CoE-proposal – appendix 1: Process Systems Engineering – From Natural Gas to Energy Products


Appendix 1: Application

Vision

The Centre of Excellence in Process Systems Engineering will focus on the value chain from natural gas to energy products. The Centre shall investigate and develop lean and smart solutions combining fundamental process insight and a systems approach. A systems engineering approach will lead to novel process designs, services and products that will improve performance and safety of gas production, distribution and conversion systems.  Capturing such improvements requires pervasive use of ICT
-solutions, as well as smart sensors and actuators.  The Centre will perform research that leads to increased value of the Norwegian gas resources, environmentally improved solutions through more efficient energy systems in Norway and abroad, and spur a growth in the industry that supplies information technology (ICT) -related products to the natural gas industries.

The Centre is going to be formed by joining the efforts of three groups, where each has a substantial track record with respect to scientific production. The basic idea is to join the groups into a multidisciplinary working environment, where synergies emerge. The three groups consist of recognised young professors within their fields. The production of candidates (M.Sc and doctorate candidates) as well as the number of publications has been substantial. The laboratory facilities as well as ICT-resources are very good. The three groups are all industry- and product oriented. 

The Centre shall be a significant actor on the international research arena and be a preferred partner in relevant international research networks. All activities shall be published in recognized international forums. The Centre shall contribute to knowledge development through three clusters of focused multidisciplinary research activities. It will encompass activities in three recognised research groups within Thermal Engineering, Chemical Engineering (Process Systems Engineering group) and Control Engineering (Process Cybernetics group).

Goals 

· A Centre shall be established with three clusters in full operation within the 1st  year, and the Centre shall be ranked as strong or excellent within 3 years of operation. 

· The Centre shall after 3 years of operation graduate 30 siv.ing. (M.Sc.) and 5 dr.ing. every year. The Centre shall after 3 years of operation publish 15 papers in refereed journals every year.

· The Centre shall attract international researchers, both for longer and shorter stays. After one year of operation the Centre shall at any time have at least one international top-rated researcher for a longer stay. International researchers shall give lecture series and participate in seminars. The Centre shall arrange at least one international scientific meeting every year. The Centre shall actively participate on the international research arena; in international program committees, through invited lectures or talks, and through visits to recognized research groups.

· The Centre shall contribute to industrial development within the natural gas industries; both within large companies, and SMEs and spin-off companies. The Centre shall during its period provide at least 3 patents or knowledge-based products with license agreement with large energy companies. At least 3 SMEs shall be founded based on ideas created and people educated in the Centre.

· The Centre shall emphasize technology transfer through on-going seminar series with internal and external speakers, an annual technical meeting for industry, and an industry consortium. Technology transfer will initially be focussed towards Norwegian industry, and may later expand internationally if this is perceived as efficient.

Background

The main application area for the Centre will be utilisation of natural gas resources on a global scale. The Norwegian natural gas export constitutes an annual gross value of about 30 billion NOK. Only about one percent of the natural gas production is used domestically (mainly for methanol production). In the next decades, oil production will decrease and, hence, the relative importance of the gas production will increase. There is a potential for developing a domestic industry based on natural gas, including related systems- and ICT-services, that could be comparable in size to the large energy-intensive industry based on hydropower. Environmental issues are likely to be very important for future industrial development because of agreements like the Gothenburg Protocol on NOX, the Kyoto Protocol for greenhouse gases, and the Montreal Protocol for the ozone-depleting gases. Norway can only develop its natural gas related industry if it is perceived as developing and applying the best technology from an environmental point of view. Development of an onshore Norwegian natural gas industry must be thus knowledge based, both in terms of process design, process operation and environmental technologies. 

To substantiate the diversity, and hence the potential to further develop the natural gas related industry we include Figure1 to describe the natural gas value chain.  

It is widely recognised that R&D-based growth in Norwegian industry is most easily accommodated in industries that are linked to Norwegian industry clusters. Examples of large companies that develop and market products to the offshore sector and to the process industries are Kongsberg Simrad AS and ABB Industri AS. During the last five years there has been a substantial growth in SMEs active in these markets. Cardiac AS, Prediktor AS and Cybernetica AS are examples
 of flourishing companies within this segment. The products are information technology related with a major systems component. Examples are real-time software systems for data acquisition, storage, retrieval, and visualisation; surveillance systems and dynamic positioning systems for ships; and surveillance and control systems for process industry production sites.

It is reasonable to expect a similar development in production, distribution and conversion within the natural gas industries. Emphasis on the natural gas industries will form a solid basis for further expansion of established companies as well as for spin-off companies and new SMEs.

There are presently substantial activities related to process systems engineering and natural gas within the groups that will constitute the Centre. Our part of these activities will be included in the new proposed Centre. Three examples are: 

1. PROST
 - an industrially sponsored consortium within process systems engineering at NTNU 

The goal of this consortium is to coordinate process systems engineering activities at NTNU and to provide technology transfer to the Norwegian process industries.  The origin is the Strong point center in PROcess Systems Engineering in Trondheim (PROST) which was established in June 1994. It was awarded by the Norwegian University of Science and Technology  (NTNU) and SINTEF
 in recognition of a strong international standing. Presently it involves six professors and about 30 dr.ing. students. PROST has promoted technology transfer through seminar series, technical meetings and joint industry-doctorate projects. The industrial interest is supported by the fact that there are seven industrial members of the PROST industry consortium (2001). The Process Systems Engineering and the Process Cybernetics groups are both heavily engaged in PROST.




Figure 1 Natural gas value chain 


2. Petronics
 – a dr.ing. program aimed at applying a systems approach to petroleum production.

ABB, Norsk Hydro ASA, and 5 departments from the Norwegian University of Science and Technology (NTNU) have since 1999 jointly run a research program with focus on optimised production and control of oil wells and oil fields. The aim is to combine the fields of petroleum, mechanical and process engineering with that of systems engineering in order to derive mathematical models of the processes and from this develop novel integrated solutions for automatic control of pipelines, oil wells and optimised oil production. The program consists of doctorate research and prototyping. The results so far are very promising. The Process Systems Engineering and the Process Cybernetics groups are both heavily engaged in Petronics.
3. The  “Focus Area Natural Gas” at NTNU. 
This includes 6 departments at NTNU which have jointly run two dr.ing. research programs since 2000. The programs, Hydrogen Technology and CO2-free power, are partly financed by the natural gas industry. The Hydrogen Technology program includes 12 dr.ing. candidates and 4 post-doc candidates, while the CO2-free power program includes 12 dr.ing. candidates. The Thermal Engineering group is heavily engaged in “Focus Area Natural Gas”.
Significant parts of the above activities will be included in the Centre.

In addition to performing high-quality research, one aim of the proposed Centre is, as mentioned, to promote the formation of spin-off companies. To  exemplify this we mention  Energos ASA
 which  has commercialised combustion technology by applying a systems approach:

Energos constructs combustion plants for various types of waste. The uniqueness of the technology is the way that the combustion process is controlled along the combustion chamber. A control system varies the air supply through several injection points along the combustion chamber. The control system uses on-line measured data in the combustion process, in order to optimise the combustion with respect to completeness and formation of pollutants. The technology of Energos meets an increasing demand for combustion of municipal waste in medium-scale sized plants (12-15 MW). The company was founded after several years of research at NTNU in co-operation with SINTEF. Today, Energos employs about 80 people. Several of Energos' key personnel did work and/or carried out diploma or dr.ing.-thesis in one of the three groups; Thermal Engineering, Process Systems Engineering and Process Cybernetics.
Key production figures from the three research groups - 1994-2001

The three groups that will join effort and, hence, constitute the Centre are well balanced with a complementary knowledge profile. They all have a recognized track record. This is substantiated by the key production figures
 shown in Table 1 below and the additional information provided.

Process Cybernetics Group

Principal investigators: Professor Bjarne A. Foss, professor Morten Hovd, assoc. professor Tor A. Johansen. 

Associate investigators: Professor em. Jens G. Balchen, adjunct professor Steinar Sælid.

Additional production figures for the period 1994-2000: 

· Two international workshops (35 participants from 11 countries and 31 participants from 8 countries) were organised in Trondheim in 1997. Coordinator for an EU-funded project within the 5th framework IST-program (2000-2002) and participant actively in other European programs (H2C, COSY, CAPE.GLOBAL, MAC-Multi Agent Control).

· Assoc. editors in three recognised journals, members of numerous International Program Committees, numerous invited talks at international meetings and universities.

· Prizes: The Karl Diesel Best Paper Award from the Society of Design & Process Science (1995) - www.sdpsnet.org.

· Spin-off companies and SMEs: Cyberlab.Org AS (1999) and Cybernetica AS (2000). Prediktor AS, (1995) was founded by adjunct professor Sælid. There are close links with all these companies through R&D projects.

Large companies: There are close links to large system vendors like ABB Industri AS and Kongsberg Simrad AS, and to large process industry companies like Norsk Hydro ASA and Elkem ASA. Close interaction means long-term research projects (dr.ing. projects, post-doc projects) and development projects with hard deliverables.
Table 1: Key production figures – 1994-2001

     Category

Group
Graduated dr.ing.
On-going dr.ing.
Post-docs
Journal papers
Conference papers w/review
Books
Spin-off companies

Process Cybernetics 
15
10
3
48
63
2
2

Process Systems Engineering
18
15
4
60
80
2
0

Thermal Engineering
21
26
0
28
25
0
2

Process Systems Engineering Group

Principal investigators: Professor Sigurd Skogestad, professor Terje Hertzberg 

Associate investigators: Adjunct professor Kristian Lien. 

Additional production figures for the period 1994-2000 are: 

· A strong point centre (PROST) has been initiated and led by the group.

· A prestigious conference (ESCAPE'7-PSE97) with 400 participants from 34 countries was organized in Trondheim in 1997. Since 1994 the group has participated actively in several European programs (CAPE.NET, COSY, CAPE.OPEN, CAPE.GLOBAL) and numerous Nordic projects.

· Assoc. editors in three recognized journals, editor of one journal, members of numerous International Program Committees, numerous invited talks at international meetings and universities.

· Industry relations: The group has always enjoyed strong relations with the Norwegian industry, e.g. through the PROST centre where ABB, Borealis, Energos, Norsk Hydro, Nycomed and Statoil participate and provide general economic support.

· In 1998 the Norwegian research council published a review of chemistry research, including chemical engineering, at Norwegian universities (the Weitkamp report). The following is said about the Process Systems Engineering Group: This is a particularly strong group. It enjoys international standing and has many international links. Generally, the research maintains an excellent standard.

Thermal Engineering Group

Principal investigators: Professor Geir Owren, professor Truls Gundersen, assoc. professor Olav Bolland.

Associate investigators: Professor Otto K. Sønju, professor Lars Erik Bakken, professor Ole J. Nydal

Additional production figures for the period 1994-2000 are:  

· An international workshop on Natural Gas Technology (80 participants from various countries) was organized (Owren, Bolland) in Trondheim in Nov. 2000.  Another international Workshop on Process Integration (60 participants from 13 countries) was organized (Gundersen) in Trondheim, May 1997. 

· Elected Operating Agent for IEA on Process Integration (Gundersen). 

· Several invited talks at international seminars and universities.

· Spin-off companies and SMEs: Energos ASA was founded by one employee of the group, and has today about 80 employees. There are close links with this company through R&D projects and the adjunct professor Erling Næss. Cardiac AS specialises in instrumentation and data acquisition for research, information processing for advanced control, and dynamic modeling and simulation.

· Large companies: There are close links to large industrial companies such as Statoil, Norsk Hydro and Elkem. The group has run industry-oriented projects (with hard deliverables) averaging 5 million NOK per year and works in close co-operation through numerous research projects (dr.ing.projects, SINTEF-projects and diploma students).

Research profile

Guidelines

The Centre shall develop knowledge through clusters of multidisciplinary research activities. Initially the Centre will define three long-term programs (5 years) applying the systems approach to (i) power generation and CO2-capture, (ii) production and processing, and (iii) transport and conversion, as illustrated in Figure 2. High-risk/high-reward projects will be promoted. All projects shall be of high international standard and thereby continue and enhance the research traditions within the three research groups.
The Centre will utilise the momentum that is already created by the on-going research programs PROST, Petronics and “Focus Area Natural Gas”. Relevant parts of this research will be fully integrated into the Centre’s activities. 

Besides the three long-term programs, the Centre will expand its research along two avenues:

· It will initiate and participate in international network projects applying the substantial international network documented in Appendix 2.

· It will initiate and perform application-oriented research in conjunction with the natural gas industry, the systems-based ICT-related industry, and SINTEF. As documented the principal investigators have broad experience in applied research with hard deliverables. To maintain a high scientific standard the Centre shall only support applied research in which (journal) publication is an integrated part of the activities.

The Centre will not necessarily limit the research scope to the focus areas defined in Figure 2. Research results may disclose exciting new possibilities within its life-time.
In the following the core disciplines are presented followed by a description of some of the research challenges within the natural gas focus areas.

Core disciplines

Systems theory including the core disciplines shown in Figure 2 has a well-developed and mathematically well-founded basis. The challenge in systems engineering lies in adapting methodologies to a selected application area. In practice this means exploiting structure of a system to develop and analyse new solutions. 

A systems engineering approach implies a focus on the overall system. The starting point is a model of the system. The next step is normally to analyse the model, both at steady-state and dynamically. Note that economy, efficiency and environmental characteristics of production facilities depend on the overall system (e.g. the combined behavior of reforming processes and combined cycle systems in natural gas power production), more than the behavior of individual units (e.g. a gas turbine or a reactor).
The use of feedback control is at the heart of systems engineering. Feedback can change system dynamics, and thereby improve system performance. Implementation of feedback schemes may require novel sensors and actuators, and novel implementation platforms. The latter may imply the development of embedded computer systems with tight requirements on response time, reliability and availability. The development of new sensors may be necessary to capture necessary real-time information with sufficient accuracy and speed to make a control structure viable.

Process Integration is an example of systems theory applied to design of highly integrated processes. The term Process Integration is used to describe (a) the physical interconnection of process units and streams in order to improve the efficiency of energy consumption, raw materials utilisation and equipment investments, and (b) a set of systematic and general methods for the design of integrated processes. Process Integration is strongly related to environmental issues such as CO2 due to its focus on efficient use of energy.  In the 1990’s, large and leading international companies have expressed the view that Process Integration is a major strategic design and planning technology.

A core point in a process systems engineering approach is the belief that highly integrated systems can improve system performance. Highly integrated systems require adequate design, analysis and implementation techniques. The Centre shall be a leading developer of such methodologies.

Natural gas based power generation – CO2 capture

Recent developments of combined power cycles has significantly improved energy efficiency. However, satisfactory solutions for capturing CO2 are missing. Three concepts have emerged: 1) Pre-combustion or fuel "decarbonisation" where hydrogen is produced from synthesis gas, 2) Oxy-fuel: Combustion with pure oxygen to get a CO2 and H2O product, and 3) Post-combustion: Separation of CO2 from the exhaust gas of a conventional power process. Additionally, the high-temperature fuel cell technology is a promising candidate with high efficiency and inherent CO2-capture potential. 

Challenges 
Pre-combustion alternative: Both power plants and steam reforming plants are well known technologies. However, in order to achieve high plant efficiency, the power plant and the reforming process have to be tightly integrated. This implies that when changing plant load, the operation of the different sub-processes will closely interact resulting in complex dynamic system behaviour. Off-design performance includes the effect of varying ambient conditions and part-load operation of the plant, as well as start-up dynamics. It also includes the effects of HRSG
 supplementary firing, sliding pressure steam turbine control, increased H2O content of the fuel, and non-simultaneous or unit turndown of the gas turbines. The off-design and dynamic performance of such integrated plants is not well understood. This is one example where a systems engineering approach including pervasive use of ICT
-solutions and smart sensors is of large interest.



Figure 2: Organizational structure of the Centre.

Oxy-fuel combustion alternative: It is assumed that oxygen is supplied to the combustor at a stoichiometric ratio. In theory, the reaction should leave only carbon dioxide and water vapour in the flue gas. There exists today no consensus on what specific oxy-fuel process is the most promising candidate for further development. Several suggestions have emerged during the last decade. However, one trend is to integrate a gas turbine in a future oxy-fuel concept. Cycle thermodynamics and use of the core disciplines as defined in Figure 2 are keywords in developing this concept.

High-temperature fuel cells: For high-temperature fuel cells (SOFC), the approach of integrating the fuel cell as a “combustor” in a gas turbine cycle, enables efficiencies beyond that of large combined cycle power plants. Systems engineering challenges include cycle thermodynamics in order to predict realistic performance for combined SOFC and gas turbine systems, both for design and off-design modes. Dynamic modeling and performance will be the core activity.

Natural gas transportation and conversion including LNG

Natural gas from Norwegian sources plays an increasing important role in European energy supply. So far, more than 99 % of the Norwegian gas has been exported via pipelines to the Western European countries. An impressive pipeline infrastructure has been developed during the last two decades, allowing Norwegian gas to reach end-user markets in competition both with gas from other areas and other energy sources. 

Statoil, assisted by the Thermal Engineering group, developed and patented a new LNG process called the "Three Fluid LNG Process", which is selected as the liquefaction process for the "Snøhvit" LNG plant close to Hammerfest in northern Norway. The new process for natural gas liquefaction is highly integrated as it contains three closed refrigeration loops with mixed refrigerants. The Hammerfest LNG plant will be the most efficient LNG plant in the world, but still it will increase the Norwegian emission of carbon dioxide with more than 1.5 %. 

Challenges

The design of the control system for the Hammerfest LNG plant is a great challenge. The control system shall control 3 interconnected cycles of mixed refrigerants, while the most advanced LNG plants so far has two cycles. Further, the Hammerfest LNG plant has combined cycle drivers for the large refrigerant compressors. The plant is located downstream of a long two-phase pipeline which imposes challenges with respect to dynamic behavior. The Centre will focus on the development of resilient model-based control concepts for these types of highly integrated processes. The models will be based on deep knowledge of thermodynamics, fluid flow and heat transfer on process plants experienced through 15 years of research in the Thermal Engineering group. The control technologies can be demonstrated at the Hammerfest LNG plant, and later be exported to LNG plants worldwide.
Natural gas production and processing

Natural gas production and processing (i.e. separation) has much to benefit from a systems approach, both in terms of design and operation. 

Challenges

In terms of design, the structure and the operating parameters (pressures) of the platform process should be optimized in order to maximize production and minimize energy consumption over its expected life time. In terms of operation, the gas production needs to be optimized in order to maximize the overall gas and oil production from the field. To achieve this the control structure of the platform process must be "self-optimizing" and must be resilient to avoid unnecessary shut-downs of the process. 

Another challenge is to integrate natural gas production and processing with the downstream process. This is expected to become more important in the future when two-phase pipeline transportation will allow the off-shore processing to move on-shore.

Organisation

The Centre’s research activities will be divided into three clusters. Each cluster will be comprised of at least two principal investigators (ie. professors or assoc. professor from the participating groups), 2 post-doc. researchers and 6 dr.ing. students recruited from Norway and internationally, and 2 associate investigators (eg. personnel with adjunct positions). Further, the Centre will be networked with similar Centres and research groups abroad and with relevant companies, or divisions, within the process and natural gas industries. The Centre will, after the 1st year, consist of 30 persons with a 20 man-year per year direct involvement in the Centre. The Centre will be located at Gløshaugen, Trondheim. The activities of the Centre will partly be co-located and partly be located on the premises of the three groups. These premises are located within 300 metres of each other.

The Centre will be lead by a Centre manager together with the three cluster leaders. A professor at NTNU will head each cluster. The Centre will be managed applying a minimum bureaucracy, maximum flexibility approach to promote creativity, excellence and networking with external activities.

The Centre will have a board of directors consisting of 5 persons. These will be high-ranked persons from academia (2), from the research council or a governmental body (1), and from industry (2). The Centre will have a scientific advisory board consisting of 6 persons from academia and industry who will meet twice a year. These persons will be selected based on their scientific credentials. At least 3 of these persons will be from abroad.

Each cluster will manage one main long-term program and recruit from all three groups, ie. Process Cybernetics, Process Systems Engineering and Thermal Engineering. The cluster leaders will be the program leaders. These programs will focus on production and processing, transportation, and power generation, respectively, as described in the research profile for the Centre. In addition to the main programs, each cluster will include other projects in its portfolio. This may include shorter term projects linked to visiting professors and researchers, student projects, and cooperation with external research groups. The Centre will focus on long-term high-quality research. Mechanisms to promote strong cross-fertilisation between the three clusters will be devised. The organisational structure is shown in Figure 3.

The Centre shall form strategic alliances with selected partners who will contribute financially to the Centre. Investigations through the network of the principal investigators reveal a large interest from industry and relevant research partners. The choice of active partners will be made at a later stage. Hence, active partner funding is not included in the present finance plan.

The Centre will utilise video-conferencing equipment and Web-based techniques as one means to maintain its external network. 




Figure 3: Organisational structure of the Centre.









� Information technology: The proposal uses the well-established acronym ICT – Information and Communication Technology – to emphasize the importance of computers, software and communication.


� These companies are spin-offs linked to the Process Cybernetics and the Thermal Engineering Groups.


� kikp.chembio.ntnu.no/research/PROST


� SINTEF - The Foundation for Scientific and Industrial Research at the Norwegian Institute of Technology


� www.petronics.ntnu.no


� Reference person: Technical director, professor Kristian Lien.


� The figures include work by the principal investigators, and relevant parts of the work of the associate investigators.


� HSRG – Heat Recovery Steam Generator


� Information technology: The proposal uses the well-established acronym ICT – Information and Communication Technology – to emphasize the importance of computers, software and communication.
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