - 09.00 Registration 
09.00 - 09.20 Opening, welcome addreSs, Mr. R. Long, LATU 
09.20 - 09 . ..S welc:ome ~. praeruba'l of JCS, Mr. G. l.Dn90, ICS-Utf 00 
09.'45 - 10.15 ~ -.i scoped the Trarw'lg C011X,. Mr. M. ~ka, ICS--UNJOO 
10.15 - 10.JO Short presentatlCn of lhe prbOplf1lS 
10.30- t0.35 Jnformefxn an Joca ~ 
10.35 - 11.00 Coh bruk 
11.00-12.30 ~ll"ldusuiat~ ""°·"- 8e'tu:co, lhVersltyof Ptd.Ja, Itaty 
12.30 - 1'4.30 u.ncti bruk 

<t Monday, 18 September 2000 - Afternoon Session 
14.30 - 16.00 Process S.mulatlon ~ arld ted'nc;ue:s, Mr, M. FemJegfla 
16.00 - 16.30 Cof'l'ft brelk 
16.30 - 18.00 Steady Stat'e Pl"oces SlmuletJcn: \JSlel" nte1act lf1d phk1soptry, """· M. _ .. 

c!l1~_pi:_ogram 
•·Tuesday, 19 September 2000 - Morning Session 09.00-10.lD ______ .... _ __ ....... -

10.30 - lUJ:I CCJlfet brelk. 
ll.D0-12.lD Smgle _ __.. .................. _ ....... -

12.JO - 1"'.30 LLndi brelk 

•Tuesday, 19 September 2000 - Afternoon S~ssion 
14.30 - 16.00 Hlnds-cri: ~ Wld ~ Jlapt "'* operdal'-.. ""'· M. _,_..,., .................. - ........ ....._ 
16.00 - 16.15 Cc:tlee brelk 
16.15 - 17.30 Hindi-elf\ (COr'IRlltDl) 

:.::::..--
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The program 
... ,._?-~~~---

• Wednesday, 20 September 2000 - Morning Session 
09.00 - 10.30 lndustnal apphcations ol process Simulation: counter-current 

separation units (distillation, abso<ption, strippmg), Mr. II.. 
Bertuca> 

10.30 - 11.00 eorree bnotk 
11.00 - 12.30 Compa separation units: c:onvenOOnal and superoitical t\ul:I 

extracbOn, Mr. A. Bertucm 
12.30 - 14.30 Lunch break 

+ Wednesday, 20 September 2000 - Afternoon Session 
14.30-16.00 Hands-on: industrial applieatJons, Mr. M. Barok:l, Mr. A.. 

---

Bertuca>, Mr. M. Fermeglia 
16.00- 16.15 eorree break 
16.15 - 17.30 Hands-on (cootinuatiOll) 

------· 

The Program 
.. Thursday, 21 September 2000 - Morning Session 

09.00 - 10.30 Industnat case studies, Mr. A. Bertucco 
10.30 - 11.00 eorree break 
11.00- 12.30 Modelling, SIT'lulabon and optimizabon of mdustnal plants, Mr. 

T. Bounahmldi 

12.30 - l<.30 Lund\ l>re.ak 

• Thursday, 21 September 2000 - Afternoon Session 
14.30- 16.00 Batch dlStiUabon, Mr. M. BarOO 
16.00- 16.15 Col'fee break 
16.15 - 17.'15 Hands~: batch d!Stillabon, Mr. M, Baroto, Mr. A. Bertucco, Mr. 

M. Fermegba 

-------

The Program 

• Friday, 22 September 2000 - Morning Session 
09.00-10.30 Fundament>ltsol Prcc:eis Oynamics and COntrol: Pon I. Mr. M. -10.JO- 11.00 eorree break 
11.00 - 12.30 FundamentalS ol Prcc:eis Dynamics and Control: Part n. Mr. M. 

e.-
12.30- 1•.JO Lunch -

+ Friday, 22 September 2000 - Afternoon Session 
l<.30 - 16.00 Hands-en: lundamentals ol proa:55 dynamics Ind control, Mr. 

M. Ba-. Mr. II.. Bertua:o, Mr. M. Fermegliil 
16.00- 16.15 eorree inak 
16.15 - 17.30 Hands-on (cootinuation) 
17.30-18.00 C1osu1e, Mr. G. Longo 
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Process Simulation Fundamentals and 
Techniques 

Maurizio Fermeglia 

OICAJ41 • CASlAI • UNwrsity Of Trtestl 
JCS UNIOO Am Scitr1ct Pft 'Tnem 

The Global vision 

DICAMP - CASLAB 

• 

• Department of Chemical, Environmental and Raw Material 
Engineering - University of Trieste 
• FundameUI SCUClies on Transport Phenamenl (Dil'l'usion, Rh<.ology, •• ), 

Phase EqUlbrla (VLE, u.E, Gl.E) and kinetiCS 
• Applied studies on separat;on processes, waste tretments, !uperaitlcal 

nuid eirtraclia'I, technologies for food produclion, new materials, ... 

+ Computer Aided Systems Laboratory 
• Process synlt1esis design and modeling 
• Predidlon d thermo physical propertieS 

• Computationll chemistry and physics 

• Dllli! Base~ and Web diSllibution ll!Chnlques 

Training Courst on 

• 
Suslainabk Industrial De11elopmtn/ Process Simulation and OptimkaJion 
Ttchniques 



.Agenda 
• Process simulation goals and definitions 
+ Benefits and applications of process simulation 
+ Numerical strategies 
+ Process simulation: the procedure 
+ The results obtainable with process simulation 
• Dynamic simulation 
• Process simulation as a decision support system 

--­_______ , 

Solving Material and Energy Balances using 
Flowsheeting COdes 

FlowsheetiflfT. steady state process material and 
energy balances 
Flowsheeting Package or Code the computer code for 
solving the material and energy balance 
EquatiOns in time domain or in space domain 

Process Simulation 
+ Process: a group of operationS that transform input streams into 

product streams by means of chemieal-physical transformationS 
• Simulation: the mathematical representation of the reality by 

USing a computer 
• Dynamic process: a process which is studied in the time domain 

rather than in steady state 

+ Thermophysical properties: the crucial point 
• Data Banks: the basic value 
• Unit operations: mathematical modelling 
+ Other modules such as optimization, nwnerical procedures, .•• 
• Cost estimation methods 
........ 

Training Coursr on 

Sustainabk Industrial Dtvelopmtnl Process Simulation and OptimisaJion 
Techniques 2 
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A typical flow~sheeting code: steady state 
r.:,- --··---·-·--

Numerical 
Subroutines 

Energy and Material 
Balances 

Mathematically speaking 
'6' n non linear material balances equations 
'6' 1 energy balance non linear equation 
+- set of differential - algebraic equations (dynamic simL lators) 
..- In presence of: 

• Very many components; 
• Complex thermo-physical models for phase equ1libnum calcul •ttons 

• A high number of subsystems (equipment) 

• Rather complex equipment (distillation column, .. 

• Recycle streams 

• Control loops 

----· 

The fundamentals 

+ Different possibilities for process simulation 
• Steady state simulation 

• Dynamic simulation 

• Integrated steady state - dynamic simulabon 

+ Different philosophy 
• Process analysis 

• Process synthesis 

+ Process simulation impact on industry 
• The way enoineertng knowledge is used in processes 
• The design procedure of the process (plant) 

----

Training Course on 

11...w 1 . .,..,._.2(IO[) .... , 

Sustainable Industrial Development Process Simulation and Optimi.Jation 
Techniques 3 



From a traditional way of using process 
simulation ... 

Flow sheet <1es9n 
Equipment Critical parameters definition (such as distillation 

column stageS, column doameter, ... ) 

... to the comprehensive use of Process simulation in 
the entire 'life' of the plant 

Control strategies desilJn 
Process paramet~ opttnization {-->'better' processes) 

Tme evolUbon of the process (start up and shut down) ( --> nsk ana~is) 
Operator training 

DefinlbOn of procedure to reduce the unsteady state operations 
Process synthesis and design 

Data ~uisruon and Interface to ERP systems 

. Benefits of process simulation 
• Partial or total replacement of Pilot Plant operations 

• Reductial of the number a runs 
• Rl61S planning 

+ Reduction of Time to market for the development of new 
processes 
• New processes 
• Modification of existing processes {different solvent, .•. ) 
• Proc!uc:tion of new materials 

• Fast screening of process alternatives to select the best 
solution 
• economic aspects 
• environmental aspects 
• eneryy consumption aspects 

• flexibility of the proposed process 

'-'-­s--------·-

Training Course on 

Sustainable Industrial Devdopment Process Simulation and Optimisation 
Techniques 4-



.. 
-
-
-
-
-

-
.. 

-
-
-
-
• 

.. 

-
-

Industrial Processes are comple>: 

To get those benefits one must 
CRIDCALL Y SIMPLIFY THE PROCESS 

~ The need of engineering knowledge 
and experience 

Process simulation 
and the Engineerin Work Process 

~--""--~ 

PlantF~ 

Process & 
Equipment Design 

~ 

The 'life c cle' of a process 

Process Optimization 

Design cstirmtion 
._______, 

l-sinulatioli L__::raiai .. EcoooJDc evalwition ~ 
Process .----~~~~ 

Symhesis SWlup 

-----

Training Course on 

• 
Sustainable Industrial De~elopment Process Simulation and Optimism ion 
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Numerical strategies 
-----------~ 

+ Equation oriented strategy - simultaneous solution 
• Write down the entire set of equation 
• Identify the constraints 
• Solve the non liner system 

+ Sequential Modular approach 
• Each subsystem is sdved independently, starbng from the first one 
• OJtput streams for the sdved subsystems are input streams fer the next 

subsystem 

• Problems for the recycle streams (of material, energy and information) 

+ Combination of the two extreme approach 
• Equation can be lumped into modules 
• Modules can be represented by polynomials that fit input-outpUt 

information 

-----------

Equation oriented flow-sheeting ... 
+ Solution of a set of non liner equations with constraints 
+ Definition of the matrix of the stream connection (process 

matrix) 
• Definition of the inequality constraints 

• Lrneanzabon of non-linear equations 

• Process limits for Temperature, Pressure, conceitration 
• Requirements that variable be in a certain order 
• Requirements that var.ables be positive or integer 

• Define the procedure for determining the order in solving 
the equations 

~ The treatment of feedback (recycles) 

--------~· 

Equation oriented flow-sheeting 

• Method of solution 
• Newtcn Raphson 
• Secant 

+ Tearing = selecting certain output variables from a set of 
equations as known values so that the remaining variables 
can be solved by serial substitution 

+ Partitioning = partition of equations into blocks containing 
common variables 

• Definition of initial guess 
• Scaling the variables (the same order of magnitude) 
+ Scaling the equations (the same deviation from zero) 

---------

Training Course on 

Sustainable Industrial l>evelopmenl Process Simulation and OptimisaJion 
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Sequential modular approach 
S:,---·-·-·-~ 

· .. ' 

+ Most common approach 
+ Each unit operation is described by a subroutine (or DLL) 
+ The output of a module is the input of the next module 
• Other subroutines take care of 

• equipment sizing and cost esumation 

• numerieal calculatiOns 
• handle recyde calculabons 
• optimize and serve as controllers for the whole set of modu~ 

• Tearing is the process of solving the recycles by deciding 
which stream should be interrupted and guessed 

• Partitioning 
• Fortran or C++ codes 

Advantages and disadvantages 
• Advantages of sequantial modular approach 

• The flow-sheet architecture is easily understood because It dosely 
follow the process 

• Individual modules can easily be added and removed 
• Modules of different levels of accuracy can be substiMed 

• Drawbacks of sequantial modular approach 
• nie input of a module is the outpUt of a module: you cannot 

arbitrarily introduce an output er input 

• The modules need ~ time to generate derivatives (perturbabon 
of the input) 

• The modules may require a fixed procedure for the order <•I 
solubon: siow convergence 

• Parameter spedficabon is done with control loops: l)OSSibil ;ty of 
introducing nested loops 

• Phase equilibrium instability during the convergence of thE process 

~g~~ Steady state simulators: 
the core product 

• Steady-state simulator are directly used in 
•~design 

• l!Vllluating process cnanges 
• analyzing what-if scerianos 

• And is the basis for: 
• dynamic simulation 
• process synthesiS with Pinch technology 
• demiled equipment design 
• off-line and en-line eQUatioo-based optimiZation 
• applicabon technologies for vertical marl<e!S, e.g. polyme~ 

~. 12!~ )OX'-tMrll 

Training Course on 
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_J>ro~~-~~ simulation: the procedure 
• Identify the problem 
+ Obtain all the relevant information 

Get process data: flow rates, operal:M! conditions, concentrations 
Get thermodynamic data: 

• In house datll 
• Data Banlcs (Oedlema, ... )"' -
• Through test run on laboratDry I pii:Jt plant 
• Yoa e5ti'nation mell1ods (be SusplCious 

Get kinetic data 
• Diredly from pilot plart 
• from e><a!SS Gibbs """91' cabilations (f possible) 
• dire:tty from plant datll 

TIP: i!V!lld a rigorous definition of kinetiC model and use concept of 
yield and conversion wherever pos$ble and reasonable, at least in 
the firsst sta~ of the development 

-..:.:.:... ____ _ 

Process simulation: the procedure 

• Select the software 
Steady state simulation . ..._...,. 

• O>emCo< Ill 
• :'.>esoQn 2000 

• ""'m 
.. Prtill 

Dynamic Simulation: 
• ~ • Aspen QJStDm moOel . ..,... 

Integrated solution 
• Asper\ C>vnat'n!C. HyslS, ~ II, -·· 

+ Select the Hardware 

Process simulation: the procedure 

+Training 
Basic caur.e on process 5'llUlobon 

• Thermoclynamic. pt._ e:iu'ibria afld rralol se!e<:liorl 
• Spocilic tDpics in thermophysol proporty calculation ·-. ..,..,,_.,...,.,. 

• KrlebC" Oita ~ kJndK: modeflng 

• Spod'ic tDpics in unl opeation modeling 

·-~-• BMl:lidrsUILlbonRruax:in 
• heir: ll'UVMKl'1 

Dynamic - simulabon • Ecunomic faaor>, cost analysis ar<l energy consumption 
• EnWtinmerbl Jnpact 
• Batdl process modelong 
• Contro\systml 

---------

Training Course on 

Su1tainable Jndutrial Development Proctu Simulation and Optimisalion 
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proCeSS simulation: the logic procedure 
_(._~.,..------

+ Components definition 
+ Physical - Chemical properties definition 
• Flow sheet connectivity 
+ Feed conditions definition 
• Unit operation internal definitions 
• Process specification definition 
• Control parameters 
• Equipment Hold up definition 

Results obtainable 
• Validation of phase equilibria models for the real system 

to be used in similar conditions 
+ Verification of the process operating conditions 
• lnformation on intermediate streams (not measured) 
• Enthalpy balances information 
"' Verification of the plant specifications 
+ Influence of the operative parameters on the process 

specifications 
• Process De-bottleneking for each individual section 
• A priori Identification of process control strategies and 

tuning of instrumentation 
• Possibility to verify security systems behavior for l'ariation 

of process condition 

=-..._-_,_ 

. Problems involved 
• Availability of all the required thermodynamic proerties of 

the pure components involved 
+ Definition of an accurate thermodynamic model 

(Equations of state or Excess Gibbs energy model) 
• Availability of all the necessary unit operations mcodules 
• Necessity of defining dummy operations, non always easy 

to identify 
+ Tear streams identification to achieve rapid convergence if 

in presence of recydes 
+ Necessity of defining user models and user thermo (In 

C++ ar FTN) 

Training Course on 

Sustainable Industrial Development Process Simulation and Optimisation 
• Techniques 9 



~yna_~c Simulation 
+ What is dynamic? 

• dynamic simulation accounts for process transients, from an initial 
state to a final (steady) state 

• Why dynamic simulation? 
• predictl!d transient behavior o1 processes under different concr1tions 
• can be used for 

• process dosign and~ 

• oclvonc2dconll'tll 
• trailing plant personnel 

• aptrniz.ng plant operations 

• process re.ability I ... iiat>ity studies 

------------

Dynamic simulation: 
process design and development 

+ Gives the design engineers a tool to conceptualize and 
verify process design by simulating 

• d•lferent deslgn alternatives 
• operanve condrbons 

• safer process design can be accomplished quicker and more cost­
elfeaively 

• deYeloping and testing a~e:native control schemes used to mode; a 
chemical process in baSIC regulatory control sdlemes as 

• Internal Model Control (IMC) 

• Model ProdctM! Contro' (MPC) 

Dynamic simulation: advanced control 
• Advanced control of processes indudes 

• Reoulatory mode: responsible for 

Training Course on 

• dislUrtJonao rejoction 

• brioQing !ht process SOI point 

• TransitiOn mode: responsible for manipulating setpoints for 
ccntrcllers 

• start up 
• shut down 

Sustainable JnduSlrial De•·elopmenJ Process Simulation and OptimisaJion 
Techniques 1c_ 
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Dynamic simulation: 
,. training plant personnel -.-. ------

• Disturbances can be modeled and operator respom;e can 
be monitored in an easy, cost effective way 
• DCS systems - control panel simulatl!d by an external clynmnic 

simulator 
• netwCl1<ed workstation - central server provides access to problem 

data base 
• standalone PC (see above) 

Dynamic simulation: 
. optimizing plant operations 

+ By using an appropriate objective function (produd: 
quality) dynamic simulation can optimize (off-line or real 
time): 
• operabng efficiency 
• profit or cost 
• env1rorvnental impact 

Dynamic simulation: 
process reliability / availability studies 

+ Determining 
• failure propagation speed 

• equipment reliability 

• equipment availability 

Training Course on 

Sustainable Industrial DevelopmenJ Process Simulalion and OptimisaJion 
• Techniques 11 
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.. Characteristics of a dynamic simulator 
•Components 

• Thermodynamic I Physical properties 

• Unit operation models 
• Numerical solvers 

+ Mathematically 
• Consist at large systems at ordinary difl'ereitial aro algebraic 

equations 

+ Computationally intensive 
• ~ isSues: speed - robustness 

• Mathematical problems: non-linear - sparse - stiff 

• Approaches 
• Equation based approach 

• Sequential modular approach 

Applications of Dynamic Simulation 
+ Continuous Processes 
• Concurrent process and control design 
+ Evaluation of alternative control strategies 
+ Troubleshooting process operability 
• VerifocatiOn of process safety 

• Batch Processes 
+ Design of batch and semi-continuous processes 

+ Online Applications 
• Calculation of inferential measurements 
+ Identification for model-based control 
• Decision support 

Benefits of Dynamics Modeling 
• capital avoidance and lower operating costs through 

better engineering decisions 

• Throughput, product quality, safety and environmental 
improvements through improved process understanding 

+ Increased productivity through enhanced integration of 
engineering work processes 

---------

Training Course on 

Sustainable Industrial Delfelopment Process Simulation and Optimisation 
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Integration of 
Process Synthesis & Process Simulation 

Does It work? 

Propose process 
configuration 

& design 

s.:..~~----

How do I change my system? 

Set 
objectt·11e 
targets 

What Process Simulation ta~a~·~tf"l2i = 
cannot 

+ Basic 1: apply the degree-of-freedom analysis 
+ Basic 2: write & solve material+energy balances 
+ Special: sensitivity analysis and optimisation 

HOWEVER 

+ no equipment design nor momentum balances 
• models of some important units missing 
• convergence not sufficient for meaningful results 
+ a PS is a tool: it cannot interpret results 

. Potentials of the PS in the process industry 
• Basic 1: representing plant operating conditions 
• Basic 2: process development and revamping 
• Advanced: on-line process operation and control 
• Advanced: operator training (regular and safety) 

TIPS FOR A SUCCESSFUL SIMULATION: 

+ verify thermodynamic and kinetic data reliability 
+ select suitable property models and parameters 
+ calibrate simulation results on pilot plant runs 

'--'::..----~ 

Training Course on 

Suslainable Industrial Development Process Simulation and Optimisation 
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Cautions in using a proce 
is nonsense ... 

• to run a PS without an accurate selection of the property 
models 

• to select a good property model without knowing the 
value of its parameters 

+ to use predictive models anyway; one good experimental 
property datum is always better 

... and note that 

• Avoid the GIGO (garbage in gospel out) approach 
• The best available model might not be the best choice 

·-~-
i.--_______ ,_ 

Process Simulation and 
Decision Support Systems 

+ Three layers of activities in the smart manufacturing 
system 
• Management control 
• Process S1mulation 

• Off·Une 
• On-line 

• Control system 

+ Information distribution is made through interoperability 
of the software 

.... In Process simulation crucial point is optimization 
• Use Active x objeCtS to export optimum solutions to other software 

The birth of the smart MarMr~ttcr'fflfg~ 
sv~~~__,.~~~~~.--~--~ 

DRIVERS 

------1 •Competitive Pressure 

O@ in process industries 
•Microsoft unified 

desk-top vision 
•Windows 95/NT, OLE 

Internet, Intranet 
•Low cost desktop 

Training Course on 

Process Mgrn 
DCS ·PLC 

& server HW 
~=====:1 •Low cost PLC based 

Field M~m 
loop & logic control 

ln1cgnited 
crprisc Mpn (ERP) 

Sman Mamfacturing 
Manage~DI 

SmanField 
Mamgcmcnt 

Sustainable Industrial DevelopmenJ Process Simulation and OptimisaJion 
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Enterprise System 

.......... c:o.tt ·-­·-- ·-·- ·-..... ·---

General Batch Process 
Key Raw Material 
(purchaNd or 
previous Intermediate) 

other R.w U.t..;.ta 

• fnM"'-*'9 
• ....,_,T1'9111id"I . .....,.. , ..... 
• Hlstonc.lfirctW9 

BuJk --+- Next P"OOe .. 
Intermediate Step,.. 
or Final Prod Formu •tion 

Vapor -.,. Control Dev~•) 
Emiaaiona or Atmo1pheN 

Solkl - L.andftilor 
w .. 1.. W.Clner•tion 

~ Uquid-

~ ::~ 
WWTPor 
lntlner9tion 

... 
--R-ec-lpe_B_•s_ed ___ So_i_-__ I_. ___ ::=. I Process L 

Recoverwd Sotwnta 

,_Enterprise wide solutions 
• Smart manufacturing system 

• Operatm It the plant leYe 

+ Enterprise optimization 
• Optimize consumaons and ftow ~ materials at the enterpriSI' IM 

+ Syupply chain 
• Extend across the supply chain mllNlgeTlent 

Training Course on 

Sustainable Industrial Ihvelopment Process Simulation and Optimisatfon 
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In Summary we went thro 

• Process simulatiOn goals and definitions 
• Benefits and applications of process simulation 
• Numerical strategies 
+ Process simulation: the procedure 
+ The results obtainable with process simulation 
• Dynamic simulation 
• Process simulation as a decision support system 

----------

Conclusions 
+ Process simulation is a powerful methodology for 

Material and enervy balances in steady 5121~ condibcns 
• Material and ef1e19Y balances in dynamic condition 
• lnvestigaticrl d process dynamcs and batch process 

• Implementation r:I a control strateqy 

• Process simulation is applicable in different field of the 
process engineering 
• Anotys.s rl' ex<St>nll processes (optrnizauoo, deblottleneckio •... ) 
• Synthesis rl' new processes (solvent selecbon, environmcn1"1 rnpact, .•. ) 
• Operator training, process dynama mrt up and shut down ... 

• Process simulation is applicable in the framework of 
environmental impact study and sustainable 
development 

What J anatys.s 
• Safety analysis 
• New and deaner processes i~ 

Process simulation is a simple and 
helpful tool... 

... to be used by chemical engineers 
that fully understand the process 

... Never let a kid play with a kalasnikof .... 

Training Courst on 

Sustainable Industrial Development Process Simulation and Optimisation 
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Sustainable Industrial Development 

A/berf}() Bertucco 

1ttnutDdilrnpiar'ICI ~ · Unrwnttyaf Padov:a·ltaty 
JCS UNlOO Arm Sae'>a: Pin Tnllllb 

Agenda 
+ Sustainability: why' what' how' 
+ Scenarios and goals 
+· Master equations, indicators and tools 
+· Implications for education 
+· Sustainable chemical technologies 
+. The role of Chemical engineers 
+ The role of chemical engineering education 
+· A few examples 
+ Conclusions 

--­_, __ 

The Global vision 

Cultural System ------

Training Course on 

Sustai11able Industrial Development Process Simulation and Optimi3ation 
• Techniques 

• 
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Why: human fertility 

Country 

ttaty 
in 

Germany 
Holland 
France 

Chiknwlpw 
women 

1.74 
1.78 
1.92 
2.01 
2.05 

+ Total world populatian expected ID be arolrld 1 O bt11ion by year 2050 
+ 77>e li1rger growth expected in /he less developed countries 

-:c-----

Why: rich & poor 

+ Widening gap between 
peoples SJrr:e rfle early 
J 9rh centvry 

-~ ---

.. I 

•' 

- ·1~-

- j 

j 
'! 

, f 
' ! , -. I , 
, I .! 
j ! 
I : 

I ! 
' .. 

=1/ 

Why: some fundamental points 

All peo(:le want ID sharP prosperity 

Alf peo{R have the right ID do It 

Tr11ining Course on 

The ~ awnlrit!S arP ii minority, but {!l!P ii major 
rontribution ID the depletion of fli/(J.lf1l/ resources 

World {JOPtiation is growing, atlf!rage lili!time is Increasing 

Sustainable Industrial Development Process SlmulatiOll and OptimisaJiOJt 
Technique:s 

, 
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Why: some fundamental points 
Pollutkln has bt!come a daily iSSlJe also for human health ( noi· 

only for the environment) i11111t1t1y partS of the world 
Energy and f1tilteri6l5 illT! being ccnsumed at a ratr which mild 

not be applialble to the to/a/ INOrld popt.tatiOn 
we wll come to lif;l1t about the Sil- (limltai} resomr:es 
This silJJiJtiOn annot last any longer. 

It is not sustainable 

What: some definitions 
+ "HumiJnity has the ability to mal<e development sustainable, to 

ensure that It meets the needs of the present without 
compromising the ability of future generations to meet tneit own 
needs• (The BrundiHld Report, 1987) 

+ "Sustainable development is the means of improving the q;,ilnl:J' of 
human lif'e wtile living with the arrying CiJ{»City of the svp~rtfng 
ecosysrems• (UNEP)" 

+ What about sustainability of industrial (chemical} producdoHs' 
"Sustainability in OlemiaJI Engineering means a continwus e.'fort 
to protect and improve ecosystems, social balance and eroHomiC 
prospertty by a systematic and inregral improvement of 
environmen!3! protection, mw materii11 exploi!3hon, energy 
effidency, Silf'ety, and l7eillth prorection in a!l ldnds of mate'iill 
conversion pnxesses and miJ/eliiJ/ production• (EFCE de!iMmn) 

NOTE: a necessary yet not sufficient condition: 

-
-----"sustainable industrial process must be safe aryway 

a.tMll.t'Ml-lSICl!l· ..... 

How: some fundamental points 

.. ~safety In prr1(/lxtion ilCIMties 
+ ensuring humiln hei1lt!I 
+ proll!Cting the environment 

+ flJf1fling the world «OSySll!m In sfz!ady-s/atr conditions 

this 1s the goe1 1:1 susai1n0111ty 

T;rllining Couru on 
,-

Su.stainable Industrial DevelopmmJ Process Simulation and Optimisation 
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Inter-relation with time scale 
Di- • [m/ I 

"" I - 10' r 
~,o- I 

10' 

~ "" 10' I 
1()' 

I 
10' I 
10' i-
10' r-

10: 10· Hi= 10-:: 10' 1~ HI" 10· 1QI 100 10~ ;-,,_ 

1.,..., 1COhn {uCOl"lds} 

-~ ---

Scales of (Un)sustainability 

Whom/what Is sustiinability concerned witn' 

+ Time SC41e: generations (centuries) 

+ Spatial scale: panet &rth 

• Biologa! SUJ/e: all life forms ( eco-systems) 

+ 'SodDI St:ille': 
• All SOCieteS 
+ Eq.xty 
• Quality of life 

t.Mt [;>•---XIX' ... 1: 

A sketch for sustainability: which goals 

I 
Environmental goals: 
oHU!Tel\ heillth prtte::tion 
<.onsen.etiai d ~ble resources 
oMaxJmum eiergy and material efficiercy 
•lrtegrity d e:asystems 

oBiodNerst.y, i.e. tctal prttedian d 
at! species('} 

• .. (?} 

Social goals: 
oPopulatlcn 't:tlrtrd' (") 

' •Sa:al mobility (') 
ofQlJty P> L..:;;;;;;;;;;;;;;:;;;;;;;;;;;;;;;;;~~ Economic goals 

. oPartopatJon d wcmen (7 } ' oEft'iclency 
; oCultural ide'1tty (?) : -Growth (?) 
•lnstitl.bonal delleloprnert (") , ofQuey(>J 

~----~ -----

Training Course on 

Sustainable Industrial Development Process Simulation and Optimisation 
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Training Courst on 

Master Equation 1 
Unsustalnabllity Impact • 

(Population) 
x 

(GOP per population) 
x 

(Unsustalnabillty Impact per GDP) 

Note: 'Environmental Impact' and 
'Unsustainability Impact' are inter-changabl•~ 

Master Equation 2 
Environmental Impact = 

(Nimber of people) 
x 

(Production per person) 
x 

(Consumption and pollution per unit of productior1) 

Master Equation 3 (engineers) 

Annual Impact on the Environment = 

(Environmental Impact per Unit of Resoun::e 
JC 

(Resource Use per Unit of Product) 
JC 

(Product Demand per person per Year) 
x 

(Number of People) 

Sustainable lnthlstrioJ Dirvelopment Process Simulatif»I and OptimiJatif»I 
• Techniques 

-
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Indicators of (Un)sustainability 
• po(J<6ation growth 

• fQodprodJction 

+ energy: resources, reserves 

+ dif113te patterns 

+ emissions/concentnJtions (CO, Of,. NO# SO,, CFCs) 

+ deforestation 

+ loss offlabif;Jf 

+ loss of bio-diYersity 

• SCCial illdi::41DrS: 
+ ina?me equity: (inter)national 
+ crime, suicide 
+ mass emigration 

--· -- .-a -.... :D:ll-- f 

Tools for Achieving Sustainability 

+ from short term to long term perspective 

+ the 'big picb.Jre'.· systems approach 

+ ecvoomics (internalizing 'extE!maf costs') 

+-- laws ('wastes' or 'residua.'s? 

+ edUCfition (modifying rvrmS/values) 

+ stabilizing population 

+ promoting equity 

+ dematerializing economic deYe/opment 

.._;:._., ---

Q ._..,.__..,,..T__.. 
Components and contributions to reach sustainability 
..._,~"" -- ~.,._,~--JM f. 

'1 ~ 
I I 

Technological ~ Cultural 
Systems I I Systems :-n S~trms I ! L...__ __ ' 

Biology 
Enginemng [.a,. 

Ecology Material Sciences Economics 

Physics Business Social Sciences 

Chemistry Is . bTty I .
1 

ustama 1 1 I 

Feedback Systems I 
Policy 

I F eedbad Systems 

--· I I --- n 

Training Coune ~ 
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The 'Disciplinary' Divide 

IEconom1sts 

I 

Poht1cal sc1ent1sts 
H1stonans 
Anthropologists 

I Soc1010!?'1sts 
Ph11osphers (even antagonism) 

Ecologist~ 

Engineers I// ------

A Fundamental Question for Education 

+ Is good edixation 'subversive? 

+ University 'education' versus 'training' 
+ Education stimulates questioning of /:Jasjc tenets, such as 

functiomng of modem capitalism. That is, it slimulalPs ideas. 

+ Difference between: 

• 'What is true' 
• 'What is good' 

• rFacts' versus 'Values'} 
+ Value questions: stress 'balance' rather than 'obfectMty' 

+ ImporliJnce of dialog' 

Good education stresses 'critical refection' 

------

Sustainable Chemical Technology 

R 
E 
c 
y 
c 
L 
E 

Wistes to 

........ ,! 

Training Course on 
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Sustainable Chemical Technologies should enable 
environmentally sound processes and products 

+ with Jess amount of tel'dz.es(in air, water and soils) 

+ witfl higher se/edivity and yields (less by-prodtX:IS) 
+ witfl less reso= consumption (dematerialization) 
+ under safer conditions(oo risks nor toxic compounds) 
+ more based on renewable raw materials (biomass) 

+ more economical 

Chemical Engineering and 
Sustainability 

For any prodoct, tflrougoout its life cycle, tt must be ensured. 

+ Minimum resource and energy use 
• Mini mum emiSSions 

In adciitiorr. useabie residuals (recycled) instead of wastes 

Training Course on 

This is called 'lndusbial Ecology' 

The (huge) role of Chemical Engineers: 
Reducing unsustainability/GDP 

+ Demaleria/i@tion 
+ 'zero' is the 90iJ/ (no {»llution no waste} 
+ renewable resources 
+ life Cycle Analysis (LCA} approach 
+ sustainability design tools 
+ 'industrial ecdogy' 
+ democrati::alion tl!Chn:Nogy 

Sustainable Industrial Del'elopment Process Simulation and OptimisatiOll 
Techniques 8 
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Chemical Engineers for Sustainable Chemical 
Technologies: we know what and how to do 

+ we h811e the basic knowledge about concepts that 
an be easily t'Xtl!nded ID SUSlilil1illJllity (SHE~): 

• l11ilSS and energy b1118nct'S 
• inla'actions between dlemCitls llfld the environment 

• SiJfety ( Si!fe design and loss prevention} 

• effa:t:s on heiJltf1 
+ we have the tools ID make alculadcns and predietions: 

they are called Process SimulatDrs and Envlronmentilf 
Simulators 

+ BUT we must be aware that we cannot solve the prot:ien. 
alone (by ourselves): we need interactiOns with other 
disdplines on an eqUiJ/ biJsis kM!I 

---· 

\{~' ijJ-1.,.~--.."'~" ...... 
The importance of Education in 
Chemical Engineering 
• Olemical Engineering is an essential 'tDOI' /fJr sustiJiMbility! 

• 'Sllstai/1iJbility' an be easily inll!grated intJJ Olemical Engiflffrlng 
• It is import;Jnt tJJ ~t broiJd, in!E'grated systems-based ap{JfOlJCh 

(avoid 'recluctior>sm?} 

• Iritroduce 'sustainability' vil! core courses. Deepen via e!ect!VI• courses 
• use project-based education; stress: 

Broad, systems-based analysis 
• SolutJi:Jn throCJ9h fit:5!fll! and Simuation (consider entire life cyde} 
• Publlation and assemination of results 

• Encourage partidpation of 'stakeholders' (industry, govemm.me NGOs} 
In the edtJCiJtiOniJ/ ~ 

Directions summary 
+ First, avoid wastes 
+ Second, reduce them in quantity, If It camot be avoided 

+ Third, l?'cyde, If It amnot be ~ reducf!d 
+ Fourth, amtaln, If It cannot be (f!C'fded 

+ Fifl/1 and final, trt»t it if no other possbility is open 
+ For ~ waste' first of all a chemistry effort is needed 
~ Cilfledgreen chenislJy ii/ins at dellelcping reactions ID 1nal<t! 
products mt:flo<Jt producing wastes 

----- • ..__IC,.--.-_.-... ... 

Traini11g Course on 

Sustainable Industrial Dn•elopmmt Process Simulation and Optimisation 
,. Techniques 

.. 
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An example: the Kyoto Protocol to the 
UN Convention on Climate Change (C02) 

+ Has aim of "the stablfiSiJfion of grr!enhouse gases i1t a level thiJt will 
pt1!tleflt dilngerous anthropogenic inletference wilfl the climate 
sysllYTI' 

• Contains legally bindng committments ID limit or redJcr! greentrJus;e 
gas emisSiOnS 

+ Indusbiil/isled countries mf.15t fr!duce emssionS within the period 2008-
2012 by i1t lei1st 5% below 1990 levels 

+ Allows inc/usion of biologk:BI sourr:es and sinks iJS Wf!ll iJS fi>ssif fuel 

emissions 

------ ·--- ___ ..., 

An example: the phase out 6fth'ft1rtr-~...._ 
fluoro-carbon (CFC) compounds 
• 7l>e ~ of tf1e atrJOSphenc ozme eyer ""'s i! I<")' strm:; fs,,,"t ~ leBd 

to the Montreal ~oro' in 1987 

• the IJSI! <T or:s fry any iJWfK:iJti<Y/ was barned by the ye;Jr 1996 
+ A tvge world trliJri<et rn cum!f'lt frYTmda/Jle expan5ICY1 ( refr>geratl0'1, 

CU>dti:JninJr- .) was fr::rr:ed tl? look fry mcrt! sustainable iJ/temi1tives i'I a '>ey' 
Short~ 

._ f'te1t compcunas (HFCs, HC} ill'ri tnJxtures ~ fr:Ju1c1 ()(.( 5Cl::l"' to~ 

CFCs"' tf1e tm7Slt1U7 penal 
+ ReseiJldl was Sbmuliltea abaJt 'natural' ( en111n::nmen:a/1y DerlJgn) ~ts 

+ the ammitme7t IS to replace corrpletely all azone-r.,rmfui axrvourrJs by 
2030 

------

w .... ,.....-MIP'., ....... 
An Example: Hierarchical approach to 
safety and environmental risk reduction 

-

Hazards and rid.s Minimize 
PREVENT c:::=:> - Chemistry ~ lnhi>renl u -Enpineermg hazerrls 

PROTECT 
- L1y.r1 of protectt0r. C• ====> 
- Active proteclton 

Passive ;:i~ete:tion 

MITIGATE ===> - Rtsks to Workers 
- ~1sll.1. to Pubitc 
• fnv1ronm111n1a; Risks 

ltlinimiz• 
Procsss 
nskS 

Minimize 
Prodt1ct •nd 
Procesa risk'S 
to receptors 

---

Training Course on 

Sustainablt Jnthlstrial Dt'\•t/opmmt Process Simulation and Optimisatio11 
Ttcilniques 10 



.. 

-

-

-

-
-
-

An Example: the Automotive System 

'('.".: lW';,....,.·.o.;..,J.'-...... 

An Example: Solvent substitution in the 
chemical and process industry 
• Jn the prodv=tJO'> (If~ ct>emals generates conSlderable wMte KJ/u:r>!S 

(roughly 1 s If!/ /)el' "9 (If product) 
• It IS essent111! to reau::e t1>1s a/11()tl7t by uSl"fl di./f&&r 1z e more S1JstaJ11i1b/e) 

so/;eJ'lts 

• Dense ;;ases can lower the enetflt consumption iY1C' er.able nu:h ea96 · 
fl!ClM'!Y of products 

• It iS prcposed to srtdy extensM!I}· the use of =resss:t gases as alte rote 
sol~ts ard anti.<O/tlents in the memical and prrx;ess ndustry 

• warer lll'1ti c,artJcn dioxide i1'l' the most {)fmN9"fl o-ies,. and i1'l' nati,ra' 
• T/Je ter:mical "'8si/Jility of tti;s cfJ;nge C8fl be profil2bly ad>iever:f tJy P"Ja!SS 

!imulatlOfl 

• 

• 

• 

-
• 

------

Summary of Directions for Sustainability 
+ SubStnution of fossil fuels 
+ zero emissions 
+ low energy prrx:e5SeS 

+ low inpact products (r«)dable) 

+ focus 00 basie rl«!ds 
+ Instrvmems of chilnge: Jegis/lltion, taxalion, ·,~ carr•' 
+ Tools for cflllnge: ~analysis, envtron~tal lmPild analysls, 

working with natural syst1!mS 

Training CouN·e on 

Sustainable Industrial Dn•e/opment Process Simu/aJion and Optimisation 
T«hniqu~ 11 



A Challenge for Chemical Engineers 

•To bring the SHE issues at the design Stage 

+ To make some steps rorwarrf: 
• from Siie proa:sses 
• tos.J~product:s 

• to sustainilble ptOa!!:!if!ieS Intl ptO/IUt:ts 

+ Always remember that chemical engineering is 
necessary but not svffident 

Preliminary conclusions: present situation 

• Present world ®sustainable 

+ IncreaSing po!ar.::ation: 
• ageing minoril)' rich 
• youthful tnEjority poor 
• fi'/Pd growth po:>r 

+ Pollution on world SCiJ/e: pessit:ie dimate change 

+ Loss of bio-di>erSity 

-~----

Preliminary conclusions: development 

+ Steady state· ability of future genera~ons to meet 
needs is no4 harmed 

+ Soeia!-econom1c equity for present a.'>C fU::.•re 

+ Umits to popuiatJon, consumption, waste rsooal, 
technological, environmtJ11/a/ constraints) 

+ Protection of Nature for its own sake (intrinsic 
value) 

All of these are crucial achievements 

==--

Training Cnurst' on 

Sustainablt In®stria/ Dtvdopmt'111 Proct'3S Simulation and Optimisation 
Ttduiiqua 12 
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Conclusions 
+ Awareness of the huge problem in front of us (rulture) 
+ DisseminatiOn of knowledge about sustailable technologies 

(ideas, projects) 
+ Fonnutation ct short- and medium- time range projects 
+ High and constant pressure on politicians and decision mak1!r.; 
+ Application of technical tools (Process simulators) for the 

assessment of sustainability in chemical productions 

---
Essential role of and challengE' for 

chemical engineers 

-- .... -· -

A tip from last century greatest scient st 

"It iS not enough that your science should add to !tie sum of 
human knowledge: concern for man himself must alway!· be 
your goal, concern for the great unsolved problems of the 

distribution of goods and the divisiOn ct labour, that the 01:xibon 
of your mind may be a blessing, and not a rurse, to manltind. 

---

Never forget this among your diagrams and equations" 
Albert Einstein 

However, never forget 

"Antea edere, deinde philosophare" 
Some l.iJtin writer, 20.JO yews ago 

---
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Process simulation: 
User Interface and Phylosophy 

Maurizio Fermegfia 

DJCAl'F • CASl.A8 • Unherslty ol Tneste 
JCS Lf4DO Nu Saenct Plll1r. Tneste 

. Agenda 

• 

+ User interface description and general concepts 
+ Advanced operability 
+ Engineering worl<flow integration 
+ Hardware and operating system 
+ A survey of the existing software 

Training Course on 

Sustainable Industrial Development Process Simulation and Optim~:ation 
Techniques 



ASPEN PLUS 10 

DEMO Time 

Introduction to process simulation 

Flowsheet definition 

Component selection 

Property selection 

Run base case 

Cyclohexane recovery study 
Goal 1: to obtain a cyclohexane recovery of 99.99% 
Goal 2: to maintain a flow rate in 51 of 30 lbmole/hr 

L ~ § T• 120F 
:!}----Jo ~ P• 21 a!m 

T•<OO F 
P• 21 alm '----l:E:• f----t;::::;i 

H2 • 30.0 bnol/hr 
N2 • 15.0 
~-~3.0 
CYC6. l~.2 
Bz. 0.2 ----------

Training Course on 

"-:12~Jm:--• 

Sustainabk Industrial Development Process Simulation and Optimisation 
Techniques 2 
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From Base Case to ... 

Design Specifications inside blocks 
Design specifications outside blocks 
Sensitivity analysis 
case studies 
Optimization 

Engineering Workflow Integration 

Engineerins I 
Process Simulator -----~ Applicatiom!..J 

Reports and Drawings 1 
Engineering Database J 

_Windows Interoperability 
• Two-way data transfer between the software and other 

Windows applications via copy, paste, paste link 
+ Access to all inputs & results 
+ Access to plots and flow sheet graphics 
+ Copy data tables and spreadsheets into the simuliltor for 

DRS, Data-Flt, etc 
• Windows Interoperability - Benefits 

• Quick and error-free ad-hoc transfer of the simulator results ID 
other Windows applications 

• Easier prepal'iltiOn of reports and results 
• Multltier applicatiOnS 

+ OLE Automation and DCOM - COM+ technology 

------ ----"""--"·-

Training Course on 

Sustainable Industrial Development Process Simulalion and Optimi5'Jlion 
Tuhniques 3 



CAPE-OPEN Standard 
+ The objective of the Global CAPE-OPEN <GCO) project is to 

deliver tM poWt!r of compo~nt •o~UJare and open 
atandard inJerface• in computer-aided prou•• 
engi~ring 

Develop additional open llUUldanl interf .... "'CAPE C:<>IIIP01""1tl 

• Ada:µt. existin& tof'tware m that it compllet with the CO 1tandani 
• Develop methoch, training and support tools i>T helping usen to take 

advantap! of the availability ofCQ..compliant componentl 

+ Results of CAPE-OPEN 
• globa1 acoept.ance as a standard for communication between 1imulahon 

90ftw~ component.a in proceu engineerinc 
&Tailability of 10ftware componenb offered by leading vendon, resean:h 
in.ttitutes, and apecialized supplien which will enable the proceu 
industries 
open new market.I fOr rupplien of CAPE component.I 
major breakthrough u compared to the current state-of-the-art, which 
is that of' no int.egra.tion at all 

~~-----· 

Example - Column Advisor 

Custom User Interface 

------------

Training Course on 

Sustainable Industrial DevttlopmenJ Prouss Simulation and Optimisation 
Techniqutts 4-
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Engineering Workflow 
Integration 

1<111'----t-t Engineering J 
_P_ro_ce_s .. s_s.,.1m_u1_a_to_r_ Applications 

Reports and Drawings 

Engineering Database 

Workflow Integration 
+ Supported interfaces to specific 3rd-party engineering 

applications 
• equipment design (B-JAC, HnU, HTFS) 
• engineering databases (Aspen Zyqad, PASCE) 
• costing pacl<ages (ICARUS) 
• in-house technologies 

• Workflow Integration - Benefits 
• Suppott for engineering infrastructures that integrate engi11eenng 

work processes 
• Error-free data transfer into 3rtl party WindOws engineenn1o 

programs 
• Quick and consistent use of Simulation results throughout ·:he 

engineering Ufecyde 
• Improved engineering quality 

Training Course on 

Sustainabk Industrial Dl!Pelopmenl Process Simulation and Optimilation 
• Techniques 5 



.. The Hardware and Operating systems 
• Operating Systems 

• Clert: - sene" solutions 
• ClietE is Wlldows h'T ~.0 and WIN2K 
• S..- is Wondows h'T or UNIX 

•Hardware 
• Client: PC Intel Pentium ll "400Mhz • 32·64 MB RAM • SCSI Disks 8 GB • 

High QUality mon1Dr and video boom (reasonable requrements) 

• S..-: lntol or RISC bosed systems • 512 MB RAM • SCSI RAID °'5lcs, BU 
unt. .... (OS h'T or UNIX Suo SG1) 

• Networking scheme and architecture 
• License serve- service 
• Inst>- point ard file...-
• Computaoonal server 

---------

('.',j(Q'l;S~~~ 

The virtual lab~ C.A.-5. Lab 
HW and SW structure 

------- --

A survey of process simulation software 
+ Stady state simulators 

• Aspen Plus (Aspentech) 
• PRO n (Sim Sci) 
• Hysys.Process (Hyprotec -AEA Tedlnology) 
• ChemCAO 
• Process 

• Dynamic simulators 
• Speedup ~ Aspen DynamiCS (Aspentech) 

• Batrh model and DynSim (Sim Sci) 

• Hysys.Plant (Hyprotec - AEA Technology) 
• gPROMS (PSE) 
• ABACUS (MIT) 

Training Couru on 

Sustainabk Industrial Devdopment Process Simula/ion and Optimisation 
Techniques 6 
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Thermodynamic and phase equlibrici 
modelling 

Maurizio Fermeglia 

DJC»F • CASI.AB • l.lnlV'll'Sity cf Tneste 
ICS UNIDO Area 5oeru Pri Tneste 

MltuFODICAMP.l.J"ilV.Tnest2JT 

Agenda 
+ User environment and data banks (demo) 
+ Physical Properties and Phase Equilibria 
+ Fugacity end Fugacity coefficients 

• 

+ Equations of state by integration and derivation 
• Activity coefficient models 
.a. Henry's law approach 
.a. Comparison between two approaches 
.a. Classification of the most common GE; models 
• Classification of the most common EOS 
• Model selection criteria 
• Conclusions 

·-r--:--

. Data Banks in Aspen + 
• AQUEOUS databank 

• Contains __.. for 900 Ionic spedl!s 
• It 15 U50d for electn>lvtm applicotlons 
• 111e 1<ey IJOl'llT1"ler> 11etne--ond Gibbs 11.e enerv• r:1 

lunnation at --and-phasehatcapacty •t infinlle 
diutian. 

+ AQU92 databank 
o Conalins poran1"lerS for 900 Ionic species (previuos '""1ian d M) 

• ASPENPCO databank 
• Conalins per...-.. for 4n CJl'lllnic ond some incJl9anic complUllds. This 

da1abank has i.n superteded by Ille PUllECOMP detatank (p1!Yious 
..,.;ans r:I A+) 

+ INORGANIC databank 
• Conalins lhei111ocho11al- for about 24511 (mostlr Inorganic) 
~The l<ey- arellleenlhalpy, entropy, Gibbs'''" "'"'VY• 
and helt capacity can-. coeft'idl!nlS. 

1 



c Data Banks in Aspen + 
-_-,-----

+ PURElO databank 
• Contains paraneers fer um 1n7 (mostly OlljaOic) ccmponents. This is 

the main sou= d pure aimponent parameters fcr ASPEN PLUS. The 
databank is based oo the data de-.elope:j by the AIChE DIPPR data 
compilation projecl, parametors deYelo!led by AspenTedl, -
obaline<l Iran the ASPENPCD databank. and OCher soun:es. For FTmt 
simulationS, the PUREIO databank contains au the property parameters )'OU 
need. The parameters~ in the databank can be categoriZOd as:. 

• i..rwerw a:nstants. a.ch as ottJcal tempermn. lf"ld O"ibQI pre5Sl.ft 
• Temperatu"t arid prope'tY of trr1Srtion, tokng pont Ind ~ pore 
• Rdetena stKe propertJeS. tnthalpy Ind Gibbs frtt energy of formltlon 
• ~ftr~~p-ope'beS,suehBShcµd ,_,,........ 

Coeffioents fQ'" ~ trrisport propert1e5., SUCh as lilQl.ld 
~ 
5*tv pr-ope1>cS, suctl as bsh po.rt Ind ft.mmablbty lunits 
~ grtiup dl:nnabon for Ill UNIFAC models 
Pwamete'S for RKS Ind PR~ of SQte 

• ~laed ~ SUCh as .A.PI graYlty Ind octane rumbers 
• ~ model-spedf\c parameters, sucti as the Rackett .-id UNIQUAC. parameters 

Data Banks in Aspen + 
+ SOLIDS databank 

• Contains parameters for 3314 solid components. This databank is used 
for solids and electrolytes applications. Thts databank is largely 
SU~ by the INORGANIC databank, but IS still essennal for 
electrolytes applications. 

+ COMBUST databank 
• The COMB:JST databank is a speaal databank fCY high temperature, gas 

phase calculanons. It contains parameters for 59 compo'le!'1ts typically 
found in CCYnbustJon products, indud1ng free radicals. The CPIG 
parameters were detenmned from data in JANAF tables fCY terr.,Jeratures 
up to 6000K (JANAF Thermochemical Tables, Dow Chemical Company, 
Midland, Michigan, 1979). Qllo.ilations using parameters in the 
ASPENPCD and PURECOMP are generally not accurate above !SOOK. 

DEMO 

User Environment 
Data Banks 
Retrieval of components from Data banks 

2 
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Modeling Phase Equilibrium 
• The goals of the modeling are both to correlate exiSting 

dat.a and to predict phase equilibrium 
• An ideal model would 

• use easily measured physical propertieS to predict phase 
equilibrium at any condition 

• It would be tneoretically based. 

+ No such model exists, and any single model cannot treat 
all situations. 

100C·*'t' 

Correlation and Prediction 

<t Correlation 
• regressed parameters 
• semi-empirical equations 
• fitting of portions of the phase diagram """° with high accuraq 

~ Prediction 
• physical significance of the para-
• theoretically based models need the introduction of additional acljustoble 

para..-,,; 

+The general conclusion is that modeling is still 
case specific 

+ Some Problems to be solved 
• critical PointS 
• the multi-component mbctures 
• pojar - polar and potar - non polar interactions --- • association and sotvation 

.- Phase Equilibrium relationships 

y(l) = y(2) = ... = y(7t) 

p(l) = p(2) = ... = p(n) 

µp) = µF) = ... µ~7t) 

---

3 
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Form Chemical Potential ... to Fugacity 

Jli(T,P)=µf +RTln J~ 
f; 

Aa 
µ(a)= µ9a. + RT1njj_ ,· -12 111 

I I f;OrJ. - ' •..... , 

a= 1,2, ..... ,n 

---------· 

Phase Equlibrium in terms of fugacity 

T(l) = T(2) = ... = T(n) 

p(l) = p(2) = ... = p(n) 

f1(l) = 1t2) = ... f1(n) 

(1) _ (2) _ (n) 
fm - fm - ... fm 

~igt;;i~ 

Fugacity coefficient and Equilibrium 

A A 

A Ji• Ji• 
<I>;=-' =-' 

Px· R l l 

---------

• Fugadties are more 
convenient than d1emic:al 
potentials. .. 

• . .. but equilibrium is best 
expressed in term c:A fugadty 
coefficients 

• When USing EOS VLE is 
expressed by 

; = 1,2, ... ,m 

,,_ :: ---.. '»'.. - :: 

4 



-
-
-
-
-
-
.. 

-
-
-
-
-
• 

-
-
-
-
• 

• 

-

~ .... -.-. 
Equation of State by integration 

--~;-----

• Equation of State is a function ... 

• Fugacity is obtained by integration 

,,( RT\ 
RTln <P; = [ \7;-p JP 

RTln <p; = Y[( ::. ) -~}v -RTln Z 
v 1 T,P.nj 

~":.::.----

.. but may by obtained W 'lll~~~v.6:.w 
differentiation 

F = 11A' (I'. T.n) 
RT 

l
( i!F\ p II 

ar}1.n =- RT+V 

f ilF) = _ n~'(T,\',n) 
1_dTT. 11 RT 

Activity coefficient and He ·ry,~'Fa:~ 
. approach 

·-:.· 
• Vapour phase fugaclty: f1•= P Y1 ~.· 
• Liquid phase fugaclty: f11= Cm111 Y1 
• where: cm111 = R.i(T,P) Xi 

• If pure liquid exists Ri = I
. (/ ·L 
1m'-'- = I puro 
P~l .\i . '· 

If not: Ri.. Jim!/' 
u-+1.· xi 

• f1 pure= 

+In most cases (low P) ==> P Y1 .p1v = p1° y1 Xi 

IUl.l 11 wnM< XIOO·"'*l! 

5 



. Henry's law approach 
+ For supercritical components the fugacity at the reference liquid 

state cannot be calculated because the vapour pressure is not 
defined. 

+ An hypothetical reference state H, is defined for the component 
i at infinite dilution: 

f 1L = x, y•, H, y•, = 1 as x = o 

y", = Y; I y"", 

+ Therefore P y1 qi1v = x, H, y1 I y .. , 

+ Simplified Henry's law: P y1= x, H, 

,_<:-_ ______ ,__._ 

Types of VLE Phase behaviour 
+ Ideal systems 

• Systems that obey the Raoult's law 
• Consist of molecules of the same s:.ze and shape and 1ntermoiecuiar 

forces 

• Mixtures at low pressures that may be assumed as Ideal mixtures 
(hydrocarbons, 1some,,;, .. .) 

• Ideal mixtures canno': form azeo:ro;ies ex- mu!tple li<;w1d phases 

"' Non ideal systems 
• Due to interactions between functional groups o-ea:.nf non rarjomnes.s in 

the mixture 

• Due to energy effects created by Size and shape differences 
• Is accounted for activity coeffioerits 

Types of VLE Phase behaviour 
• Effects of non ideality 

• gamma > 1 because molecules are dissimUar and tend to aggregate 
more with molecules of the same species, creatinQ large local 
c:oncentration. Ge is positive. Positive deviation from 1deahty 

• gamma is large: liquid may spltt into two phases 
• gamma < 1 when attractive forces between dissimilar molecules are 

stronger than the fon:ess between the like molecules. Ge is negative. 
Negative deviation from ideality 

• if gamma < may have chemical complexes (ammonia water system) 

------------

6_ 
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Two Approaches: Gamma - Phi versus 
-";.Phi_~_ Phi 

GAMMA PHI 
+ Pros 

- Reliability at low pressure 
- Very good for desoibing polar 

mixtures 

- Simplictty 
- Easy programming and low O'U 

time 

+Cons 
- Valid only at low pressure 
- Pora,,_,. d the modtl ore 

highly correlated 

- Consistency at the critical point 

,_0..--_ _ / ____ _ 

PHI PHI 
.. Pros 

- Continuity •t the ai:ical point 
(one model) 

• Parameters ore noo so strongly 
correloted 

.. ApptDble in an hig11 T and P 
range 

- Oesaibes W>lumetri: properties 
as well as equifibriu n 

+Cons 
- Complexity •nd high O'U time 
.. Polar and k>w press Jre mixtures 

Excess Gibbs energy expressions 
+ Starting point: Excess Gibbs Energy 

fa,,,~\ 
RT lnyl = I -·-' I 

\ {)11. _I/ )',"·""~·a: 

• Margules two suffixes: g•=Ax1x2 

• Redlich Kister 
g• = X1X2[ A+ B(x,·X2} + C(x,·X2)2 + D(x,·X2>3 + ........ ] 

.,_ Whol: 
~ = 2a1::Z1Z:z + 3auM2Z1 + 3 a1nZil22 + 4au12Zi>z2 + 

RT~ H.j: - x 4 I + 4a112:zZiZ:zJ + 6au22Z,.2z2l + •••••••0 

•Van Laar: 

·--­--
_t.· 1

· x. ~ :b In { ... r;;I .;;;; ! : 
-=---;---; 

W'C~~ 

. Excess Gibbs Energy expressions 
+Wilson: Ge= RT(-xlln(xl+x2 U2)- x21n(x2+x1 L21)) 

r ·\" "" ] lny; =-lnlx1+A12xo)+x1!-·-· ____ ._ .. _ 
L:t1+A1:x:: .n+A:::.f1 

Problem: miscibility gap O < 

• UNIQUAC 
• NRTI. 
+ UNIFAC 

'\ v. r l.-i2-.i."1] . "= ~nJli ----
"' L RT 

( il'f l I l I' 

l-·, +Rrf\--•-J C/>;j xi x2 / .r 
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EOS are used in Process Simulators 
• Process Synthesis more than analysis 
+ Sophisticated unit operation models (SFE) 
+ Fill gaps in multi-component systems 
+ High Pressure Predictions 
• Use of simple models applicable to wide range of systems 
• Predicted phase behavior must show the same trend as 

real behavior 

'*' Define the functional relation for pure components 
+ Define the extension to mixtures (mixing + combining 

rules) 

----,-~-----·-

Volume calculation for Equation of state 
+ Simple for cubic equations but not trivial 

• carda'lO analybcal method 

• Crucial for non cubic equation 
• Method must be robust and efficient 

• Most of trie time the code runs 1n the volume calculation routine 
• Some':lmes the inltlal guess is not good due to the bad 1nitla1 guess 

of the equilibnum calculation 
... the same for a bad parameter estimabon 

+ Method should always gives an answer 
• .. wrtti an em:r code 

• Method should be EOS independent 

Numerically speaking: ... solution of a 
non linear equation 

.. in which the unknown is the volume (or the 
density) and the equation is the EOS written in 
terms of Pressure = .... 

The problem: Rapid and robust convergence 

8 
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A classification of the diff e ~is,.,_· 
-';,Equations 

• Cubic Equations of State: the van der Waals family 
• van der Waals 
• Soa"" Redlich Kwong 
• Peng Robinson 
• Volume !n'1l51abon 

• Vinal equation of state 
• BWR 

• Corresponding state 
• Perturbation theory 

• The Perturbed Hard Chain Theory 

• The Perturbed Hard Sphere Theory 

• The SAFT Equation 

----

Cubic EOS 
+ Widely used, simple, rapidly solved analytically 
+ Easily extended to binary and multi-component !¥terns 
+ Mixing rules are crucial 
+ All are derived from van der Waals theory 

p = RT _!:.._ 
v-b v2 

+ Pure Component parameters are constrained to: 

(aP ~ -(a2P~ -o 
av ~c - a \/2 ~c -

Van der Waal equation fr 
function 

• The partition function is defined as: 

I
r JlnQ·1 

P=kr --, J 
\ 71 r..,, 

• l Oe Broglie~. lunclion "molocuilr 
.- lfld ~ l is - ID molecular -• N number d rroleculos 

• Vf me Volume • V-b 
• EO ~lar polBllill 
• qr,Y molecule deg""' d freodom 

p = .!!I_ - .,!!__ 
l' - b 1'2 

" I ,Vb •1 =I --- =/(p) ,,.,.. 

Eo = -~~- flp) 
rs;; 
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Soave Redlich Kwong Equation 

p-RT_~ 
- v-y _ _!!Y(v+b) 

a= [l+mTY"J ·Or 

Redlich Kwong Equation 

m = 0.480 + l.57-1-w-0.176a.>2 
Soave Equation 

m is a function of the acentric factor 

~":::...-----·-

Peng Robinson Equation 
+Original 

P= RT_ a(T) 
1·-b l'(1·+b)+b(v-b) 

• Volume translation 

P= RT _ a 
v-b (1· + c)(1· +b + ~c) 

\7 =V+""cn ~ ,, 

s:.--

c; = Lc;x; 
i 

c; = f (Tc;. Pc;.ZRAi) 

. Cubic Equations for Mixtures 
• Mixing rule for the a parameter 

am= LL XjXiaij aij =(I - kij )~a;a j 
j j 

+ Mixing rule for b parameter 

b., = _L.x-,b; b., = L _Lx,xiij 
I } i 

+ The fugadty coefficient for SRK 

ln[A]= In<!>; =-b_; -In[ Pl/ [1- b"']]- 2~ama; 
x;P \1 -bm RT V RTV 

--o:ii:::,. __ 
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Huron-Vidal Mixing Rules 
-~-------

+ Huron and Vidal (1979) used a simple thermodynamic relationship to 
equate the excess Gibbs energy to expressions for the fugadty col!llicient 
as computed by equations of state: 

GE •RT In q> • Si xi RT In q> i * 

+ Equation is valid at any pressure, but cannot be evaluated unless !<>me 
assumptions are made. If Equation is evaluated at infinite pressum, the 
mixture must be liquid-like and extremely dense. It can be assum<d that: 

V•bandVE•O 

+ Combining results in an expression for a/b that contains the exces; Gibbs 
energy at an infinite pressure: 

.ll.= ~ x ~-_!_G'!11==i 
b ~. "· ,\ ., , 

+ The paramt!ters and depend on the equation-<>f·state used. ---------

Features of the Cubic Equations of state 
• Three parameters for pure components: Tc, Pc, w 
• The main advantage is the flexibility and the easy o·' use 
"" The main disadvantage is its accuracy in the PVT space 

for both pure components and mixtures 
• The applicability is questionable when critical properties 

are not known (high molecular weight such as polymers) 
+ Group contribution (Soave, 1994) 
• Volumetric properties are not accurate in the close vicinity 

of the critical point 
+ The physical meaning of the parameters is questionable 
• Mixture parameters are difficult to predict 
• They are a very powerful and useful correlation tool 

. Binary interaction parameters for SRK 
0.1.5 

0 

0.10 
v 

0 0 

kij 0.05 
0 

.., .., 
0 

0.00 
0 < 0 

0 

.()05 

20 60 IO 100 l::?O l.eD 16) llO 

MW__......_.,. 
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VIRIAL EQUATION OF STATE 
------

• Sound theoretical foundation 
• Free from arbitrary assumption 
• Remarkably general prOVided the intermolecular potential 

obeys certain well-defined restrictions 
• Takes the interaction into account 

• The secaid virial coefficient considers interaction between two 
molea.Jles 

• The higher orde' coefficients follows in an analogous manner 

+ The coefficients B, C, .. can be calculated 'a priori' from 
statistical mechanics 

Virial Equation of State 
+ Density expansion 

,., i 
Z = 1 + Bp + Cp- + Dp- + 

..._ Pressure expansion 

·---__ ,._. ___ ~·- 'Yl>r ::~ i".o:·-~! 

The importance of the coefficients 

z 

z for Arson 111 -70 C 

ressure 
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Benedict Webb Rubin Equation 
• Many constant for the pure component propertif!, 
+ Problems for the mixtures in defining the mixing 1ules 

P = RTp + (B0RT- Ao - C0/T)p2 + (bRT- a )p3 + 

+ aap6+(cp3/r2)(1+yp2)exr(-yp2) 

+ Very good for the description of pure componen~; 
+ Very accurate for multi-property 
+ Very problematic in the extrapolation and mixturE· 

calculations 

-.c.r:1:~100C'·-" 

CORRESPONDING STATES THEORY 
+ Derived by van der Waals - most important result 
+ Based on the critical constraints 

• Variables v, T and P are related by a universal function !uch tnat 
F(Tr,Pr, Vr} • 0 

+ The EOS for any one fluid is written in reduced 
coordinates, that equation is also valid for any other fluid. 

• The original formulation is a two parameter theory 
• Only for Simple molecules 
• In whidl the forx:e field has a high degree of symmetry 

• Typically small, non polar substances 

+ For more complex molecules it is necessary to introduce 
an extra parameter (at least) 

ASSUMPTIONS OF CORR 
STATES 

+ Two parameters approach 
• The partitiCn funclioo Is factDred as Q-Qlnt Qtrans and =2 int IS 

independent of volume 
• The das5ical approximation IS used for Q trans I.e. no quantlm 

errects are c;cnsldered (H2 He, Ne) 

• The potential energy is described by the sum of the inte"'l!Ctions d 
all possible pairs d molecules and depends onty on the 1liltllnat 

• The potential energy d a pair d molecules IS representl:d by a 
unillersal function d the lnt8molecular diSUlnat 

+ Three parameters approach 
• Assumption 3 IS relaxed: we use 111 average potential wierein we 

have averaged out all the effects of symmelly 

• Assumption 4 IS abandoned: each molecule (or dass) his a 
charaderistic parameter 

13 



Corresponding States The~ :~w:.. 
,. Components 

-~----;-;( T,, V, , P,) = 0 ;: = 5( T,, P,, X ) 

+ Leach Leland Formulation 

A'(T,\'.x) AQ(To.Vo) 
RT RTo 

• Other formulation 

t-a.,.-­

------~ 

Corresponding States Theory: Mixtures 
+ For mixture the definition is the same 

F(T,. V,, P, )=Oz= S(T,, P,, X) 

~ One has to define the pseudo critical properties 

Tern, vcm, wm 

• Mollerup approach 

• Plecker extension to mixtures of Lee Kesler eq. 
• Shape factor methods of Leland 

Motivation for non cubic EOS 

• EOS is a reasonable choice for HP calculations 
• Cubic Equations are not suitable for predictions 

• TC e PC are Questionable for 'natural systems' 
• Binary kij are difliajt to predict 

• The physical basis d: Cubic EOS is poor 

• Perturbation theory gives indications 
• Perturbed Hard Chain - Perturbed Hard Sphere Chain 

• Theory more complex and gives better model 
• Para~ become 'predictable' 
• HiQher complexity is balanced by good computer codes 

--------

14 
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The basic theory: the van der Waals PF 
• The partition function 

) ( ) )-
3

N 11 [ _( E l]N 
Q = N! A (v1) exl\ - 2k~) q,/ 

• N 
• L 

• Yl•V-b 
• EO 

• ...- d roolecules 
De Bmglio wa>dength, function d n'Oi«ulo r 
mass and temperature. k is ~181 ID mole:ullr 
dinension 
Free Volume 
Intermolecular potential 
molecule deg..., d freedom 

The Gererilzed van der W~ S"lraffifio~ = 
Function 

+ The partition function is modified (Beret Prausnitz) 
considering q r,v = q r,v (ext) q r,v (int) 

'-~ 

• External degrees of freedom • 3 (transl.)• c (transl. equrtalent) 
• External ( •1nftuenced by density) contribubons from ro:a~on and 

vibrabons 
• Internal contributions depend only on Temperature 

r 1JlnQ i 
P=kr

1
-.-. I 

" riv /'I 

eig~~~ 

The Carnaham Starling EquatK>n 
• Perkus Jevick 

Vr =exp[/;(31;-4)] 
v (1-1;)2 

1', = 0.74j!_ cr3 
" i·o=72NA 

+ Carnahan - Star1ing Equation: 

p = plG + pflS + p.4.17 =RT+ RT[1;(4-21;) l_ ~ 
l' I' (! - l;)J J V2 

---
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The Perturbed Hard Sphere Theory 

PHCT Equation: an Overview 
+ Reference Term 

• CS Term (With v* paramaer) + c 

• Perturbation Term 
• Low Density Term (5econd Vina!) 

• Dospenioo, 0.pale rnornont. QuadnJpale moment 
• High Density Term 

• O.Spersion (Moote eano Srnuiatiool 
• Polar (Gubbins and Twu) 

1' Parameters: c, v*, T* 
• Base:l on Bondi Volume 
• Base:l on Correlation witll MW 
• For Polymers and Petroleum Fracoons 

PHCT Equation: Extension to Mixtures 
• Reference Term 

• Linear mixing r1'e for c and v* 

+ Second Virial Term 
• Binary parameter in cT* moxing 

+ Dense-Fluid Term 
• Binary parameter In cT* mixing 

• Temperature dependent k 
• Asymmetric: k 

+ Parameters: kij 
• Defined in terms ~ segment-segment 
• Constant within dasseS 

-----

16 



-
... 

-
-
.. 
.. 

.. 

.. 

• 

-
-

• 

-

Binary interaction Parameters Prediction 
~ • Site - Site Interaction 000,0 

• Parameters Characterized ~ \ \ I 
oc~ • carbon Dioxide 

• Methane 
• Light Hydrocarbons (Ethane, Propane, Propylene, Ethyien<!) 
• Heavy Hydrocarbons (AlkaneS, Aromatics, Naltens, .. ) 

---- .-. 1:s 

~ ·lil~~V',Z.. 

Mixture Volume: C02 - Octacosane (313 K) 

"" 

Partial Molar Volume 

... -

....... . ......... 
. u . 

"" .~ . 
~7 

.... 

/ 
I 

v 
I 

I 
I 

.... \'. 

L 

. , .. _,.., 
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Solubility in C02: Octacosane at 318 K 

-_,,..,,,. ~ 

_,., f7--__ ~ 

~ 

--
...... 

"' --· ~,-.::.. _____ _ 

~·,.. ~1..,t-~1:-r-.. -'r.a.,_ 

Pure Component Parameter V* 
. . / 

/ . 
/ . 

i A' . 
~ / . 
~ "./"" . 
~ / . . /o 

. v . . . . . . 
\•Pia. -· 

·--- ---~· 
, • .,.. ::~nix--~ 

Pu e Component Parameter A* 

I/ 
v 

j v 
v . 

:. ~ 
0 

--=.. 

,:-

18 



-
-
-
-
-
-
-
.. 
.. 
.. 

.. 

-
.. 

-
-

*tlCJ'&I~~---

PL re Component Parameter E* 
-<:,.-- -----

. / 

. ,,,/ 

/. 
...-. 

I 
. . v.--

:, . v 
. / 

I./ 

/ . . " .. . " . . . . . 
Ec9(U~) 

:.,c:.:::., _____ 

·- ~t>r. nso....i... iOIX·..,.1~ 

~~-----

Conclusions 
+ For low pressure systems use Excess Gibbs energy moclels 

·~UNlQUAC.Wfllln\. 
• t.wlY ........ ,, .. .,_.. 

+ Use the Henry's law approach for the incondensable 
components 

• Use EOS for high pressure systems ,.... ......... ...., ... 
_ . .- .. --...c. ..... ..... 

• c..-e.-ffl ... ___ ,_......,,,..... ..... ...._... ................ ... 
• c.. ....... fll ... _ ..... ___ .-...-..n ..... "'-( ....... ~- .............. ,.._ ..... ~....--............ ~ ........ ,,...... ..... ..... 

• Use UNIFAC for undefined mrnponents, or use the correlatlOns 
for the pure component panimeters of non cubic EOS 

+ In the Intermediate region use the MHV2 Huron and Vidal 
method for combining EOS and activity coetricients mo:lels 

----
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Recommendations for model selection 
• Oil and Gas Production 

• Reservoir systems PR-BM, RKS-BM 
• Platrorm separation PR·BM, RKS-BM 
• Transportation of cil and gas by pipeline PR-BM, RKS-BM 

+ Refinery 
• Low pressure appiia!tions (up to several atrn) Vacuum tower, 

atmospheric crude tower BKlO, Q-IAO-SEA, GRAYSON 
• Medium pressure applications (up to several tens of atrn) Coker 

main fradionator, FCC main fracbonata- CHAO-SEA, GRAYSON, 
PENG-ROB, RK·SOA VE 

• Hydrogen-rich applications Reformer, Hydrofiner GRAYSON, PENG­
ROB, RK-SOAVE 

• Lube oil unit, De-asphalting unit PENG-ROB, RK·SOAVE 

S.:.~----.-.·-

Recommendations for model selection 
+ Gas Processing 

·--­-· 

• Hydrocarbon separations Demethanizer 0-splrtter PR·BM, RKS-BM, 
PENG-ROB, RK-SOAVE 

• Cryogenic gas processing Air separation PR-BM, RKS-BM, PENG­
ROS, RK·SOAVE 

• Gas dehydration WJ!ti glycols PRWS, RKSWS, PRMHV2, RKSMHV2, 
PSRK, SR-POI.AR 

• Aod gas absorption wrth Methanol (RECTISCX.) NM? (P'JR!SCX.) 
PRWS, RKSWS, PRMHV2, RKSMHV2, PSRK, SR·PO.AR 

• Acid gas absorption with Water Ammonia Amines Ammes + 
methanol (AMISO',) Caustic l.Jme Hot carbonate EL"CNR"T\. 

• Oaus process PRWS, RKSWS, PRMHV2, RKSMHv'2, PSRK. SR· 
PO.AR 

Recommendations for model selection 
"' Petrochemicals 

---

• Ethylene plant Primary frad:ionator Light hydrocartxJns Separation 
train Quench tower CHAO-SEA, GRAYSON PENG-ROB, RK·SOAVE 

• Aranatics STX extraction WILSON, NRTl., UNIQUAC and their 
variances 

• Substituted hydrocarbons VC>l plant Acrytonitrile plant PENG-ROB, 
RK·SOAVE 

• Ether production MTBE, ETBE, TAME WIL.50N, NRTl, UNIQUAC 
and their vanances 

• E!t>ylbenzene and styrene plants PENG-ROB, RK·SOAVE -or­
WIL.50N, NRTt, UNJQUAC and their variances 

• Terephthalic aCid W!L.50N, NRTL, UNIQIJAC and their variances 

------~ 
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Recommendations for model selection 
•Chemicals 

• Aze:>tropic separations Alcohol separation WJL.500, NRTl, 
UNIQUAC and their variances 

o carboxylic acids Acetic acid plant WJl.S-HOC, NRTL-HOC, UN :Q­
HOC 

• Phenol plant WILSON, NRTL, UNIQUAC and their variances 
• Liquid phase reac:tiOnS Esterification WILSON, NRTL, UNIQ\JJ.C and 

their vartances 
• Ammonia plant PENG-ROB, RK·SOAVE 
• Auonxllemicals WILS-HF 
• Inorganic Olemicals caustic Acids Phasphaic acid Sul!Ylurie acid 

Nitric acid Hydrochloric acid El..ECNRTL 
• Hydronuoric acid ENRT!.-HF 

~bit 12 Se!s- 21'.lOO • ...,. 61 

Recommendations for model selection 
+ Coal Processing 
+ Size reduction crushing, grinding SOLIDS 
+ Separation and cleaning sieving, cyclones, precipitation, 

washing SOLIDS 
• Combustion PR-BM, RKS-BM (combustion databank; 
• Acid gas absorption with Methanol (REcnSOL) NMF· 

(PURISOL) PRWS, RKSWS, PRMHV2, RKSMHV2, PSIU<, SR­
POLAR 

+ Acid gas absorption with Water Ammonia Amines ~mines 
+ methanol {AMISOL) caustic Lime Hot carbonate 
ELECNRTL 

+ Coal gasification and liquefaction See Synthetic Fue table 

----·-

~O'ill~~~ 

Recommendations for model selection 
+ Power Generation 

• CDmbuSlion COii Oil PR-BM, RKS-BM (aimbustion datallark) 
• Steam c;ycleS CDmpressors Turbines STEAMNBS, STEAM-n 
• Add gas absorption See gas processing. 

+ Synthetic Fuel 
• Synthesis gas PR-BM, Rl<S-BM 
• COii gasilication PR-BM, AAS-BM 
• COii liquefadion PR·BM, Rl<S-BM, BWR-LS 

+ Water and Steam 
• Steam systemS COOiant STEAMNBS, ~TA 

• Mineral and Metallurgical Processes 
• Mechanical processing: Crushing Grinding Sieving Washirol SCUDS 
• Hydrometanurgy Mineral leaching aECNRn. 
• PyrometaUurgy Smelter Convem!r SCXJDS 

-----
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Recommendations for model selection 
• Environmental 

• Solvent ~WILSON, NRTL, UNIQUAC and their variances 
• (Substib.Jted) hydrocarbon stripping WILSON, NRTL, UNIQUAC and 

their variances 
• Add gas stripping from Methanol (RECT1SOL) NMP (PURISOL) 

PRWS, RKSWS, PRMHV2, RKSMH\12, PSRK, SR-POLAR 
• Add gas stripping from: Water Ammonia Amines Amines + 

methanol (AMISOL) Caustic Lime Hot carbonate ElECNRTl 
• Adds Stripping Neutralization ElECNRTL 

Polar 

,_,,__ 
---~-5-__ _,_, 
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Environmental applications of process 
simulation 

--­_, 

MauriZio Fenneg/ia 

DrCNol' • CA.SUI • Uniwrslty •Tnd:t 
JCS UNJDO Nu Saence PM. Tnm. 

_Agenda 
• General statements and strategy 
• Main features of an environmental policy 

• 

• Pollution prevention techniques and Process simul,1tion 
• Applications and examples 

Training Course on 

Sustainable Jnduslrilll Developmelll Process Simulation and Optimis1llion 
,. Techniques 1 
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s ~~~eneral context and motivations 
+ Pollution Prevention in the Chemical lndustly 

• Increasing cost of waste disposal 

• Growing number of envircnmentlll regulati<xlS 

+ Environmental policy as an integral component of the 
corporate strategy 

..=,.--.-.:,. ____ _ 

't;:~fg'l:l;;;;;::o.~~ 

Environmental concern and wastes ... 
+ Waste minimization at their source leads to ... 

• cost savings 
• improved product yield and quality 
• reduced J>Ollubon 

• safer wor1<place condi~ons 
• fewer waste management needs 
• conservation of natural resources 

• Waste treatment is often needed 
• End-of-pipe approaches are more expensive bu~ still 

necessary 

~g~~ 

Features of an environmental Policy ... 
• Leadership 

• Combination of plant manager and health ol'!ice" 
• Responsabilily fer setting goats fer reductial in generatia1 of 

specific chemiall wastes 

+ Material Balance: aims at accounting for every quantity of 
a chemical that is: 
• shipped to IN process 
• aeale'.l or destroyed in IN process 
• defr.oered as a product from IN process 

• released as gaseous, liquid, or solid waste 

::::...--

Training Course on 

Sustainable Industrial Development Process Simulation and Optimisation 
Techniques 2 
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Features of an environmental Policy 
-:;-----·------

+ Cost accounting: assigns the pollution cost to indivi:lual 
process, such as: 
• pollulion control 
• waste disposal 

• regulatory ampliance 
• lost materials 
• Insurance 

• future liabilities 
• public and customer relations dealing with waste issues 

• Employee involvement at all levels 
• from top manager to production and maintenence workers 
• workers need training 

Pollution prevention tecniques 
+ Process changes 
+ Operation changes 
+ Equipment changes 
+ Chemical substitution 
+ Product substitution 

--· -

eO\i:ltlol:ll~~ 

. Pollution prevention: Operation changes 
+ involve improving plant operations 

• material handling and equipment maintl!nance 
• better control of material use 
• employee practices 

+ to minimize 
• spills 
• process upsets 
• excessive use af chenicals 
• or other problems that can generate wastes 

• in every stage of the process 
• storing 
• moving 
• mixing 
• reacting chemicals 

Training Course on 

Sustainable JnduSlria/ De~elopment Process SimulaJion and Optimisation 
Techniques 3 
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_,_Poll~~~n prevention: other techniques 
• Equipment changes 
• Chemical substitutions 

• invol\le using r1IW materials !hat create fewer toxic and hazardous 
wastl!S during productial process withaJt necessarily changing the 
process itSelf 

• aiming at substituiting hazardous and toxic materials 

• Product changes 

---

• invdve deSigrvng the encl product so its manufacture creates less 
toxic and hazardous waste 

• can be achia-ed withaJt changing the fundamental manufacll.ring 
process {ex, : pellets rather than powder} 

------

Benefit of Process Simulation 
+ The modeling of a chemical process enables to efficiently 

analyze the process in terms of environmental impact 
• Modelling plays an integral role in company's 

environmental policy 

Results in terms of environmental impact 

+ Compute the operating conditions to meet the discharge 
requirement 

• Compute the performance, capital and operating costs for 
each equipment item 

• Compute the properties of materials in a waste treatment 
process 

+ Prepare an integrated flowsh~ that considers design 
constraints 

+ Automatically maximize performances, within process 
constraints 

• Flt the parameters of the waste treatment models to 
experimental data 

• Perform sensitivity calculations 

Training Courst on 

Sustainabh Industrial Dtvelopment Process Simulation and Optimisation 
Techniques 4 
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,. Results in terms of modelling as integral role 
+ Complete material balance 
• Identification ot the costs and savings potential of pollution 

prevention options 
• Effective vehicle of communlaltion among managers, en ~lneers, 

and production workers to desaibe the Impact of makino 
processes, operations or equipment changes. 

• What if scenarios can be evaluated 
+ Model allows accurate support ot pilot plant tests 
+ Process simulation aids the engineer In understanding tile 

process design and In evaluallng process alternatives 
+ The waste treatment process can be opllmlzed to identify the 

operating conditions which achieve the most effective and 
economle treatment within regulatory constraints 

-----

SOME EXAMPLES AND 
APPLICATIONS 

Coke oven gas desulfurization 
•Goal: 

• lower the hydrogen sulfide content of purified coke oven ias from 
coke plant 

+ Simulation 
• identify ways of optimize process parameters to lower sulfur 

content 
• identiflcllticn of new process conditions 

+ Results 
• decrease of Wfur dioxide emissions of 360 tons per year 
• 30% of the S<Jfur dice~ emissions reductiOn 

Training Course on 

Sustainable Industrial Development Process Simulation and Optimis11tion 
,.. Techniques 5 



,. Optimizing steam consuption for solvent recovery 

• Goal 
• ~ of methylene chloride from waste 

•Simulation 
• cataiation cl the steam consumption 

• identification of the optimum ccnditiot1s 

+ Results 

-----

• savings in steam usage realized without arrv major process er 
equipment changes 

Methylene chloride recovery 

~lg'f;.~~~ 

Defining process conditions of a sour water 
stripping system 

• Goal 
• a Chinese Design Institute was c:r:ntraaed to design a high sulfur 

sar water treatment process witlln a very ti9ht bmeframe 

+ Simulation 
• electrolytl! containing complex system 

• evaluation of different process schemes 

+ Results 
• process cmdibonS and sensitivities cl key process vari&bles were 

defined with only two ~-monthS ell'ort 

.=."'::::..-----

Training Cours1t on 

Sustainabl!t Industrial l>!tnlopm1tn1 Proc1tss Simulation and Optimisation 
T1tehniqu1ts 6 
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Improving the operations of a Waste water 
treatment plant -s----

• Goal 
• debottleneck the plant and determine how operating variabl<s can 

be manipulated ID lmprC!lle efluent quality 

• Simulation 
• lclentificatiOn of the clarifier as the botlelneck unit 

• Results 
• additional capacity and operllling changes in the darifier can 

Improve the capacity of the plant 
• evaluation of the impact of the plant loading on the effluent quality 
• study altematiV'e operating tecniques (changing residence tirne, 

recycle, level of biomass) ID lessen IDXidty 

=---

{. 

~ u;J'las=':::l!i,J.~ 
Evaluating alternative process configurations 
to meet environmental regulations 

+Goal 
• a dye producer applies Single stage reverse osrnoSis to purify 

effluents 
• new modules are to be added to meet regulabons 

• Simulation 
• Simulation of all possible new configurations (Six months wcrk 

estimation in a pilot plant) 

• comparison in terms of process economy and performances 

+Results 
• optimL.111 design fo"und in two weeks 
• savings of 5 months investments 
• environmenl31 '1!gulations were met on schedule 

Identify the design of an 1 

. sludge incinerator 
•Goal 

• design an incinerator for industrial sludge 

+Simulation 
• identify optimL.111 design With the minimum heavy oil additi'in as a 

function of sludge humidity 

+Results 
• optimal design whidl saved 30% in heavy oil consumption over 

pnNiOUS design was Identified 

Training Course on 

Sustainabk /ndustri;z/ Development Process Simulation and Optimisation 
,. Techniques 7 
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Process simulation is a simple 
and helpful tool. .. 

. . . that may help in solving 
problems connected to the 

environmental impact 

___ .. ___ _ 

Training Course on 

Sustainable Industrial Developmenl Process Simulation and Optimisation 
Techniques 8 
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_ ll'ldustrial Applications of Process 

Simulation: Counter-current Separation 

Units 

Training Course on 

Alberto Bertucco 

IRitlrtx>OlmpiriChirnici·Uni~of~a·1tX)o 

JCS UHJDO Arm SOerlO!! Park Tneste 
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Complex Separation Units: 

Conventional and Supercritical Extracti-i>n 

Alberto Bertucco 

JSlJt!Ap 6 lmpolll'lb Chimoc:i • UnMnity of~·· Italy 

JCS IJfUOOA,_ Solnm P"1I T~ 

bl!bc(llpolodv..dlaf;;.inpd.IT 

Agenda 
+ Ternary Liquid-Liquid Equuibrium (LLE) diagrams 
+ Single- and multi-stage extraction devices 
• Solvent Extracbon of t-O!prolact:am 
• Fluids at supercritical conditions 
+ Extraction with supercritical fluids 
• Potentials of dense gases in the chemical and process irnlustry 
+ Precipitation & crystallisation with dense gases as antiso!~ents 

Ternary Diagram Fundamentals 

a) b) c) 

ZM A -ZR.A zv.•-z•.• ZH,r -zR(' s 
=-

-s,A =Al.A =.,,B -::M,B =s.L' - :A/.C R 

Training Course on 

Sustainable IndMstrial Development Process Simulation (JJld Optimis1llion 
• Tec/rnlques 

-
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Ternary Liquid-Liquid Equilibrium 

Single Stage Unit (mixer-settler) 

·-c-­---

Multistage Unit 

------

Training Course on 

L 

D 

Sustainable Industrial Dei·elopment Process Simllllllion and Optimisation 
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Countercurrent Extraction Column 
b 

------

Block Diagram of an Extraction Process 

Feed: A+B 

I 
I 

Extractor 

Raffinate: B( +S) 

Solvent: S 

Extract: A( H) 

I 
1 
I 

I Separator 
i 
I 

E1iergy: Q 

Atmospheric pressure everywhere -----

Sieve Tray Extraction Column 

Ternary system (at least): 
+ component of interest 
+solvent 1 

+ extraction solvent 

Two phases: 
+ heavy (pesanre) 
+ light (leggera) 

------

Training Course on 

Sustainable lndllstrlal Development Process Simulation and Optimisation 
• Techniques 

-
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Extraction versus Distillation Operations 

Advantages {Pros) 
+ easier separation (higher selectivity) 
+ separatiOn of azeotropic mixture; 

+ less energy required 

------

Training Cnurse on 

Disadvantages (Cons) 
+ an extra-component needed 
+ much lower plate efficiency 
+ distJllatiOn required downstream 

Two operations In-between: 
+ azeotropic distillation 
+ extractive distillation 

·-

Sastainable Industrial Development Process Simulation and Optimisation 
T ech11iques 4-
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Contents 

• Capacity and selectivity 

• Stage processes 

• Continuous contact processes 

• Distillation columns 

• Absorption and stripping columns 

• Degrees-of-freedom analysis 

• Example: simulation of tray distillation col1Jmns 

• Simple example with a Process Simulator 

Our aim: SIMULATION, not design 

• Start from the real world (an existing plant) 

• Make a plant scheme of the section of interest by 
means of a process simulator 

• Get field data of plant operation 

• Try to reproduce the actual operating conditions 

• Make necessary adjustments 

• When It works, use the •calibrated' model t,) make 
virtual experiments on the real plant 

• Do this for both steady-state and dynamic 
situations 

Actual organic solvent dehydrificatlon plant 

...... ... _ .... 

1 



Capacity 
(equilibrium ratio) 

Selectivity 
(volatility) 

Vapor-Liquid Equilibria of Binary Systems 

T =cost i 
T 

z =cost 

~~~.:~// 
. ' 

• -~ •• nipD. 

T. VAPOR.E 

T -> 

n =cost 

Vapor-Liquid Equilibria of Binary Systems 

T.'C 

System: acetone-chloroform at n=l atm 

2_ 
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Single stage operation (Flash, mlxer-settli!r, .. ) -

.. 

.. 

Multiple contact 

Multiple panial condensation .. 

... 
Multiple panial vaporisation 

.. 

The Idea of multistage distillation 

rectifying section 

.. 
stripping section 

3 -



The tray as the contact stage 

i i i 
Downcomer__. weir 

fW*-20 ~ 2000 

The distillation column: a stack of trays 

~· 
~~ 

~ ~ 
Rab9t. 20 ~ 2000 

Material Balances (McCabe hypothesis) 

A=D+R 
D=V-L 
R=L' -V' 
L'=L+(l --<pJA 
Y=Y'+ <pA 
AzA=Dx0 +RxR 
Yy=Lx+Dx0 
V'y=L'x -RxR 

Energy Balances (McCabe hypothesis) 

Q,=A.V 
Q,=l.Y' 
~= Q,+ cpAI. 

Operating variables in a distillation column 

• Composition of products Xo' XR 

D=A (zA - xR).'(x0 - xR) 
R=A (x0 -ZA)/(x0 - xR) 

• Reflux ratio r=LJD 
~=(r+l)/.D 

Q,= (r+ I )l.D - cpAA 

• Number of contact stages N,N' 

N=f(r, Xo· XR) 
N'=f (r, Xp. XR) 

• Ideal stage assumption 

4_ 
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Operating limits and optimum point 

T 
c o 

N+N'~ min 
N+N' ~oo 

Total costs C versus r 

lndu.trial MPerllton Of*'•tlona 13 

ldeality and reality in a Mcabe-Thiele diaE1ram 

Plate efficiency: 

E = (yP -Yp-1) 
P (y~ -Yp-1) 

y~ = KPxP 

.._ ... _ .... 

A schematic of a real tray distillation column 

R 

5 



Distillation column with two liquid phases 

Binary system with miscibility gap: 
• Liquid-liquid equilibria 
• Liquid-liquid-vapor equilibria 

i 
T 

s --

Distillation column with two liquid phases 

Liquid-liquid phase splitter 

v· 

Actual organic solvent dehydrificatlon plant 

NOTE: 

NOT ONLY COLUMNS, 

BUT ALSO TANKS, 

VALVES, PUMPS AND 

HEAT EXCHANGERS 

~-
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Absorption and Stripping tray columns 

Ternary system (at least): 
• inert gas (GAS) 
• Inert liquid (OLIO) 
• component B to be exchanged 

116~ 

lnduetriel Mpaf'aion oper•Uon• 11 

Continuous contact processes 
(for distillation, absorption, stripping) 

In stage columns the contact between the gas 
and the liquid phases occurs on the tray. 
The exchange area depends on the hydrodynamics 

In continuous contact units: 

• Packings are used rather than trays 
• the gas and liquid phases flow countercurrently 
• the liquid forms a film on the packing 
• the exchange area can be very high if a prc·per 

design of the packing is adopted (structurEd 
packings) 

Continuous contact processes 
(for distillation, absorption, stripping) 

The material balance around a packing section: 

Z = packing height 

fYout dy 
Jyin y-y. 

if ace 

a = specific packing exchange area (wetted) 
G = gas flow rate 
kg = gas-side mass transfer coefficient 

7 



Continuous contact processes 
(for distillation, absorption, stripping) 
The material balance at a given section: 

From the steady-state assumption on mass fluxes: 

_ ~ _ Y - Yiface 

kg x - xiface 

NOTE: The gas and liquid compositions at the interface 
are always assumed at equilibrium: Y11oco = K X11oco 

A popular equation for continuous 
contact processes (simplified) 

Z = NTU
9 

x HTU
9 

NTU = fYout _d_y -
g - Jy y y 

" - iface 

G 

Sketch of an absorption packed column 

NOTE: 
the liquid and gas 
distribution through 
the packed bed Is 
essential for ensuring 
efficient mass transfer, 
e.g. to achieve separation 

demister 

clistributorc -
riclistributore 

griglia 

-
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Capacity of tray columns 

• Lower operating limit: 
weeping point 

• Upper operating limit: 
flooding point 

• correct operation: gas 
velocity between 40% 
and 80% of the 
flooding value 

Capacity of tray columns 

Fair plot for the calculation of gas flooding velocity 
as a function of loading factor F1,rUV (pL/ r>v)0.s 

(sievn trays) 

Capacity of random packed columns 

Eckert plot: 

flooding and loading 
as a function of F1,v 

K= K(p111>i 1µ 11 v", C1) 

parameteric In pressure 

•) 

K 

drop per unit height .,,,,.._..._....1..U.wi..__,__._._...,,,.u_..,,...,,,,.....,. 
0.1 

9 



Capacity of structured packed columns 

Kister and Gill method: 

flooding and loading as a function of F1,v 

0 11~ Ii 

Y= Y(p0 ,Pi,µ 1, v •• c,} 
flooding and loading 

y ~ttt-·~~~.,...~~<:+t++ttt---t-++'+++ 'ttt---f 

as a function of F~v 
"' -- """' 

parameteric in pressure 
drop per unit height 

, , _ ....... 
' I 

111 •!1 

How can tray efficiency be calculated? 

• 
• 

• 

It depends on mass transfer, liquid entrainment, ... 
Different methods, rough estimation anyway 
(average error: ± 30%) 
examples: AIChE method, o'Connor plots,. .. 

I ' .. ' I: I I 

E, -....: 'I' 
1-.,,,,,.,.:i·',I 

I 

i I i I --. 

I I I 11 •ii I 
I Ii .1: 111 I 
I '11: ''I 

01 0.2 OA l 

uµ I 

How can packing height be calculated? 

About NTU: 
• just perform a numerical integration 

About HTU: 
• tt depends on mass transfer and hydrodynamics 
• Different methods, rough estimation anyway 

(average error: ± 50%) 

• examples: 
Bolles and Fair method (random packings) 
Bravo method (structured packings) 
proprietary methods 
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What Is provided by popular Process Simulators? 

About tray columns: 
• Many methods for the design and rating of tray 

diameter 
• the possibility for the user to provide plate 

efficiency values 

About packed columns: 
• many methods for the design and rating of column 

diameter 
• no methods for calculating the column height 

(except for RATEFRAce) 

• common use of the concept 
HETP=height equivalent of a theroretical plate 

which Is indeed an old and misleading approach 

What Is needed to simulate correctly 
complex separation units ? 

• a suitable phase equilibrium model (CRL CIAL) 

• accurate values of the equilibrium model 
parameter (CRUCIAL) 

• tray or packing geometric information (OBlflOUS) 

• non-equilibrium information (IMPORTAN'T, but can 
be adjusted on plant operation data) 

NOTE and REMEMBER: 

in steady-state simulations, column holdups have no 
relevance, except for reactive separations 

Degrees-of-freedom analysis 

• Number of Independent variables: 

Nr= N.- N. 

N-= IN.+ N.- NCO 

• Simple elements: 

a) N1 = 2 Ne+ ts 

b) N1= Ne +4 

c) N1= Ne+ 3 

d)N1:Nc+3 

.~:--~~· .cL ~· v~ 1.,, v~ 
•) ., b) 

,..-t-, _s, [l:_, 
"y~ c) d) 

tndu.triel ..,,..,...... .,...tton. 33 

11 



Degrees-of-freedom analysis 

• Series of Np theoretical stages: 

l Ni= (2 Ne+ 6) Np 

N. = 1 
N .. = 2 (Ne+ 2) (Np - 1) 

=> Nun11= 2 (Ne+ Np)+ 5 

• Absorber: 
Vapor feed: Ne + 2 variables 
Liquid feed: Ne + 2 variables 
pressure and heat on each stage: 

2 Np variables 
number of plates: 1 variable 

Degrees-of-freedom analysis 

Complete distillation column: 

=> N.n11= 0 · 

l N,= 9 Ne+ 2 (Npe+Nps) + 26; N .. = 8 (Ne+ 2); N. = 0 

=> Nun1t= Ne+ 2 (Npe+ Nps) + 10 

Pressure on each stage: Npe+Nps+3 variables 
Heat duty on each stage: Npe+Nps+1 variables 

Feed: Ne + 2 variables => Nun11 = 4 

Degrees-of-freedom analysis 

• Which approach? Design or simulation? 

Process Simulators use the second one 

• Three cases: 

1. Columns with both condenser and reboiler 
(distillation towers, extraction with top and bottom 
recycles) 

2. Columns with no condenser nor reboiler 
(absorption and sripping columns without reflux) 

3. Columns in-between cases 1 and 2 

l_ 
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Degrees-of-freedom analysis: 
application to simulations 

1. Distillation towers, extraction with top and bottom 
recycles: 

2 degrees of freedom 

2. Absorption and sripplng columns without reflux: 

1 degree of freedom 

3. Columns In-between cases 1 and 2: It depends 

NOTE: Process Simulators always provide the correct 
degrees-of-freedom analysis 

Simulation of a distillation column 

• we usually have: 

feed: assigned 
pressures: assigned 
heat duty: no dispersions 
Npe, Nps: assigned 

==:>Nunn= 2 

• for example: 
var1= L 
var2 = v· 

A 

v· 

Simulation of a tray distillation column 

a) 
.,~~-~~-~~ 

I IJ: l.4 l" l.J 

UA 

V'/A=2 V'/A=1 

v, ---

Effect of reflux on separation of an Ideal blnar,· mixture 
at two different values of V'/A. 

Relative volatility=2, z .. =0.6 and cp .. =O 
Rabel • 20 5-ptembw 2000 

13 



Simple example with a Process Simulator: 
Optimizing steam consumption for solvent 
recovery 

• Goal 
recovery of methylene chloride from waste 

• Simulation 
• calculation of the steam consumption 

ldentlfiealion Of the optimum conditions 

• Results 
savings In steam usage realized without any major 
process or equipment changes 

: Process Flowsheet [ 

·. 

Bottom flashl versus primary steam feed rate 

Sensiti¥ity Sl'M2fl0 Rnullo Sumrnaiy 

,~PPM 'MECL BOT1 

eooo eooo 10000 12000 
VAP.Y 1 STEAM1 t.llXED TOTAL MA SSFLOW LBIHR 

1. 
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Bottom flash2 versus primary steam feed rate 

§ SensHivity ~TM2FLO Reouha Summery 

-<>--- PPM MECL BOT2 

6000 8000 10000 12000 
VAAY 1 STEAM1 MIXED TOTAL MASSFLOW LBIHR 

Bottom flash2 versus secondary steam feed rate 

Serlsitivlty STM2FLO Results Sf.lfl'Y1"'ary 

I~ CPM ~/EG;.. BOT2 

6000 8000 , 0000 12000 , 4000 
VARY 1 STEAM2 MIXED TOTAL MA SSFLOW L.BIHR 

Summary of Results 

The distribution of steam consumption between 
the two towers has an important effect cin the 
removal of Methylene Chloride 

The minimum amount of steam required ti) meet 
emission specifications (150 ppm) is found 
by optimization 

Total steam (lb/h): 
15,680 from sensitivity on flash1 
14,870 from sensitivity on flash2 
13,055 from global optimization __ .. __ 

15 
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Solvent ExtractiG•n 
of £-Caprolacta,71 

Process Simulator Analysis of the Extraction .Section 
of the production plant PR 16-19 at P.to Margh.era 

A. BertuccO" , T. carron•, M. Salvato', P. Volpe" 

• Jstituto di Jmpianti ChifnlCJ~ Universitii di Padova 
•Direzione ~parll> PR 16-19, En!Chem, Pbrto M.lrg/Jer.1 

RAb.t 20 Sepwnbs 2000 Complex feparat1on units 1 

Scope and Significance 

• Current search for the substitution of btnzene as 
the solvent in the caprolactam extractior process 

• Need to find out a solvent compatible with the 
existing plant and production (plant reva1nping) 

• Liquid-liquid equilibrium data required 1o allow 
quantitative evaluation of alternatives 

• Assessment of possible alternatives through 
process simulation 

• Importance of tuning the Process Simul,3tor to 
represent correctly operation of the exi!:ting plant 

Sustainable technology 

"Sustainable deWtlopment is the mean1 of 
improving the quality of human life while living 
with th• CG!"')'ing copocity of the supporting 
ecosystems• (VNEP) 

"Sustainability in Chemical Enginarift!I means a 
continuous effort to protect and improve 
ecosystems, social bolance and ec-nic 
prosperity by a systematic and integral 
improvement of environmental protect ion, raw 
matlll"ial uploitation. energy efficie,..:y. safety, 
and health protection in all kinds of ~iaterial 
conYlll"Sion processes and material prcduction• 
(EFCE definition) 

In the case considered, there is no technical 
reason to substitute benzene, and no economic 
reason to change. other than the fact that the 
existing process might not be sustairuble 

1 



How to assess sustainability? 
Looking for a new process and/or a different solvent 

Quantitatively evaluating the new alternatives and 
comparing them with the existing process from botr 
the technical and economical viewpoints 

Therefore: 

Accul"Ote pl"Ocess simulation of the existing plant 

+ 
Knowledge of pho.se equilibria with alternative solvents 

= 
Technical and economical feasibility 

The process basics 

• 

• 

Caproloctam (CPL),roduced by the Beckmann reaction 
(rearrangement) o cyclohexanone oxime. Ammonium 
sulphate (SA) and water (H20) are by-products 
CPL is recovered through solvent extraction: benzene 
(BZ) is used, with SA as salting-out agent 

BZ n===:> CPL•SA+H20 
c=:) CPL+BZ•(HzO:)+(SA) 

c=:) HzO•SA+(CPL)+(BZ) 

• Ternary and quaternary systems are involved, in the 
presence of water, organics and electrolytes 

• Two lay-outs of the extraction plant can be considered 

The process: 
the extraction section of the caprolactam 
production plant 

2_ 
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Ternary LLE data with different solv1mts 

• 

• 

• 

CPL distribution coefficient: 

K _XCPL.OllG 
en. - XCPLAC'fl 

CPL-to-water selectivity: 

Comparison between benzene, n-heptanol and 
toluene at 40°C 

• Temperature enhances the distribution coefficient 
(less solvent needed) but lowers the selectivity 
(more water carried in the organic phase) 

Ternary LLE data with different solv1mts 

~::, 
_._TOLUENE 
_._BENZENE 
_._EPTANOLO 

.. 
::~~ 

XCPL 

Selectivity: 
TOL > BZ » EPT 

Capacity: 
EPT > BZ > TOL 

'~~ .. 
XCPL 

Salt effects on ternary LLE diagram!• at 40 ·c 
• EPT.t.NOLO 
• TOLUENE 

BENZENE 

SOLYEHTE -

Quaternary system: 
30% w/w of SA _ .. __ 

Ternary system 

SOLVENT!!--

3 



Process Simulation with toluene 

• Process Simulator: AspenPlus«> rel. 10.1 

• Thermodynamic model: ELECNRTL (Chen et al., 1982) 

• Simulation units: Radfrac, Flash3, Sep3 

• Regression of ELECNRTL binary parameters: 

• CPL-H~O, TOL-CPL and TOL-H20 from measured 
data ot the ternary system TOL-CPL-H20 

• CPL-SA and H20-SA from literature data of the 
ternary system H20-CPL-SA 

• TOL-SA from measured data of the quaternary 
system TOL-CPL-H20-SA 

The extraction section as represented by the 
process simulator 

• Sec overheads 

Ternary and Quaternary LLE calculations 

• Very good correlation of ternary LLE data 

• Quaternary system: the thermodynamic model is not 

able to account for salt distribution between phases 

Aqiwous Phase 
CPL H20 TOL SA 

exp. 1,25 63,69 0 34,34 
cal. 1,22 63,67 0,03 26,63 

Organic phae 
CPL H20 TOL SA 

exp. 18,91 1,48 80,25 0,72 
cal. 18,94 1,51 80,22 8,43 

Rmblt. 211 ......... 2000 ~~una.12 

;-
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Quaternary LLE calculations 

• At high SA and CPL concentrations the mo:Jel 

predicts a wrong CPL distribution between phases 

TOL--

......... _ .... 

Simulation results of the extraction section 

k!!lh I %w/w I kc/h I "/cw/w 

TOP8Rl 
with TOL with Bl 

SA 0 0,00 0(0) 0,1)() 
CPL 14109 16,57 15292 (15290) 1703 

TOL/BZ 73006 82,23 72968 (73004) 81 31 
H20 1063 1.20 1257 (1490) lc>6 

TOTAL 88778 100 89517 (89784) 100 

BOTTOM8Rl 
1<·i1h TOL with Bl 

SA 22259 32,66 22260 (22260) 33 I' 
CPL 630 0,92 59 (6/) 0,'J9 

TOL/BZ 30 0.05 66(29) 0,'l4 
H20 45237 66,37 45049 (44816) 6673 

TOTAL 68156 100 67434 (67166) lllO 

.......... _ .... 

Simulation results of the extraction section 

• The simulation is able to represent correctly the 

operation of the existing plant (figures in i·~alics) 

• At given temperature and feed flow rates, ~1sing 

toluene instead of benzene results in: 

• Less CPL out of 8R1 (top) 

• Less HzO out of SIU (top) 

• More CPL out of 8R2 {bottom) _ .. __ 

5 



Effect of temperature on the extractor 8R1 

kg/11 
H~O 
TOL 
CPL 
SA 

40°c 
498 

71904 
9091 

0 

TOP 
6()•C 
121 

73397 
11945 ! 

0 

BOTTOM 
40°c 
10412 
5112 
20630 

173 

60°c 
10789 
3619 
17776 

173 

• At 60°C more CPL is recovered from the top 

-.20-2000 

Effect of the solvent-to-feed flow rate ratio 

• 

• 

K . 

-- --
' 

c-- TOUCPL 

With TOL, 99.7l. of the CPL entering the overall 
extraction section can be recovered (TOL/CPL of 8.0) 

In the case of BZ the same recovery is presently 
obtained with much a lower ratio (BZ/CPL=4.7) 

Conclusions for Caprolactam Extraction 

• In order to assess the possibility of substituting 
benzene as the extraction solvent in caprolactam 
production it is essential to use a process simulatOI' 

• To achieve quantitatiw results the model 
parameters must be tuned on reliable LLE data 

• the subsitution of Benzene with Toluene as the 
extracting solvent was easily evaluated by using 
the Process Simulator 

• Useful results were obtained even if the presently 
best available thermodynamic model is still 
insufficient to deal with this type of mixtures 
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Conclusions for Caprolactam Extraction 

It was found that: 

• Toluene can be used as an alternative, provided 
higher values of the operating temperatur-e and of 
the TOL/CPL ratio are adopted 

• Toluene reduces the water content in the 
caprolactam-rich outlet stream, that is th<~ cost of 
downstream caprolactam dehydrification 

• Due to the higher solvent flow rates most ·Jf the 
existing plant has to be re-designed 

Comple:: aeparation unlls 11 

7 
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Fluids at Supercritical Conditions (SFCs) 
"'wllati-{Wiiat is it?) 

+ A fluid above its critical temperature 
+ A fluid above its critical pressure 
• ... but not too much 

Why? (Why should l>e used?) 
+ It is a wonderful solvent 
+ It is a dean solvent 
• It allows to develop new 

processes and products 

How? {How is it useful?) 

+ As an extraction solvent 
+ as an antisolvent 
• as a reaction medium ------

SFCs: basic properties 
Density dependence 

upon pressure and 
temperature 

• high compressibility 2.0 

• high expansion 
coefficient 

Critical constants 
+ Xenon T,=17°C, P,=57 bar 

• Ethane T,•9°C, P,•50 bar 

.. CO:z. T,•31.06"C, P,•73.81 bar 

------

SFCs: basic properties 
.!-~---------- ··---·--

-.hyp ~" 
··~· d• 10-Jr.1i 

JU 0.6 

l 3•10-1 

~crirical :00 l xJO'"l , .. 3xJO-l 

..._,a ""' 3xJ0-2 

900 9x 10-1 

...... ... D.2 
1600 

... 1;·.-?00'.l--2 

Difl~fl..D I P.T 
cml r-1 

0.1 I 1 •a:i.. T.,., 
DA 

O.?x J0'3 >Tc-Pc 

O.lx J0-3 >T,.4P, 

0.2)1{ 10-' Orf. IOh'UI 

1.xJD"' I •Ill T ...... 

Density, viscosity and diffusion coefficien1: 
+ liquid-like density 
+ gas-like viscosity 
+ intermediate diffusion coefficient ------

Training Course on 

Sustainable Industrial Development Process Simulation and Optimis.J:tion 
- Techniques 



Solvent behavior of SCFs 

' J 
' f 

~11--1-c 

·-

System C02-ferrocene 
+- correlation with PR EOS 

------

In general: 
+ very low solubility 
• crossover pressure 

--... ~-------~ 

• .. - -

Solvent behavior of SCFs 
• they behave as liquid solvents, but with lower capacity 

and selectivity performances 
• the key variable is the fluid density: s = p • exp [!!__ + c] 
+- Solubility depends also on the solute: T 

p-
y = - E 

p 
• £:enhancement factor 

• Note: the values of 
solubility are very low 

"-~­---

-~~::;::: 
·1- ·~··· y/ 
.I / t / . / 

./ 
/ ---

~ ~~~v..a;... 

Solvent behavior of SCFs: 
. _binary mixtures 

System C02• DMSO (Dimethyfsulphoxide): VLE at 298 K 

+ solubility of the dense gas In the liquid: from O to 100% 

+ solubility of the dense gas in a polymer: still high 

+ solubility of the heavy 70 

component in the vapor: IO 

less than 1 part over 1,000 so 
., homogeneous mixture 1 40 

(i.e. supercritical) at low .: 30 
pressure (reasonably) 20 

" D "--'---'---'---'"---''--'"---' 
0.0 0.2 DA D.I D.I UI --- l, - lrlCtlDo ---

Training Course on 

Sustainablr Industrial Drvelopment Process Simulation and Optimisatwn 
Trchniques 
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. Block Diagram of a SFE Process 
·•:7--·-" .. ··-

Feed: A+B Extrac:: A 

~~ I 
Extractor I 

I 
Solvent: CO ~ Raffinate: B 

Energy: Q 

High Pressure Low Pmssure ------ ~W.Uktll...-iOOC·-7 

~.;.0'1:1111:~~~ 
Supercritical Fluid Extraction (SFE) 
as a Unit Operation 

Training Course on 

Advantages (Pros) 
• easier recovery of extracts 
+ solvent-free products 
+ less energy required (?) 

Disadv2.ntages (Cons) 
• very low capacity 
• lower selectivity 
+ high pressure equipment needed 
• solvent recycle imperative 

When SFE can be applied: 
<P very high value products 
• safety and health requirements 

Examples of industrial applications of SFE 

caffeine from coffee grains (19n) 
hops extracts (1980) 
nicotine from tobacco (1982) 
essentiol oils and aromas (1983) 

ginseng (1995) 

Sustainable Industrial Development Process Simu/aJion and OptimisaJion 
Trchniques 



Training Course on 

Examples of industrial applications of SFE: 
pharmaceuticals (last 5/6 years) 

- Antiprosthatic from Serenoa repens seeds 
- Taxol from tree bark 
- Octasonol from sugar cone 
- EPA from fish oil (l'IOW also fractionation) 
- Bioactive principles from Calendula 
- Bioflavons from Gimkobiloba 

Industrial applications of SFE to 
pharmaceuticals: please note! 

- SCFs are poor solvents of most relevant substances 
- SCFs are good solvents of common organic solvents 
- SCFs are not selective either as good or poor solvents 
- capacity/selectivity are improved by adding cosolvents 
- For phannaceuticals cosolvents are not welcome 
- Relatively high pressure needed: expensive plants, 

risky operation (non-engineers pressure scare) 

Potentials of dense gases in chemical processes: 
non-extractive applications of SFCs 
-- - "- - -- - -

- Fractionation of liquid mbctures 
- Reactions in supercritical solvents 
- precipitation and micronisation techniques 
- Impregnation 
- Purification and deaning 
- Cromatography with superaitical eluent 

Sustainable Industrial Developmrnt Prouss Simulation and Optimisation 
Techniques -4 
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. Supercritical C02 as a reaction solvent 
--, -··· Adilantages (Pros) 

+ enhancement of reactant and product solubilities in the 
phase where reaction occurs 

+ increase of chemical reaction rate (especially very close to 
the critical point) 

+ reduction of mass transport limitations and of catalyst 
deactivation for heterogeneously catalysed reacti1ins 

+ possibility to make continuous the widely used bctch 
processes, with C02 acting as mass and energy cmier: 
thus improving productivity and process controllability 

Disadvantai1es (Cons} 
+ elevated pressures required (above ; 00 bar) 

+ multiphase systems and reactors 

--- + low solubility of reactants ---

~0'£l~··~~ 
Solvent behavior of SCFs: 
binary mixtures 
System C02- DMSO (Dimethylsulphoxide): 

liquid volume expansion at 298 K 

• Volume expansion depends on the solubility of the dense gas 
in the liquid 

• It is a function of 1000 

f 
temperature "'IOO 

+ Its value can be as 
i i IOO 

. 
high as 1,0000/o!I . J + An important equation: 1: 
v-v• v ( x ) --=-!+- -1 > 

V
0 \'~ 1-x 0 

0 .., 20 IO 40 IO IO 70 
P, lllr 

=-~- ~i.-1~ar2oo:·lhl:ltl' 

Training Course on 

Precipitation by a supercritical antisolvent (SAS) 

Step 1: make an organic solution of your solute 
Step 2. apply pressure with co, 
Step 3: co, dissolves In the solution and changes the 
solvent characterisllcs: the solute predpitlltes completely 
Step "f. wash out the mixed solvent mbcture 
Step 5! purify the solid by supercrttbl CO, 

Sustainable Industrial Development Process Simulation and Optimiiation 
- Techniques 5 



.. A _scb~_me of the SAS process (batch) 

CD 0 

------

I 
I 

• 
time m<1 

t".;· g ·i;:~·~v.::.::­
A scheme of the apparatus for SAS 
(semicontinuos) 

501. 

p 

------ ~!1~2".IOX--:· 

~ 'l:i~~y-.;.::...., 

SAS process with C02: micronization of 
_a bicx:ompatible polymer 

S.E.M. picture 
{bar=l µm, xl0,000) 

.I 

.. , 1)1. . 
••} l ! 

Particle size distribution " 11·:itt 
a) SA.S technique ' I 1 I. ,i jiji~l 
b) conventional technique .......___._..._._..__ __ _..........,.._.. 

------

Training Course on 

Sustainable Industrial De~elopment Process Simulation and Optimisation 
Techniques -6 
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. Supercritical C02 as an antisolvent 
.,,---Ac!Vaniaoes (Pros) 

+ relatively low operating pressure (engineers) 
+ complete recovery of the solute as a solid product 1n a 

single stage 
+ relatively low C02 consumption 
+ possibility of tuning the product morphology and 

cristallinity (micronisation) 

Disaclvantag1!5 (Cons) 
• organic solvent to be eliminated from ':he final 

product 
• very high operating pressure (non-en~ineers) 
+ difficulty to change established proces;es 

------

Opinions about the future of SCFs 
Philosophers 
+ Ten years ago: 

"Supercritical Fluids must otf6 better results with respect to 
existing technOlogies; It is important not to use the solvent scare to 
promote their applications" (Val Krukonis) 

+ Today: 

" the issue is the search for clean, nal!Jral tech iologies, 
i.e. sustainable technologies 

" another major issue is saving our l~e environmeit, 
reducing the need of polluting materials 

:F the market is more and more oriented towards "naturat• 
products, with low environmental impact 

+ ln next years: 
" tile above issues will be enforced 

"near critiGll /supercritical CO, is likely to becomo• an 
alternate solvent for many existing production:; 

-e 0 '111~~'13.o.,. 
Conclusions from the engineering 

ccy_ie_wp()int (pharmaceutical applications) 
• The development (1( pharmaceutitaJ tlChnolOpies worlcing with 

supercritical CD, must be based on the most favourable properties (1( 
SCFs, in view r:I obtaining truly new and valuable products 

• Present potentials: 
extraction r:I natural bioacti>e principles 
aJntrOlled drug delivery system production 
~ (1( biocomplltlble products 
use (1( co, IS I put1llcation solvent 
Preparative SCF ChromllDgraphy 
new Chemical syntheseS in supera1tieal CD, 
stl!rilization 

• To achieVe an industrial ie.ei It IS essential to IS!eSS bolh the te<:hniCal 
and the eccncmical feaSibillty (promoting a process Just be:lluse It Is 
based on supercritical CD, IS not enough) 

• The problem d high pressure in the productlon plants Is a flCtitious 
problem ------ ~·:;.c,,.->OOC·-ll 

Training Course on 

Sustainabk Industrial Devdopment Process Simulation and Optimis111ion 
_ Techniques 7 
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Industrial case Studies 

Alberlo Bertucco 

bbtl*:> 0 Jmptll'lb °""""'·~of PM!cwa • Jaily 
1CS UNJOO A,_ Soena. Pri lnl!!Stll!' 

Agenda 
+ Commercial process simulators 
+ A few tips before starting with simulations 
+ Production of Propylene Oxide in a Reactive disbllabon cclumn 
+ Feed Olange Analysis in a Oil Refinery Plant 

+ Off-gas Packed Column Reactive Absorber 

------

Leading Commercial Process Simulators 

AspenP!us, AspenDynamics. largely used 

Procez, Proil. first one; largely used 

Hysym, Hysys. well integrated, first for dynamics 

OlemCBd. special unit operations 

Training Course on 
.~ 

Sustainable Industrial Del'elopment Process Simulation and Optimis~tion 
• Techniques 
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Characteristics of a good Process Simulator -
• Flowsheet. suitable graphic Interfaces 

• Components: large and accurate databases - • Unit Operations: reliable models 

• Streams. any type (multiphase, solids, electrolytes ... ) 

• Properties: up-to-date models 

• General: user friendly (and fool proof) - • Robustness: high against user's mistakes 

• Convergence. fast and safe to the correct soluljon 

• Accessories: equipment design, economics, se11sitivity 

• analysis, optimisation 

-
• 

• 

-
-
-
• 

.. 
-
-
-
-
.. 
-

• Flexibility: linkable to user's routines 

A.Ht. 21~2000 Indus nal case stud._ a 1 

What a Process Simulator can and cannot do 

• Basic 1: apply the degree-of-freedom an2,lysis 

• 
• 

• 
• 

Basic 2: write & solve material+energy balances 

Special: sensitivity analysis and optimisation 

HOWEVER 

no equipment design nor momentum balances 

models of some important units missing 

• convergence not sufficient for meaningful 
results 

• a Process Simulator is a tool: it cannot: 
interpret results 

• 

lndustnal case studies a 2 

Potentials of Process Simulation 
in the Chemical Industry 

Representing correctly plant operations 

• Developing the process (revamping, upgrading, ... ), 
by making virtual experiments on a real plant 

• Advanced: operator training (regular and safety) 

• Advanced: on-line process operation and control 

• Advanced: development of alternative, 
environmentally friendly processes 

TIPS FOR A SUCCESSFUL SIMULATil:>N: 

• verify thermodynamic and kinetic data reliability 

• select suitable property models and par21meters 
• calibrate simulation results on pilot plant runs 

Rlibllt,21 ........ 2000 

1 



Cautions in using a Process Simulator: 
it is a nonsense ... 

• to run a Process Simulator without an accurate 
selection of the property models 

• to select a good property model without knowing 
the value of its parameters 

• to use predictive models anyway; one good 
experimental property datum is always better 

••• and note that 

• The GIGO (garbage in gospel out) approach must 
be avoided 

• The best available model might not be the best 
choice 

ll"ldustnal c.- lltudtm a 4 

Production of 
Propylene Oxide 

in a Reactive 
distillation column 

A Process Simulator Analysis of an Industrial 
Reactive Distillation Column 

A. BertucCO', F. BezzO', M._BarolO', A. For11n" 

• Jstituto d1 lmf)JdntJ 011m1D~ Universiti di Padova 
'Centro R1cerche EnO>em, Porto M4rghera 

Rlibat, 21 Sepwmbs 2000 

Why a "reactive" distillation column? 

1. Production of Propylene Oxide (PO) in a liquid 

alkaline phase (saponification) 

2 CH,-C~CI + c.(OH), co 2 CH,-<:HOCH, + C.CI, + 2 H,O - Ca-- PO Ca-
2. Separation of PO from the reactive solution 

CH,-cHOCH, + H,O co CH,-CHOH-cH,OH (ID al'Did!) 

Rabat, 21~2000 

In a •reactive • colurm both operations 

can be achieYl!d simultaneously 

2 



flowsheetmodeled by Aspen Plus 

Rabat, 21 September 21>00 

Thermodynamics 

• Main components: 
1. water (H20) 

2. propylene chlorhydrine (PCH) 

3. propylene oxide (PO) 

4. dichloropropane (DCP) 

5. dichloro-i-propylether (DCIPE) 

6. propylene glycol (GL Y) 

7. calcium chloride (CACL) 

8. calcium hydroxide (CAOH) 

Rabil, 21 Seplember 2000 

Thermodynamics 

• Electrolytes 

• 

lndu~na! CMe s1ud!OO a 7 

Complex system, due to 
the presence of: 

water 
organic compounds 
of different polarity 
electrolytes/ salts 

lridustnal case studios e. 8 

model by Chen et al. (1982; 1986), implemented 
through module ELECNRTL of Aspen Plus 

• Non-electrolytes 

NRn by Renon and Prausnitz (1968) 

• Salting-out effect: 

• the change in the activity coefficient is calculated as a 
function of the CaCl2 concentration, according to 
Carra et al. (197!1) 

Rlib•l, 21 S.ptemb.. 2000 lnduslnal case studl&i9 .'I 9 
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Chemical kinetics 

• Model proposed by Carra et al (1979) 

r 1 = k1 [PCHJ 

r2 = ( k• + koi. [OH -J ) [PO] 

(PO production) 

(GLY production) 

• Both reactions occur in the liquid phase 

• The production of PO is much faster than 

the GL Y formation 

• High residence times lead to the formation of by­
products 

l~ca..stua-a 10 

Process Simulation 

Column: diameter: 2.75 m 
13 2-downcomer trays, feed on the 11th (from bottom) 
Murphree efficiency: 0.4 
operating pressure: low vacuum 

• Column feed-· 

,--.---..a__:~ -
~~-;-:~~ ---

-------------- . .__.,..__ __ 
Rebal 21 ~ 2000 lndi.istnal CaM 9tudte5. 11 

Process Simulation 

• The reactions considered may occur also in the static 
mixer and in the feed pipe: 

~ 
About 60o/o 
of PCH 
reacts 
before 
entering the 
column 

4 
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Process Simulation 

• Comparison with experimental data from 1:he 
plant (stream PRODOTTO): 

--CJ-
The agreement with test-run data is satisfactory 

A.Ml, 21 Septernber 2000 lnduetnal ::ue lttud189 a U 

Column simulation 

• Internal liquid flow rates {~scaled" values) 

11 

1l 9 
E 
i! 7 ,., 
~ 5 

_,,_GLY 
-<>-PO 
~PCH 

0 10 20 30 40 50 60 70 
mass flow rate 

Rabat, 21 SepWrnbw 2000 

Belo.v tray no. 

SthePO 
r.\ production is 
L-..{ negfgible 

J.l 
no GLY can be 
formed 

lnduat,.., case tnudl88 a 14 

Effect of the stripping steam flow rate 

• Normalised production of I in the stream j: 

The pirxJuction 

of gOO;.Q! is 

stron91y 
affectc?d by the 
steam now rate 
value 

5 



Effect of chlorhydrine temperature 

1. The production of 
PO is not 
influenced by 
the energy 

q input to the 
column 

2. The effect on the 
by-product is 
indeed 
remarkable 

Rabe. 21 ~ 2000 

Increasing the column capacity 

• In the base case {reference conditions), the column is 
operated around 50% of flooding; therefore, the feed flow 

rate can be increased 

• The load may be increased as much as 50%! 

• The production of GL Y decreases!! 

lndustna.' CMe studies a 1 7 

Conclusions for the Reactive Column 

• The Process Simulator is able to reproduce the plant 
steady-state ope.-ating conditions with good accuracy 

• A large extent of reaction occurs before entering the 
column 

• The PO production is essentially not affected by operating 
conditions 

• The GL Y production heavily dpends on the energy input to 
the column 

• The feed flow rate can be increased, with no change for 
the PO production; the GL Y formation is reduced 

6 
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Solvent Extraction 

- of £-Capro/acta1n 

- Process Simulator Analysis of the Extraction S.:ction 
of the production plant PR 16-19 at P.to Mars;hera 

A. 8ertucco', T. carron>, M. Salvato', P. Volpe" 

• Jstltufo di lmpianti Chimiei, Uni-.d di Padova - 'Direzionuepdrto PR 16·19, En/Chen, Porto Milrghera 

"-ta.l,21~2000 lrw:tustMJ,~~.,. 

-
-
-
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• 
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Feed Change Analysls in 
a Oil Refinery Plant 

Steady-state and Dynamic Simulation of the 1'opping 
Section of the I.E.S. Refinery in Manto~a 

C. VianellO', A. Bertua:O', S. Frignanl", G. Persi• 
•/st/MO di Jmpilnti 01imiti, /Jni~ di P/Kfova 
'R4ffi-/~ EMf'f}ia SeMri, ,.,,,_ 

"8bM, 11..,......,. 2000 lndt.minal :... studies b 1 

The problem 

• Frequent changes of feed due to erratic trend of 
the oil market 

• Need of ensuring quality of required products 
anyway, by using oil mixtures 

• Goal to reduce non-production time during changes 

• Demand for better training of plant operators, 
especially under emergency conditions 

• Improved scenarios about the plant safety with 
respect to the surrounding environment 

The Topping section of the Refinery 

Hw 

.....__. ..... 
-· _,.,_ .... 

1 



Process Simulator requirements 

• Complex thermodynamics of the system (very 

many hydrocarbons, water, gases) 

• Robust covergence for both the column and the 

nested loops of heat exchangers 

• Perfect reproduction of steady-state operation 

• Accurate description of operation under 

transient conditions 

The tools 

• T.B.P. curves from the chemical analysis lab 

• Plant data of steady-state operation 

• Plant data of transient operation during the 

change of the feed 

• A suitable process simulator for both types of 

situations 

• A smart student to run the simulator 

The simulation procedure 

• Check that the thermodynamic model matches 
the experimental T.B.P. curves 

• Retrieve data from the plant operating both at 

steady-state conditions (test-run 1) and during a 

feed change (test-run 2) 

• Use a suitable process simulator (HYSYS~ 

• Reproduce temperature values and profiles in all 

points of the topping section 
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Results: thermodynamic model 

... +--------.,..,pt:.=------< 
g ,,. +------=r;rOL-'---------< 
~·+-----=J.<----------< 

0 w w ~ ~ ~ ~ ~ w w ~ 
'lWcipi 

73% Iranian Heavy I 27% Syrian Light oil mixture 

RllHl, 21 .......,,.., ZOOO 

Results: steady-state simulation 

Heavy naphtha 
(ASTM 01160) 

Rabel,21~2000 

Kerosene (ASTM 086) 

:11----=-~ --:-~~~---=--= 
~- . 
"" 

S:~ -;:~ 
~ 

·~ .. 
•M 

lndustn ll CM& lllud186 ti I 

Results: steady-state simulation 

tny T slmulaled i T~nt 
• I 

164.S 159 
210,9 203 
241,2 241 
293,8 299 
323,9 328 
347,6 3SS 
36S,9 370 

Comparison between simulated and 

experimental temperatures on trays 
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Results: dynamic simulation 

Heavy naphtha withdrawal ..........._ 

Lower pumparound -

-~ _J -

•w+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-h 
~b-1--+-+-t-+-+-t-+-+-+-+-+->"*="=' 

Light naphtha withdrawal - ,., .__.-+-+-+-+-+-+-+-+--+-+-+--+-+-....__, 
c ""+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-h 

Upper pumparound _-. :=:t:t:t:t!:tt1:trt:I:n=i::c 

Kerosene withdrawal - '"t!::t:H=i::~=i::t=*::;::~:;l_:::t:; 

Temperatures 
of column trays 

Results: dynamic simulation 

Transients of 

product flow rates 

Results: dynamic simulation ... r 
Heavy naphtha - : 

Light naphtha -;: 
,.. 

9 litl 
;, 

kerosene..........._: 

"" ... 
gasoline ... 

............... 

Product cut points 
after a feed change _., __ ... 

I 

' 

' 
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Results: dynamic simulation 

Monitoring of 
unmeasured 
variables 

Rs.bet, 21 hptember 2000 

'" 
- T Of vapor tcmp:r llUR 

I" I !-~ 

I " 1-~ " I~ 
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' 
o«k:1ofucb. .. erEl41 -1--
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nchuJ1CerE14l 

I I I ,, 
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lndustnal < ase studies b 13 

Results: dynamic simulation 

a virtual experiment 

., ,__ l<--;i---1--+-+-+-+--+-__, -- t--

j. 3~ I j: !----;\ I\ I 

I . v V1, 
10 J .. ho-'• -+--+--+--+--+--+--+--1-+--i 

I 1-"' 
0., ,.. IO 

"it ·~· ·-.g- 90 120 ''° liO 210 2Jr'no ~ui ~1oCI ~ .,_, 
lndus!nal case slud'85 b 14 

Conclusions for the oil refinery topping section 

• the thermodynamic model of the simulator ill 
suitable for treating crude oil mixtures 

• the simulator reproduces well steady-state 
operation: it is possible to predict product q1Jality 
with different oil mixtures in the feed 

• the simulator is checked under transient condition: 

• it is possible to minimize the time lost be::ween 
two subsequent productions 

• it can be used for training of operators 

• the plant behavior in emergency situatior1s can 
be figured out (loss prevention) 
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Off-gas Packed Column 
Reactive Absorb~~r 

Steady-state and Dynamic Process Simulator Analysis 
of on Absorption Column of Carbonyl Chlcride 

M. Barak>', A. BertuccO', L GaliO', A. Fortin" 
• Jstituto di Jmp;.nti Chimid, Universlti di,,_ 

'Di!Uione ~tto PR 16-19, EnK:ht!m, PortD Marphwa 

Rabet. 21 ............ 2000 lnclUISlrht cue Sudtes c 1 

The problem 

• COCl2 content in an off-gas to be reduced 
below 0.02 ppm (TLV) in emergency operations 

• Packed absorption tower to be used 

• Liquid absorbent: NaOH solution (recirculated) 

COCl2 + 4 NaOH = Na2C03+ 2 NaCl + H20 

• Parallel reaction: COCl2 + H20 = C02 + HCI 

• Reactive absorption transient operatior 

Aab.t, 21 SeptM'tbM' 2000 lndustf1al cue studies c 2 

The industrial column 

• 

-2·--

1 



Process Simulator requirements 

• Complex thermodynamics of the system 

(electrolytes, water, organic compounds, gases) 

• Equilibrium-based or rate-based model ? 

• Thermodynamic model parameter values 

• Kinetic parameter values: 

- chemical kinetics 

- mass-transport coefficients 

Is there a Process Simulator suitable 
to deal with this problem? 

• Most of them use the equilibrium stage approach 

• Only RATEFRAc«> has a rate-based model 

• RATEFRAc«> was unable to converge 

• RATEFRAC«> is not available for dynamic 

operation simulations 

• Equilibrium stage approach with HETP to be used 

The simulation procedure 

• Retrieve and/or correlate thermodynamic model 

parameters 

• Measure HTU in a lab-scale column operating at 

steady-state conditions 

• Calculate HETP and simulate the lab-scale 

column with AspenPlus«> (stage approach) to 

tune the kinetic parameter Ken 
• Scale HETP and Ken up to the industrial level 

• Use Aspen Dynamics«> to represent the real plant 
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The lab-scale column 

.. 

Rllbet,21..,,...,..,.2000 lndU!l!fial :aH fltudleli c 7 

Results 

• Measures of YcocL2 in VAP stream as a function 

of concentration and flow rate of both off-gas and 

NaOH solution 

• Values of the effective reaction constants l<ett 

for COCl2 

neutralization: 

J~~--·I. 
~ 

I . ...._ ........ _.._._....._....._...._.._ 
0 • 10 , ... 

lnduMna cue.wdieec I 

Results (continued) 

... and for HCI formation: 

• evaluation of HETP and Ken for the industrial 

pl~-~t: (HETP)_. = (HETP),.( t:~:) 

(k,).., =(k,),..[(;lj .... ,((a,t~J .... 
(~) V,;r,1,. 

a. ,. _ .. _ .... 
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Lab-scale column simulation results 

• COCl2 composition profiles in 

the vapor phase: 

Stage COO, !ppm vol) coo, fppmm>SS) 

75 

340 

15~ 

7010 

30900 

170 

1200 

5500 

24600 

104000 

lndusl:nal c..- •udlea c 10 

Industrial column simulation results 

• Temperature profiles: 

--------

Industrial column simulation results 

• Composition profiles: 
•.50E-o7.....,.....,.....,.....,...,.-.,....,.....,.....,....,......,-,-,.....,.....,...,.-,-,.....,....,...., 

•.ooE-o7Hl'r-+-+-+-+-+-1r-+-+-+-+-t-t-+-+-+-t-t-+-+-I 

3,50E-o7tfti-t-t1~ ....... ~~ST~~~1y~11~··_,.,~.,,.Q~i·~·~·~TL~V~·~O~~~;:t--t-tlr-i 
3.ooE.aT+Hr-+-+-+-+-+-1r-+-+-+-+-t-t-+-+-+-t-t-+-+-I 

g 2,50E-o7-IHI-+-+-+-+-+-1r-+-+-+-+-t-t-+-+-+-t-t-+-+-I 
u 
~ 2.llOE-o7 

1,50E-o7---~\+-+-1r-+-+-+-+-+-1-+-+-t-+-r-+-+-+-+-f-i 

1.ooE-o7+-~-+-+--+-.......,.....+-+-+--t--t-t-+-+--+-t-t-+--+-t 

o 1 2 3 • 5 e 1 a 1 10 11 12 13 ,. 15 1e 11 1a 11 m 21 

-1-i 
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Conclusions for off-gas absorber 

• A reactive absorption problem under dynamic 
conditions was addressed 

• an Insufficient process simulator was adaptod 
to treat the problem of Interest 

• the values of parameters were adjusted to pl1ase 
equilibrium literature data and lab-scale abs,Jrption 
measurements 

• the scale-up of these values to the Industrial plant 
scale allowed predictive calculations 

• it was shown that the abatment of the undesired 
compound is well below the safety limits 

lndUBlnal o:ue stucUm c: U 

General Conclusions 

The operation and optimization of industrial plants 
can be easily tackled by Process Simulators, BUT: 

• the values of parameters required by the Proc:ess 
Simulator must be accurate, i.e. consistent w th 
experimental data 

• among other properties, it is of paramount importance 
to represent correctly both the equilibrium behavior 
and the reaction rates 

• without a careful check of how these properties are 
evaluated, process simulation and optimization is a 
nonsense and a waste of time 

• Process Simulators allow to perform virtual C)periments 
on real production plants 

• Process Simulators allow to perform feasibili~1 analysis 
of newly proposed processes 

AaNt, 21 September 2000 lndU81nal cue atudiee c: 14 
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Fundamentals of prc1cess 
dynamics and control 

- J'art I-

Dr. Massimiliano Barcia 
Jstituto di Jmpia110 Chimid 

Universit:J di Padova 
Italy 

ICS-UNIDO Training Course en 
SustJinilble /ndustral ~pmmt: Process Simulatx:>n and Optimiza1i0n T«hniqut!S 

(Rabat, Moroo:o, 18-22 Sept=~. 2000) 

Objectives of the lectures 

At the end of the two lectures, you are 
expected to: 
- know the basics of dynamic behavior of (simple) 

linear systems 

- understand the role of process models in control 
system design 

,tcontroller tuning 

,tfeedforward control 

- apply and tune conventional PIO controllers for 
simple processes 

- understand the advantages of cascade control 

Agenda for Part I 

• Objectives and jargon of process control 

• Process modeling 
- first principles 

- empirical process modeling 

• Dynamics of linear systems 
- first- and second-order processes 

- time-delay processes 

- inverse-response systems 

1 



Operation of processing units 

must be 

- out-of-spec products need to be re-processed 

The task of a process control system 

<D Monitoring certain variables that indicate 

process conditions at any time 
(measurements) 

@Making rational dedsions regarding what 

corrective action is needed (current state vs. 
desired state) 

®Inducing changes in the appropriate 
process variables to improve process 

conditions (valves to manipulate) 

Motivating example: level control -.. 
l • The inlet flow comes 

from an upstream 
process, and may 

- change with time 

• The level in the tank 

I ~ must be kept 
constant in spite of 
theses changes 

If the outlet now is simply set equal to the inlet now, 
the tank may overflow or run empty (because of now 
measurement errors) 
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Introducing a level controll1!r 

~~~r~~~'?'J'"~'r'~·"":~~. The level controller 
(LC) looks at the 
level ( monitorin!/) 

• If the lev·el starts to 
increase, the LC 

~-t>":I---"-.;;.;'"";;. sends a signal to 
'---i- the output valve to 

vary the l)Utput flow 
(change) 

This is the essence of feedback q.i!l/J:J!! 

Feedback control 

• It is the most important and widely used 
control strategy 

• It is a closed-loop control strategy 

Block diagram 

comparator rn.nipulat-4 !di•tu--

:_ •®:;:.! -1 - ~ - ~ l .::.:... 
t I ~mitte..to~~---- vomble 

Back to level control 
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More on control jargon 

• Input variables: independently stimulate the 
system; they can induce change in the internal 
conditions of the process 
- manipulated (or control) variables u; m-> at our disposal 

- disturbance variables d-> we cannot do anything on them 

• Output variables : measurements y, by which one 
obtains information about the internal state of the 
system (e.g. temperature, level, viscosity, refractive index) 

• States: minimum set x of variables essentials for 
completely describing the internal condition of a 
process (e.g. composition, holdup, enthalpy) 

Process dynamics 

• Given a dynamic model of the process, it 
investigates the process response to various 
input changes 

-CL 
Two elements are necessary: 

• a dynamic model of the process 

• a known fordng function 

·Ami -- . 
0 ' 

o time 

.4-1 I-~ 
0 ' ' 

o b bme 

Process models: Why? 

• To improve the understanding of the process 
(whenever possible, avoid using the plant) 

• To train plant operating personnel 
(teildl them how ID face Sl3ndard and abnormal Situations) 

•To design the control strategy for a new 
process cseJec:t which output should be controlled by which input) 

• To select the controller settings 
(get reasonable tuning with computer Simulations; then refine it on field) 

• To design the control law 
(if possible, use a process model directly within the CXllltrol law) 

•To optimize the process operating conditions 
(a steady stilte model is oftB1 sulflcient) 
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Process models: Which? 

• We will consider only two classes of dynamic 
process models 
- state-space models 

- input-output models 

r::JI'" State-space models can be derived directly from the 
general conservation equation: 

Accumulation = (Inlet- Outlet) + 
(Generation - ConsumptJon) 

They are written in terms of differential eqLations 
relating process ~to time ::} They oci:ur in the 
"time domain" 

Process models : Which? <cont'd) 

qr Input-output models completely disregard thE~ process 
states. They only give a relationship between process 
inputs and process QJJJJ2J,fJ;5 ::} They occur in the 
"Laplace domain" 

State-space model Input-output r.7odel 

dx(I) 
--= f(x:u;d:t) ~ 

dr \ 
Y(s) = G(s)U(s) 

y = h(x) states 

\__ output 

~1Y(~) 
-~ 

G(s) is called 1!Rflfilc!J.tai;tfsJo 
of the proce5s 

Linear systems 

• In the time domain, a linear system is 
modeled by a linear differential equation. 

• For example, a linear, rl"-order system is: 

d" y d""1 y dy 
a.-+a •. 1-_-1 + ... +a1-+a0y=bu(t) 

dt" dt" di 

Our assumptions: 
- the coe'lidents of the 
dilferentilll equations 
are a>nst1nt 
- the output y iS equal 
to the state x 

• The Laplace-domain representation is possible only 
for linear (or linearized) systems 

• We will assume that the process behavior in the 
vicinity of the steady state is linear 
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First-order systems 

Time-domain model Laplace-domain model 

-0-< Dividing by ~ ) 
, .·~ ~<r~'.:'.~:-t· ~·..-,.·'.":·: ~ ;·-· -~ 
:~p--L.f:y=Kpu(t) 
~- A.t .- .. C.4c~.o.c ...• :.. •• : 

• Kp is the process steady state gain Cit can be >o or <OJ 

• 't P is the process time constant (it is always >OJ 

K 
Transfer function of a first-order system: G(s) = __ P_ 

tps+I 

Response of first-order systems 

• We only consider the response to a step 
forcing function of amplitude A 

f:--T-- ·_:AK, 
: O.U2.AK,. 

___ __.e ____ t _________ ! __ 

time-

The time-domain 
response is: 

y(t)=AK{l-e-t/' 

It takes - 47 5 time 
constants for the 
process to reach the 
new steady state 

Determining the process gain 

• An open-loop test can be performed starting 
from the reference steady state: 
- step the input to the process 

- record the time profile of the measured output till 
a new steady state is approached 

- check if this profile resembles y(t) = AKp(l-e_,,,,) 

- if so, calculate Kp as: 

Kp = Yu.w - Yn.:f (Moutput)) Thogo;r,;s• 

u_ -u:f ll.(input) .. .w,..... di....-..i"9<n 

C:Jr The process gain can be extracted from 
steadv state infonnation only 
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Determining the time constant 

• From the same open-loop test: 
- determine 't"p graphically (note: it has the dimension of time) 

~ 
You need dvnamic 

information to 
determine the process 

time constant 

Extracting the values of 
Kp and T P from process 
data is known as 
process identification 

An alternative approach 

• State the identification task as an optimization 
problem: 

- given a first-order model, find the Kp and rp values that 
allow the model to best-fit the experimentaf data 

• You will need a computer package to perform the 
fitting (e.g. Control Station™, Matlab™) 

• It is better to step up and down the manipul<:ted 
input several times to capture the "true" dynamic 
behavior of the process 

• Never trust on the "raw" fitting results only! Always 
judge the results by superimposing the fitted curve 
to the process one 

An alternative approach (cont'd) 

Example using Control Station™ 
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Extension to nonlinear systems 

• Strictly speaking, the gain and time constant 
are independent of the operating steady state 
for linear systems only 

• If a true (i.e. nonlinear) system is being 
considered, the excitation sequence must be 
such that the process is not moved too far 
away from the nominal steady state 

Further remarks 

"Slow" and "fast" processes 

./ Plug flow 

The time needed 
£c;;\.i to approach the 
;~'.,:)!! new steady state 
~;~~~ increases with 
t~~~. . 
{iiiil increasing 'tp 

~g) N.Jte 

~Jf~ For all 'tp'S, the 
~J~ output starts to 
<:;;~;] change 
c;&-'.1: immediately after 

~""""~~,.,..,,:~'"'·"the input has 
been changed 

Pure time-delay systems 

• Many real systems do not 
react immediatelyto 
excitation (as first order 
systems instead do) 

• The time needed to 
"transport" a fluid property 
change from the inlet to the 
outlet is: 

ep =!::. : deadtimeor 
v time delay 

• Examples: transportation lags (e.g. due to pipe length, to 
recycle, ... ); measurement lags (e.g. gaschromatographs) 
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Pure time-delay systems ~ 

• The process output is 
YCt>~ simply shifted by Sp units 

~- in time with respect to 
the input 

0 ' : 

:.~ b~ ~ 
• Ttme domain : 

.. ".! ~--. y(')=e"~.,), :~:: 
• Laplace domain : 

0 b~ 
Y(s) = e_,," 
U(s) 

FOPDT systems 

[ I ;17 - Th" dynom;, - ~~~~ 

{ !.~. many real 
_ . · systems can 

• be i I .J· ·---------- ~~::~:~ 
_ . . Tine (FOPDD 

0 time--

Modeling a FOPDT system 

• The behavior of a pure time-delay system is 
simply superimposed to that of a first-c.rder 
system 

dy(t) ¢=! . 
Tp--+ y(t) = Kpu(t-0p) Time domain 

dt 
K e-a,, 

G(s) P 
1 

¢=) Laplace domain 
'tpS + . 

• Approximating a real system as a FOPDT 
linear system is extremely important for 
controller design and tuning 
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Second-order systems 

Ti d 
. . d'y d\' 

• me- omam representation: a,d?"+a, d; +a.y=bu(1> 

d2 d 
•

2 ---f + 2~"t-1'..+ y = Ku(t) 
dt dt 

• Laplace-domain representation: 

K 
K = process gain 

Y(s) K 

l.J(s) (T1s+l)(T,s+I) 

t = natural period 

~=damping 
coefficient 

Underdamped systems 

1.8~~~...--~~~-r-~~~ 

1.6 
1.4 

- 1.2 
~ 10 
-;, 0.8 

0.0 ~~~~~ .......... ~~_.._---~ 
0 2 4 6 8 10 12 14 16 18 20 

ti f 

Open-loop 
response to 
a input step 
disturbance 

Overdamped systems 

1.8 .---..--...--~~-..--.--~~-.-~ 

1.6 

1.4 

- 1.2 
~ 10 
-;. 0.8 

0.6 

2 4 6 8 10 12 14 16 18 20 

"' 

Open-loop 
response to 
a input step 
disturbance 
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Effect of the damping coefficie .!!!__ 

• The value of ~ completely determines the~ 
degree of oscillation in a process response after 
a perturbation 

~ > 1 : overdamped, sluggish response 

O < ~ < 1 : underdamped, osaYlatlng re;ponse 
(the damping is attenuated as ~ decreases) 

~ < 0: unstable system 
(the oscillation amplitude grows indefinitely) 

The importance of 2nd-order syst1~ 

• Control systems are often designed so that the 
controlled(i.e., closed-loop) process respond!; as an 
underdamped second-order system 

i 
i 
i 
.5 

1.4 

1.2 
.!! 
j 1.0 

~ 0.8 

j 0.6 

~ 0.4 

§ 0.2 

0.0 

\ 
oesired value 

0 5 10 15 20 25 30 
time units 

Inverse-response systems 

time-

• The1·e is an 
initi.JI inversion 
in tt1e response: 
the process 
star:s moving 
aw.iyfrom its 
ultiriate value 

• The process 
output 
eve. 1tually heads 
in the direction 
of the final 
ste2 dy state 

11 
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Inverse-response systems (cont'd) 

• Inverse response is the net result of two 
i)opposing dynamic modes of ii)different 
magnitudes, operating on iii)different time 
scales 

- the faster mode has a small magnitude and is 
responsible for the initial, "wrong way" 
response 

- the slower mode has a larger magnitude and is 
responsible for the long-term, dominant 
response 

Laplace-domain representation 

K(-rLs+I) 
--= ---=----Y(s) 

U(s) 

•TL is called lead time, and in general it may 
be >0 or <O 

• However, a requirement for inverse response 
iS TL< 0 

Is this only theory? 

Example process: drum boiler 

Disturbance : I Steam 
step increase in 

1 the cold feedwater 
M..J ~ . flowrate 

+ 't Cold feedwater Output: 
Hot medium level in the boiler 

• In the long run, the level is expected to increase, because we 
have inaeased the feed material without changing the heat 
supply 

• But immediately after the cold water has been increased, a 
drop in the drum liquid temperature is observed, which causes 
the bubbles to collapse and the observed level to reduce 

12 
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Summary of Part I 

• The need for a control system 

• Devising process models: 
- time-domain 

- Laplace domain 

• Dynamic behavior of linear systems: 
- first order 

-dead time 

- first order plus dead time (FOPDT) 

- second order 

- inverse response 

13 
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Fundamentals of proicess 
dynamics and control 

-Part/I-

Dr. Massimiliano Barolo 
Jstituto di Jmpianti Chimid 

Universit:J di Padova 
Italy 

ICS-UNJOO Training Course on 
Sustaina~ Industri41 ~:Process Simu/ation ond OptimiZati<>n Techniques 

(Rabat, Morocco, 18·22 September, 2000) 

Agenda for Part II 

• Conventional feedback control 
- examples of simple controlled systems 

- on-off, P, PI & PIO controllers 

- tuning and performance evaluation 

• Improved control schemes 
- cascade control 

- feedforward control 

• Multivariable systems 
- controller pairing and loop interaction 

Feedback control 

• The process information en is fed back to the 
controller 

• The objective is to reduce the error signal to 
zero, where the error is defined as: 
e(t) = y (t)- y(t) r. =set point (target value) 

"' y = measured value 
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The typical control problems 

<D Regulatory control 
- the task is to counteract the effect of external 

disturbances in order to maintain the output at 
its constant set-point (disturbance rejeroon) 

~Servo control 
- the objective is to cause the output to track 

the changing set-point 

In both cases, one or more variables are 
manipulated by the control system 

Material balance control # 1 

1 

Liquid holdup control 
(level control} 

• If the level h tends to 
decrease, the error 
(hsp - h) increases 

• The controller sends a 
signal to the rnntrol valve 
actuator -... .___.,;-'+-'-""-"=+ • The flow out is increased 

• The level in the tank 
decreases 

Material balance control # 1 (cont'd) 

• The controller's job is to enforce the total 
mass balance around the tank, in order to 
have neither accumulation nor depletion of 
liquid matter inside the tank 

rate of mass out = rate of mass in 
set by the controller unknown to the controller 

r:ir The equality is enforced by the controller 
regardless of the value of the level set-point 
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Material balance control # :z 
Gas holdup control 

(pressure control) 

• If the pressure P tends 
to increase, the error 
(P.lil> - P) d•!Creases 

Gnllowln .I • The control .er sends a 
signal to th! control 
valve actua :or 

The pressure controller maintains the 
mass balance in the drum by 
matching the flow out of the drum to 
the total mass flow into the drum 

• The flow oLt is 
increased 

• The pressure in the 
drum decreases 

Heat transfer control #1 

W.; T.,., __ ., 

Control of a process stream cooler 

• If the temperature T of 
the exiting process 
stream incre ~ses, the 
error ( T.lil> - r) decreases 

• The coolant ~ow is 
increased by tne 
controller 

• The exit temperature of 
the process now 
decreases 

Heat transfer control # 2 

Condenser control 
• The heat of condensation is transferred at a relatively 

uniform temperature => the temperature is mt a good 
indicator of the heat transfer rate ~ __ .. 

w.1----.,,__--tl• 

---
---

• The pressure of the 
condensing vapors is used 
as the controlled variable 

• If the rate of heat transfer 
decreases, less vapor is 
condensed, arid the 
stream pressure increases 

• The controller increases 
the coolant flew rate 
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once more ••• 

<D Monitoring certain variables that indicate process 
conditions at any time (measurements) 

~Making rational decisions regarding what 
corrective action is needed (current state vs. 
desired state) 

<3l Inducing changes in the appropriate process 
variables to improve process conditions (valves to 
manipulate) 

According to what rationale does a 
feedback control system work? 

On-off control: the simplest one 

• The control variable is manipulated according to: 

{
u_. if e<:O 

u(I): 
u_. ife<O 

The final control element is either 
completely open/maximum, or 
completely closed/minimum 

bme 

Widely used as 
thermostat in 

domestic heating 
systems, 
refrigerators, ... ; also 
in noncritical 
industrial applic'ns 
(some level and 
heating loops) 

Summary for on-off control 

© Advantages 
- simple & easy to design 
- inexpensive 

- easily accepted among operators 

®Pitfalls 
- not effective for "good" set-point control (the 

controlled variable cydes) 

- produce wear on the final control element (it 
can be attenuated by a large dead band, at the 
expense of a loss of performance) 
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Proportional (P) controller.!__ 

• The control variable is manipulated 
according to: 

1-b is the controller mas i(t>*1'* KVe(:Jj 
.... ,,~~~.~~~A~,..,....;._µ,,,.,' Kc is the controller g2in 

• The controller gain can be adjusted ("tunec:") to 
make the manipulated variable changes as 
sensitive as desired to the deviations between 
set-point and controlled variable 

• The sign of Kc can be chosen to make the 
controller output u increase or decrease as the 
error increases 

P-only controllers 

:u(t) = u0 + K~ ~(t~ 

• The bias 'kl is the value of the controller output 
which, in manual mode, causes the measured 
process variable to maintain steady state at the 
design level of operation (e(t)=O) when the 
process disturbances are at their expected values 

• The bias value is assigned at the controller design 
level, and remains fixed once the controller is put 
in automatic 

u = u0 = const : at the nominafsteady st11te 

P-only controllers (cont'd) 

-------------------------------------------r;; (i) # ,,?+x~!J .... J~-
What if the disturbance level changes during th1? process? 

• The manipulated input u must change to 
guarantee that the process stays at steady state, 
i.e. u ¢u0 

• A steady state error e :1- 0 must be enforced by 
the P-only controller to keep the process at 
steady state: u •.•. = u0 +Kc e(t) ¢ u0 

-c::::::i--
A P-only controller cannot remove ofl-set 
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Performance of P-only controllers 

Response to a disturbance step change 

no contra! 
_______ ...,<K .... ~=_0_1 • Whatever the value of 

1~~-~z::· 
!al "' ,~. ' - the system may 
:=a ' \ ~ .. /- ____,---- ,-~....--:--'. oscillate 
~ - the process response 

c '"'---- is speeded up 

8 ,e'.-~'.•irc • Although the open-loop 

time--

response may be i • 
order, the dosed-loop 
one is not 

Summary for P-only control 

© Advantages 
- conceptually simple 

- easy to tune (a single parameter is needed, Kc; 
the bias is determined from steady state 
information) 

@Pitfalls 

- cannot remove off-set (off-set is enforced by the 
controlled) 

PI controllers 
P=Proportional , !=Integral 

• The P controller cannot remove off-set because 
the only way to change the controller bias during 
non-nominal operations is to cause e ~ O 

• The rationale behind a PI controller is to set the 
"actual" bias different from lki , thus letting the 
error be zero 

• The control variable is manipulated according to: 

Fj:;:;{~~~li;)d;~ ~: :i~:::11:P 
_.,__, (also called reset time) 
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PI controllers fcont'd) 

~-----------------------------·~ 

• Note that until e * 0, the manipulated input 
keeps on changing because of the presence 
of the integral term 

• The change in u ( t) will stop only when 
e= 0 

The integral action can eliminate off-set 

Performance of PI controllers 

Response to a disturbance step change: effect of Kc 

f <f ftxed 
---~ •~lngKc 

time-

• The off!;et is eliminated 

• Increas ng Kc : 
- the process response 

is speeded up 

- the •¥Stem may 
OSCil.ate 

QJlIIJ}I! 
,,,,. /al"f1e 
v.1/-ofthe 
Cl>ntro//tv 
g.1in, the 
CJOHti-loop 
l11Sf'011stlmly 

bt unstable I 

Performance of PI controllers lcont'd) 

Response to a disturbance step change: effect oft1 

,---· , 

• lncren ng T1 : -oscil-­dam:iened 

" 

- the llllXZSS response 
Is mtde mooe slvggish 

&AllilJlll ,,,,.._, 
set point 

""-°'the 
ki*'l/nll l/"'4 
tl•doad­.. ,..,__ ,,,..,,,. 

time-- u..,.,.,./ 
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Summary for PI control 

© Advantages 
- steady state off-set can be eliminated 

- the process response can be considerably 
speeded up with respect to open-loop 

0 Pitfalls 
- tuning is harder (two parameters must be 

specified, Kc and 't1) 

- the process response becomes oscillatory; bad 
tuning may even lead to instability 

- the integral action may "saturate" 

PIO controllers 
P=Proportional , !=Integral , D=Derivative 

• i) If the error if increasing very rapidly, a large 
deviation from the setpoint may arise in a short 
time. u) Sluggish processes tend to cycle 

• The rationale behind derivative action is to 
anticipate the future behavior of the error signal 
by considering its rate of change 

• The control variable is manipulated according to: 

u(t)=u0 +Kc(e(t)+2..je(t)dt+~ 
't10 ~ 

oen~ ollCbOr1 concro..to'I 

't 0 is called derivative time 

Performance of PIO controllers 

Response to a disturbance step change 

• Increasing 'to : 
- the oscillations caused 

by the integral iKtion 
.,,, daml>OflOd 

- the process response 
is speeded up 

~1--...--t~l-l"'<;.:!~~ ....... --.-.._----=-'-. N~ 
8 ::e:-c-¥;::-:~~ tneasul'elnel1ts 

time--

may disnlpt the 
controlJt!lr 
perfonnana I 

8 



... 

.. 

-
-
-
-

-
-
• 

• 

• 

-
-
-
-
-
• 

-

Beware measurement noise ! 

• The derivative action requires derivation of the out put 
measurement y with respect to time: 
de= d(y.,-y) If tht? measured 
dt dt outp11t is noisy, 

I ~
contro11«1.- its time derivative 

time-

tome-

may be large, 
and this causes 
the manipulated 
variable to be 
subj1a to abrupt 
chan;ies => 
Attenuate or 
suppress tfle 
derM1tive action 

Summary for PIO control 

© Advantages 
- oscillations can be dampened with respect to P: control 

@Pitfalls 
- tuning is harder than PI (three parameters must be 

specified, Kc, T1 and T0) 

- the derivative action may amplify measurement noise 
=> potential wear on the final control element 

@ Use of derivative action 
- avoid using the D action when the controlled vc riable 

has a noisy measure or when the process is not 
sluggish (a, IT, <0.5) 

Controller selection recommendations 

• When steady state offsets can be tolerated, 
use a P controller (many liquid level loops are 
on P control) 

• When offset cannot be tolerated, use a PI 
controller (a large proportion of feedback loops 
in a typical plant are under PI control) 

• When it is important to compensate for 
some natural sluggishness in the syst1~m, 
and the process signal are relatiVely noise­
free, use a PIO controller 
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Direct & reverse acting controllers 

• Most times, the final control element is a 
pneumatically-driven valve 
- air-to-open valves (also called fail-dosed): as the 

controller output signal increases, the valve opens 
further 

- air-to-close valves (also called fail-open): as the 
controller output signal increases, the valve doses 
further 

Process gain Air-to-open valve Air-to-close valve 

Posib.e direct acting PIO reverse acting PIO 

reverse acting PID direct acting PlD 

Performance assessment 
(set-point tracking problem) 

t, = rise time 
j5 1.4 tP = time to first peak 

t, = settling time ~ !: 1.2 
A •gooc:i­
decay ratio 
is 1/4 
("quarter 
amplitudew 
decay) 

"O 
..!!! e 
c 
0 
(.) 

1 
a; 
E g 

1.0 

0.8 

0.6 

0.4 

0.2 

ii I b = overshoot 
c I ii = decily f"iltiO 

P = period of oscilliltion 

0.00 : . 5 10 : 15 20 25 30 
time units 

Performance indexes 

IAE= J~(t~dt : inteqralo(theabsolute valueoterror 

t·~ 

IAE corresponds to the 
shaded area 

• The controller's tuning 
parameters (Kc; T1 ; possibly 
To ) are chosen such that IAE 
is minimized 

• Semi-empirical formulae can 
be derived based on a FOPDT 
open-loop identification 

• The optimal controller's 
settings for load disturbance 
rejection are different from 
those for set-point trilcking 

10 
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Tuning guidelines 

• Fit a FOPDT model to the process data obt3ined 
by step (or pulse) changes in the manipulated 
variable 
- the process must begin at the nominal steady !tate 
- the sampling rate should be at least ten times laster 

than the process time constant 
- the measured variable should be forced to move at 

least ten times the noise band 

• Determine initialvalues for Kc, r1 (and po~;sibly 
r0 ) from suggested correlations 

• Never ever trust blindly on these settings. Always 
refine the tuning on-field 

Tuning correlations for PI control 
(based on FOPDT open-loop identification) 

Kr t• 

IMC for balanced set T N ... 

point tracking 11nd Kl'{8, + T,) t, "' i.u..~rvar 
of(O.l"} disturbance rejection aMtD.H.l 

minim um ITAE for ~(9,l't,.)~- t, 

set point tracking K, 1.03- 0.165l9, IT,f"'-z,, 

minimum ITAE for ~(9,IT,.)-il"" .. 
disturbance rejection K, 0.674(9, lt,'f-

-
ITAE = f tJe(t)Jdt : int~@! of thf1. timf1.-weig/Jled absQlute 

0 va/uf1. of error 

Controller tuning can be performed automatically using 
the "Design Tools" module of Control Stat•onr"' 

A disadvantage of feedback control 

• In conventional feedback control the corre<:tive 
action for disturbances does not begin until after 
the controlled variable deviates from the se~t point 

--
--"--+hotoll 

----ooldoll 

If eithE r the cold oil 
flow rate or the 
cold otl temperature 
change, the 
controller may do a 
good job in keeping 
the hot oil 
temperature at the 
setpoirt 

What if the pressure of the fuel gas chan!1es? 

11 



master 

Cascade control # 1 

.tack;;'\ 
-----\ 

. . . . . . . . . . . 

. . . . . . 
•! . . . 

-->....J.,.O:.+ hololl ----cold oil 

The performance can 
be improved because 
the fuel control valve 
will be adjusted as 
soon as the cllange in 
supply pressure is 
detected 

• Two control loops are nested within each other: 
the master controller and the slave controller 
- the output signal of the master (primary) controller 

serves as the set point of the slave (secondary) 
controller 

Cascade control # 1 

1 • The TC may reject 
satisfactorily 
disturbances such as 
reactant feed T and 
composition 

• If the T of the cooling 
water increases, it 
slowly incr~ases the 
reactor T 

• The TC action may be 

I 

delayed by dynamic 
lags in the jacket and 

---------------' in the reactor 

Cascade control # 1 (cont'd) 

The performance can 
be improved because 
the cooling water rate 
will be adjusted as 
soon as a change in 
the jacket temperature 
is detected 

This keeps the heat 
removal rate at a 
constant level, and the 
reactor temperature is 
less affected by the 
unknown disturbance 

12 
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Tuning a cascade loop 

1 Begin with both the master and the slave 
controllers in manual 

2 Tune the slave (inner) loop for set-point trc1cking 
first (the tuning guidelines presented before can be used) 

3 aose the slave loop, and adjust the tuning on line 
to ensure good performance 

4 Leaving the inner loop dosed, tune the ma:;ter 
loop for disturbance rejection (the tuning guideli'leS 
presented before can be used) 

5 Oose the master loop, and adjust the tuning on 
line to ensure good performance 

A P-only controller is often suffioent for the slave loop 

Summary on cascade contrtll 

© It is used to improve the dynamic response of the 
process to load disturbances 

© It is particularly useful when the disturbances are 
associated with the manipulated variable or when 
the final control element exhibits nonlinear 
behavior 

G The disturbances to be rejected must be wit/Jin the 
inner loop 

G The inner loop must respond much more quickly 
than the outer loop 

G Two controllers must be tuned 

Feedforward control 

• Basic idea : measure a disturbance variable before 
it enters the process, and immediately take ·:tie 
corrective action that avoids the process to l:>e 
upset 

• In contrast: a feedback controller does not take a 
corrective action until alter the disturbance has 
upset the process and generated an error sii~nal 

I "lJ...I ·.~:k.. ' i controller I~ 
~ 
i 

feedback control ! feedfotward control 
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F;z 

Example of feedforward control 
Control objective 

Use flow D to control the distillate 
distillate composition y in spite of disturbances in F 

B;x 

and z. Measurements of y and x are not 
available 

-c:::::>­
Steady state mass balances: 

{
F=D+B z-x 

=> D=F­
F:=Dy+Bx y-x 

If the distillate and bottoms compositions 
are not available: 

D=F z-x., 
Y..,-.x.., 

required control law based 
on pure feedforward 
action 

Disadvantages of feedfwd control 

• The disturbance must be measured on-line 

• At least a crude model of the process is 
needed (it is necessary to know how d affects y) 

• If the process model is not perfect, off-set 
will always result, because the controlled 
variable is not measured 

• The controller may be derived theoretically, 
but it may not be realizable in practice 

Feedfwd control with feedbck trim 

• A feedback trim ca be used to compensate 
for modeling errors and unmeasured 
disturbances (feedback control does not need a process 
model and can remove off-set) 

d 

' --'-------1--____ __. 
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Multivariable systems 

• Thus far, Single-Input Single-Output (SISO) 
systems have been considered 

• Most processes are characterized by Multiple 
Inputs and Multiple Outputs (MIMO) 

-...r:::::::>-
The input/cutout pairing problem ari~.es 

Which input variable should be us~'d in 
controlling which output variabk~? 

A 2x2 MIMO system 

'· r r '·~ F; x 
-----~ 

:I :>c::: I : : 
F, 

F, 

• Process interactions may induce undesirable interactions 
between control loops 

• When control loop 1 adjusts u, to keep y, at its setpoint, it 
upsets the output y2 

• Control loop 2 reacts by manipulating I?_ , thus perturbing 
y, and causing control loop 1 to react 

A 2x2 MIMO system C•:ont'd) 

• Because of loop coupling, the control loops may 
"fight" against each other 

• The "best" pairing is the one that keeps loop 
interaction to a minimum 

,.-1~­

'·-l"i4--

Case 1: X.rp=l 
-F;x 

F = F,, +F8 

x=-!.t,__ 
F, +F8 

It follows that F,.>>F8 => ~+-+ F and F8 +-+ x 

Case 2: Xsp=O 

It follows that Fs>>F,. => F•+-+ F and FA+-+ x 

15 



A more challenging MIMO system 

• Outputs to be controlled: 
- distillate composition 

- bottoms composition 

- top level 
- bottom level 

- column pressure 

• Available inputs: 
- reflux rate 

- distillate rate 

- bottoms rate 
- steam rate 

- cooling water rate 

- feed rate 

Decentralized control 

• Applying single-loop PID controllers to a 
MIMO process is known as decentralized 
control 

• Because of coupling, the tuning of each loop 
cannot be the same it would be in the 
absence of the other loops 

• In practice, loop "detuning" must be 
applied 

Tuning decentralized controllers 

1 With the other loops on manual mode, tune each 
loop independently until satisfactory performance 
of the loop is obtained 

2 Restore all the controllers to joint operation under 
automatic control, and readjust the tuning 
parameters until the overall closed-loop 
performance is satisfactory in all loops 

• As a start, a single detuning factor Fr may be 
employed for all loops: 

K;:"° = K~ IF, 
~0 =~xF, 

(for the i -th control loop) 

16 
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Summary of Part II 

• SISO systems: conventional controlle~. 

- the rationale behind P, PI and PIO controllers 

- understanding the effect of Kc, -r1 , -r0 

- controller tuning 

• SISO systems: advanced controllers 
- cascade control and feedforward control 

• MIMO systems: loop paring and interactions 
- controller tuning 

Control Station,.,. 

• It is a software for process control, 
analysis, tuning and training 

• Developed by Prof. Doug Cooper at the 
Chem. Eng. Dept. (Univ. of Connecticut, 
Storrs, CT, U.S.A.) 

• Information on the software at the 
following Internet site: 
http://www.engr.uconn.edu/control/ 

Useful references 

• Seborg, D. E., T. F. Edgar and D. A. Mellichamp 
(1989). Process Dynamics and Control, John Wiley 
& Sons, New York (U.S.A.) 

• Ogunnaike, B. A. and W. H. Ray (1994). Pro:ess 
Dynamics, Modeling and Control, Oxford 
University Press, New York (U.S.A.) 

17 



For further information, 
please feel free to contact me . 

Dr. Massimiliano Barolo 
Istituto di Jmpianti Chimid, Universit:J di Padova 

via Marzolo, 9 

~ 

fax 

email 

~ 

I-35131 Padova PD (Iraly) 

+39 049.827.5473 

+39 049.827.5461 

lllllxll'polochi • cheg. uni pd. it 

http://-=urio.cbeg.unip4.it/i.11!1>ianti/profo/mu:/1MX.bta 

NOTICE. ~ d ital! !emn natllS and~ 9dl:s (~Of Prr:aa" t>,Nma Mid 
~ - hitt J Mt!~ l1'J iD people wt'IO !awe nat aa.noed the JCS-I.ICC T...-.ng CtM'1e l'I Rao. IS not -
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Batch distillation 

Dr. Massimiliano Barolo 
Istitvto di Imp/anti Chimid 

Universira di PadoVil 
Italy 

ICS-UNIDO Training Course on 
Sustaina~ Inclu.stJWI Dt!ve/opment: Process Simulation 11nd Optimiz•tion Techniques 

(Rabat, Morocco, 18-22 September, 2000) 

Agenda 

• Batch processes & batch distillation 

• Differential ("simple") distillation 

• Modeling of batch rectifiers 
c:> short-cut models 

c:> approximate models 
c:> rigorous models 

• Operation of batch rectifiers 
c:> constant reflux ratio 

c:> constant distillate composition 
<:>total reflux 

• Slop cut handling 

• Alternative configurations 

Batch processes 

• Batch processing is advantageous 
- for the production of specialty chemicals with high 

added value 

- when the production cyde is organized in sea!;onal 
campaigns 

- when it is required to keep the process inventmies low 

• The key feature of a batch process is RexJbility 
- products can be "tailored• to the customer's demand 
- the fast-changing market demand can be 

accommodated easily 

• This is achieved through an inherently dynamic 
operation of the process equipment 
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Batch distillation 
@ Advantages 

- a mixture of N components c.an be separated into N 
products within a single piece of equipment => low 
capitlll costs 

- a wide variety of feeds can be separated in the same 
column => high flexibility 

G Drawbacks 
- consumes more energy than continuous distillation => 

high operating costs 

- unsteady operation => hard to understand for the 
plant personnel 

- large number of degrees of freedom for process 
optimization => hard to understand for the plant 
management 

Use of batch distillation 

• To separate reactants from process inventories 
(raw materials) 

• To separate valuable products from reaction 
mixtures 

• For recovering components that are used in one 
of the processing steps (e.g., solvents) 

• To remove undesired components from an 
effluent stream 

• 

"Simple" (differential) distillation 

-

--
Integrating: 

• Material balances on a 
"small" time interval dt: 

{
dHv =-dH8 

ydHv =-d(H 8 x8 ) 

Rayleigh 
equation 
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Limitations of simple distillation 

• The following overall balances hold true: 

{
HF =Hn+Hv 

HFz = H8 x8 +Hvxv 

The heavy 

component cannot~ 
be obtained 
simultaneously pure 
and in a large 
amount 

from which x0 can 
be calculated 

Limitations of simple distillation 

• The fractionation obtained in a single batch 
is not very high 

• The fractions obtained usually need to be 
re-distilled in order to achieve the desired 
purity 

0 Low product recovery 

0 Large energy consumption 

A real-world example 
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Batch rectifier 

The column may be 
trayed or packed 

Modeling and simulation: Why? 

Simulation approaches 

• Simulation of batch distillation columns can be 
carried out according to three main classes of 
models 

<D Short-cut models 

~ Approximate models 

a> Rigorous models 

• Shifting from short-cut modeling to rigorous 
modeling increases: 
~the descriptive capability (ability to represent the 

"physical" reality) 

~the complexity (calculation time) 
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<D Short-cut simulation 
---------~---------------------------------~ 
~ It is assumed that the liquid holdup in the 

column is negligible with respect to thE! holdup 
in the reboiler 

-Cl-
1 The dynamic behavior is approximated by a 

series of steady state operations 

2 At every time instant, the simulation is carried 
out with the same models used for column 
design (no differential equations need to be sol·1ed) 

- binary systems: McCabe-Thiele 
- multicomp. systems: Fenske-Underwood-1:;H1iland 

Short-cut simulation (cont'd) 

---------~---------------------------------
• Advantages: 

- fast calculations 

- for binary operations (McCabe-Thiele diagrams), it is 
possible to "see" how the operation is progre ;sing 

• Pitfalls: 
- results are not very accurate 

- limited to constant-relative-volatility mixtures 

•Use: 
- to guide the choice of case studies for more <iccurate 

simulations 

- preliminarv studies of process design and optimization 

~ Approximate simulation 

r:r Liquid holdup in the column and reflux drum 
explicitly accounted for 

• Further hypotheses: 
- constant liquid holdup 

} 
,....\ constant 
~ molar rates 

- no heat balances 

- negligible vapor holdup 

- ideal trays (or Murphree stage efficiency) 
- perfect mixing of liquids 

-boiling feed 

- total condensation with reflux at the boilini~ point 
- constant pressure profile 
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Building an approximate model 

1 Choose the most appropriate model for the 
calculation of vapor-liquid equilibria 

2 Locate the regions where liquid matter can 
accumulate 

3 Write down the dynamic material balances 
in the absence of chemical reaction 

Inlet- Outlet= Accumulation 

4 Include the equilibrium relationships and 
the stoichiometric equations (constraints) 

Where does matter accumulate? 

i =tray no. 
j = compon. no. 

'··"~ II· 

t L..,._ D."", ,. 
• 

'-~h· 
•The 

accumulation 
points are 
located: 

rl 

- in the reboiler 
.·~r 

\". ~.~, L. _..., 
L__J - on the trays 

- in the reflux 
drum 

Material balances in the reboiler 

Accumulation = Inlet - Outlet 

j=l,2, ... ,Nc-1 
Nr-1 

XN =}- ~X. 
I, C L.J l,a 

l•I 

• total holdup 

(HB): dH 
-

8 =L-V 
cit 

• J-th component holdup 

(H£iXB): 
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Material balances on the J.th tray 

Accumulation = Inlet - Outlet ==:J' 
i +1 .-----, 

1 1 • total holdup (H;) 

··Hr -constant (=> L;.1 = L, = L) 

• j-th component holdup (Hr;) 

d(Hx ) 
i-1 

I I,) = L:x. I . +Vy I j - L:x. j - Vy cit 1+ ,) 1- ' '· •.) 

N 

j = 1,2,. . .,Nc-l ~· x,,Ne = 1- L X1.k 
k•I 

Material balances in the reflux drum 

Accumulation = Inlet - Outlet ==:J' 
v .. ", • total holdup (J/0 ): 

\:. ·., J.1 L. ''" 

-constant(=> V = L+D) 
(perfect level crntrol) 

• j-th component holdup: 

d(Hvxo.1> ( .) v ... . -x dt . N.J D,J 

j=l,2, ... ,Nc-1 
:\'r-1 

xi.Ne = I - L x,,k 
k•I 

Equilibrium and phase constri:tints 

• Thermodynamic eguilibrium relationshiQs: 

Y,,,,j = Km,jxm.j ; m = B, 1, 2, .. .,N 
j = 1,2,. . .,Nc-l 

K Is the equilibrl um ratio 
K ... 1 = f(P.,,T •• x ... 1.y ... 1) (e.g., calculated _by: 

NR1l, UNIFAC, l:oS, ••• ) 

• Phase constraint eguations: 

~· ~· xi.Ne = 1- L X;,J ; Y;,Nc = 1- L Y;,J i = B,l,2, .. .,N,D 
j•I j•I 
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Numerical issues 

• It is required to solve a system of differential (dynamic 

balances) and algebraic equations (equilibrium 
relationships) 

• The column holdups may be significantly different in 
magnitude (reboiler holdup>> tray holdup) 

• Component volatilities may be spread out in a wide 
range 

• The system of equations is stiff 
- short integration steps 

- implicit integrating schemes 

- calculation times possibly large 

Conclusions on approximate models 

• Advantages: 
- they describe the dynamic behavior with sufficient 

accuracy 

- no restrictions on the thermodynamic model 

• Pitfalls: 
- calculation times are larger than with short-cut 

models 

•Use: 
- analysis of process feasibility and optimization 

- qualitative studies on the control of the operation 

® Rigorous simulation 

• Used when it is required to accurately 
describe the dynamics of an existing column 

•They are employed for detailed studies on: 
- process feasibility and optimization 

- automatic control 

- evaluation of energy requirements and 
fluid dynamic limits of the available column 

r:r Almost all of the simplifying assumptions of 
approximate models are removed 
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Rigorous simulation (cont'd) 

• Equations: 
- enthalpy balances are taken into account 

- tray hydraulics is accounted for 
- the pressure profile is calculated (not assigned) 

- heat losses are taken into account 

- the external flow rates are expressed on mass or 
volume basis 

• Pitfafls: 
- the calculation time increases considerably 

- the model parameters must be accurately 
determined (e.g., Murphree tray efficiency) 

Parameter determination 

1 Perform a test run in the plant and register 
the time profile of a measurable variable (e.g., 
one or more tray temperatures} 

2 Run the model several times with different 
values of the parameter; save the simulated 
temperature profiles 

3 Choose the "best" value of the parameter 

4 Use this value, and check if the model can 
reproduce the time profile of anothervariable, 
whose value is measured on the plant 

- Parameter to be 
determined: 
Murphree tray 
efficiency 

- Variable recorded 
in the plant: 
temperature on 
tray#12 

The ''best" value is: E,11 = 0.6 
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Q Flow rate profiles 

Composition r-1\. 
profiles Y 

Operation of batch columns 

• The most frequent operating procedures are 
¢Operation at constant reflux ratio r (with x0 

varying during the operation) 

¢operation at constant distillate composition x0 

(with r varying during the operation) 
¢operation at total reflux 

• Steps shared by all the operating procedures 
¢startup 

¢product removal (main cut) 
¢off-cut removal (slop cut) } repeated cyclically 

The startup phase 

• Column and holding tanks cleaned from residuals 
of previous operations 

• Water sent to condenser and steam to reboiler 

• Vapor, released from the reboiler, rises through 
the column, is condensed at the top and 
accumulated in the reflux drum 

• When the top level is OK, reflux returned into the 
column, and total reflux operation started 

• Trays filled with liquid and fractionation begins 

• Operation progresses until steady state is reached 

• The other two steps follow (product and slop removal} 
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Operation at constant reflux ratio 

• Reflux ratio 
r = LID : constant 

• Slope of operating line 
m = r l(r + 1) : constant 

• The line shifts down during 
the operation 

• Product specifications: 
xs =x;ec ' Xo =x;j" 

It is required to determine which is the reflux 
ratio and what is the energy consumption 

Operation at constant r : short-cut 

• From the overall 
balance {

HF = Ht" +Ht" 

HFz=Hf"x';i +H£"x'if' 

and the Rayleigh equation 

it is possible to determine the reflux rat!::i r. 

•Heat consumption: dQ,=A.Vdr=/,(r+l)dD 

A. = latent molar heat 
of the vapor phase 

Collecting the products (r= const} 

• Products are collected from 
the top, sequentially 
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Composition profiles Cr= const) 

• The concentration 
"front'' progressively 
moves from the 
bottom to the top 

• First, a product that 
more than meet the 
specifications is 
obtained; then, the 
dilution increases 

• In this case (system 
with 3 components) 2 
slop-cuts are obtained 

Final remarks (r= const) 

©Operation at constant reflux ratio is easy to 

accomplish 

- The operation is characterized by a moving 
composition front 

- Switching vessels need to be provided 

- A policy for recycling slop-cuts is necessary 

®It is necessary to provide an on-line 

measurement or estimation of the average 

product composition (gaschromatograph; 
refractive index; density; "virtual" sensors) 

Operation at constant x0 

• Reflux ratio: 
r = LID : increases 

• Slope of the operating line 
m=rl(r+l) : varies 

(increases) with time 

The line rotates around the 
distillate specification point 

• Product specifications: 
xB = x~C' , Xv = x;fe 

It is required to determine what are the reflux 
ratios and what is the energy consumption 
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Operation at constant x0 : short-cut 

• Heat consumption: 

dQ, =A.(Vdt)=A.dV =A(r+l)dD 

11fin 

:::::} Q, =A f(r+l)dHv 
0 

"' it is necessary to 
:::::} correlate the reflux 

ratio to the amount of 
product collected 

1 For a given r, x8 is found from the McCabe-Thiele 
diagram 

2 From the material balances: H -H z-x. 
v- F JjHC 

3 Then, ris correlated to H0 and Q, can be 
calculated 

Xo -xB 

Composition profile (Xo = const) 

- - - "'""" now 
:-.-x., 

Accurate control of composition is hard, especially at 
the beginning and at the end of the operation 

Final remarks (x0 = const) 

®Operation at constant distillate composition is 
harder than operation at constant reflux ratio 
- the reflux rate must be adjusted at every time 

instant 

- conventional controllers may not be adequate 

®It is necessary to provide an on-line 
measurement or estimation of the 
instantaneous product composition 
(gaschromatograph; refractive index; density; 
''virtual" sensor) 
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Operation at total reflux 

• The feed charge is split between the 
reboiler and the reflux drum, so as to 
fulfill the material balances: 

{
HF =H.+HD 

HFz= H 8 xi +H0 x:f"" 

• Given the product specifications, 
the column must be equipped 
with a minimum number of 
trays: 

N . =-1-ln x;i(l-x;:'") 
~ Ina x;i(l-x;j") 

Operation at total reflux: short-cut 

• Material balances give: 

xv-z=}:!y_ ,validat 
z-x8 H 0 

every time instant 

• Point Q on the x-axis 
with abscissa aQ is 
defined: 
a~ -z = .!!..L 

Ho 

• At any instant, line BD 
is parallel to the x-axis 

Operation at total reflux: short-cut 

• Dynamic composition balance: 

V Lx H dx0 V H dx0 y- = Ddt :=} ()'-X}= Ddt 

• Heat consumption: 
. H 

dQ, =A(Vdt)=A-0-dx0 y-x 
xif' 

=> Q, =AHD f dxD 
y-x 

0 

At any time, it is 
necessary to evaluate 

=> the distance (y-x) 
between the operating 
line and the diagonal 
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Composition profiles (total reflux) 

Nominal feed 
=~~~~:t":;:,s composition: 

z= 0.6 

If the feed composition is not known accurately, one 
of the products may go out of specification 

Middle vessel column 

The batch column is 
equipped with two 
sections (rectifying and 
stripping), as happens 
for a continuous 
column 

(ff=' The middle vessel ''absorbs" the 
uncertainties on the feed composition 

Composition profiles (middle vessel) 

Nominal feed 
composition: 

z= 0.6 

Both products can be obtained at the desired puri~ 
regardless of the uncertainty on the feed composiaon 
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Final remarks (total reflux) 

Q It is the easiest way to operate a batch column: a 
simple level controller is sufficient 

©The column always operate at its maximum 
fractionating capacity 

©Particularly suited when high-purity products must 
be obtained 

©The operation can be interrupted at any time 
without loosing the separation already achieved 

Q: For multicomponent mixtures, it can be repeated 
sequentially 

Q: Introducing a middle vessel ensures that both 
products are obtained on specification 

Slop-cut handling 

• From a batch of N components, up to N-1 slop 
cuts are obtained, which need to be reprocessed in 
subsequent batches 

• Most frequently employed procedure: total slop 
recyde 
- all the slop cuts of the previous batch are combined with 

fresh feed in the initial charge to the current batch 

- a pseudo steady state is obtained a~er some cycles 

:;; Minimum tankage need to be provided 

:& The separation already achieved within each slop 
cut is lost 

Slop-cut handling (cont'd) 

• An alternative procedure: Multicomponent-binary 
separatiorr. 
- only slop cuts with similar compositions are mixed 

together 

- the mixtures so obtained are distilled separately when a 
sufficient amount has been collected 

rg More tankage needs to be provided 

~ The separation already achieved within each slop 
cut is not lost 

16 



... 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
.. 

.. 

Alternative configurations 

• The feed 's charged 
to the reflux drum 

• Products and slops 
are removed from 
the bottom 

• The reboiler is 
smaller 

>- Useful when the 
amount o' light 
component is low 

Alternative configurations 

I Mk/dle-=-;;:;;.n 

• The feed i!> charged 
to the middle vessel 

• Products and slops 
are removed 
continuously 

• The reboiler is small 

>- Useful for ·:emary 
mixtures a 1d for 
azeotropic mixtures 

Useful references 

• Rose, L. M. (1985). Distillation Design in Prcxtice, 
Elsevier, Amsterdam (The Netherlands) 

• Muhrer, C. A. and W. L. Luyben (1992). Batch 
Distillation. In: Practical Distillation Control(W. L. 
Luyben, Ed.). Van Nostrand Reinhold, New York 
(U.S.A.) . 

• Seader, J. D. and E. J. Henley (1998). Separation 
Process Prindples, John Wiley & Sons, New York 
(U.S.A.) 

• Barolo, M. (2000). Batch Distillation. In: 
Encyclopedia of Separation Science (I. D. Wilson 
et al., Eds.), Academic Press, London (U.K.) 

17 



For further infonnation, 
please feel free to contact me . 

Dr. Massimiliano Barolo 
Istituto di Impianti Chimici, Universit:J di Padova 

via Marzolo, 9 
J-35131 Padova PD (Italy) 

phone +39 049.827.5473 

~ 

email 

~ 

+39 049.827.5461 

max@.polochi.cheg.unipd.it 

http'/ /...-curio. cheg .unipd. it/i.mpianti/prob/...,./max.htm 
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• 
• 
• 

• On-line computer sugar 
process monitoring 
optimization 

• Use of Chemical 
Engineering approach for 
sugar process analysis 
and synthesis {System 
engineering approach) 

• Implementation of research 
results at industrial scale 
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• 
• 
• 

• 

• 

A non conventional 
process is that which can 
not be simulated by 
commercial process 
simulator without adding 
user model(s). 

Two types of user models 
Thermodynamic models; 

- Equipment models 

llflJfllJflJlflJllll•lltlfJI • • • • • • 

• 
• 

3 

• • 



• 
• 
• 

• Development of user models 
needs R&D work type. 

• Very often in developing 
countries, no R&D work is 
done by production 
companies, and then process 
simulation is not used. 
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• 
• 
• 
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• 
• 
• 

• Use of pseudocomponent 
concept to better 
characterize industrial 

• • sugar Juices 

• Use of thermodynamic 
models to estimate the 
properties of sugar 
solutions 

• Development of tendency 
models for sugar juice 
purification processes 

• • • • • • 
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• 
• 
• 

• Modeling steady and 
transient regimes of unit 
operations encountered in 
sugar factories using a 
phenomenological 
approach 

• Use of the preceding 
models to analyze and 
optimize unit operations 
separately and globally 
within sugar factories 

• • • • • • 
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• 
• 
• 

• All of these steps were 
realized in collaboration 
with national sugar 
factories, mainly 
SUNABEL and SURAC 

• Exploit the results 
obtained in the 
preceding steps to 
optimize the whole 
factory using on-line 
computer 

1111111111111•1•1r1JriJJ • • • • • • 
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• 
• 
• 

1. Adaptation of Peng­
Robinson Equation of 
State (PR-EOS) for 
boiling temperature and 
enthalpy estimation of 
industrial sugar juices, 
characterized by 
pseudocomponents 

9 



• 
• 
• 

Pseudocomponents used: 

Sugar 
Nitrogenous compounds 
Non-Nitrogenous comp. 
Ash 

• • • • • • 
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• 
• 
• 

2. Adaptation of 
UNIQUAC-PITZER-

•• 

DEBYE-HUCKEL 
(UQPDH) model for 
estimation of sucrose 
solubility in industrial 
sugar solutions 

• • • • • 
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• 
• 
• 

3. A general reaction 
scheme is proposed, in 
satisfactory agreement 
with the experimental 
results, for calcium 
phosphate precipitation 
in clarification of cane 
• • 
JUI Ce 
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• 
• 
• 

Use of the calcium 
phosphate precipitation 
scheme to better 
understand the pre­
liming behavior of cane 
• • 
JUI Ce 

• • • • • • 
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• 
• 
• 

4. Kinetics modeling of 
coke combustion and 
limestone decomposition 
using thermogravimetry 
analysis 
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• 
• 
• 

• Development of a tendency 
model for the complex 
reactions involved in pre- ~,, 

liming and liming of beet 
• • sugar Juice 

• Use of this model to 
optimization study of pre­
lim ing station of a national 
factory 

• • • • • • 
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• 
• 
• 

• Modeling of evaporation 
stations using Peng­
Robinson Equation of 
State (PR-EOS) 

• Modeling of crystallizes 
using population balance 

• Modeling of RT type 
diffusers, rotary drier, limer 
, pre-limer and lime kiln 
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• 
• 
• 

• SCAPE ( Software for 
Computer Process 
Engineering) is a process 
simulator of sequential­
modular type conceived in 
our laboratory to satisfy 
engineering needs of food 
and mineral industries. The 
actual developments are 
oriented mainly to sugar 
and phosphate industries 
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• 
• 
• 

• Sugar losses minimization 
of RT2 type diffuser 

• Study of potential of pulp 
rotary drier capacity 
• increase 

• boiler diagnostic of sugar 
factories using data 
reconciliation technique 

• heat integration of sugar 
factories by Pinch 
Technology 
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• 
• 
• 

• Batch crystallizers 
optimization 

• Design of a control 
strategy for evaporation 
station using its dynamic 
mathematical model based 
on PR-EOS 

• Use of the same 
methodology for design 
control strategies for some 
other stations 
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