
Available online at www.sciencedirect.com

Thirty Years of International Symposia
on Process Systems Engineering
Peter Glavič
The paper discusses definitions and history of Process

Systems Engineering (PSE) as a discipline, starting from

General Systems Theory and Systems Engineering. The past,

present and future of PSE are presented. Eleven International

symposia on PSE are analysed together with the content and

importance of the first one organized in Kyoto thirty years ago.

Other PSE conferences: European Symposia on Computer

Aided Process Engineering (ESCAPE), International

Conferences on Process Integration, Modelling and

Optimization for Energy Saving and Pollution Reduction

(PRES), Foundations of Computer Aided Process Design

(FOCAPD), Foundations of Computer Aided Process

Operations (FOCAPO), Chemical Process Control (CPC),

and Process Systems Engineering Asia (PSE Asia) were

analysed. The topical overview of the most important PSE

conferences and plenary lectures presented there,

enabled identification of the PSE research agenda in the

present. On the basis of the recent PSE conferences in Europe,

United States of America and Asia, future trends in PSE have

been forecast.
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Introduction
The First International Symposium on Process Systems

Engineering (PSE) took place in Kyoto, Japan, August

23–27, 1982. It was organized by the Society of Chemi-

cal Engineers, Japan (SCEJ). Its aim was to ‘‘discuss

methodologies for the planning, design, operation and

control of chemical and other industrial processing

along with practical applications of these method-

ologies’’. In the invitation the organizers wrote: ‘‘It is

urgent that all chemical engineers strive to improve the

productivity and safety of their plants, and the effi-

ciency of raw materials and energy utilization without
www.sciencedirect.com 
causing environmental deterioration. We are now

obliged to make every engineering decision under

multi-objective criteria related to economics, environ-

mental protection, and resources and energy conserva-

tion. Therefore, we believe PSE will play an essential

role in attaining optimal solutions to these problems.’’

The opening address was presented by Prof. Emeritus

Sakae Yagi [1] describing how he had dreamed at MIT in

1937 about a network theory of process systems as a core

of chemical engineering disciplines just like the circuit

theory had been the core of electrical engineering.

Though he had realized the necessity of process engin-

eering at that time, he had to wait until 1963 to start

working with H. Nishimura on process engineering [2].

At the PSE’82 Symposium, 14 special lectures had been

presented in keynote sessions by most distinguished PSE

researchers of the World (Box 1). All the keynote lectures

had been published [3]. The keynote lectures had not

only presented the results of research work but they had

also been truly visionary, discussing the problems which

have been important for the chemical and process indus-

tries in the next decades.

Process Systems Engineering definitions
Prof. Takamatsu presented a definition of PSE in his

keynote lecture [4]: ‘‘It is an academic and technological

field related to methodologies for chemical engineering

decisions. Such methodologies should be responsible for

indicating how to plan, design, operate, and control any

kind of unit operation, chemical and other production

processes and chemical industries themselves. . . . PSE

should contribute to synthesizing any size of system

related to chemical engineering.’’

The word ‘synthesis’ was used for planning, design,

operation and control which are kinds of chemical engin-

eering decisions [4]. The direction of Synthesis is the

opposite of analysis – it:

� starts with Fundamental Phenomena (thermodyn-

amics, reaction kinetics, transport phenomena, fluid

dynamics, etc.),

� proceeds to Unit Operations (reactor, separator, mixer,

heat exchanger, pump, etc.)

� merges into Processes (energy, pharmaceuticals, pet-

rochemicals, fertilizers, pulp & paper, etc.), and

� finishes with Large Systems (factories, complexes;

regionality, environment, energy policy, etc.).
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Box 1 Keynote Lectures presented at the International Symposium PSE’82 in Kyoto, Japan [3]

Title of the Lecture Author(s) pp. [3]

The Nature and Role of Process Systems Engineering Takamatsu T, Kyoto University, Japan 203–218

Advances in Modelling and Analysis of Chemical

Process Systems

Sargent RWH, Imperial College, UK 219–237

Application of Graph Theory to Process Design and

Analysis

Mah RSH, Northwestern University, USA 239–257

Optimization for Design Problems Having More Than

One Objective

Clark PA and Westerberg AW, Carnegie Mellon

University, USA

259–278

Computer Aided Process Synthesis Umeda T, Chiyoda Chemical Engineering &

Construction Co, Japan

279–309

Computer Aided Plant Operation O’Shima E, Tokyo Institute of Technology, Japan 311–329

Synthesis of Control Systems for Chemical Plants –

A Challenge for Creativity

Stephanopoulos G, National Technical University

of Athens, Greece

331–365

Multivariable Process Control – A Survey Ray WH, University of Wisconsin, Madison, USA 376–394

Computer Control of Decentralized Process Systems Fisher DG, University of Alberta, Alberta, Canada 395–421

Flexibility and Resiliency of Process Systems Morari M, University of Wisconsin, Madison, USA 423–437

Optimization Strategies for Flexible Chemical Processes Grossmann IE, Halemane KP and Swaney RE,

Carnegie Mellon University, USA

439–462

Design and Operation of Multiproduct and Multipurpose

Batch Chemical Plants – An Analysis of Problem Structure

Rippin DWT, Technisch-Chemisches Labour, ETH

Zentrum, Switzerland

463–481

Computer Technology in Process Systems Engineering Motard RL, Washington University, St. Louis, USA 483–491

Practical Application of Process Systems Engineering to

Energy and Resource Conservation and Management

Fan LT, Shieh JH, Ishimi T and Graham T, Kansas

State University, USA

493–528

On-line Computer Control System for Chemical Reaction

Processes

McGreavy C, University of Leeds, UK 529–566
Later, Grossmann and Westerberg [5] offered a broader

definition: ‘‘PSE is concerned with the improvement of

the decision making process for the creation and oper-

ation of the chemical supply chain. It deals with discov-

ery, design, manufacture and distribution of chemical

products in the context of many conflicting goals.’’

The chemical supply chain:

� starts at small, or micro-scale – molecules, molecular

clusters, particles and thin films, having lengths

between picometers and micrometres, and times

between picoseconds and seconds;

� continues at intermediate, or meso-scale – single phase

and multiphase systems, process units, having lengths

between micrometres and millimetres, and times

between seconds and hours; and

� ends at the large, or macro-scale – plant, site, enter-

prise, having lengths between millimetres and kilo-

metres, and times between hours and months.

Klatt and Marquard [6] explained the nature of PSE on

the basis of General systems theory [7], and Systems

engineering, SE [8]: ‘‘SE is the intellectual, academic

and professional discipline, the principal concern of

which is the responsibility to ensure that all requirements

for a bioware, hardware and software system are satisfied

throughout the life-cycle of the system.’’ This definition

interpreted a technical system as being composed of

hardware (i.e. the process plant and its equipment), soft-

ware (i.e. the operation support systems), and bioware
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(i.e. the plant operators and management – human

resources). Systems engineering is in the first place a

methodology to solve system design problems in a coor-

dinated and well-understood systematic design process,

for example using the SIMILAR process: first, State the

problem; second, Investigate alternatives; three, Model

the system; four, Integrate; five, Launch the system; six,

Assess performance and seven, Re-evaluate [9]. Klatt and

Marquard concluded that PSE addressed the inherent

complexity in process systems by means of Systems

Engineering (SE) principles and tools in a holistic

approach, and established system thinking in the chemi-

cal engineering profession; mathematical methods and

SE tools constituted the major backbone of PSE.

Today, PSE focuses on the design, operation, control, and

optimization of chemical, physical, and biological pro-

cesses through the aid of systematic computer-based

methods. Process engineering encompasses a vast range

of industries, such as petrochemical, mineral processing,

advanced material, food, pharmaceutical, and biotechno-

logical ones. Research is conducted on analysis, model-

ling, simulation, optimization, design, control, and

operation of process systems [10]. PSE treats the way

in which a complex system behaves as a whole. It uses

domain knowledge, and mathematical and experimental

techniques to build computer models of all the unit

processes that make up a chemical plant, refinery, bio-

logical cell or supply chain. These models can then be

integrated to predict the behaviour of the system as a

whole which is used to test the outcome of various design
www.sciencedirect.com
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options, process changes or failures at the system level. It

can also be used to optimize the system to produce a

particular outcome. PSE has been shown to be a very

powerful and flexible approach to developing a detailed

understanding of complex systems, as diverse as bio-

logical cells, industrial chemical plants, refineries, supply

chains, energy systems and urban infrastructure [11].

History of PSE
The systems engineering approach seems to have had its

origins in the 1940s in the efforts to exploit the possibi-

lities of the newly invented electronic digital computers,

which held out the promise that, if a problem could be

precisely formulated, then in principle an algorithm could

be developed to solve it, and hence implemented and

solved on a computer without the need for further human

intervention or expertise [12]. It considered a complex

system as a collection of interacting ‘units’, whose beha-

viour was well understood, and concentrated on under-

standing the interactions between them.

As early as in 1959, T.J. Williams, at that time an

employee of the Monsanto company, used the opportu-

nity provided by an invitation from the University of

Texas to deliver the Schoch lectures for that year and

present his impressively broad vision of Systems Engineer-
ing for the Process Industries [13]. The term PSE was for the

first time used in a Special Volume of the AIChE Sym-

posium Series in 1961 [14]. However, it was not until 1982

when the First International Symposium on this topic was

organized in Kyoto, that the term PSE started to become

widely accepted. The first textbook in the area was

‘Strategy of Process Engineering’ by Rudd and Watson

[15] in 1968. The first journal devoted to PSE was

Computers & Chemical Engineering, which appeared

in 1977; most PSE conference organizers have published

all the papers or at least some selected ones from the

symposia in this journal [16].

The Working Party (WP) for Computer Aided Process

Engineering (CAPE) at the European Federation of

Chemical Engineering (EFCE) supports and promotes

CAPE research by providing a forum for the presentation

and discussion of new ideas and developments, preparing

state-of-the-art reviews of CAPE methods and tools, and

inspiring new projects to meet emerging opportunities.

CAPE WP is one of the nineteen WPs of the EFCE and

was originally established in 1966, under the chairman-

ship of Professor H. Brusset with the title ‘Programmes de

Calculs de Routines et Emploi des Ordinateurs Electro-

niques’ [17]. CAPE concerns the management of com-

plexity in systems involving physical and chemical

change. These systems usually involve many time and

scale lengths and their characteristics, and the influences

on them are uncertain. CAPE involves the study of

approaches to analysis, synthesis, and design of complex

and uncertain process engineering systems and the
www.sciencedirect.com 
development tools and techniques required for this.

The tools enable process engineers to systematically

develop systems, products and processes across a wide

range of domains involving chemical and physical change:

from molecular, thermodynamic and genetic phenomena

to manufacturing processes and to related business pro-

cesses. The Working Party promotes the development,

study, and use of CAPE tools and techniques. Their

characteristics are: multiple scales, uncertainty, multidis-

ciplinary, complexity. The core competencies are: mod-

elling, synthesis, design, control, optimization, and

problem solving in the domains of manufacturing pro-

ducts and processes involving molecular change, sustain-

ability, business processes, biological systems, energy,

and water.

The first European event on computer applications was

organized in 1968 at Tutzing, Germany. The WP orga-

nized twelve annual symposia on Computer Application

in Chemical Engineering (CACE) until 1979. Later, ten

annual symposia were organized under different names,

one of them together with PSE’85. Altogether, twenty-

three such symposia were then organized in almost a

dozen European countries before a new departure of the

Working Party with the ESCAPE (European Symposium

on Computer-Aided Process Engineering) series. Since

1992 Europe has been hosting twenty-two annual

ESCAPE conferences. Each Symposium produced con-

ference proceedings, published in Computers & Chemi-

cal Engineering from 1979 (113 papers) until 1999 (240

papers); since 2000 annual books of proceedings were

published with Elsevier as Computer Aided Chemical

Engineering Series.

Although CAPE refers to computer-aided methods, algor-

ithms and techniques related to process and product

engineering, it is very much exploring in the area of

PSE. CAPE WP is also taking care of young engineers

and students. It organizes annual CAPE Forums for

young engineers and scientists. They bring together

researchers and industrial practitioners for an informal

discussion on research topics, new and emerging tech-

nologies and results in the area of CAPE. It encourages

young academic and industrial researchers to present

their stimulating research and knowledge transfer ideas

in PSE, stressing energy, water, and other areas.

EURECHA (European Committee for the Use of Com-

puters in Chemical Engineering Education) working

group meetings take place annually during the CAPE-

WP events. EURECHA was formed in 1983 to enable

software development for computer aided teaching

methods to be exchanged between universities in Europe

[18]. Its aim is mutual assistance between universities at

the teaching level, particularly of the universities specia-

lizing in computer methods used in PSE to assist those

where computer specialization is not at hand. EURECHA
Current Opinion in Chemical Engineering 2012, 1:421–429
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considers projects which fit in the aims and objectives of

the organization: educational software, tutorial case stu-

dies, short courses and workshops, educational sessions at

ESCAPE meetings, and questionnaires. One member of

its executive committee is responsible for each of these

activities.

Another annual European meeting related to PSE is the

international conference on Process Integration, Mod-

elling and Optimization for Energy Saving and Pollu-

tion Reduction (PRES), dealing with PSE and its use

for environmental protection. Since 1998, sixteen con-

ferences took place. The first one was initiated by the

late Professor Zden k Burianec in the framework of

International Congress of Chemical and Process Engin-

eering, CHISA. They have been organized every sec-

ond year in collaboration with the CHISA Congresses in

Prague, Czech Republic, and alternatively in other

countries, most of them together with the International

Conference on Chemical & Process Engineering

(ICheaP) in Italy. PRES conferences aim to review

the latest development and applications in the fields

of process integration, mathematical modelling and

optimization for energy conservation, pollution

reduction and related topics leading to sustainable,

environmentally friendly and cleaner production, and

industrial experience on the available methodology

application [19]. Contributions are peer reviewed and

typically about a half of them are published in short

version in Chemical Engineering Transactions. Selected

papers have been published in special issues of

Applied Thermal Engineering; Waste Management; Heat
Transfer Engineering; Resources, Conservation and Recy-
cling; Journal of Cleaner Production; Clean Technologies
and Environmental Policy; Theoretical Foundations of
Chemical Engineering; and Energy. A review of some

major PRES presentations contributing to the devel-

opment of process integration and optimization tools for

energy saving and pollution reduction have been

reviewed recently [20].
Table 1

International Symposia on Process Systems Engineering (PSE) 1982–2

(C&ChE) journal publication

No. Date Ven

1 1982, August 23–27 Kyoto, Japan

2 1985, March 31–April 4 Cambridge, Engla

3 1988, Aug. 28–Sept. 2 Sydney, Australia

4 1991, August 5–9 Montebello, Cana

5 1994, May 30–June 3 Kyongju, South K

6 1997, May 26–29 Trondheim, Norw

7 2000, July 16–21 Keystone, Colora

8 2003, June 22–27 Kunming, Yunnan

9 2006, July 9–13 Garmisch-Partenk

10 2009, August 16–20 Salvador, Bahia, B

11 2012, July 15–19 Singapore

a Selected papers from International Symposium on PSE, only.
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In United States of America, the CACHE Corporation

(Computer Aids for Chemical Engineering), organizes

conferences on: (a) Foundations of Computer Aided

Process Design (FOCAPD), (b) Foundations of Compu-

ter Aided Process Operations (FOCAPO), (c) Chemical

Process Control (CPC), and (d) Foundations of Systems

Biology and Engineering (FOSBE) [21]. CACHE was

founded in 1969 to promote cooperation among univer-

sities, industry and government in the development and

distribution of computer-related educational aids for the

chemical engineering profession. The Computing and

Systems Technology (CAST) Division was founded at

American Institute of Chemical Engineering (AIChE) in

1977; it has five sections: Systems and Process Design,

Systems and Process Control, Computers in Operations

and Information Processing, Applied Mathematics and

Numerical Analysis, and Information Technology.

Last but not least International conferences on PSE in

Asia have to be mentioned. Next year, the 6th event, PSE

ASIA 2013, will be organized.

PSE conferences in the past
Since the first PSE conference in Kyoto, ten other PSE

events have been organized, every three years on a

different continent (Table 1). Since the first conference,

international programme committees have been in charge

of the programme and the invited keynote lecturers,

giving the meetings truly prestigious character.

Table 2 presents the areas of PSE which have been given

special attention during the conferences in the period

1985–2006, either by organizing sessions with the topic or

inviting distinguished researchers to present a keynote

lecture on it.

PSE in the present
PSE conferences in 2009 [22,23] and 2012 [24] indicate

what is going on in PSE at present time. Plenary lectures
012 and their references in Computers and Chemical Engineering

ue C&ChE

a7/4:201–566

nd, UK (Pergamon Press)

 (Informit, Barton, ACT a12/7: 611–766)

da Proceedings only

orea Elsevier, CACE 15; a20/6–7: 591–958

ay 21: S1–S1244

do, USA 24/2–7: 157–1780

, PR China Elsevier, CACE

irchen, Germany a32/1–2: 1–370

razil 34/12: 1907–2148
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Table 2

The most important PSE conference topics presented in the period 1985–2006

Process design Process operations
Process design and synthesis Aids for plant operations

Design of flowsheets Design for operability

Batch (batch/continuous) process design Discrete and discrete-continuous process operation

Failure analysis in design Planning and scheduling

Planning of systems Maintenance of systems

Supply chain design Industrial applications, case studies

Design of micro-chemical plants Process dynamics and operation

Life-cycle design approach Risk management

Methods and systems Supporting tools

Process modelling New CAD techniques

Process simulation Algorithm development

Process integration Mathematical programming

Process optimization Artificial Intelligence techniques

Process intensification Modelling and computing methods

Supply chain design and optimization Data monitoring, analysis and identification

Modelling and statistical methods New frontiers, emerging areas

Process control Biochemical and food processing

Process control and optimization Pharmaceutical engineering

Process dynamics and control System engineering of cellular processes

Process control theory Environmental engineering

Infrastructure operation and control Energy and material use minimization

Fault detection and diagnosis Integrated product development and design

PSE education Distributed enterprise management

Curriculum and course development Business decision making

CAD: Computer Aided Design.

Table 3

Plenary lectures at the 10th International Symposium PSE’09 in Salvador-Bahia, Brasil [23]

Title of the Lecture Author pp.

Technology Advances for Dynamic Real-Time Optimization Biegler LT 1–6

Modelling for PSE and Product-Process Design Gani R 7–12

WebLabs Dilemma in Chemical Engineering Teaching: Hindering or Promoting Creativity? Giordano RC 13–14

Research Challenges in Planning and Scheduling for Enterprise-Wide Optimization of Process Industries Grossmann IE 15–22

Production Scheduling in the Process Industries: Current Trends, Emerging Challenges and Opportunities Henning G 23–28

Chemical Logistics – Going Beyond Intra-Plant Excellence Karimi IA 29–35

Systems Problems in Biorenewables Processing Marquardt W 35–40

Optimization in the Petroleum Refining Industry – the Virtual Refinery Moro L 41–46

Nonlinear Dynamic Data Reconciliation in Real Time in Actual Processes Pinto JC 47–54

Table 4

Plenary lectures at the 11th International Symposium on PSE 2012 in Singapore [24]

Title of the Lecture Author

Multi-scale Optimization for Advanced Energy Processes Biegler L, Carnegie Mellon University, USA

Optimizing the end-to-end value chain through demand shaping

and advanced customer analytics

Dietrich BL, IBM Research, USA

Bio-based Value Chains of the Future–an Opportunity for Process

Systems Engineering

Marquardt W, RWTH Aachen; Germany

Process Systems Engineering: Quo Vadis? Reklaitis G, Purdue University, USA

A Perspective on Energy and Sustainability Siirola J, Eastman Chemical Company, USA

Process Intensification in Water and Wastewater Treatment: Key to

Sustainable Development

Tayalia Y, GE Power & Water, Singapore

Applications of Technology Roadmapping to Planning and Building

Systems for Medicine and Vaccine Manufacturing

Thien M, Merck & Co., Inc., USA

www.sciencedirect.com Current Opinion in Chemical Engineering 2012, 1:421–429
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of the PSE’09 in Brasil are presented in Table 3. The

main topics of the symposium were:

� Modelling, Supporting Methods and Tools

� Product and Process Design

� Operations and Control

� Non-traditional Applications of PSE

� Business Decision Support

� Education in PSE.

Plenary lectures of the last PSE in Singapore are pre-

sented in Table 4. The main topics of the symposium

were:

� Modelling and Optimization

� Product and Process Design

� Operations and Control

� Biological and Biomedical Systems

� Business Decision Support

� Information Processing & Cyber Infrastructure

� Energy & Sustainability

� PSE Education.

For comparison, the topics of the last PRES, FOCAPD,

FOCAPO, CPC and PSE Asia are presented below.

PRES 2012 topics on sustainable processing and pro-

duction were including:

� Process integration for sustainable development,

energy saving technologies, combined heat and power,

heat exchangers as equipment and integrated items

� Integration of renewables, biomass and energy con-

version technologies, sustainable biofuel production

� Clean and low emissions technologies, greenhouse

gases minimization and mitigation

� Waste minimization, processing and management,

thermal treatment of waste including waste to energy

� Integrated and multifunctional operations, operational

research and supply chain management, dynamic,

flexible and sustainable plant operation

� Optimal design, industrial application and experimen-

tal studies, CFD and numerical heat transfer

� E-learning, e-teaching and e-knowledge.

The key theme of the last FOCAPD conference in 2009

was Design for Energy and the Environment. The con-

ference activities have been designed to provide a forum

for reviewing and assessing state-of-the-art contributions

in process design, sustaining dialogue and debate on its

directions and opportunities, and setting future trends

and directions for design, particularly in areas pertaining

to energy and the environment. The conference has

focused on innovative design approaches and technologi-

cal pathways that impact energy and environmental issues

of new and existing processes. Key areas of the confer-

ence were:
Current Opinion in Chemical Engineering 2012, 1:421–429 
� Design for Sustainability and Energy Efficiency

� Emerging Technologies and Processes for the Environ-

ment

� Design of Biofuels, Biological Processes and Biorefi-

neries

� Energy Systems Design and Alternative Energy

Sources

� Multi-scale and Complex Systems

� Robust and Uncertain Systems

� Future Process Design Education

� Additional sessions included: Product and Process

Design; Bio-process and Pharmaceutical Process

Design, and Design and Analysis in Nanotechnology.

The last FOCAPO conference in 2012 has offered valu-

able information on all aspects of enterprise-wide optim-

ization and its integration with planning, scheduling, and

control. In addition to being a very active area for aca-

demics, process operations have given rise to many chal-

lenging problems in industrial practice. These problems

have necessitated the study and development of enabling

technologies in the area of optimization, which has

remained a strong focus of the past FOCAPO confer-

ences. Technical sessions included the following topics:

� Enterprise-wide optimization

� Optimization of multiscale systems

� Risk management

� Sustainable enterprise management

� Integration of operations and control

� New domains for operations & control research.

An interactive session on education addressed edu-

cational challenges and opportunities at the interface

between operations, optimization and control.

FOCAPO took place immediately before Chemical Pro-

cess Control 2012 conference (CPC VIII), with a joint

programming day devoted to challenges and opportu-

nities for integration of operations and control, especially

in the context of emerging energy applications. The last

CPC conference aimed to assess progress in the theory

and practice of process control, and to identify major

directions for research and technology development in

the next decade. In addition to core subjects and appli-

cations in the process industries, energy and sustainability

were highlighted, along with emerging technologies in

the advanced materials and health-related industries.

Technical sessions included:

� Integration of operations and control

� New domains for operations and control research

� Large-scale and networked process systems

� Renewable energy and sustainable processes

� Methods and enabling technologies

� Non-traditional application domains: success stories

and challenge.
www.sciencedirect.com
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The 6th Symposium on Process Systems Engineering

Asia in 2013 (PSE Asia 2013) on Engineering Sustainable
Process Systems will cover recent developments in PSE,

including the following topics:

� Modelling and optimization

� Product and process design

� Process control

� Energy and sustainability

� Health, Safety & Environment (HSE)

� Industry applications

� Policy and management

� PSE education.

The topical overview of the most important PSE con-

ferences and plenary lectures presented there enables to

identify the most important PSE research agenda in the

present:

1. PSE modelling and simulation are still the most

important methods and tools. Research is concentrated

at:

a. Multi-scale modelling and optimization, from the

molecular and fluid flow level over equipment, to

process and total site scales

b. Rigorous modelling of process equipment, hybrid

rigorous and data driven models

c. Large scale and global optimization models

including uncertainty

d. Information modelling and data mining

e. Linking experiments to models.

2. Product and process design has to go along the sustainable

development taking into account the triple bottom line:

environmental, economic and social components. The

life-cycle as well as supply and value chain approaches

are needed. In PSE, supply chain is sometimes

understood as a chain from molecules to processes. In

fact, it is broader – starting with raw materials and

components to the finished product that is delivered to

the end customer. A typical example is: crude

oil ! polymer ! keyboard ! lap top ! wholesaler

! computer store ! customer. Typical research on

product and process design topics include:

a. Synthesis of complex separation systems, heat

exchanger or process water networks

b. Process integration, optimization and intensifica-

tion

c. Resource (raw materials, energy, people, infor-

mation) efficiency is regarded

d. Emissions, pollution, and waste reduction are

forecast to approach zero, for example by carbon

storage and capture, by separation and reuse of

materials (cradle to cradle)

e. Raw material and energy base is changing from

fossil fuels (oil, gas, coal) to renewable ones.
www.sciencedirect.com 
3. Operations and control:
a. Data driven diagnosis and supervision

b. Real time optimization, planning and scheduling

c. Model-based control of distributed systems (reac-

tors, separators, energy equipment)

d. Environmentally safe production, storage and

transportation systems

e. Zero effluent emissions and wastes, safe and risk

free production

f. Integrated optimization of energy generation and

consumption.

4. Novel industrial PSE applications:
a. Energy processing (renewables, biomass, waste to

energy, energy use minimization)

b. Biological and biochemical systems (wood, algae,

organic waste as chemical raw materials, biofuels)

c. Materials processing (nano-materials, composite-

materials, bio-materials)

d. Biomedical processes (pharmaceuticals; modelling

of molecules, cells, and organs; drug delivery)

e. Environmental processes (5 Rs: Reduce, Recycle,

Reuse, Recover, Repair)

5. Business decision support:
a. Enterprise-wide optimization

b. Supply chain and logistics

c. Planning and scheduling of process networks

d. Information, knowledge and innovation processing

and management.

6. PSE education:

a. New curricula and courses

b. Novel methods in learning, teaching and problem

solving

c. Textbooks, case studies, guides, problems, quizzes,

videos, powerpoint presentations.

d. PSE in the future

PSE has inter-disciplinary, trans-disciplinary, and multi-

disciplinary, multi-sectoral and multi-stakeholder dimen-

sions – it bridges engineering disciplines (chemical, pro-

cess, energy, environmental, mechanical, electrical, civil,

biological, biomedical, etc.), technologies (chemical, bio-

based, textile, mineral, metallurgy, binders, pulp & paper,

agriculture, etc.), and sciences (chemistry, physics, math-

ematics, material sciences, and life sciences). It serves

economically prosperous, socially sensitive and environ-

mentally responsible societies (regions, states, world) to

achieve sustainable development. Research, develop-

ment, demonstration, innovative ideas (inventions), suc-

cessful innovations and breakthroughs, entrepreneurship,

increased competitiveness, better industry-academia

cooperation, financial scrutiny and austerity measures

are needed to achieve it.

The European Technology and Innovation Platform

for Sustainable Chemistry (ETIP SusChem) seeks to

boost chemistry, biotechnology and chemical engineering
Current Opinion in Chemical Engineering 2012, 1:421–429
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research, development and innovation in Europe. Its

strategy, aligned with the EU 2020 policy, is concentrating

on resource and energy efficiency, raw materials and water

on European, national and regional levels [25]. Its objec-

tives and targets are drawn up respecting three qualitative

measures (pillars) for sustainability, that all should be

financially robust, environmentally friendly and socially

desirable [26]. They have initiated Sustainable Process

Industry Resource and Energy Efficiency project (SPIRE)

to improve European Industrial Competitiveness by form-

ing the Resource Efficiency Partnership (REP) [27]. Euro-

pean chemical, steel, cement, ceramics, pulp and paper,

textile, and other process industries collaborate in the

European Innovation Partnership (EIP) based on the

common Roadmap and using Public-Private Partnership

(PPP). PSE methodology and tools could play an important

role in this Partnership in the most important projects:

European Innovation Partnership on Raw Materials,

Resource and Energy Efficiency, Resources from Waste,

Water Management, and Building Skills Capacity for a

Sustainable European Chemical Sector.

Recent PSE conferences worldwide have indicated some

future trends in PSE (see above) including:

� Energy and environmental engineering

� Biotechnology, bioprocess and biological engineering

� Materials engineering (nano-materials, bio-materials,

ceramic-materials, and technologies)

� Reaction engineering and catalysis

� Separation engineering (membranes, adsorbents, desa-

lination, distillation, etc.)

� Development of PSE tools and

� PSE education.

But some other, very important future trends can be

foreseen:

� New raw material base for process industries (biomass,

waste, photosynthesis from CO2 using algae, inorganic

synthesis)

� Second generation biofuels, electrochemical cells and

batteries, smart mobility and smart cities
Table 5

The five Kondratiev’s cycles: technological changes (innovations) and

Cycle no. Technological change 

1 Steam engine, cotton 

2 Railway, steel 

3 Electricity, chemistry 

4 Petrochemicals, automobiles 

5 Information technology 

6 Clean technologies 

a Forecast.
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� Resources (materials, energy, water, human, financial)

efficiency, waste minimization and zero waste, waste to

materials, energy, or fuels using life cycle approaches

� Novel combustion and gasification technologies,

advanced energy systems (renewable sources, com-

bined heat and power, polygeneration, and carbon

capture, storage and reuse)

� Supply chain, value chain, logistics, and networks

integration and optimization

� Sustainable and intelligent product design, more

efficient systems and equipment

� Chemicals and process safety, risk reduction, public

and occupational health, regulations and legislation

� Education of competitive PS engineers with visionary,

strategic and responsible thinking.

What will the future be?
The Long Way Theory of Nikolai Kondratiev’s, first

formulated in the 1920s, constitutes an important land-

mark in economic theory [28]. He described and theor-

etically substantiated the existence of grand (45–60 years)

cycles of economic development, in which framework the

global ‘reserve of major material values’ are being replen-

ished, that is, the aggregate productive force of the world

community is transcending to a higher level in each cycle.

According to Kondratiev, every cycle has a rising and

declining phase with four stages: prosperity, recession,

depression, and improvement. Up to now five cycles have

been observed (Table 5). Kondratiev managed to study

only two big cycles and a half, but he predicted the Great

Depression in 1926.

The Sixth Wave [29] provides us with glimpses of future,

and the vision of a new wave of innovation, when there

will be ‘no tension between progress and saving

the environment’. The book has two parts. The

first one, ‘the next wave of innovation’, argues the

emerging future will be centred on natural resource

efficiency:

� minimizing inputs, such as fuel and water, while

� maximizing all the right outputs, such as energy and

food, products and services, and
 time frames [28]

Rising phase Declining phase

1780–1790 to 1810–1817 1810–1817 to 1844–1851

1844–1851 to 1870–1875 1870–1875 to 1890–1896

1890–1896 to 1914–1920 1914–1920 to 1936–1940

1936–1940 to 1966–1971 1966–1971 to 1980–1985

1980–1985 to 2000–2007 2000–2007 to 2015–2025a

2015–2025 to 2035–2045a
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� minimizing or eliminating all the wrong outputs,

namely waste.

The second part, ‘catching the wave’, outlines ideas for

creating this future – the emerging practices and oppor-

tunities suggested by today’s innovators, for example

shifting from product-based to services orientation. The
Sixth Wave explores the potential intersection of the three

main trends: clean technology is central and aims to

‘address the roots of ecological problems with a new

science’ and promotes solutions that promise both

‘greater financial upside and sustainability’. The other

trends are pervasive computing, and natural resource and

other environmental pressures [30].

The present financial, economic, social and political crisis

was caused by virtual economy, but its backgrounds are

resource exhaustion and increased pollution as well as

faster development of developing countries like BRIC

ones, and slower development or even recession of the

developed states. The former have been lowering their

external and public debts, while the latter had been

increasing them since 1975. Therefore, the investment

capacity of developing nations is increasing and vice

versa. People in developing countries are more ready

to work long and hard, willing to put their hands and

brain into higher living standard. The result is that the

Research and Technological Development (R&D) is

growing faster in developing countries; this year, the

expenditure for R&D in China is foreseen to exceed

the European Union one. Moreover, taking into account

their purchasing power standard, it allows much more to

be done in China with the same money. Chemical and

process industries (C&PI) are in forefront of their de-

velopment. Developed nations have to strengthen their

efforts in education, R&D, innovation and entrepreneur-

ship, and they have to increase their investing potential

by lowering salaries and social benefits as the world is

moving towards equilibrium state. This is even more true

with the C&PI. Hic Rhodus hic salta!
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