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Summary

Hydrogen has been characterised as ”the energy carrier of the future” due to its non-polluting properties. Norway, with its status as energy supplier is in a unique position to be on the leading edge in the technological development and utilisation related to hydrogen as energy carrier.

The proposal includes activities ranging from fundamental materials research, via development of new processes for fuel conversion, to system analysis. The project will focus on key activities where Norway has particular premises for success in agreement with recommendations given in the report "Hydrogensamfunnet, en nasjonal mulighetsstudie" (NFR, NYTEK 2000). The partners in this proposal are SINTEF and NTNU in close cooperation with IFE and UiO within specific activities. In addition, Agder College will participate in the final phase of one activity. This consortium includes all the major domestic institutions with competence in the project key areas, ensuring the highest possibility of reaching the established goals.  The proposed activities fall into two groups;  

· System analysis

· Processes and materials technology

representing key areas where Norway have highly competent research groups and where industry show willingness to support this competence project and interest in further development and utilisation of the hydrogen technologies. Within the two groups the activities are:  

· Systems analysis of hydrogen production, transport and distribution,

· Integration of pressurised SOFC and GT cycles

· Materials development in PEM technology

· Hydrogen/Chlorine fuel cells.

Industry has already committed to the project by substantial financial support. Additional funding may be acquired from SINTEF after final internal discussions/negotiations.

1 Background

1.1 General

With its high-energy content and low density, hydrogen was early recognised as an ideal gas for use in applications such as balloons and later in spacecraft and also as a major part in town gas (50% hydrogen). Hydrogen is expected to play an increasingly important role as an energy carrier in the future. This is related to the need to reduce emissions from fossil fuels due to local pollution and possible climate effects. In a long-term perspective, the sources of fossil fuel will expire. Since hydrogen has to be manufactured from other compounds, fossil fuels could be used as a hydrogen source to facilitate a transition to renewable sources. Ultimately, however, it is only in connection with renewable energy based production that hydrogen has significant importance.

1.2 NFR Competence Projects

The Research Council of Norway (NFR) has invited Norwegian universities and research institutes in an announcement dated 2000-09-19 to apply for Competence Projects (CPs) within the Industry and Energy Research Division. CPs aim in particular to develop expertise for future industrial utilisation. To secure the presence of industrial relevance, a 20-50% share of each CP is required from industrial partners. A further specification of important research subjects is (among others):

· Energy and petroleum. Utilisation of hydropower and natural gas, minimisation of CO2 emissions, and hydrogen energy are key areas.

· Materials technology. The importance of materials development for technological development is recognised. Materials for energy production, membrane and catalyst technology are mentioned in particular, and the relevance to future utilisation of hydrogen energy in particular.

CPs are principally open, focusing on pre-competitive and/or fundamental aspects in research areas that are industrially relevant.

1.3  “The hydrogen society – a national feasibility study” 

A national feasibility study within the area of hydrogen as an energy carrier has recently been conducted for the Research Council of Norway (NFR) [Kvamsdal and Ulleberg, 2000]. The study was a collaboration project between Institute for Energy Technology (IFE), the Foundation of Scientific and Industrial Research at the Norwegian Institute of Technology (SINTEF), the Norwegian University of Science and Technology (NTNU) and the University of Oslo (UiO). It covers different aspects related to the whole hydrogen lifecycle from production, storage, transport, and distribution up to the end use of hydrogen energy. The level of competence both in Norway and internationally is outlined and some future scenarios with respect to energy systems are drawn up. Technological challenges and innovations are considered, as well as social aspects and recommendations for research activities in Norway. The main conclusions on recommendations are shown in Table 1. The general recommendations focus on the development of independent, scientifically based system analyses and tools for technical-economic assessments.

Table 1: Recommendations for research activities in Norway within the area of hydrogen as an energy carrier

Priority
Activities with potential for a rapid development of business activities (10 years) 
Basic research with long-term goals
 (30 years)

Intensified R&D
Production of hydrogen from natural gas with CO2 capturing and sequestering

PEM fuel cells and PEM fuel cell systems
Production of hydrogen by water electrolysis

Storage of hydrogen in solid materials 

Materials technology research
relevant for hydrogen systems

Moderate R&D
Integrated process systems

Storage of liquid hydrogen carriers

Combustion technology for hydrogen and hydrogen-rich mixtures

Energy systems and demonstration models  and plant 
Production of hydrogen by biophotolysis

Solid oxide fuel cells (SOFC)

Technology monitoring
Storage of compressed gas
Production of hydrogen by photo-electrolysis and gasification of biomass 

2 Objectives

The main objective of the proposed competence project “HYDROGEN TECHNOLOGY - materials, processes and system analysis” is to enhance competence in strong research groups. The project shall enable analysis, identification and/or invention of beneficial hydrogen energy chains and systems, and contribute to high-level education and powerful research–industry interrelations that can develop commercial hydrogen technologies for the future.

Sub-goals are as follows:

· The development of independent, scientifically based analysis/modelling tools for the assessment of hydrogen energy chains, systems and technologies. These tools should be accessible for to all involved research groups as a mean of evaluating new concepts and ideas. 

· The development of process and materials technology vital for future utilisation of hydrogen. This includes construction of small-scale PEM-electrolysers and fuel cells as well as an electrochemical reactor for coproduction of HCl and electric power.

Sub-goals for each research activity specified in Section 5 can be found in Appendices A.1.1-A.2.2.

3 Industrial impact

Using hydrogen as energy carrier offers significant challenges to technology development, as well as new business opportunities. A diversity of solutions and systems are starting to emerge, driven by research, environmental concerns and geographic and demographic constraints. Norway’s vast resources of natural gas together with a small and distributed population give rise to special challenges and opportunities energy-wise. Norwegian resources and existing competence also represent an opportunity to become a future leading producer of energy with minimised CO2 emissions, hydrogen fuel and related technology. Marine applications of hydrogen energy have a particular potential for reduced pollution and new business development.

Thus, the new hydrogen technologies will lead to new business opportunities for existing Norwegian industry, as well as establishment of new companies.  

4 Deliveries and dissemination

Technical reports on results and progress will be presented to the Research Council of Norway in accordance with standard procedures. Research results will to a large extent be published in reviewed journals or presented at international conferences. Unforeseen circumstances regarding industrialisation or patenting may delay publication. 

The Ph. D. projects will be completed by open theses, and post doc. research results will be published. Eventually, the research results from the different research activities specified in Section 5 will be discussed with the involved industry partners with the ambition of reaching a more commercial stage. 

Papers aimed at engineers in the Norwegian industry will be written and published in national journals such as “Teknisk Ukeblad”, “Gemini” etc. These papers should focus on the practical implications and benefits of the research activities, and stimulate awareness of the emerging hydrogen technologies.

Already existing NTNU/SINTEF WWW services will be further developed to give experts as well as non-specialists the newest possible information. These pages should reflect the present status of the project and links to published reports and publications.

The gained knowledge will be a basis for new university courses (both undergraduate and postgraduate levels) on hydrogen technology.  

5 Work description

The proposed research activities are specified as follows: 

1 System Analysis

1.1 Systems analysis of hydrogen production, transport and distribution

1.2 Integration of pressurised high-temperature fuel cells and gas turbine cycles

2 Processes and Materials Technology

2.1 Materials development for PEM electrolysis and fuel cells

2.2 Fuel cells for cogeneration of hydrochloric acid and electric power

These activities were selected on basis of internal discussions between all relevant research groups in SINTEF/NTNU, with focus on scientific quality, innovation potential and strong collaborations. It was important that the topics reflect the priorities in Table 1 and that they be of future industrial relevance. The latter has also been secured through dialogs with the industrial partners (Section 8)

A short summary of the research activities is given below. Complete descriptions of activities are given in Appendix A.1.1-A.2.2.

3 System Analysis (A.1)

Within the context of process system engineering, system analysis means studies of connected unit operations. Such studies might be used for design and operation or to improve knowledge about the total system and how the different units interact. System analysis could be applied on different levels from small, but complex integrated units to large process plants as well as life cycle considerations, which might involve different kinds of systems. This kind of diversity is demonstrated in the project as this part consist of 2 activities covering conversion processes related to different hydrogen chains or small parts of the chains. All the partners in this project have particular knowledge regarding process system engineering and system analysis.

3.1 Systems analysis of hydrogen production, transport and distribution (A.1.1)

In this project we are focusing on development of a flexible tool to optimise the energy system between natural gas sources and end users of fuel cells in the transportation sector. The tool should be able to use multiple property objective functions thus optimising cost, energy and emissions simultaneously. We are particularly addressing the methodology of CO2-free hydrogen production from natural gas. The research activities will be a collaboration work between SINTEF Applied Chemistry, SINTEF Energy Research, Dept. of Chemical Engineering, NTNU, Dept. of Chemistry, NTNU and Dept of Refrigeration and Air Conditioning, NTNU.
3.2 Integration of pressurised high-temperature fuel cells and gas turbine cycles (A.1.2)

High temperature fuel cells (preferably SOFC) integrated in a gas turbine (GT) cycle is a promising power generation concept, with predictions for efficiency higher than 70%. SOFC is also a method for capturing CO2. The research activity focuses on system design, performance and operability of combined SOFC/GT systems. This includes development of a basis for evaluating process design for high efficiency, studies of part-load and transient behaviour, and design of critical components such as turbomachinery, heat exchangers and afterburners. The research tasks will be conducted through a combined PhD/NTNU (dr. ing.) and SINTEF researcher effort.

4 Processes and Materials Technology (A.2)

The concept of ”energy materials” is based upon the fact that the stability and ability to withstand harsh chemical and physical environments is a key factor for materials used in energy conversion processes. Particularly, such systems utilising hydrogen as energy carrier places extreme demands on the properties of the materials used. The partners in the proposed project have all an outstanding international record in research and development of both the processes themselves and the materials involved in the conversion of energy in the environments imposed. The project will involve 2 activities in which processes and materials technology are strongly interlinked and the partners have particular knowledge and chances of reaching the goals.

4.1 Materials development for PEM electrolysis and fuel cells (A.2.1)
The activity will focus on developing cheaper electrocatalysts for PEM water electrolysis, develop new titanium based materials for bipolar plates in electrolysis and fuel cell stacks and methods of producing such plates.  In order to construct and scale up laboratory cells to prototype electrolysis and fuel cell stacks, mathematical modelling of flow field patterns and current- and temperature distribution will be used for optimisation of systems design.  Finally, the PEM electrolyser will be used in a PV-H2 stand alone power system (at IFE) and long term testing will be initiated to examine the chemical and mechanical stability of the stacks. The research is a joint effort between a PhD student and SINTEF research scientists (50%).

4.2 Fuel cells for cogeneration of HCl and electric power (A.2.2)

Chlorine is a product of several industrial processes, i.e., chlor-alkali- and magnesium production. Today, HCl is produced by a chemical reaction between chlorine and hydrogen generating heat.  Instead, this reaction can be carried out in fuel cells generating electricity with a high energy yield. From an environmental point of view such a process is highly beneficial.  The activity will focus on development and characterisation of electrolytes, electrodes and structural materials for H2/Cl2 fuel cells. Key issues will be: -development of highly active electro-catalysts, -selecting the best suited electrolyte (polymer- or liquid based), -long term stability, -electrode materials and –construction of complete electrochemical cells. One dr.ing.-candidate will be educated.

6 Relation to other research activities and Research Programs

A list of ongoing hydrogen-related research projects at SINTEF and NTNU is given in the previous application. Projects that are currently being evaluated are also included. The list reflects a broad approach to hydrogen-related topics, covering the hydrogen chain from production, via storage and distribution, to end use of hydrogen. It can also be found that some groups have a strong focus on hydrogen technology and many research projects, while other groups see hydrogen as only a part of their activities. The previous 2 years, strong efforts have been made to connect all the involved research groups, recognising that new, high-quality hydrogen projects now call for joint efforts from people with different skills and background. The hydrogen projects also connect to topics such as utilisation of natural gas, optimised operation of hydropower systems, development of distributed power generation systems, automotive applications, microtechnology and light metals development and utilisation.

The proposed research activities are complementary to hydrogen-related projects that are currently being evaluated by The Research Council of Norway.

7 Organisation

The proposed competence project is a co-operation between the Norwegian University of Science and Technology (NTNU) and the Foundation of Scientific and Industrial Research at the Norwegian Institute of Technology (SINTEF). It involves several NTNU faculties and SINTEF Institutes, as can be seen in Table 2.

Collaboration with Institute for Energy Technology (IFE), Agder College (HiA) and the University of Oslo (UiO) will take place on specific activities. It is aimed at extending this co-operation in the future. 

Applicant is SINTEF Materials Technology, and Project Manager is Dr. ing. Steffen Møller-Holst, SINTEF Materials Technology.

In Table 2, key personnel and involved parties are listed. One responsible person is appointed for each activity, and the distribution on PhD, post doc. and research scientist labour/personnel is indicated.

Table 2: Organisation of research activities


Research activity
Responsible
 Key personnel
Affiliation / involved parties
PhDs
Post docs.
Research
scientists

1
System analysis 







1.1
Systems analysis of hydrogen production, transport and distribution
S. Skogestad


G. Owren

H. Kvamsdal

S. Kjelstrup

J. Morud
Dept. Chemical Engineering, NTNU

Dept. Refrigeration and Air Conditioning, 

SINTEF Energy Research

Dept. of Chemistry, NTNU

SINTEF Applied Chemistry
1



1.2
Integration of pressurised high-temperature fuel cells and gas turbine cycles
O. Bolland
H. Kvamsdal

R. J. Aaberg
Dept. Thermal Energy and Hydropower, NTNU

SINTEF Energy Research 

Institute for Energy Technology (IFE)
1

0.5

2
Process and materials technology






2.1
Materials development in PEM technology
G. Hagen
E. Rasten

H.J. Roven

S. Møller-Holst

R. Tunold

A. Holt

T. Våland

A. Solheim
Dept. Materials Technology and Electrochemistry, NTNU

Dept. Materials Technology and Electrochemistry, NTNU

Dept. Materials Technology and Electrochemistry, NTNU

SINTEF Materials Technology

Dept. Materials Technology and Electrochemistry, NTNU

Institute for Energy Technology (IFE) 

Agder University College 

SINTEF Materials Technology
1

0.5

2.2
Fuel Cells for Cogeneration of HCl and Electric Power
B. Børresen
R. Tunold
Dept. Materials Technology and Electrochemistry, NTNU

Dept. Materials Technology and Electrochemistry, NTNU
1



Total



4

1

8 Time schedule and financial plan

8.1 Budget

Budget and time schedule for the proposed competence project “HYDROGEN TECHNOLOGY - materials, processes and system analysis” is given below (Table 3). Costs are in kNOK, taxes included. Prices are not index regulated.

SINTEF personnel costs are based on NFR rates. Doctoral and post-doctoral fellowship costs are based on NFR standard rates. A possible 4th doctoral fellowship year will be financed by NTNU if teaching services are required.

Direct costs include laboratory equipment and travelling expenses.

8.2 SINTEF strategic funding 

SINTEF Materials Technology views the proposed research activities in “Processes and Materials Technology” to be of importance for future competence levels. A total sum of kNOK 1500 has therefore been allocated to these activities.

8.3 Industrial sponsors

The industrial sponsors are listed in Table 4, with allocations to specified research activities. This constitutes a share of close to 30% for the first three years of the project as shown in Table 3 (bottom). Letters-of-intent (verification of financial support) from Statoil (ref. R.Kleveland/T. Sundset), Statkraft (ref. T. Quiller), A/S Norske Shell (ref. A. Nordgård) and Norsk Hydro (ref. E.B.Ofstad) have been received and are enclosed in Appendix B.
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TOTAL

personnel

direct

personnel

direct

personnel

direct

personnel

direct

personnel

direct

SUM

1

System analysis 

1.1

Systems analysis of hydrogen production, transport and distribution

400

30

400

30

400

30

1200

90

1290

1.2

Integration of pressurised SOFC and GT cycles

600

30

800

70

800

30

200

10

2400

140

2540

2

Process and materials technology

2.1

Materials for PEM electrolysis and fuel cells

800

400

900

300

900

300

600

200

3200

1200

4400

2.2

Fuel cells for cogeneration of HCl and el. power

400

150

400

100

400

100

1200

350

1550

SUM

2200

610

2500

500

2500

460

800

210

8000

1780

9780

SUM/YEAR

2810

3000

2960

1010

9780

Contribution from industry (verified)

745

880

865

65

2555

Contribution from Industry (%)

27 %

29 %

29 %

6 %

26 %

Strategic Funding SINTEF Materials Technology

500

500

500

1500

Total Support (Industry + SINTEF)

1245

1380

1365

65

4055

Total project budget

3310

3500

3460

1010

11280

Applied for from NFR

2065

2120

2095

945

7225

Table 3:

 

Budget and overall time schedule

2004

2003

2002

2001

 

Table 4: Industrial partners
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Industrial partners on 

specified activities

Verified 

Support 

(kNOK)

SINTEF 

Strategic 

Funding

1

System analysis 

1,1

Systems analysis of 

hydrogen production, 

transport and distribution

Statoil

600

1,2

Integration of pressurised 

high-temperature fuel cells 

and gas turbine cycles

A/S Norske Shell, 

Statkraft

805

2

Process and materials 

technology

2,1

Material development for 

PEM electrolysis and fuel 

cells

Norsk Hydro 

Electrolysers

750

1500

2,2

Fuel Cells for Cogeneration 

of HCl and Electric Power

Norsk Hydro

400

SUM

2555

1500

TOTAL SUPPORT

4055


9 Quality assurance

The assignment shall be executed according to SINTEFs normal QA procedures, which in this case in short implies the following:

· Governing documents are mainly the Contract between the Research Council of Norway (NFR) and SINTEF.

· Possible major non-conformances from agreed plans are to be discussed with NFR as soon as possible. In this assignment, major non-conformances are defined to be deviations, which must be assumed to have influence on the completion date of the assignment, the total cost or the quality of the final result.

· Possible minor non-conformance should be dealt with immediately by the Project Manager.

· NFR shall be kept informed of all non-conformances and corrective actions through standard NFR routines.

· Independent Quality Control shall be carried out for all Draft Reports etc, which are forwarded to NFR, as well as the Final Report. The QA team assigned to this Contract shall be consulted in the planning phase and later when needed.

· Final control and internal approval of SINTEFs Final Report shall be carried out by the assigned responsible person(s), before dispatch to NFR.

10 Contract aspects

The Research Council of Norway’s standard contract will be used.

11 Prerequisites and limitations

Applicant is SINTEF Materials Technology and a range of NTNU Faculties, SINTEF research institutes and industry partner. Efforts will be made to handle NFR contract and communications issues as simple as possible. 

12 References

Kvamsdal, H. M. and Ulleberg, Ø., (2000), “Hydrogensamfunnet - En Nasjonal Mulighetsstudie”, SINTEF Energy research, Trondheim, Norway, ISBN 82-594-1811-8
Appendices follow
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		Table 3: Budget and overall time schedule				(in kNOK)

						2001				2002				2003				2004						TOTAL

						personnel		direct		personnel		direct		personnel		direct		personnel		direct		personnel		direct		SUM

		1		System analysis

		1.1		Systems analysis of hydrogen production, transport and distribution		400		30		400		30		400		30						1200		90		1290

		1.2		Integration of pressurised SOFC and GT cycles		600		30		800		70		800		30		200		10		2400		140		2540

		2		Process and materials technology

		2.1		Materials for PEM electrolysis and fuel cells		800		400		900		300		900		300		600		200		3200		1200		4400

		2.2		Fuel cells for cogeneration of HCl and el. power		400		150		400		100		400		100						1200		350		1550

				SUM		2200		610		2500		500		2500		460		800		210		8000		1780		9780

				SUM/YEAR				2810				3000				2960				1010						9780

				Contribution from industry (verified)				745				880				865				65						2555

				Contribution from Industry (%)				27%				29%				29%				6%						26%

				Strategic Funding SINTEF Materials Technology				500				500				500										1500

				Total Support (Industry + SINTEF)				1245				1380				1365				65						4055

				Total project budget				3310				3500				3460				1010						11280

				Applied for from NFR				2065				2120				2095				945						7225
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				Research Activity		Industrial partners on specified activities		Verified Support (kNOK)		SINTEF Strategic Funding

		1		System analysis

		1.1		Systems analysis of hydrogen production, transport and distribution		Statoil		600

		1.2		Integration of pressurised high-temperature fuel cells and gas turbine cycles		A/S Norske Shell, Statkraft		805

		2		Process and materials technology

		2.1		Material development for PEM electrolysis and fuel cells		Norsk Hydro Electrolysers		750		1500

		2.2		Fuel Cells for Cogeneration of HCl and Electric Power		Norsk Hydro		400

				SUM				2555		1500

				TOTAL SUPPORT						4055

		1500              Sintef

		8455






