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INTRODUCTION 

Currently, Brazil has an energy matrix characterized by a high percentage of renewable energy, which is 

mainly due to large-scale use of biofuels, biomass and hydropower. However, analysing the production 

of electricity in the light of recommendations for energy security, it appears that the high dependence on 

hydroelectric generation generates a significant uncertainty in the electrical system in years with low 

precipitation. One way to counter this problem and increase the diversification of the energy matrix and 

energy is to introduce new power sources, following the market trends and technological development 

that occur all over the world. 

Given the current context, Brazil needs to invest in research, development and innovation in order to 

increase competitiveness in a sustainable way and to ensure a leading position in international markets. 

Regarding the production of electricity, it will be necessary: i) to apply new technologies to harness solar 

energy, such as those related to Concentrated Solar Power (CSP); ii) to improve the research at national 

level and test, validation and certification infrastructures of wind technologies to support the increase the 

market share of this type of energy; iii) encourage investment in some energy storage types, especially 

those complementary to the large-scale integration of renewable energy. 

This report, developed under the “Diálogos Setoriais União Europeia - Brasil”, aims to contribute to 

solving the problems mentioned above, strengthening the dialogue between Brazilian and European 

research, industry and governmental institutions. The report addresses the renewable energy subject in 

the European Union (EU), in particular in the areas of wind, CSP and hydrogen production and storage. 

The report has the following structure: 

 Chapter 1 - Chapter dedicated to the CSP, presenting in the beginning the projects developed in 

the EU that are most relevant to the Brazilian reality. In addition, various institutions of research 

and development (R&D) and industrial partners involved in these projects are also presented, 

whose know-how is potentially relevant to be explored in strategic partnerships with Brazilian 

institutions. 

 Chapter 2 - Chapter dedicated to the wind energy that aims to present the European institutions 

and industrial partners with extensive know-how in this area and which can support the 

development of the Brazilian research tissue and test, validation and certification infrastructures of 

wind technologies. 

 Chapter 3 – Chapter that presents several European initiatives related with the storage and 

production of hydrogen from intermittent renewable sources, as well as the most relevant R&D 

institutions and industrial partners involved in these projects. 
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1. CONCENTRATED SOLAR POWER 

The EU believes that a wider exploitation of renewable endogenous sources is a key priority for the 

sustainable development of the various Member States. Along with energy efficiency, the development 

of renewable energies is part of the EU strategy to improve security of supply, increase industrial 

competitiveness and promote economic and social development. 

An important issue for the development of renewable energy is to reduce the cost of technology. To 

accomplish this it is necessary to create, at the same time, more effective support systems oriented to 

the private investment and to foster research, development and demonstration of innovative 

technological solutions in order to promote faster progress along the learning curves of the technologies. 

Wind power, for example, is a successful story of the EU energy policies. Significant and promising 

progress was also made in biomass and photovoltaic. Currently, it is considered also that the CSP has a 

high potential to contribute to the EU's energy goals, though technological solutions are not yet at such a 

late stage of maturity as wind power. 

The EU has been supporting the CSP for over ten years and this effort has contributed to: 

 research, develop, validate, demonstrate and disseminate the performance of various 

technologies for CSP; 

 maintain and develop the intellectual capacity of CSP in Europe in both the public and private 

sectors; 

 Improve the learning curves of the different technological approaches to CSP. 

This chapter presents the projects developed with the support of the EU that are most relevant to the 

Brazilian reality, along with R&D institutions and industrial partners involved in these projects and whose 

know-how may be important for Brazilian institutions working in the field. 

According to information provided by the Ministry of Science, Technology and Innovation, the most 

interesting projects for Brazil are middle scale ones that explore cogeneration (electricity and heat) or 

trigeneration (electricity, heat and cold). Such projects are particularly relevant to the Brazilian northeast, 

where there are many industries with processes that take advantage of heat (100-250ºC). 
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1.1. SOLHYCO – SOLAR-HYBRID POWER AND COGENERATION PLANTS [1] 

The scientific and technological objective of the SOLHYCO project was to develop and test a highly 

efficient, reliable and economic solar-hybrid cogeneration system based on a 100 kW microturbine, able 

to operate in parallel on varying contributions of solar power input and fuel. A new receiver concept, 

based on an innovative receiver tube configuration, shall improve performance and reduce system cost. 

Enhancing the combustion system to multi-fuel capability including bio-fuels shall allow operation with up 

to 100 % renewable energy sources. Such small systems are intended for early market introduction of 

solar-hybrid systems, preparing the way for highly efficient Combined Cycle plants in the long term. 

Fig. 1 shows the schemes of a solar-hybrid cogeneration and a Combined Cycle system. 

 

Fig. 1 – Schemes of a solar-hybrid cogeneration (left) and a Combined Cycle plant (right) 

The specific technical objectives of SOLHYCO to be achieved within this project were: 

 Design and manufacture a prototype solar-hybrid cogeneration unit by modification of a 

commercial 100 kWe microturbine and integration with a tube receiver; demonstrate operation 

with 80 % solar share; 

 Develop an innovative “profiled multilayer tube” receiver concept for temperatures > 800 °C with 

85 % efficiency; 

 Develop and test a solar-hybrid combustion system for bio-Diesel with combustor air inlet 

temperatures of 800 °C for 100 % renewable operation of the test system; 

 Evaluate performance and economic data for optimized solar-hybrid cogeneration systems (100 

kWe to 5 MW) and large solar hybrid Combined Cycle (CC) power plants (> 20 MW) to verify the 

long term cost reduction goal of 0.05 €/kWh (CC); 

 Prepare market introduction for solar-hybrid cogeneration systems by identification of initial niche 

applications in the Mediterranean region, Brazil and Mexico. 

A) Project Partners 

 Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas – CIEMAT (Spain) [2] 

CIEMAT is a public research body assigned to the Ministry of Economy and Competitiveness under the 

Secretariat of State for Research, Development and Innovation, focusing on energy and environment 

and the technologies related to them. It has offices in several different regions of Spain, and its activity is 

structured around projects which form a bridge between R&D&I and social interest goals. 
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It collaborates with other R&D&I institutions, universities and business in the sector to transfer the 

knowledge and technology that it has generated, supporting and encouraging innovation and changing 

the economic model. 

The CIEMAT took over from the old Junta de Energía Nuclear (JEN), which since 1951 had led research 

in nuclear fission energy production and control in Spain. In the decade of the eighties, it opened to new 

energy alternatives and to applied study of the environmental impact of energy. At present, the main 

lines of action are the study, development, promotion and optimisation of various sources as: renewable 

energies, nuclear fusion, nuclear fission and fossil fuels; the study of their impact on the environment, 

development of new technologies; not forgetting areas of basic research such as high-energy physics 

and molecular and cellular biology. 

Its R&D&I activity is framed in national and international settings, and is complemented by activities such 

as education, technology transfer, rendering technical services, advising to the administrations and 

representation of Spain in a diversity of international forums. 

Its mission is to contribute to sustainable development of the country and to the quality of life of its 

citizens through the generation and application of scientific and technological knowledge. Its goal is to 

maintain its position as a centre of excellence in energy, environment and technology and in basic 

research. 

Its team of around 1,340 people is technologically and geographically diversified. In addition to its central 

offices in Madrid, it has the Plataforma Solar de Almería (PSA) in Andalucía, a scientific installation of 

international renown in solar technologies, in Soria, the Centro de Desarrollo de Energías Renovables 

(CEDER) and the Centro Internacional de Estudios de Derecho Ambiental (CIEDA), in Trujillo 

(Extremadura) the Centro Extremeño de Tecnologías Avanzadas (CETA), and in Barcelona the Centro 

de Investigación Socio-Técnica (CISOT).  

 

 CEA-GREThE (France) 

CEA is the French Alternative Energies and Atomic Energy Commission (Commissariat à l'énergie 

atomique et aux énergies alternatives). It is a public body established in October 1945 by General de 

Gaulle. A leader in research, development and innovation, the CEA mission statement has two main 

objectives: to become the leading technological research organization in Europe and to ensure that the 

nuclear deterrent remains effective in the future. 

CEA is active in four main areas: low-carbon energies, defence and security, information technologies 

and health technologies. In each of these fields, the CEA maintains a cross-disciplinary culture of 

engineers and researchers, building on the synergies between fundamental and technological research. 

The total CEA workforce consisted of 15 838 employees. Across the whole of the CEA (including both 

civilian and military research), there were 1556 PhD students and 293 post-docs.  

 

 ORMAT Systems (Israel) [3] 

Ormat Technologies, Inc. is a world leader in the geothermal power plant sector. As a geothermal 

company Ormat has five decades of experience in the development of state-of-the-art, environmentally 

sound power solutions, primarily in geothermal and recovered energy generation. In addition to 

designing, developing, building, owning and operating geothermal energy and recovered energy-based 

power plants in the United States and other countries, Ormat also designs, manufactures and sells 

power units and other power generating equipment for geothermal power plants and recovered energy-

based electricity generation. 

Ormat is today's only vertically-integrated provider of geothermal and recovered energy-based 

equipment, services and power that designs, develops, builds and manufactures most of the equipment 

used in its plants. The in-depth knowledge gained from these operations gives a competitive edge by 

enabling efficient maintenance and timely response to operational issues. 
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Founded in 1965, Ormat is committed to developing green, sustainable energy solutions. Through the 

development of pioneering technology, Ormat is able to re-inject geothermal heat resources back into 

the earth, preserving reservoirs for future generations. 

 

 Abengoa Solar (Spain) [4] 

Abengoa Solar is a specialized company working in the development of solar technologies and the 

promotion of solar power plants. It was formed based on the traditional solar activity of Abengoa that 

began in the early 80´s.  

Since then Abengoa Solar has been involved in many R&D projects aimed to improve the processes and 

components required to produce electricity from solar energy. Abengoa Solar therefore has extensive 

experience in solar thermal installations, including central receiver systems, parabolic troughs and 

parabolic dishes. With its investment in Europe’s most modern solar test facility, the Plataforma Solar de 

Sanlúcar la Mayor (PSSM) near Seville (Spain), Abengoa Solar NT can offer a unique test facility, adding 

a worth of several million Euro to the project, making a big effort to go on developing and improving new 

technologies. 

 

 FTF (Germany) 

No information available.  

 

 New Energy Algeria - NEAL (Algeria) [5] 

NEAL, which is Algeria's renewable energy agency, is a new company established by the Algerian 

government and Algeria's national energy companies to encourage domestic production, use, and export 

of renewable energy.  

 

 Technika Cieplna Sp. Z o.o - GEA (Poland) [6] 

Since its founding, the Company has been focused on the selection, design and manufacture of high-

performance heat exchangers, mainly using hot dip galvanised elliptical finned tubes. In Poland it is the 

only manufacturer of this type of heat exchangers. In 1994, GEA Metalchem Technika Cieplna Sp. z o.o. 

was established by GEA Industriebeteiligungen GmbH from Bochum and APC – Metalchem from Opole. 

In 1998, GEA AG purchased equity interests of Metalchem and the company was transformed into GEA 

Technika Cieplna Sp. z o.o., which became a rightful member of GEA concern. Drawing on the 

company’s experience and taking advantage of GEA concern’s know-how, its engineers are prepared to 

solve all thermal engineering problems.  

 

 Fundação de Apoio a Universidade de São Paulo - FUSP (Brazil) [7] 

The Fundação de Apoio a Universidade de São Paulo - FUSP - is a non-profit organization that was 

established with the main objective of increasing the flexibility and speed of the activities developed in 

the University of São Paulo. It was planned from the beginning with the commitment of supporting the 

Institutes, Schools and other bodies of the University, providing a broader application of the products 

developed in USP projects. 

 

 Vitalux Eficiencia Energética Ltda. (Brazil) [8] 

Vitalux is an engineering company engaged in the ESCO's market (Energy Service Companies - Energy 

Service Companies) working with energy efficiency and water. Vitalux has extensive experience in the 

following areas: 

o Sanitation; 
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o Industrial facilities; 

o Public and private buildings. 

With its experience, Vitalux has been developing projects that combine the best engineering practices 

allied to search for the best technology, quality and price.  

 

 Instituto de Investigación Electrica - IIE (Mexico) [9] 

The Electric Research Institute was created by Presidential Decree on behalf of the Mexican 

Government on the first of December, 1975, as a decentralized organization with its own legal identity 

and patrimony, whose assignment was scientific and technical in nature. 

IIE is Mexico’s research centre dedicated to the electric and oil industries. Its main objectives are to carry 

out innovation, technological research and development; to provide engineering and technical services, 

training, and the commercialization of the results of research and technological development in electrical 

generation, transmission and distribution processes and improvement oil processes.  

The Instituto de Investigaciones Eléctricas is backed up by an organizational structure that enables it to 

perform and accomplish its purpose, which is to contribute to technological innovation, scientific research 

and development of the energy sector. The IIE strives to strengthen technological institutions and 

channel their efforts in the fields of processes, equipment and systems in order to increase 

competitiveness in the electric power and energy sectors, not just in Mexico but abroad as well. 

 

 Deutsches Zentrum für Luft- und Raumfahrt e.V. - DLR (Germany) [10] 

DLR is the national aeronautics and space research centre of the Federal Republic of Germany. Its 

extensive research and development work in aeronautics, space, energy, transport and security is 

integrated into national and international cooperative ventures. In addition to its own research, as 

Germany's space agency, DLR has been given responsibility by the federal government for the planning 

and implementation of the German space programme. DLR is also the umbrella organisation for the 

nation’s largest project management agency. 

DLR has approximately 8000 employees at 16 locations in Germany: Cologne (headquarters), Augsburg, 

Berlin, Bonn, Braunschweig, Bremen, Goettingen, Hamburg, Juelich, Lampoldshausen, Neustrelitz, 

Oberpfaffenhofen, Stade, Stuttgart, Trauen, and Weilheim. DLR also has offices in Brussels, Paris, 

Tokyo and Washington D.C. 

DLR's mission comprises the exploration of Earth and the Solar System and research for protecting the 

environment. This includes the development of environment-friendly technologies for energy supply and 

future mobility, as well as for communications and security. DLR's research portfolio ranges from 

fundamental research to the development of products for tomorrow. In this way, DLR contributes the 

scientific and technical expertise that it has acquired to the enhancement of Germany as a location for 

industry and technology. DLR operates major research facilities for its own projects and as a service for 

clients and partners. It also fosters the development of the next generation of researchers, provides 

expert advisory services to government and is a driving force in the regions where its facilities are 

located.  

 

 Turbec AB (Sweden) [11] 

Ansaldo Energia, a Company under the joint control of Finmeccanica and First Reserve Corporation, 

leader in the supply of components and services for the power generation industry, has acquired the 

business unit “Turbec”, specialized in design, manufacturing and installation of micro gas turbines, and 

the relevant IP rights. The acquisition will give to Turbec products new strength and higher potential, 

within the “Renewables and Distributed Energy” division of Ansaldo Energia.  
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B) Development of an Innovative Absorber Tube Technology 

To reduce the temperature gradients between the irradiated front side and the non-irradiated back side 

of the absorber tubes the concept of the “profiled multilayer tube” (PML tube) technology should been 

developed. It consists of using three metallic tube layers: a high temperature alloy at the outer side, 

copper as intermediate layer and another high temperature alloy layer at the inner side of the tube. The 

function of the copper with its much higher heat conductivity is to distribute the heat by conduction 

throughout the circumference. The outer layer provides the structural strength. The inner layer protects 

the copper from corrosion at high temperatures. In addition, a spiral profile can be implemented on the 

inner surface to improve the heat transfer coefficient. 

Preliminary calculations for a solar receiver showed that the temperature gradient in the tube wall could 

be significantly reduced, as well as the maximum temperature of the tube. Fig. 2 shows the simulated 

temperature distribution in standard (left) and multi-layer absorber tubes (right). 

 

Fig. 2 – Temperature distribution in an irradiated standard tube (left) and a multi-layer tube (right) [12] 

With a solar absorber using profiled multi-layer tubes, air exit temperatures exceeding 800°C were 

predicted. This work package was focusing on the concept verification and the evaluation of the 

performance characteristics as basis for the absorber layout. In a first phase sample tubes of 10 cm 

length were manufactured to develop and test the manufacturing process. In the second step the 

manufacturing technology was extended to representative dimensions (1.3 m). Several tube variations 

were manufactured in order to evaluate the thermo-hydraulic characteristics for different profile 

geometries. 

 Definition of sample tubes for material and manufacturing tests 

Different high temperature materials have been evaluated. A nickel based alloy was chosen because of 

its good mechanical resistance at high temperatures. It was difficult to get thin wall tubes. For the PML 

design it was foreseen to have a wall thickness of about 1mm for the outer tube and 0.5mm for the inner 

tube. After long term searching for cold drawn tubes without success, coil material had to be chosen. The 

tubes were manufactured by welding (Fig. 3). 

 

Fig. 3 – Welded tubes of a nickel based alloy [12] 
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 Sample manufacturing 

Because of the complex manufacturing process of the PML design the development was done 

in several steps. 

1. Primarily tests with normal steel and copper tubes without profile 

In order to demonstrate the manufacturing process in principal several samples were produced by using 

the manufacturing technology of the partner FTF. The result of the first samples showed the need to 

improve the hydro-forming machine. The maximum pressure of the hydro-forming process was not high 

enough. Furthermore the fixing of the tubes in the machine was problematic. These problems had been 

solved by further developing the process and the machine. Fig. 4 shows a sample of a PML tube. 

 

Fig. 4 – PML tube sample of normal steel and copper [12] 

2. Test samples with nickel based alloy material 

The aim of this step was to test the influence on the manufacturing process using the selected nickel 

based alloy material. A few samples had been manufactured with the result that the material is principally 

well suited for the manufacturing process. Nevertheless it was found, that the samples could not been 

manufactured without cracks stemming from overstressing the material. 

 

 Sample testing and evaluation 

For this reason PML samples of the primarily done manufacturing had been used to test the principal 

behaviour of the inter-metallic material connection by microphotograph analysis. In the first part of the 

work, a metallurgical evaluation of PML tubes was performed for non-thermal treated and thermally aged 

tubes. 

Metallographic examinations of INCONEL/copper interfaces were performed after 15 h, 100 h and 500 h 

of thermal ageing at 900 °C and 950 °C. After ageing, the inter-diffusion of chemical elements was 

studied by SEM-EDX (Scanning Electron Microscopy with Energy Dispersive X Ray analysis). 

After the hydro-forming process small cracks and porosities were observed at the interfaces between 

INCONEL and copper. The cracks were often filled with copper oxides. After ageing, it was observed 

diffusion. For the ageing at 950 °C, large porosities appeared in the copper close to the interface for 

ageing times higher than 100 h. 

The estimated lifetime was calculated by comparison of mechanical stresses and design stresses. 

Mechanical stresses were calculated by a FE analysis of tubes subjected to internal pressure and 

thermal gradients (CAST3M CEA code). 

Design stresses were obtained in accordance to ASME design codes for high temperature components. 

Materials data were obtained by a literature review and also by tensile tests performed at CEA on 

INCONEL and copper. Tensile tests were performed on both materials at 20, 400, 700, 800, 850, 900 

and 950 °C with 2 specimens per test temperature. Tests were performed in air atmosphere, except for 

high temperature tests on copper specimens. 

After the completion of the design rules, lifetime estimations were performed for INCONEL tubes and 

multilayer INCONEL/Cu/ INCONEL tubes for stationary conditions (no transients). 
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 Manufacturing of test tube samples 

On the one hand it was decided to use a tool supported forming technology and on the other hand to 

make burst tests in order to know the plastic behaviour of the tube material. The results showed that the 

probe would crack in the welding seam without a previous annealing process. Thereby an adequate 

elongation could be reached so that the first successful formed tubes could be manufactured by the new 

technology. These probes were then foreseen for the thermal cycling tests, the photomicrograph and 

finally the hydraulic tests in the laboratory. 

 

 Laboratory tests of profiled absorber tube samples 

A wire-coil insert in the absorber tube results in a lower outer wall temperature and thus lower thermal 

radiation losses. Compared to an average driving temperature difference between the tube wall and the 

fluid of 91 K for a tube without enhancement the wire-coil insert needs only 67 K temperature difference 

for the same pressure loss of 75 mbar. The heat transfer and pressure drop in the wire-coil inserted 

absorber tubes was calculated in the design process. These correlations were derived for a 

homogeneous tube wall temperature1. To be able to verify the simulation results a test rig for heat 

transfer and pressure drop measurements under inhomogeneous heating was developed at CEA in 

Grenoble, France. Fig. 5 shows the CLAIRETTE test loop containing the tube test rig. The test rig is 

composed of an open compressed air loop. An electrical heater allows adjusting the inlet temperature of 

the test section up to 750 °C. In order to set both pressure level and required flow rate, two regulation 

loops have been implemented (one using pressure sensor and valve; the other using mass flow meter 

and valve). The sample tube is inserted inside an oven which consists of SiCtubes arranged in two 

layers above and below the sample tube. Screens have been used to separate the two sides of the 

sample tube and the electrical heating system. The two layers of the heating system can be operated 

separately allowing heating from one or both sides. 

For the measurement of the sample tube wall temperature a pyrometer measurement device was used 

to decrease the measurement uncertainty compared to e.g. thermocouples. To reduce significantly the 

influence of reflected radiation on the pyrometer a screen tube was installed in-between the sample and 

the pyrometer. Wall temperature was than measured by measuring the emitted thermal radiation. The 

complete device is moved into the test rig with a pneumatic drive system for a short time and then the 

screen tube blocks all reflected (solar) radiation to the measurement point and the pyrometer only 

receives emitted thermal radiation from the measurement point. A calibration of the pyrometer device 

was done with the same inlet and outlet temperature of the sample tube and the oven power to 

compensate the heat losses through the insulation. 

 

Fig. 5 – CLAIRETTE Loop [12] 

The wall temperature of the sample tube was measured at five positions along the test rig through holes 

in the casing. The heat transfer coefficient was calculated from the inlet and outlet temperature and the 

wall temperatures along the sample tube using a polynomial fit of the five measured temperatures. 
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Fig. 6 – Test rig for heat transfer and pressure drop measurements [12] 

The inner tube diameter is 22.48 mm and the wire-coil insert has a diameter of 2 mm with a pitch of 55 

mm. Ongoing oxidation of the sample tube was the reason for uncertainties in the emissivity of the 

sample tube and therefore uncertainties in the heat transfer coefficient which was measured with the 

calibration procedure. 

The heat transfer with radiation from both sides was in the range of 80 % of the value calculated from the 

correlations. An error of 20% is acceptable for the heat transfer measurements as here errors of two 

measurements are accumulated, the measurements for the design correlation2 and the measurements 

done in the Solhyco-project. The design of the SOLHYCO receiver permits a 20 % lower heat transfer 

coefficient with acceptable higher stresses. Under radiation from one side the overall heat transfer 

coefficient was higher hence the temperature distribution of the absorber tube better, indicating a positive 

effect of the swirl caused by the wire-coil insert. The measured pressure drop is similar to the calculated 

value from the correlation. It could be concluded that with the thermo-hydraulic tests of the absorber tube 

the design basics could be validated. 

 

 Manufacturing and testing of tubes 

In February 2009 the hydro forming tool for the PML-tubes was developed. The 150 mm long samples 

for thermo-cycling and photomicrograph as well as the 1.3 m long samples for the thermo-hydraulic tests 

were successfully manufactured. All planned tests were done as foreseen. 

The Fig. 7 shows the temperature distribution of common mono tubes with wire coil insert and the 

temperature distribution of PML tubes. 

 

Fig. 7 – Overall temperature distribution [°C] [12] 

To determine the temperature difference between irradiated and non-irradiated side the tube section with 

the highest thermal gradient was evaluated (Point A in Fig. 7). The results are shown in Fig. 8. The red 
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curve represents the temperature distribution along the circumferences of the mono tube and the blue 

curve shows the distribution for the PML tube. 

 

Fig. 8 – Local temperature distribution [12] 

The results show that the temperature difference can be reduced from 106 °C to 31 °C. The application 

of PML tubes instead of common mono tubes leads to a noticeable decrease of the maximal overall 

temperature and also to a significant reduction of the temperature gradient relating to the tube 

circumference and, hence, to a reduction of the internal stresses. 

C) Development of Solar Bio-fuel System 

 Objectives 

o Increase the share of renewables of solar-hybrid gas turbine system to 100% 

o Development of a combustion technology for liquid bio-fuels in combination with solar air heating to 

high temperatures (800°C). 

 

 Background and Description of work 

Since solar energy is continuously changing not only because of site geographical position or time of day 

and season, but also because of cloudiness, it is only obvious that continuous power supply can be 

based only on hybrid power supply of solar-fuel combination. Since start-up failures may occur in gas 

turbines it was decided that in this demonstration of technology project, the engine will not be completely 

shut down but kept on minimum fuel supply even during sufficient solar heat supply. This way a reliable 

and controllable solar power conversion systems is achieved, based on gas turbine in single or 

combined cycle. 

The use of fossil fuel in most hybrid systems is limited to certain small percentage of the total energy, 

because of the requirements for the subsidy given to green power and maybe the hesitation from 

combined use of regular and green fuel which opens the door to use more regular fuel than what the 

regulations allowed originally. This issue has been solved here since the use of green fuels such as 

biodiesel fuel, instead of fossil fuel makes the whole system 100 per cent renewable. However, since 

bio-fuel differs from fossil fuels and it is usually blended with ordinary fossil fuel and because in this 

project it was designed as the sole supplement fuel in the combustion process, there were few unknowns 

to be investigated. Therefore, the aim of the present work was to study the various problems and 

alterations of the bio-fuel combustion process, select a solution and implement it into the hybrid turbine 

test system in PSA. The potential interaction of fuel system components with more corrosive, less 

homogenous and more viscous bio-fuels has been evaluated to identify critical issues and to determine 

the required changes on the fuel piping and control systems. Additionally, the combustion system of the 

existing gas turbine has been checked to find if it should be modified to enable stable operation in a very 

wide range of air to fuel ratio with air ingression to the combustion chamber at elevated temperatures up 

to 800 °C supplying most of the power. 
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While preparing the system for operation start-up problems were encountered with the fuel metering 

valve. It seemed that the problems resulted from fuel residues which bonded the metering valves parts 

together after it had been used in the SOLGATE project in 2004 and past long term conservation 

process and then undergone restart trials in 2006. The PCU fuel system was equipped with a Nitrogen 

purging system that should maintain the injector unclogged but it did not clean the metering valve that 

lays upstream of the injectors system. 

Bio-fuel effects study: 

A comprehensive study on biofuel-effects was performed, initial conclusions said that besides the 

difference in calorific value, higher viscosity etc., there is the problem of residues content of various 

materials which are more likely to stick to the structure material surface, corrode certain metals and 

harm some non-metallic pipe materials and altogether can slowly deteriorate the performance of an 

engine. This is also a problem that may persist with long time storage, which has actually not been 

recorded for length of time. There are the usual solutions which are mainly based on blending of 

Biodiesel with Kerosene or regular Diesel fuel, solutions that are outside the scope of the present 

project. 

The published info can be summarized as follows: 

o Biodiesel offers slight difference in calorific value compared to diesel fuel. One of the major 

advantages of Biodiesel is the fact that it can be used in existing engines and fuel injection 

equipment with little impact on operating performance. With gas turbines there is still the need for 

exact setting of fuel metering valve and control system properties and checking/modifying of 

injection components 

o Biodiesel has lubricating effects. Comparison of lubricity between Biodiesel and petroleum diesel 

indicate that there is a marked improvement in lubricity when Biodiesel is added to conventional 

diesel fuel. Even Biodiesel levels below one percent can provide up to a 65 per cent increase in 

lubricity in distillate fuels. The lubrication effect was not checked with gas turbines and it should be 

evaluated during the turbine operation on heat from solar and Biodiesel. 

o Compatibility of Biodiesel with engine components. In general, Biodiesel will soften and degrade 

certain types of elastomers like natural rubber compounds and others over time. Using high percent 

blends can impact fuel system components (primarily fuel hoses and various seals) that contain 

elastomeric compounds incompatible with Biodiesel. Manufacturers recommend that natural or butyl 

rubbers will not be allowed to come in contact with pure Biodiesel. Biodiesel will lead to degradation 

of these materials over time, although the effect is lessened with Biodiesel blends but that is not the 

case since blend fuels were not used. 

o Biodiesel in low temperature. Low temperature can cloud and even gel any diesel fuel, including 

blended Biodiesel. Unblended Biodiesel will get faster than petroleum-diesel in cold weather 

operations. Solutions for operability with neat (100%) Biodiesel are much the same as that for low-

sulphur #2 diesel i.e., blending with #1 Diesel or utilization of fuel heaters. These solutions work also 

well with Biodiesel blends, as do the use of cold flow-improvement additives. Of the above possible 

solutions the use of fuel heaters was selected for the SOLHYCO project, see further details below. 

o Biodiesel storage. Biodiesel does not require special storage. Biodiesel can be stored wherever 

petroleum Diesel is stored, except in concrete-lined tanks. Acceptable storage tank materials include 

aluminium, steel, fluorinated polyethylene, fluorinated polypropylene and Teflon. The fuel should be 

stored in a clean, dry, dark environment. Due to heating needs, one should be sure to verify 

compatibility with materials exposed to the heaters and heated neat Biodiesel. 
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o Long term storage. As Biodiesel has not been commercially used for more than a few years, there is 

hardly any report on long-term storage effects on Biodiesel fuel. In case long term storage would be 

required the Biodiesel vendor will be consulted regarding deterioration or change of specifications. 

Development: 

o The SOLHYCO project is a follow-up on the successful SOLGATE project, thus the SOLGATE PCU 

systems were utilized with the minimal required changes to switch from solar jet fuel to solar and 

Biodiesel hybrid operation. 

o Experts have been consulted to determine the required modifications of the PCU system 

components to utilize Biodiesel instead of fossil jet-fuel. The findings show that beside the already 

made changes in the combustion chamber design that were done for its “solarisation”, there is no 

other required modification in the main “solarized” components of the combustion system including 

the high temperature super alloy combustion chamber, special injector and igniter themselves. 

o The fuel system piping requires no modifications as it contains no elastomers that are sensitive to 

Biodiesel and the system had already been tested with hot air coming into the uninsulated 

combustor. 

o Control system parameters had to be modified to accommodate for the slightly higher fuel flow due 

to the lower calorific value. 

o After some research, it seems that changes resulting from the fuel properties are not expected to 

require recalibration of the metering valve as the modifications in the control system should be 

sufficient. 

o Other modifications relate to valves and filters sealing materials that should comply with Biodiesel 

requirements as mentioned above. A checklist has been prepared to check all components 

compatibility with requirements. 

 Design of Solar bio-diesel system 

A scheme of the modifications and addition components was prepared for the fuel system considering 

the use of neat (100%) biodiesel fuel while using jet fuel for start-ups only (see Fig. 9). This includes the 

heating system and the change of all fuel pipes that may not be compatible with the Biodiesel 

requirements for long-term operation. It also included addition of a jet fuel tank for start-up. 

 

Fig. 9 – Scheme of solarized fuel system layout [12] 

D) Solar Component Qualification Test 

Solugas will demonstrate the performance and cost reduction potential of a solar-hybrid driven gas 

turbine system on a commercial scale. In order to pursuit this objective several tests still have to go and 

analytical studies to be carried put. 
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 Objectives 

o Component and system test of a hybrid Biodiesel combustor system 

o Demonstrate solar-hybrid test system operation at 100% renewable energy sources 

o Collect more O&M data on solar-hybrid system components 

The test setup (see Fig. 10) used for testing the biofuel combustion system was the arrangement that 

had been implemented during the SOLGATE project. It consists of a 250kW Allison turbine and 3 

receiver modules serially connected. This setup was mounted in the CESA-1 tower at Plataforma Solar 

de Almeria (Fig. 11). 

 

Fig. 10 – Scheme of the SOLGATE test setup at CESA-1-tower [12] 

 

Fig. 11 – CESA-1 tower (right) and detailed view on receivers (left) [12] 

 

Fig. 12 – Solgate setup: artificial view (left) and photo (right) [12] 
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 Solar operation with querosene – Test summary 

The goal of 100 operation hours was achieved with the turbine system in start-up, fossil, solar and hybrid 

mode. Of these, 57 hours of solar operation could be accumulated. Main reasons for the limited solar 

operation hours were technical problems with the gas turbine, which very often interrupted the operation 

early during the test days. Other reasons were the limitations given by the installation and calibration 

work with the rotameters in summer 2008, and several more like delayed fuel availability or schedule 

conflicts in the use of the solar tower. Anyway, the SOLHYCO WP3 operation is considered a success, 

because it was possible to demonstrate that a commercial helicopter turbine can be operated not only 

with solar radiation, but also with bio diesel, hence generating close to 100% of the power from 

renewable energy sources. It also was shown that the pressurized volumetric solar receivers still worked 

fine after more than six years. 

E) Development of a Solar-Hybrid Microturbine Cogeneration Unit 

 Objectives 

o Develop a prototype 100 kWel solar-hybrid microturbine unit for cogeneration purposes 

o Layout, design and manufacturing of a 350 kWth receiver 

 

 Analysis of system configuration and specification of solar-hybrid system 

The Turbec T100 is a commercial 100 kW microturbine usually used with natural gas in combined heat 

and power (CHP) applications. Because of the possibility to attach an external combustion chamber this 

turbine can be used in a solar (hybrid) system. To meet the overall target of 100 kW output at full load 

condition in solar-hybrid mode, modifications of the standard microturbine configuration had to be 

analysed and specified. Main changes compared to the standard unit were: 

o Inlet temperature into the combustion chamber is 800ºC compared to 600ºC 

o Fuel is Diesel or if possible full Biodiesel compared to Natural Gas 

o A new external flow path for integrating the Solar Receiver had to be integrated 

o Completely new software for control of two parallel heat sources 

 

 Modification of Microturbine unit 

After finishing the design of the microturbine flow path with the integration of the solar receiver Turbec 

conducted tests with the interface for solar application. The test-rig was equipped with the standard 

Diesel combustor, but it was also fitted with a second, parallel combustor that was controlled 

independently, this combustor hence acted as “the sun” and was enabling to test all possible scenarios 

from “zero sun operation” to “zero fuel operation”. 

The largest challenge was how to control if the heat supplied is coming from the “sun” or from the Diesel 

combustor, i.e. detection of flame. 

The test went very well but the match with theoretical studies previously made was not perfect, the 

turbine showed a better result during test for the re-ignition during operation with a lot of heat coming 

from the “sun”. 

After the initial test it was also found that heat-shields had to be designed and added to avoid 

overheating of the internal insulation. The interface system designed by Turbec does not give any large 

backpressures and the T100 could be run without any compensation for backpressure. 
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 Layout, design and manufacturing of receiver 

Layout of receiver 

Due to the high outlet temperatures of the planned receiver it was necessary to simulate in detail the 

expected tube temperatures. Therefore it was necessary to know the real flux distribution on the tubes. 

Thus a tool was developed to estimate the local heat flux distribution on a finite element model. Using 

this heat flux distribution together with other thermal boundaries like forced convection and radiation 

exchange gave the opportunity to design the tube receiver much closer to the reality then before. The 

aim of the development was to have an integrated design tool which allows the simulation of several tube 

receiver configurations to figure out the best design. 

Therefore a ray-tracing code so called FEMRAY (Finite Element Mesh Ray Tracing) was developed (see 

Fig. 13). The code uses the geometric data and the optical properties of each finite element of a 

predefined mesh to calculate the expected heat flux distribution using a simple ray-tracing algorithm. 

Direct absorption as well as grey diffuse solar radiation exchange is considered. 

On the inner side of the tubes forced convection had been considered. The heat transfer coefficient and 

the fluid temperature along the tubes were implemented using the macro language of the FE program. 

Therefore the transferred heat was summed up along the circumference of each ring using the area and 

temperature of the predefined elements. The fluid temperature, the temperature dependent fluid 

properties and the heat transfer coefficient of the next ring were calculated using the transferred heat of 

the previous ring of the tube. The temperature dependent material properties (solid and fluid) were 

updated while iteratively solving the problem. 

Radiation exchange of the tubes and the cavity, radiation exchange inside the tubes as well as radiation 

to ambient was considered using the radiosity method. Last but not least the resulting flux distribution on 

the aperture from the ray-tracing calculations of the heliostat field had been applied on the outer surface 

of the finite element mesh. 

The results of the heat flux and the tube temperature distribution for one exemplary receiver design are 

shown in Fig. 15. 

 

Fig. 13 – Model for ray tracing [12] 

 

Fig. 14 – Heat transfer model [12] 
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Fig. 15 – Heat flux distribution onto tubes (left) and tube temperature distribution (right) [12] 

With this tool several receiver designs had been investigated. 

Design of the receiver 

Based on the FEM simulations four pre-designs were made (see Fig. 16). Every design variation fulfilled 

the design aims. Basically the headers were designed considering hydraulic and installation space 

boundaries. Costs of these design sets were estimated and the best suited design selected. A drawing of 

the selected design is shown in Fig. 17. 

 

Fig. 16 – Results for several pre-designs [12] 
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Fig. 17 – Selected design for receiver and system [12] 

Manufacturing of the receiver 

After the design-freeze of the receiver system containing receiver, receiver frame and cavity the 

manufacturing of the receiver was started in February 2009. 

The air distributor was partly pre-fabricated by an external company and was not delivered as ordered as 

a curved tube but made of straight segments. Anyway it could be used without modifying other parts of 

the assembly. The inner insulation of the weld-on nozzles was mounted already at GEA side. Each 

absorber tube was equipped with a thermocouple at the outlet of the tube (Fig. 18). 

Connections for the later installation of measurement equipment like a weld-on tube for the Pitot tube 

and fittings for the differential pressure were integrated already into the receiver to avoid additional 

welding afterwards. After finishing the receiver was cleaned and pressure tested with water. 

Then the assembly was shipped to a specialized insulation company for doing the inner insulation. The 

whole receiver was assembled and mounted into the receiver frame. This frame was used both for a safe 

transportation and as mounting structure later on the tower. All parts that were used only for 

transportation were painted in yellow (Fig. 19). 

The receiver was shipped to the Plataforma Solar, Spain, for the final preparation (Fig. 20). Some 

additional small inner insulation parts and some outer insulation had to be mounted. Thermocouples 

were fixed on the surface of the absorber tubes, in each case five thermocouples in the inlet and outlet of 

the receiver and more than 20 on different parts like weld-on nozzles and collector to monitor the 

temperatures. As the last step before lifting the receiver the absorber tubes were painted black with 

Pyromarc to increase the absorption coefficient. In parallel to the receiver preparation (see finished 

receiver in Fig. 20) the cavity was preassembled on the ground. 

 

Fig. 18 – Thermocouples in absorber tube (left) and Front side of collector (right) [12] 

 

Fig. 19 – Receiver delivery to PSA (left) and Installation of thermocouples (right) [12] 
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Fig. 20 – Finished preparation of receiver (left) and Preparation of cavity on the ground (right) [12] 

The turbine had been shipped in spring 2009 and was lifted to the test platform after preparation of the 

platform. Then the receiver was lifted to the tower and the external housing mounted between receiver 

and turbine. The suspensions of the receiver were installed and the receiver with the external housing 

aligned to the desired inclination of 35°. After that the support structure was mounted. Contrary to the 

first planned mounting procedure the cavity was assembled not on the ground but on the tower. This was 

necessary due to a critical weight of the receiver frame and due to the high porosity of the insulation 

material of the cavity that required a careful handling. 20 more thermocouples were installed on the cool 

side and in between the two insulation layers. Air inlet and exhaust gas piping were connected and all 

measurement equipment installed. 

F) Cogeneration Unit System Test and Evaluation 

 Objectives 

o Preparation of test bed and installation of all components for solar-hybrid microturbine test 

o Test of the solar-hybrid microturbine system 

 

 Preparation of test bed 

The new solar-hybrid cogeneration system based on the commercial T100 microturbine had to be 

installed and tested at the CESA-1 tower facility at the Plataforma Solar de Almeria. 

Fig. 21 gives an overview over the new system showing the mayor components of the turbine/ receiver 

assembly that had to be built up in the test bed. 

 

Fig. 21 – System Overview [12] 

Planning phase 

Quite early in the project it was decided that for budget reasons the test bed for the new 100 kW system 

was not to be installed in the room in the tower in 70 m height as originally planned, but in the same 

room the tasks of WP 3 were executed, i.e. at the 60 m level. Thus subsystems like the moving bar, fast 
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shutter, fuel and water connections could be further used and other parts and pieces could be reutilized 

with some modifications, resulting economically beneficial. Interfaces between all the system 

components had to be defined and drawings of all components had to be elaborated. 

Test bed preparations 

At the test bed, the rails, motor drive and bottom support structure for the receiver and turbine could be 

reused as a base for the new support structure described below. Parts of the exhaust piping could be 

used with little modifications. Grid connection cables from tower base to the test bed and fuel piping from 

storage tank at the tower base to the test bed could be reused and just had to be extended inside the 

test room to reach the new points of connection. 

Mounting structure 

As mentioned above the movable cart from WP 3 was used as a base to mount all major components on 

it to be able to drive the whole assembly back and forth in the test room. The big benefit of a movable 

system is to be able to protect the system better from ambient conditions during assembly or periods 

without operation and most important to allow easy access from the front side. 

In order to withstand the total receiver weight of the approximately 2.5 tons the support legs for the 

receiver assembly were designed to be six pillars of structural steel. These legs were constructed 

vertically and welded to horizontal cross bars beneath them in order to connect them with the right-hand 

wagon beam. 

The design of the support structure for the turbine turned out to be more sophisticated due to the height 

the turbine had to be put up. In order to support the turbine well, two support legs made of structural 

steel were chosen. Special care was taken with the distribution of the turbine weight over both wagon 

beams. To achieve it both of the legs were diagonally attached to the other wagon beam. Horizontal 

cross bars were introduced and a platform under the turbine feet was constructed. To assure a good 

accessibility to the turbine a ladder was provided with an attached platform on top to allow maintenance 

works to take place. Since the turbine runs at nominal speed with 70000 rpm no significant impact on the 

support structure was expected due to resulting vibrations. However, to prevent the turbine from 

displacement side bars were attached to the turbine structure to avoid any possible movement resulting 

from start-up or failure situations. 

Connections 

The piping connections had to be designed to be easy to disconnect when the wagon was moved. Gas 

turbine efficiency highly depends on the air temperature used by the turbine. Therefore it was decided to 

install an air inlet duct and use air from outside the test room. The installation of the air inlet ducting was 

the most difficult to perform due to a piece of piping having to be removed for the turbine being able to 

move backwards. For this operation the air inlet piping was designed with a sleeve connection in order to 

free the turbine and make it movable. The air inlet pipe can be lifted up and down with a rope (see Fig. 

22). The exhaust gas piping was connected the same way like in WP3 with a sleeve coupling. Being 

supported by steel cables the piping can be attached to the turbine without transmitting any loads to the 

turbine flange. By detaching the sleeve coupling the turbine and receiver system can safely be driven 

backwards. 

The turbine package has a big ventilation fan attached that sucks a huge amount of ambient air through 

the housing to prevent overheating of the components inside the package and to supply fresh air for the 

gas turbine process. No ducting was needed for the outlet of this fan because it was pointing upwards 

directly towards the room ventilation system. 

In order to connect the turbine to the electric grid, care had to be taken with the turbine specification and 

the existing installation. Since the electrical power of this turbine is much less than the former turbine, no 

problems with the existing cables were expected. Since the electrical cabinet from the former installation 

had been dismantled, the cables coming from the turbine had to be connected to the cables running up 

the tower. Due to the cables being oversized for the new turbine, the maximum voltage drop threshold of 

5V was complied with. The existing circuit breaker for the grid connection has a nominal current rating of 
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up to 1000 A and breaks short circuit currents of 15 kA. These characteristics are suitable for the Turbec 

turbine specifications of a rated continuous output current of 173 A and a maximum allowed short circuit 

current from the grid of 35kA. 

 

Fig. 22 – Air Inlet and exhaust gas piping [12] 

The fuel installation from WP3 could be reused and just had to be extended to the new turbine location 

on the support structure. A combination of flexible hose and fix tubing was used. Electrical and 

mechanical shutoff valves and a metering device were introduced into the line. 

Front protection 

Although the front protection was mounted at the end of all installation works it is considered part of the 

test bed and will be explained in this part of the report. 

To protect the receiver housing, the tower structure and of course the test room a front protection had to 

be installed in front of them. Materials in consideration were refractory ceramics made of different 

mixtures out of AL2O3, SiO2 and CaO or consisting of different organic refractory materials. Due to the 

temperature gradient inside the ceramics only the front layer has to withstand temperatures of up to 1200 

ºC. The other layers of the front protection were chosen to be made of material with a classification 

temperature of 1000 ºC. In order to fix the ceramic boards to the wall made of sheet metal that was 

mounted on a support structure, special fixation systems had to be used. These systems had to be 

designed to withstand the high temperatures on the front side, heavy wind loads as expected at the test 

site in Almería and other weather influences. Various system concepts have been analysed and the best 

suited one was chosen. To have an additional benefit of the tests several material combinations and 

fixing methods were installed to be able to make a comparison after the test campaign as seen in Fig. 

23. 

 

Fig. 23 – Front Protection [12] 
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System Installation 

The key component which defined the system installation schedule was the delivery of the receiver 

which was delivered later than scheduled due to several design and production difficulties. The turbine 

was lifted into the test bed in June 2009 (see Fig. 24, left). The receiver and turbine support structure as 

well as in- and outlet piping were ordered, assembled and brought up to the test room. With the turbine 

support structure in place, the turbine could be lifted on top and all the external connections could be 

done. Having connected the turbine to the grid, first control system tests could be done in July 2009. 

The receiver was delivered and then lifted up to the test room at the beginning of September 2009 (see 

Fig. 24). During this time sensors were attached to the absorber tubes, the receiver was painted with 

high temperature paint (Pyromark 2500) and assembly of the receiver housing (cavity) started. 

 

Fig. 24 – Lifting and installation of turbine and receiver [12] 

After lifting the receiver into the test bed structural works could be done adapting the receiver structure in 

a way that turbine and receiver could be connected smoothly without risking any misalignment. This 

connection had to be done very carefully since the allowed forces on the turbine flange were very limited. 

(see Fig. 25). To be sure different load cases had to be simulated considering different system states 

(temperatures, pressure, solar, fossil). A concept for the receiver support and holding had to be found. 

To allow thermal expansion without introducing high forces or moments on the turbine interface the 

receiver was mounted hanging in the receiver support structure. After the installation of the big 

components the test room could be closed with the front protection. Inside the test room the cavity was 

build up and all systems were connected. 

 

Fig. 25 – Receiver fix point (left) and Receiver mounted (right) [12] 

Cavity 

The receiver housing (cavity) is an important functional element of the receiver system. Main purpose of 

the housing is the thermal insulation of the solar absorber. In the case of the SOLHYCO-Receiver it is 

also an optical element equalizing radiation load on the absorber tubes by re-radiating visible and 
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thermal radiation to the ‘back-side’ of the absorber tubes. The cavity was build-up of a cubic frame were 

the sides are closed with single ‘door elements’ made of wrapped insulation boards mounted on a sheet 

metal back structure. For fixing the insulation boards to the back structure the same fixing method was 

used as for the front protection ceramics. The back side of the cavity where the tubes are leaving needed 

a special solution as well as the front side where the concentrated solar radiation has to enter through an 

aperture. The components of the cavity were manufactured on PSA and assembled after the installation 

of the turbine and the receiver in the test room. 

At the front side of the cavity an aperture cone was installed to protect the distribution ring that distributes 

the air from the compressor/recuperator to the single absorber tubes from direct radiation. Each absorber 

tube has an own compensator that also had to be individually protected from radiation. On the back side 

of the cavity an isolated plate was installed inside the ring of absorber tubes to protect the collector plate 

where all the tubes are ending. This detail later caused big problems as explained in section 2.6.5 (Solar 

tests) 

Data Acquisition and Control 

The standard turbine comes with a complete control system that allows safe operation of the system. It is 

able to receive basic commands from different sources like switching on/off or setting the desired power 

using a Web-Interface. For the operation of the solar receiver with the gas turbine a special interface was 

defined for communication between the data acquisition and control of the complete system and the 

turbine control. The solar version of the turbine control defines different operation modes (fossil, hybrid or 

solar only) and allows switching between these modes following external commands. For the 

communication a standard bus communication protocol was used (Modbus) that had to be implemented 

by the turbine control system and the DAS computer. In Fig. 26 a screenshot of the graphical user 

interface (GUI) to the turbine control is shown. Programs for the control and DAS computer were 

implemented using the Labview programming environment (see Fig. 26). 

 

Fig. 26 – Turbine control GUI (left) and Screen shot system overview (right) [12] 

The data acquisition system consisted of about twenty modules for AD conversion with a resolution of 16 

bits. Since a high acquisition rate was not necessary relatively low cost modules could be selected to 

build up the system. All modules were connected to a RS-485 network and distributed over two electric 

cabinets. More than 200 signals (including the turbine values) were monitored and recorded by the 

system. Fig. 26 shows a system overview screen that is usually shown on one of the two monitors in the 

control room where the most important values can be seen. The DAS program later has separate 

screens (tabs) with a detailed view of the sensors of most sub-systems. 

Most sensors were temperature sensors for the supervision of a safe system operation. Special attention 

was paid to a good measurement of the air mass flow through the solar receiver which caused problems 

in many other projects. The Pitot sensor (Itabar) was installed in the long straight tube going to the air 

distribution ring at the receiver front side. Having such a long straight tube there should be no 

disturbance in the flow and a perfect profile should be developed until the measurement point. This 
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measurement location therefore should allow high precision measurements with an error below 1%. A 

precise temperature and pressure sensor is located close to the Pitot tube for the necessary calculation 

of the air density. 

The solar flux density measurement at the SOLHYCO test plant is performed with a measurement 

system named PROHERMES (programmable heliostat and receiver measurement system) which was 

developed at PSA. In this concept a diffuse reflecting white surface (Lambertian target) is put into the 

beam path in form of a moving bar mounted in front of the receiver module. It performs a circular (90°) 

movement downwards and then back to the upright position. The directed solar radiation from the 

heliostat field hit the target surface where the radiation is diffusely reflected. A remote controlled CCD-

camera located in the heliostat field records a series of images of the moving bar with a frequency of 

about three pictures per second. There are four black markers mounted behind the white plates in order 

to facilitate the recognition of the moving bar position in the images by the evaluation software. 

The sequence of images can then be composed to a result image covering the whole aperture area. 

The picture evaluation was done up to now in a custom-made macro in the image processing software 

OPTIMAS that is not supported anymore. Therefore for the SOLHYCO project a new evaluation tool with 

a graphical user interface (GUI) was created in the Matlab environment. 

 

Fig. 27 – Result picture and calibrated flux map out of a sequence of single moving bar images [12] 

The result image consists of a light intensity distribution over the measured area that is linearly 

proportional to the flux density. From the measurement of a reference spot with a radiometer, it is 

possible to assign physical flux densities to the corresponding intensity (grey) values of the images. This 

results in a quantitative flux density distribution over the whole measurement area. With this information 

the input power in the moving bar plane can be calculated. The flux image, all measurement parameters 

and the results from the image evaluation are then exported to a standardized Excel evaluation sheet. 

An infrared camera was provided for measuring temperatures on the absorber tubes. Two openings in 

the receiver housing were installed to be able to view and grab images of the tubes. After some tests 

with the system it was found out that there is not much benefit compared to the measurements with the 

temperature sensors and just for supervision of the IR system was not very practical. 

Ambient condition like solar radiation, temperature, wind, etc. were measured with sensors of the CESA-

1 facility and included in the SOLHYCO DAS using OPC communication. Since the sensors were not 

calibrated the data later was post processed and ambient data was included from a DLR high precision 

station located on PSA 

 

 Test Plan 

A test plan was elaborated defining the test phases during the project progress. The operation period 

was divided in fossil start-up, fossil operation, solar start-up and solar-hybrid operation phase. In the test 

plan the goals for the phases were defined and procedures were elaborated for the safe operation of the 

system. Additionally, check lists were defined that should later be followed and refined during the 

operation phases. 
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 Turbine commissioning/fossil start up 

First turbine starts showed unsatisfactory combustion behaviour, noticeable by high amount of smoke 

coming out of the escape pipe during light-up. After the first tests the maximum power reached during 

operation decreased and turbines surges occurred while changing control parameter or during shut down 

procedure. 

For troubleshooting an analyser for the exhaust gases was installed. After ignition problems the delivered 

cooled igniter was found to be broken and had to be replaced by a standard one. After cleaning the fuel 

injection nozzles and considerable changes in the control software a first run with 90 kWel was achieved. 

NOx values several times higher than normally were detected that indicated too high combustion 

temperatures. Therefore the combustion chamber was dismounted. A high amount of unburned 

carbonized diesel was found. The flame tube showed a small damage caused by overheating (see Fig. 

28). 

 

Fig. 28 – Damaged flame tube (left) and Unburned diesel (right) [12] 

Through the open combustion chamber it was possible to check the positioning of the extension flame 

tube. As the mounting procedure of this tube was quite difficult there were doubts that it was centred 

well. And in fact it was one of the problems that could be solved by accessing through the combustion 

chamber and moving it slightly to get it into the right position. 

Measurements showed low absolute system pressure and low mass flow through the receiver compared 

to the expected values by Turbec. Turbec analysed the data and came to the following approaches that 

might be the problem: 

o Strange air distribution due to air leakage somewhere in the system 

o Wrong delta-T over the combustion chamber 

To be able to go on with the troubleshooting additional measurement equipment was necessary 

(pressure sensor for the pilot/main air of the combustion chamber, pressure sensor for the fuel, 

endoscope) and a new flame tube had to be ordered. The new sensors were installed and the 

connections to the combustion chamber were checked. During one start attempt it was not possible to 

reach electrical generation and a lot of flame out occurred during ramp up (from 28 to 75 %). The 

combustion chamber was dismantled again but nothing strange could be noticed. After reassembling the 

system electrical generation could be reached. After the test another time Diesel was observed in the 

pilot injection air pipe. The measured fuel and injection air pressure seemed to be reliable. It was 

observed again that air mass flow and pressure of the receiver were quite low and the fuel consumption 

seemed to be too high. 

The detailed analysis of the data after the tests showed a very high temperature drop over the receiver. 

At that time not all insulation parts of the cavity were installed yet so that even after heating up the 

system a drop of about 260 K (from 620 °C receiver inlet to 360 °C outlet temperature) was reached. 

This led to increased fuel consumption as the T100 control system needed to compensate the low 

combustion inlet temperature to be able to keep the temperature set point of the turbine outlet 

temperature (TOT). In one of the test runs the load on the combustion chamber reached 460 kW while 



 31 

PROJETO APOIO AOS DIÁLOGOS SETORIAIS UNIÃO EUROPEIA - BRASIL  

350 kW is the limit to be able to keep the emissions in an acceptable value and 400 kW is the design 

limit. 

To reduce the temperature drop over the receiver the missing insulation parts were installed in the 

following weeks. But since during start up and heating up of the system there is no possibility to avoid 

the low combustion chamber inlet temperatures the control system had to be modified. A maximum 

allowed temperature difference between the combustion inlet temperature and the TOT was 

implemented. Since the combustion air temperature is not measured by the turbine control system the 

average temperature of the absorber tubes outlet was sent via Modbus to the turbine control. 

Several turbine tests with remote control from Turbec/Sweden were done, observing unstable control 

and surges during operation and during normal shut down. These problems could not be solved before a 

one month break in December 2009 that had been scheduled to refurbish the low voltage distribution 

system of the CESA-1 tower. A new flame tube was installed. The low air flow through the receiver could 

be indicating an air by-pass through the external housing; therefore the springs and the correct position 

of the extension flame tube were checked again. To resolve the doubts about the absolute pressure 

measurement the sensor was replaced by a new one. To decrease heat losses over the receiver the 

aperture of the receiver was closed with insulating material. The assembly of the combustion chamber 

was checked again and everything was cleaned. With an endoscope a slight damage could be detected 

on a blade of the stator of the turbine. This might had been caused by the overheating of the combustion 

chamber or by small particles or a loose piece in the receiver loop and was identified as the main reason 

for the compressor surges. Since there is possible work-around it was decided not to proceed with a very 

costly repair at this moment. 

During the further commissioning focus was given to adapt the control systems behaviour to the 

damaged turbine nozzles. After solving the problem with the combustion chamber overload the target 

was now to avoid the surge phenomena during normal operation through the decrease of ramp change 

rates of reference values. Furthermore some extra protection was added to detect flame-out during 

running with the combination of solar and fuel power. Within several days of tests and software 

modifications the turbine could be commissioned successfully. 

 

Fig. 29 – Damaged turbine nozzle (left) and External housing (right) [12] 

Another possibility to avoid surges was to reduce the pressure after the compressor and increase mass 

flow by using a bleed valve. Several tests were made with different operation parameters and using the 

existing piping to the external housing for bleeding (see Fig. 29). The bled mass flow seemed to be too 

low and surges occurred even with the valve totally open. Finally the plan was to install a new bleed 

valve in a piping at the compressor outlet in the turbine package. But as during first tests another solution 

could be found (see next chapter), no more modifications were made. The initial concern that a damaged 

stator will limit the maximum reachable turbine power was disproved when on March 31st, 2010 the 

turbine reached 99 kW. 

Fossil only test 

After first experiences with the turbine and receiver control several procedures were implemented to 

improve the operation. To shorten the long start-up time of the turbine system caused by the high 

thermal inertia of the receiver, the receiver was preheated every test day with few heliostats. 
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It was found that compressor surges during operation could be avoided adapting the operation strategy 

to run with high turbine speed (> approx. 93 %). The limitations through the reachable work points of the 

systems were at this time expected to be rather low but as it will be seen on the next pages, this 

assumption was not completely correct. 

The design point for the solar receiver was selected at maximum turbine power (100 kW) with a TOT of 

645 °C. According to data delivered by Turbec the recuperator outlet temperature (≈ receiver inlet 

temperature) should then be about 600 °C, air mass flow 0.77 kg/s and absolute system pressure 4.3 

bars. However during the tests 600 °C receiver inlet temperature were already reached with a TOT of 

about 610 °C. During the first tests this inconsistency was not noticed. 

Since the material of the receiver inlet tube is only a high temperature steel with approval up to 600 °C 

and not a nickel alloy like the absorber tubes, this temperature should not be exceeded. Therefore TOT 

reference had to be limited to 610 °C which reduces the reachable power output. One explanation for 

this could be that compressed air was bypassing the recuperator or the receiver. 

At the end of April 2010 several light-up problems appeared. Finally a new box with a cooled igniter was 

installed. After three test days with receiver outlet temperatures of up to 750 °C the light-up problems 

appeared again. The igniter was checked and incorrect sparkling observed. The inner insulation was 

probably broken again. Therefore, the “old” un-cooled igniter with the “new” igniter box was installed. All 

remaining tests were run successfully without any further light-up problems with the un-cooled igniter 

with receiver outlet temperatures of up to 805 °C and more than 100 hours of solar operation. 

Solar Start-up 

The first solar test was done focusing some few heliostats on the receiver without operating the turbine 

(Fig. 30). The heliostat aim point was checked. Organic binder of the alumina of the front protection was 

burned out slowly, receiver and cavity heated up for a first time and all connections and ducts of receiver 

and cavity checked for light tightness. During the following tests the turbine was always operated and the 

number of heliostats increased step by step. The heliostat field operator was instructed in the planed 

tests. 

 

Fig. 30 – First solar operation [12] 

On the fifth test day on March 26th 2010 650 °C receiver outlet temperature was reached and 700 °C on 

the following test day. Consecutive temperature increase was done slowly to avoid overheating of 

components and to gain more operation experience. 

In the design heliostat field layout 29 heliostats were foreseen to reach maximum receiver power at 800 

°C receiver outlet temperature at 825 W/m² of direct insolation. The first tests showed that a much higher 

number of heliostats were necessary to reach the desired temperatures. The maximum number of 

heliostats focused on the receiver during the tests without window was 59 (see Fig. 31) with 

approximately 780 °C receiver outlet temperature at more than 900 W/m² DNI. After installing the quartz 

window this number was reduced significantly to a maximum of 39 at similar DNI conditions and with a 
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reached temperature of 805 °C. From the complete CESA-1 heliostat field a total number of 60 heliostats 

were selected for use during the solar tests. 

One reason for the high number of necessary heliostats was that all odd-numbered rows of the heliostat 

field were out of service during the whole test period due to a scheduled replacement of the gear boxes 

and the installation of new control circuits. This constrained the selection of the heliostats and therefore 

the ideally distribution of them. Also a time extensive cleaning of the heliostats and problems with the 

tracking led to the high number of heliostats. 

After gaining some experience fixed heliostat groups were defined to allow an easier operation and a 

faster start up. Each group – in total 11 - consisted of four heliostats and was arranged in a way that a 

homogenous distribution of the receiver temperature was achieved. After focusing all groups single 

heliostats were added to optimize the desired test conditions. 

 

Fig. 31 – CESA-1 heliostat field with heliostat used for SOLHYCO [12] 

 

 Solar tests 

Solar tests were carried out each time the weather was good enough (wind forecast < 50 km/h, few 

clouds) and no technical problems had to be solved first. Main objective was to reach a receiver outlet 

temperature of 800 °C at maximum air mass flow. 

One observation during the tests was the high sensitivity of the surface temperature of the absorber 

tubes from the distribution of the focused heliostats. One single heliostat, especially from the second and 

forth row, could cause temperature peaks on the absorber tubes. On the other hand this behaviour 

permitted to select a specific heliostat to increase the temperature in a specific region of the receiver. As 

the heliostats of the nearest rows have a significant smaller focus the temperature on the upper part of 

the receiver, where these heliostats are focused on, were quite high. With few heliostats the needed 

input power for this receiver part could be achieved. The lower part of the receiver, where heliostats from 

the row eight and ten were focused on, had much lower absorber surface temperatures. Heliostats from 

these rows have a very big focus compared to the small aperture of 900 mm and therefore high spillage 

losses. Even when focusing all centre heliostats from these rows the absorber temperature reached was 

much lower than on the upper part of the receiver. 

Due to the insufficient input power from the back part of the heliostat field and due to a very high 

sensitivity against wind the temperature distribution of the receiver was not as equal as desired. This was 

one of the reasons why the limit of the surface temperature of some upper absorber tubes was reached 

before the average maximum receiver outlet temperature of 800 °C could be achieved. 
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During the test phase without the quartz window the highest average outlet temperature was 798 °C for a 

short time before the surface temperature of one absorber tube exceeded the limit of 910 °C and 

heliostats had to be removed. During the further progress of the work package the limit for the absorber 

surface temperature was slightly increased to be able to reach higher temperatures. Every time the limit 

was increased the effect on the receiver had to be checked carefully after the test. But even with higher 

limits steady state conditions could only be reached for receiver outlet temperatures around 780 °C. 

The temperature distribution could be equalized significantly after installation of the quartz window. With 

reduced convection losses steady state operation at 800 °C receiver outlet temperature was easy to 

achieve. No major problems with the receiver could be observed during operation. 

In total the turbine was operated more than 165 hours with more than 100 hours of solar operation 

including 30 hours of operation with the quartz window. However, as described above design conditions 

could not be reached totally due to the limited receiver inlet temperature and the lower than predicted 

mass flow. The cavity has been identified as the most critical component in the setup. Already during the 

first solar tests temperatures higher than expected were measured on the collector plate of the receiver. 

This plate is located just behind the back wall of the cavity where all absorber tubes are ducted through 

the cavity wall and merged together into the collector. Both collector and cavity are insulated on the hot, 

inner side. The maximum temperature for the collector was estimated to be 200 °C but finally values up 

to 340 °C had to be permitted to allow operation. All other temperature sensors on the backside of the 

collector showed values as low as expected. 

Four causes for exceeding temperatures and heat losses were found: 

o On one hand the weld-on nozzles of the absorber tubes heated up the air and on the other hand 

prevented that air could pass easily over the collector plate surface to cool it down. 

o The insulation material used where the absorber tubes were ducted through the cavity turned out to 

be partly light-conductive. So direct solar irradiation passed the insulation and heated up the 

collector. 

o The insulation material used for the cavity showed higher heat shrinkage than expected. Hot air 

passed through the gaps between the insulation boards, heated up the test room and the collector. 

o The support structure for the insulation plates made of folded metal panels was not manufactured 

within the specified limits. Therefore several gaps had to be filled with small metal plates and bars 

but were not stiff enough and deformed specially on the top of the cavity once they were heated up. 

Solar irradiation on the collector could be blocked by installing thin Inconel sheets inside the cavity where 

the absorber tubes passed through the cavity wall. The temperatures could be reduced substantially by 

installing several small fans close to the weld-on nozzles. Anyway, the temperatures remained quite high 

and in some cases solar operation had to be interrupted for approx. one hour when temperatures higher 

than 340 °C were reached. When dismantling the system an inspection with an endoscope should be 

done to check the status of the inner insulation of the collector. 

The flange between external housing and receiver inlet also in some cases exceeded the limit of 200 °C. 

One cause might have been the missing inlayer of the inner insulation that could not be installed due to a 

change of the mounting procedure. As the gaskets of the flanges are designed for 600 °C just a small fan 

was installed for additional cooling. 

The bending of the absorber tubes that was observed caused by the high temperature and gravity was 

no problem during this test phase but should be investigated further to avoid long term problems. 

The PT100 of the Pitot tube used for the calculation of the receiver air mass flow got broken during the 

test phase and had to be replaced. 

At the end of the project, an area of about 100 mm x 100 mm with annealing colour was detected on the 

eastern part of the compensator on the receiver outlet. When dismantling the system or the external 

housing the inner isolation of this part should be checked with an endoscope. 
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Other observation made on the receiver was a movement of the receiver front side to the east while 

heating up and therefore expanding. At increasing temperatures the head of the shackle of the receiver 

suspension touched the frame and had to be removed. 

 

Fig. 32 – Radiation coming through back side of cavity (left) and Gaps in cavity wall after approx. 45 hours of operation (right) 
[12] 

 

Fig. 33 – Top of cavity with overheated metal sheet (left) and Additionally installed cooling fans (right) [12] 

 

Fig. 34 – First Inconel sheets on back side of cavity installed (left) and All sheets installed (right) [12] 

 

 Quick diagnostics 

In parallel to the detailed data processing, a data processing campaign was carried on with the aim to: 

o Check for fails in the sensors and outliers cleaning 

o Re-sample of the time series from the original one-second sampling to 10 seconds data series. 

o Complete the re-sampled data sets with a reliable measurement of the meteorological magnitudes 

(direct normal irradiation, etc.) taken from another Data Acquisition System with the same sampling 

interval and synchronising both data sets for all the test days 

o Reduction by principal components analysis (PCA3) of the time series measuring a "same" 

magnitude (for instance the outlet air temperature from receiver, measured with several sensors in 

different positions of a section in the outlet pipe, to a single time series) 

o Carry out energy balances and main diagnostics in the system. All this processing was carried out 

by developing scripts under Matlab 7.0. 
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Fig. 35 – Annealing colour on compensator of receiver outlet [12] 

 

Fig. 36 – Shackle of receiver suspension touching the frame structure [12] 

Approach: 

As during commissioning and start up not all sensors were already installed and the flux measurement 

system did still not run properly only the last 31 daily files from the 64 test days were evaluated more in 

detail. The continuous recordings of the (about 200 channels) for this daily files were received from the 

DAS system. Data processing of each daily test data sheet was carried out to produce a “quick 

diagnostic” document containing a summary of plots and tables aimed for such a “quick diagnostic (qD)” 

of the test day (see Fig. 37). The plots and tables included in each qD report are: 

o A summary table of the main (or maximum) test conditions 

o Information on the heliostats used during the test 

o Plots on the receiver gained power and the produced electric power 
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o Plots on meteorological conditions 

o Plots on concentrated solar flux measurements 

o Plots on the temperatures evolution in the inlet and outlet air across the system 

o Plots on the temperatures evolution in the receiver tubes 

o Plots on absolute pressure and pressure drop across the receiver 

o Temperature evolution in the set of sensor located in the tubes surface of the receiver 

o The turbine efficiency 

 

Fig. 37 – Quick diagnostic document: overview of power and temperatures in test phase [12] 
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 Evaluation 

During the test phase of the project a total of 207 concentrated solar flux measurements were carried out 

on 17 different test days. The peak flux of the concentrated solar radiation on the receiver aperture 

ranges from 145.5 kW/m² to 672.4 kW/m². The mean flux over the receiver aperture ranges from 124.1 

kW/m² to 504.3 kW/m² with a mean value of 328.2 kW/m². 

 

Fig. 38 – Cross section of aperture [12] 

As the moving bar, the receiver aperture and the flux sensor are not located in the same plane (see Fig. 

38) the incoming solar radiation cannot be directly calculated from the measured flux map. Compared to 

a configuration where the moving bar is directly in front of the aperture as well as the flux sensor 

additional errors are introduced. Ray tracing calculations using deflectometry data of all heliostats and 

the geometry of the radiation shield have been used to determine the solar receiver input power and the 

error of this evaluation. A diffuse reflectivity of 95 % of the white ceramic radiation shield material 

(conical aperture) is assumed for the ray-tracing calculations. The concentrated sun light hitting this 

shield is diffusely re-radiated and contributes to the input power of the receiver. The high tracking error of 

the heliostat field had to be modelled in the ray-tracing process which further contributed to the errors of 

the evaluation method. 

The receiver input power is determined according to the following steps: 

o Determination of the average aim point: In the ray-tracing process all heliostats are set on the same 

aim point and this aim point is changed until the calculated flux map in the moving bar plane shows 

the same centre as the measured flux map. It is assumed that the aim point is in a plane orthogonal 

to the north direction in the receiver aperture middle. 

o Tracking error: A statistical tracking error with a Gaussian distribution is imposed on the aim points 

of the heliostats and the standard deviation is changed until the best conformity with the measured 

distribution is achieved. 

o Moving bar evaluation diameter: The diameter in the moving bar plane from where solar radiation 

enters the aperture in the radiation shield is determined using ray-tracing runs with the statistical 

deviation from the second step. 

o Ray-tracing runs: A sufficient number of ray-tracing runs with different sets of statistically distributed 

aim points is performed and the power into the receiver, into the flux sensor, into a projection of the 
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flux sensor onto the moving bar plane and into the diameter on the moving bar plane from step 3 are 

calculated. 

o Intensity calibration factor: The ratio of the flux sensor flux and the flux at the projection onto the 

moving bar plane and the standard deviation of the ratio are determined from the calculations in 4. 

o Evaluation of the measured flux map: the measured flux map is calibrated with the intensity 

calibration factor ratio and the power through the moving bar plane diameter is calculated. 

o Receiver input power: All ray-tracing runs from step 4 are calibrated to have the same power into the 

moving bar evaluation diameter and then the mean power into the receiver aperture and its standard 

deviation are calculated. 

For both set ups with and without quartz window in front of the aperture steady state operation points 

were evaluated at different part loads of the thermal power of the receiver. 

Measurements at receiver outlet temperatures of 650, 700 and 750 °C and two points at maximum 

achieved temperatures were chosen. The turbine power was always constant at 70 kWel like the turbine 

outlet temperature (610 °C set point) and therefore the receiver inlet temperature (approx. 600 °C). 

Table 1 gives an overview of the receiver efficiency and the steady state conditions. Measured receiver 

efficiencies of 39.7 % for the open receiver at 782 °C outlet temperature and 43 % at 803 °C outlet 

temperature for the configuration with the window are much lower than the expected values due to 

design flaws in the cavity insulation and a too low mass flow from the turbine. This is also the reason why 

solar to electric efficiency is far below the expected value. 

System simulations for the SOLHYCO setup presented by Uhlig4 showed efficiencies of 67.7 % for the 

open aperture configuration and 80.8 % for the quartz window configuration under full load conditions. 

The measured efficiencies of 39.7 % and 43 % are significantly below these values. Although the losses 

in the collector and the cavity wall were not considered in the publication above, the discrepancy is very 

high. 

Two reasons for this were found: 

o The heat loss through the cavity walls was much too high. According to the simulations and design 

conditions the whole cavity should lose about 10 kW assuming an average wall temperature of 780 

°C. During the fossil only tests the cavity loss was determined to be more than 70 kW when the 

aperture was closed with insulation and the turbine was operated only with a receiver inlet 

temperature of 550 °C. At higher operation temperatures under solar conditions this loss must be 

significantly higher. 

Design flaws concerning the cavity were identified as: 

 Use of insulation material without previous heat treatment and 

 Weak external mounting structure. 

When the cavity was heated up for the first time after the construction the insulation material started 

to shrink and as the temperatures at the front side was higher than on the back, a stronger 

shrinkage at the front bent the insulation sheets inwards, thus opening gaps. The weak mounting 

structure allowed the gaps to open up even more. The perforated sheet metal (used to save weight) 

could not block convection through the gaps also contributing to the high losses. 

o The second reason for the poor system performance was identified in the fact that the turbine didn’t 

deliver the expected mass flow of about 0.77 kg/s minus the small burner mass flow, but only about 

75 % of this value. The back pressure from the damaged turbine nozzles is one possible reason but 

also an internal leakage in the turbine or the external housing is suspected as reason. 
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Table 1 - Overview of detailed evaluated data 

 

 

 Outlook 

Considering the test behaviour the developed solar hybrid cogeneration system can be seen as an 

important step forward to a commercial system. Certainly, not all objectives could be reached because 

the problems described above could not be solved in the project due to time and budget limitations. But 

this is not seen as an obstacle for the technology as they can be solved easily in the future. The 

consortium will try to get new funds to correct the identified problems and to demonstrate the full 

capabilities of the system. 

G) Commercial System Layout and Cost Analysis 

For cogeneration systems a preferred system configuration was chosen and a cost analysis for small 

series with 10 and 100 units was done. The dependency of the cost for electricity generation on the fuel 

cost, especially, if a high capacity factor is desired, and the influence of the plant location was analysed, 

since also the radiation level is influencing the economic situation. The data necessary to evaluate the 

plant performance, cost and annual yield was elaborated and implemented in a simulation programme. It 

should be noticed that all uncertain cost estimations (i.e. cost reduction of the window, inner insulation, 

etc.) are chosen very conservative. 

 Solar hybrid without cogeneration 

The results for the investment cost without cogeneration are shown in Fig. 39. It can be seen that the 

total investment cost for a small series production of 100 units per year is 344,000 € per unit. The largest 

cost share is the receiver cost with approx. 90 k€. Since it is a system without cogeneration, no heat 

exchanger cost is considered. 

 

Fig. 39 – Investment costs of the system components without cogeneration 
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The annual cost for the solar-hybrid systems is composed mainly of investment, operating and 

maintenance costs. All following calculations are based on the numbers of the diagram “small series 

100”. With an interest rate of 6 % and a period of amortization of 20 years, the investment costs amount 

to 32,167 €/year. Operation and maintenance is assumed with a fixed rate of 31,000 €/year for personal 

and consumables, plus the cost for the fuel that depends on operating conditions. To evaluate the 

economic performance, the cost are analysed for the site of Spain (PSA) and Algeria. The utilized site 

data are given in Table 2. 

Table 2 - Site data for Spain (PSA) and Algeria 

 

Fig. 40 shows the LEC of the standard receiver layout for Spain and Algeria. 

 

Fig. 40 – Levelized electricity costs of the system without cogeneration 

The system is not making use of the thermal excess heat of 182 kW since no cogeneration is assumed. 

Fig. 41 shows the cost for the unused heat power depending on full load hours. Thereby it is assumed 

that 182 kW has to be supplied by other technologies with an efficiency of 90% and a gas tariff of 2.06 

€cent/kWh for Spain and 0.15 €cent/kWh for Algeria. 

 

Fig. 41 – Cost of unused heat power (standard layout) 

 

 Solar hybrid with cogeneration 

In order to evaluate the economic performance of the solar hybrid system with cogeneration the 

additional investment cost for the heat exchanger for cogeneration is considered with an amount of 80 k€ 

(Fig. 42). For the following calculations an electrical refrigerating machine with a COP of 3 and an 

electricity tariff of 9.09 €cent/kWh (Spain) is assumed as the reference system. 
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Fig. 42 – Investment costs of the system components with cogeneration 

The following Fig. 43 shows the LEC of the solar hybrid system with cogeneration for Spain and Algeria. 

 

Fig. 43 – Levelized electricity cost with cogeneration (Spain and Algeria) 

 Comparison of solar hybrid systems without and with cogeneration 

The following Fig. 44 illustrates the levelized electricity cost for systems with and without cogeneration. 

 

Fig. 44 – LEC with and without cogeneration (Spain and Algeria) 

It can be concluded, that the cost for electricity generation is highly depending on the fuel cost, 

especially, if a high capacity factor is desired. Another factor, but less important is the solar radiation 

level which may lead to variations of around 10 % in the generation cost between a reasonable and a 

good solar site. 

The cost for electricity generation for a good solar site in Algeria is 0.16 €/kWh in a mid-load operating 

scheme at 4000 hours. For higher capacity factors the plant would be able to generate electricity at a 

cost of 0.09 €/kWh, but the solar share would then be only 15 %. For low capacity factors and high solar 

shares the generation cost are naturally higher (0.32 €/kWh at 64 % solar share). 

 

 Large systems 

For power levels >20 MW the preferred configuration was selected and evaluated. Cost data and the 

financing scheme were selected and system simulations run. The results of the study show that solar-

hybrid power can be generated at attractive cost, compared to other renewable energy solutions. 

However, the original goal of solar-hybrid LEC of 5 €Cent/kWh cannot be met with the current cost 

predictions. For a plant operated at base load conditions (8000 h/a) the LEC was calculated to be 7.8 

€Cent/kWh. Nevertheless, this plant is very close to be economically viable in the Algeria market. 
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H) Technological and Market Assessment for Brazil 

 Objectives 

o Introduce a reliable renewable cogeneration system that reduces CO2 emissions through 

decentralized power generation systems by 40 % (short term) and up to 100 % (long term) using 

solar energy and biomass 

o Enhance both financial stability and market sustainability of medium or small-sized agroindustry for 

which the proposed SHM system should be suited for power and heat generation 

o Identify appropriate market niches for first commercialisation of the solar hybrid cogeneration unit 

and also future market potential for solar hybrid microturbines (≤ 100 kW) to Brazilian agro-

industries 

o Improve public awareness about the technology 

 

 Introduction 

Brazil has the political goal to increase the use of renewable energy and improve energy efficiency to 

reduce CO2 emissions. Brazil has in several regions high solar irradiation levels which can efficiently be 

used in solar plants. In addition, the Brazil agro-industry is searching for environmentally friendly 

methods of energy production, including the efficient use of residues of its production processes (e.g. 

sugar production). There is a variety of small agroindustrial consumers that require reliable supply of 

power and heat in this industrial sector. 

For example the fact that Brazil has a rapid growth in milk production, emerging today as world’s sixth 

largest milk producer and growing at a 4 % annual rate. Brazil produces 66 % of the total milk produced 

in the South American Common Market. The future implementation of the proposed system technology 

on a larger scale will assist in providing renewable energy supply and increase the energy efficiency. On 

the other hand the solar-hybrid cogeneration systems can be built with a significant share of local 

products and work because the regions with high solar radiation coincide with low economic 

development status; development of the plants can be an important factor to improve economic and 

social conditions. 

Programs focus on reducing greenhouse gas (GHG) emissions and on long-term sustainable 

development are appreciated in the governmental and private sector. On the other hand initiatives to 

support the increase of energy efficiency and to improved electricity access in rural areas are important 

programs of federal government. For that reason, actions like cogeneration from sugar-cane bagasse, 

wind energy and small-size hydroelectric power plants have been encouraged in Brazil. Yet, such 

actions are not able to reach medium or small-sized agro industries and fulfil their energy requirements 

to heat or electricity. 

In this way a new technology for solar-hybrid microturbines developed in the SOLHYCO, using solar 

assisted co-generation of power and heat, like co-firing with biofuel is welcome in the Brazil energy 

matrix; the system ensures full power availability (power on demand) and represents a good opportunity 

to introduce a solar concentrated concept in the Brazilian market. 

To introduce the SOLHYCO in Brazil the study is divided in three parts: The biofuel potential, solar 

radiation potential at selected areas for case studies and the study of technical issues for future pilot 

plants. 

 

 Biofuel Study 

Biodiesel may become a prospective energy alternative because it is yielded from renewable biomass 

sources. Considered as an “ecologically correct” fuel, it significantly reduces emission of pollutants such 
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as carbon monoxide, carbon dioxide and unburned hydrocarbons. In addition, it is almost free from 

sulphur and aromatic carcinogenic substances. 

Benefiting from a large territory as well as from proper climate and soil, Brazil is a country presenting 

favourable conditions for biomass exploitation as food, chemical and pharmaceutical purposes and 

energy generation. In view of that, besides representing a strategic option to decrease the dependence 

upon oil products (with desirable and welcome advantages to the environment), biofuel use in Brazil 

corresponds to a new market for several oleaginous crops. It is certainly a valuable product for 

exportation as well. Given a diversity of raw material in the country different plants specialized in the 

production are distributed by all regions. 

Biofuel is a biodegradable fuel derived from renewable sources. Chemically speaking, it can be obtained 

through different processes like cracking, esterification or transesterification. There are dozens of 

vegetables oleaginous species in Brazil from which it is possible to produce Biodiesel, including (but not 

restricted to) “mamona”, “dendê” (palm tree), sunflower, “babaçu”, peanut, tame nut and soy. The 

Brazilian diversity of raw material to Biodiesel production is an advantage for possible regional 

development and especially to the northeast where the production of this biofuel is incentivized with 

agricultural familiar program (see Fig. 45). 

 

Fig. 45 – Brazilian distribution of Biodiesel plants 

The regions with the best solar radiation are northeast and centre-west of the country. They are also 

Biodiesel producers. The possibilities to integrate the solar-hybrid concentrated technology with the 

agroindustrial chain for the biodiesel crops is a good market opportunity for the SOLHYCO technology. 

 

 Solar Radiation potential 

The mission in Brazil is to evaluate potential places for solar plants. To analyse the potential data 

collected from the project SONDA (National Organization System for Environment Data), SWERA 

Project (Solar and Wind Energy Resource Assessment) and from Astronomy, Geophysics and 

Atmospheric Science Institute of USP (IAG) of three different regions in the country were used. 

The System of National Organization of Environmental Data (SONDA) is a project of the Brazilian 

National Institute for Space Research (INPE) aiming at implementing physical infrastructure and human 

resources so as to raise and improve Brazil’s solar and wind power resources database and through the 

Division of Climate and Environment (DMA), the Centre for Weather Forecasting and Climate Studies 

(CPTEC / INPE) is responsible for coordinating project activities in Brazil and in Latin America. 
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The SWERA project was initially managed by the United Nations Environment Program (UNEP), more 

specifically, by its Division of Technology, Industry and Economics (DTIE), in collaboration with more 

than 25 partners around the world. Due to the success of the project within 13 pilot countries in 2006 

SWERA expanded itself into a full program. Its mission is to provide high quality information suitably 

formatted on renewable energy resources for countries and regions around the world, along with the 

tools needed to apply these data in convenient way so as to facilitate renewable energy policies and 

investments. 

In the following the results of the SONDA stations as well as the geographic details for each of the 3 

studied regions are presented (see Fig. 46). 

 

Fig. 46 – Location of SONDA stations  

Details of each station are provided as follows: 

o Brasília station: 

 Identification: BRB – 10 

 Location: latitude 15° 36’ 03’’ S; longitude 47° 42' 47" O; altitude 1023 m 

 Time Zone: GMT-3 

 Data since: March 2006 

o Petrolina station: 

 Identification: PTR-11 

 Location: latitude 09° 04' 08" S; longitude 40° 19' 11" O; altitude 387 m 

 Time Zone: GMT-3 

 Data since: July 2004 

o Natal station: 

 Identification: NAT-17 

 Location: latitude 05° 50' 10" S; longitude 35° 12' 27" O; altitude 50 m 

 Time Zone: GMT-3 

 Data since: July 2007 

 

Monthly data from the Sonda project in the three positions (cities) and two regions (Brasilia (centre-west 

region), Petrolina (northeast region) and Natal (northeast region)) and annual data from IAG (Sao Paulo 

southeast region) were used, as presented in Table 3 – Table 6. 



 46 

PROJETO APOIO AOS DIÁLOGOS SETORIAIS UNIÃO EUROPEIA - BRASIL  

Table 3 - Brasilia's station: monthly normal direct radiation average 

 

Table 4 - Petrolina’s station: monthly normal direct radiation average 

 

Table 5 - Natal’s station: monthly normal direct radiation average 

 

Table 6 - Data from IAG for São Paulo: annual direct radiation average 
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The data show the potential difference between the regions of the country. For the Northeast region the 

potential of DNI is bigger than in the centre–west and southeast, but these regions have better conditions 

to Biodiesel crops, particularly the southeast region that is the mean economical region of the country. 

To analyse the feasibility of the SOLHYCO technology the Northeast and Southeast regions were 

elected, the first one because of the solar resource and the social goal, since this region is the one with 

the worst social indicators in the country, and the second one due to its economic importance. 

Technical Issues: 

Data initially mined demonstrate the possibility of implementing at least three cases in order to gather 

further data to study and to check the economic feasibility of the proposed SOLHYCO technology under 

Brazilian conditions. 

Data-mining was accomplished in three regions with large application potential of such technology in 

Brazil due to either climate or by strategic reasoning or finally due to a considerable impact on the social 

development of regions lacking energy production or distribution, so that they are case evocative to be 

followed during SOLHYCO Project. Such case choice was based on the goal set in terms of 

implementing distributed energy production and cogeneration sites, in a Brazilian region lacking energy 

offer; this way justifying all necessary investment. 

One may summarize those follow-up proposals for the three different places as follows: 

o Case 1: Climate and market data acquisition for Brazil’s northeast backwoods region in Rio Grande 

do Norte state, in a place where GEAGRO-USP has been already conducting another project 

named “Portal dos Ventos” (www.usp.br/unicetex). The idea was to analyse the feasibility of a pilot 

implementation allowing at the same time technology dissemination and interest raise from private 

and public companies, towards the development of a region lacking social and economic power. 

o Case 2: Climate and market data acquisition for Brazil’s northeast region locally presenting great 

agribusiness development (based on rational use of irrigated tropical fruit crops) near Petrolina in 

the Pernambuco state. In this case, climate advantages are present and electricity demands occur 

provided that companies (packing houses) rely on fruit processing and refrigeration, aiming at 

internal and external market supply. 

o Case 3: Climate and market data acquisition for Brazil’s southeast region at Lins, a countryside 

town in São Paulo state, which comprises a strategic region in terms of agroindustrial development 

and biomass production (ethanol and Biodiesel). A close relation is suggested with JBS Cold Store, 

a company that already employs cogeneration based on Biodiesel. 

In the basic scheme to agro industrial application shown in Fig. 47, the proposed system provides 

electricity and heat by cogeneration and refrigeration using a chiller, the sources are solar radiation and 

a biofuel for sunless periods. For each case the use of heat or cold can be estimated according the agro 

industrial application. This was done in a simulation. 

 

Fig. 47 – Schematic representation of industrial application in agro industries 

Specific in the case 3 (Lins) is that the system can include the biodiesel factory to improve sustainability 

of the global process, like in the Fig. 48. The chain in the picture shows a complete process cycle 

including the reduction of greenhouse gas emission and the possibility to improve the system profitability 
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obtaining credits from Clean Development Mechanism (CDM). In this way the system has three inputs: 

an economical by CDM, raw material and an energy input by solar radiation. Outputs are the final 

product (beef), biofuel (Biodiesel) and electricity. Internally, the solar plant supplies cold, heat and 

electricity to the system (slaughterhouse and Biodiesel factory). In Brazil there exist similar systems 

using sugar-cane bagasse as energy source. 

 

Fig. 48 – Concentrated Solar Power in beef production chain, Clean Development Mechanism (CDM) [12] 

Each case was simulated and the results are shown in the tables below, considering the system as 

presented in the Table 7. 

Table 7 - Data for simulating case 1-3 

 

 

Case 1 – Caiçara do Rio do Vento, RN 

Radiation data from Natal were used, Table 8 shows the simulated results of the system. 
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Table 8 - Performance to Case 1: Dairy in Caiçara do Rio do Vento (northeast region) 

 

In this case 100 % of the generated energy from the SOLHYCO system is used by the dairy. The 

configuration uses the maximum power (100 kW electrical) and operates on 4,000 full load hours. These 

conditions represent a good option for this region from the technical point of view. Despite some 

technical considerations this model takes into account the generation of new formal jobs and economic 

growth to local farms. 

 

Case 2 – Petrolina - PE 

Radiation data from Petrolina and in agreement with studies of CEPEL (Brazilian Electricity Research 

Centre). Table 9 shows the simulated results of the system applied to a packing house. 
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Table 9 - Performance to Case 2: Packing house in Petrolina city (Northeast region) 

 

In this case the system doesn’t supply 100 % of the packing houses demand, but represents a good 

solution since electricity from the grid is available. Despite that the cogeneration has been used in the 

simulation, its use is not considered in the real model, because the system uses only cold from 

electricity. Thus the analysis of viability of cogeneration is impaired. Here the implementation of a solar 

technology is a new step of development process in the region inside the semi-arid zone of the country. 

 

Case 3 – Lins – SP 

Radiation data from São Paulo, IAG system. Table 10 shows the simulated results of the system applied 

to a slaughterhouse. 



 51 

PROJETO APOIO AOS DIÁLOGOS SETORIAIS UNIÃO EUROPEIA - BRASIL  

Table 10 - Performance to Case 3: Slaughterhouse in Lins city (Southeast region) 

 

In this case the model considers a Biodiesel factory side by side with the solar plant and the possibility to 

refrigeration by the cogeneration system upgraded with a chiller. The slaughterhouse is close to the 

energy complex (solar plant and Biodiesel factory). There is a high degree of sustainability in this model 

since the fat used in the Biodiesel factory is a big environmental problem. Some big slaughterhouses 

have excess of fat (normally used to make soap). The Clean Development Mechanism opens the 

possibility to apply projects on energy efficiency, thus reducing methane and the consumption of fossil 

fuel. In any of the cases CDM can be applied, because the results led to best energy efficiency, 

reduction on fuel in the Biodiesel process and reduce the consumption of grid electricity, which is also 

generated from thermal plants from fossil fuels (although Brazil has a high RE share). 

Adapting the conceptual system design to the commercial conditions and Brazilian cases, it is proposed 

to provide the heliostat field by a commercial producer, but with the possibility to be made in Brazil. The 
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receiver, insulating cavity and the tower can also be manufactured in the country by either a SOLHYCO 

partner or by other national suppliers. Until reaching a high market volume being attractive for local 

productions, the microtubine and control system certainly would still have to be imported from European 

countries to supply the Brazilian projects. 

 

 Conceptual design of SHM system prototype available for potential market insertion in Brazilian 

rural areas 

The system based on the SOLHYCO technology adapted to commercial conditions and Brazilian cases 

could be defined as: 

Equipment 

o Turbine 

Turbec T100 

o Heliostats 

Considering the potential of solar radiation in the three regions studied and the estimated demand of 

a system of 100 kW electrical, a heliostat field with 388,8 m² of total mirror area is required which is 

composed of 27 heliostats with 14.4 m2 each. The model considered is similar to a commercial 

model made by Brightsource. This or similar commercial models may be provided in a near future, 

including the possibility of local manufacturing in Brazil. 

o Receiver 

The receiver could be manufactured in Brazil by GEA (partner in SOLHYCO project). GEA has a 

factory in Brazil providing all conditions for a serial production of receivers. 

o Receiver cavity/ radiation shield 

The cavity is a highly insulated structure to minimize heat losses of the receiver. The inner side has 

to withstand temperatures up to 1000 °C and the heat loss through the wall should be less than 10 

kW at an average temperature of the inner side of 800 °C. The wall has to be airtight. Especially 

challenging is the area where the absorber tube leaves the cavity. The cavity in the SOLHYCO 

project was made of two overlapping layers of 25 mm microtherm sheet with a silica textile around 

the inner layer. The cavity could be manufactured in Brazil if a suitable company is found. 

o Tower 

The function of the tower is the positioning of the receiver (height and aperture angle) according to 

the heliostat field layout. Here, the aperture angle is chosen as 80° and the aperture diameter as 

0.798 m, considering the position in Caiçara do Rio do Vento (latitude 5.70°, longitude 36.06°). 

A further question concerning a tower construction is the mounting of the receiver and the turbine. 

The non-availability or high renting costs of a mobile crane would justify a fixed crane on the tower. 

For example, a triangle tower concept (1) and the tripod concept (2) (see Fig. 4) could be equipped 

with a simple cable winch that moves the whole receiver room up. Due to the optical requirements a 

22.0 m tower is necessary. 
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Fig. 49 – Tower concept 1 (Triangle tower), Tower concept 2 (Tripod) [12] 

o System layout 

In the solar-hybrid mode fuel is used in the combustion chamber to heat the hot air from the receiver 

further. By this the maximum turbine inlet temperature (TIT) is 950 °C and therefore the maximum 

power of about 100 kWel (depending on the ambient temperature) can be achieved at any time. The 

950 °C TIT results in about 650 °C turbine outlet temperature (TOT) which heats the air from the 

compressor to about 600 °C (receiver inlet temperature). 

With an airflow of about 0.75 kg/s through the receiver this results in a thermal power of the receiver 

of 180 kWth. A resume of the conceptual design of the system is given in Table 11. 

o Heliostat field layouts 

For the system described above the heliostat field with the layout considering 14.4 m² per heliostat 

and design point receiver power 180 kWth (solar-hybrid) is presented in Fig. 50. 

 

Fig. 50 – Heliostat field layout 

Table 11 - Resume of conceptual design of SHM system [12] 

 

 

 Institutional report and report on market assessment of Brazil 

The market assessment study was divided in three steps to create an organized model to introduce the 

CSP technology in Brazil. First, two workshops were organized to introduce and discuss the SOLHYCO 

technology with specialists from the government, private sector and academy. Second, the official plans 
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of the government to the energy matrix were compiled and third, international documents on the CSP 

technology were consulted. 

The many important discussions upon solar thermal energy and cogeneration production conducted 

during the SOLHYCO dissemination activities revealed some new perspectives for the Brazilian society 

accustomed to think of solar energy only from the photovoltaic perspective. A large application potential 

of such technology in Brazil was acknowledged due to either climate or by strategic reasoning or finally 

due to a considerable impact on the social development of regions lacking energy production or 

distribution. The discussion also pointed to a near future economic feasibility of the proposed technology. 

Some companies and governmental sector knew about the technology and showed interest in 

international projects as mean conclusion from the workshops. 

As a main benefit of the established partnerships, one should mention a proposal for a climate initiative 

project named SMILE-pro (Solar-hybrid Microturbine systems for rural electricity production. This project 

based on SOLHYCO includes the design and erection of two modular solar-hybrid microturbine systems 

for small grid / off-grid power and heat generation and the use of biofuels for fully CO2 neutral operation. 

From the official documents three different statements can be deducted for Brazil: 

o Brazil has made changes in its energy policy in order to promote greater diversification in the 

electricity generation matrix; 

o Alternative energy sources in Brazil have been introduced by means of incentive policies, based on 

the formation of a market, using the state purchasing power as its principal stimulus; 

o The value of kWh generated was not yet competitive with the sources traditionally used in the 

Brazilian energy matrix, and the process of expansion planned by the government envisages a 

gradual increase in the use of energy from fossil fuels or nuclear power, which leads on one hand to 

values higher than for the hydro sources (accounting for more than 90% of the current generation 

level), on the other hand it also increases interest in sustainable sources that can maintain the 

current level of low emission of electricity supply. 

For the Brazilian government solar systems need a drastic cost reduction to be competitive with the 

hydroelectricity and in near future with the wind power. Although international trends are to reduce costs 

as presented in the CSP road map and others document of the International Energy Agency (IEA), Brazil 

won’t go to participate in these favourable scenarios if not taking part in research and technological 

development. 

In this scenario the market assessment for technology can be concluded that: 

o Changes in the Brazilian energy matrix leading to an increase in the emission of greenhouse gases 

represent an opportunity to clean technologies. 

o The international expectative on a cost reduction can be a factor of stimulus for new investments in 

solar plants in Brazil. 

o The agribusiness sector as consumer of electricity and thermal energy is a market niche for 

cogeneration based on solar energy. 

o Finally, Brazil's government and the private sector need to stimulate research and development for 

the Hybrid Solar participating in the global market to introduce solar power plants in the country. 

I) Conclusions 

The SOLHYCO project could demonstrate for the first time a dispatchable 100 % renewable electricity 

generation with a commercial gas turbine based on biofuels. Even the operation of a gas turbine without 

any fuel, just with solar energy, was shown. 
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SOLHYCO developed the very promising PML tube technology for solar receivers, which should be 

implemented and tested to demonstrate high efficiencies at less stresses. Long term behaviour should 

be further investigated. 

The cost study and market assessment showed that the system is very close to be economically viable 

in markets as Algeria or even commercial markets with high cost levels of higher than 0,10 €/kWh. 

First project proposals for the broader demonstration of the microturbine system have been brought on 

the road. In 2011 the decision for the construction of two units in Brazil is expected. Another 

demonstration plant based on the SOLHYCO results has been initiated with financial support of the EC. 

The project SOLUGAS will be a scale-up to 5 MWe based on preliminary results of the SOLHYCO 

project. It will be constructed at the Abengoa site in Seville in 2011. This will be the biggest tower plant 

based on gas turbine technology worldwide. 

In addition, it should be mentioned that thanks to the extension of the SOLHYCO project several goals 

could be achieved which can be seen as a significant progress in this technology. Especially the 

SOLUGAS project will profit from the final results of the SOLHYCO project. 

The major achievements of SOLHYCO which can be useful for SOLUGAS are: 

 Successful test and evaluation of a first prototype of a solar-hybrid microturbine System 

 Demonstration of stable receiver and system operation at the design outlet temperature of 800°C 

 Manufacturing of PML sample tubes and demonstration of their superior thermodynamic 

characteristics in a laboratory-test 

 Verification of the method for compensating thermal expansion of the tubes for the first time in 

such configuration 

 Validation of a new detailed simulation model of the receiver coupling a ray-tracing tool for the 

solar flux distribution with a Finite-Element-Model (FEM) for the evaluation of temperatures and 

stresses 

 Verification of the effectiveness of a quartz glass cover at the cavity entrance for an optimized 

receiver design, allowing for efficiencies of up to 85 % 

It could also be observed that the new developed ceramic receiver cavity was not performing as desired, 

which should be kept in mind for SOLUGAS 
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1.2. DIGESPO - DISTRIBUTED CHP GENERATION FROM SMALL SIZE CONCENTRATED 
SOLAR POWER [13] 

The DiGeSPo project aims to research and build a modular 1-3 kWe, 3-9 kWth micro Combined Heat 

and Power (m-CHP) system based on innovative Concentrated Solar Power (CSP) and Stirling engine 

technology. This CSP m-CHP unit will provide electrical power, heating and cooling for single and 

multiple domestic dwellings and other small commercial, industrial and public buildings. It integrates 

small scale concentrator optics with moving and tracking components, solar absorbers in the form of 

evacuated tube collectors, a heat transfer fluid, a Stirling engine with generator, and heating and/or 

cooling systems. The main innovations of the DiGeSPo project are presented in Fig. 51. 

 

Fig. 51 – Main innovations pf the DIGESPO project [14] 

The solar power plant is based on a series of small 40 cm parabolic dishes that concentrate solar 

radiation onto an evacuated tube through which thermal fluid flows, and is heated to temperatures of 

250-350°C. This enables a stirling engine to simultaneously co-generate heat and electricity by 

recovering the engine’s heat. The target is to achieve 60-70% global efficiency compared to incident 

solar radiation.   

DiGeSPo intends to incorporate this small thermodynamic solar powered and hybrid system into 

residential buildings, in an architecturally acceptable manner and with low visual impact that will generate 

heat and electricity. The project covers the whole of the R&D chain from initial concept to development, 

modelling including simulation of each sub-module; production and testing of prototypes, production and 

field trials of full system prototypes.  
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Fig. 52 - Schematic picture of the m-CHP system under development within DiGeSPo project 

 

Fig. 53 - Details from the first demonstration plant installed by ArrowPharm to produce process heat and steam [14] 

A) Project Partners 

The project partners have skills for the whole chain including scientific research, pre-competitive 

development, prototype manufacturing and integration, testing and demonstration. The partners are:  

 Fondazione Bruno Kessler - Renewable Energies & Environmental Technologies (Italy) [15] 

The Research Institute FBK was created on 1 March 2007. FBK inherits the activities of the Istituto 

Trentino di Cultura, which was based on the ideas of Bruno Kessler, and long-time member of the local 

government and founder of the University of Trento. With more than 350 researchers, FBK conducts 

studies in Information Technology, Materials and Microsystems, Italo-Germanic studies, and Religious 

sciences. One of the largest areas of interest is Materials and Microsystems, in which FBK has a full 

range of skills, technologies and laboratories.   
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REET (Renewable Energies and Environmental Technologies) is a Strategic Innovation Unit within the 

MM area. REET’s aim is to support local companies meet their new technology needs, especially in 

Renewable Energy and Environmental Technology. REET’s R&D activities target the creation of 

commercial and technical advantages in distributed energy production, by developing innovations for 

powering homes and businesses. The target is small scale CHP development, from which a single user 

can benefit directly. FBK R&D skills allow developing and advancing renewable energy and energy 

efficiency technologies through the full R&D life-cycle - from basic scientific research through applied 

research and engineering; to testing, scale-up, and demonstration. REET has been the proposer for 

DiGeSPo and responsible for the outline and research focuses. In this field of application its experience 

goes from patents in solar collector technology, in modified Stirling engines (pending), in environmental 

technologies. REET unit is present at international Conferences with research contributes in solar 

thermal technologies (WREC X 2008 - Glasgow, EUROSUN I 2008 - Lisbon).   

Role: Coordinator, simulation, development and partial prototyping of solar concentrator, cogeneration 

unit, and novel, valved Stirling engine. 

 

 Electronic Machining Srl (Italy) [16] 

ELMA. Electronic Machining s.r.l. (ELMA) is an SME which operates in the technology development field, 

with development and production of specialised machines for the automation industry, controlled by 

electronics components internally developed and produced. The society is based in Trentino province, 

near Garda lake. Its facilities extend over 2800 m2, 1300 of which are covered, 600 of which are offices 

and 700 are production facilities (mechanical and electrical controls). ELMA employs 16 people, of which 

6 have higher degrees. ELMA undertakes R&D projects, development and certification of prototypes, 

and follow up with product engineering, transfer technology and subsequently industrial 

commercialization. The projects and developments generally require the integration of sensors, 

manufacturing technologies with numeric controls, and robotic handling devices. ELMA is vertically 

integrated, undertaking all activities from research, both mechanical and electronic (hardware, firmware 

and software), design, and production of prototypes internally. Since March 1993 ELMA has been 

certified as a Qualified Laboratory from Italian "Ministry of University and Scientific and Technological 

Research" to follow research committed from SMEs. From December 2001 the company has obtained 

ISO 9001:2000.   

The company has focused its transfer technology activities in different fields. Thanks to the versatile 

acquired know-how in the automation sector and to ELMA skill to provide novel solutions optimized for 

different applications in the above described sectors, ELMA has been able to acquire very important 

projects commissioned from large Italian groups, such as ENEL (production of automation lines for the 

production of electrical counters). Since 1997 ELMA has entered into the energy sector, with particular 

emphasis on renewable energy. It has acquired know-how for the production of hydrogen sulphide 

combustion cells, and has developed technology for the manufacture of machines for the surface 

manufacturing and definition of vanes for wind turbines. At the moment ELMA is engaged with the 

development and production of solar cogeneration systems, mainly by the use of parabolic trough and 

cylindrical dishes, all with moving and tracking systems. The skills acquired from the company’s years of 

experience and its core activities, make ELMA a highly skilled candidate and partner to follow the tasks 

commissioned in the WP2 and WP3.  

Role: Concentrator development (reflecting optics, moving and tracking systems), electronic controls for 

engine, engine production.  

 

 NARVA Lichtquellen GmbH (Germany) [17] 

The company NARVA in Brand-Erbisdorf was founded 1967 as part of the NARVA concern for the 

production of fluorescent lamps.   

http://www.digespo.eu/redirect.aspx?id=21
http://www.digespo.eu/redirect.aspx?id=20
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NARVA has 330 employees and a strong development department with the working fields:  

glass technologies; 

o fluorescent powders and coating technologies; 

o cathodes, vacuum technologies, lamp design; 

o development of vacuum collectors, mechanics; 

o NARVA is producing since 1968 fluorescent lamps of all kinds on high speed 

equipment and glass tubes with a diameter from 15 mm to 65 mm, tanning 

lamps, UVC- lamps and Compact Fluorescent Lamps for special applications.  

In the year 2005 NARVA has started the development of a new Vacuum Solar Collector. The very unique 

glass metal seal of the vacuum tube is protected by a worldwide patent (PCT 2006/001244) and is the 

basic for Standard Solar Collectors, for Vacuum Heat pipes Collectors and now for High load Absorber 

Tubes too.  

After an investment of more than 4,5 Mio € in the year 2007 the mass production of vacuum solar 

collectors tubes was started on basic of a new developed, full automatic mass production line.   

Due to the high skills and experience on the solar thermal sector and technologies, NARVA will be leader 

of the WP2, on the development of the single solar collector module, focusing mainly on the innovation of 

the evacuated tube collector. 

Role: Adaptation of existing high performance evacuated tube solar collector, flat absorber development, 

system integration. 

 

 Politecnico di Milano (Italy) [18] 

In Italy the term "Politecnico" means a state university with study programmes only in Engineering and 

Architecture. The Politecnico di Milano has 17 research departments and 9 Schools of Engineering, 

Architecture and Industrial Design spread over 7 campuses over the Lombardy region, with a central 

administration and management. With about 40,000 students, POLIMI is the largest institution in Italy for 

Engineering, Architecture and Industrial Design.  

The Mechanical Engineering Department is one of the 17 research departments, and covers Mechanical 

and Industrial Engineering. It has permanent staff of 86 academics, 6 technical, 21 technicians and 14 

administrators. The research staff also includes 90 PhD students and 41 temporary research staff 

(graduate or post-doctoral students). These temporary positions are fully paid by the research (EU and 

private) projects. Research activity is organized into 6 Sections: Mechanics of Systems; Measurements 

and Experimental Techniques; Machine and Vehicle Design; Mechanical and Industrial Design; 

Manufacturing and Production; Materials for Mechanical Applications. The Materials for Mechanical 

Application section specialises in processing and characterization of structural materials and functional 

coatings. Excellent research products have been obtained both from fundamental research topics (e.g. 

nanostructured materials, chemical interaction between slag, inclusions and liquid melts) and from 

applied research (e.g. failure analysis and damage of materials, coatings for specific applications, etc.). 

Research in recent years has focussed on Steelmaking and Metallurgical Processes (SMP); Advanced 

Materials (AMT); Bulk Heat Treatments; and Surface Modification (HTS).  

The Mechanical Engineering Department has several of labs dedicated to materials science. These 

cover preparation of metallographic samples, optical and micro-hardness measurements, micro-indenter 

and scratch tester, a SEM lab with a recently 2006 acquired instrument equipped with EDS and EBSD 

systems, a thermal analysis lab with muffle, tubular furnaces, a TG/DTA/DSC system and a dilatometer, 

a X-ray diffractometer lab. The facilities also include several universal testing machines for a very wide 

range of material testing conditions and a large number of calculation codes for the simulation of material 

processing and microstructure evolution.   

Role: Cer.Met. layers structural characterization in support to UU research, research and development 

on vector thermal fluids, tests on structural materials of the full developed system. 

 

http://www.digespo.eu/redirect.aspx?id=19
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 Projects in Motion Ltd (Malta) [19] 

Projects in Motion Ltd. (PIM) is a multidisciplinary research organization and cluster platform based in 

Malta. PIM undertakes European Union (EU) funded projects and conducts research for European and 

local government bodies, major companies and SMEs. Projects in Motions’ aims in the renewable 

energy sector are to increase the knowledge of the need for sustainable development and to help 

developing awareness for an intelligent use of energy and reduce energy requirements through local 

initiatives. Moreover PIM strives to participate or manage collaborative projects with distributed 

resources, which cover innovative issues related to renewable energy sources through transnational 

cooperation or directed towards capacity building for R&D and policy. Projects in Motion has also 

established a start-up called Renewable Habitats Ltd (www.renewablehabitats.com) which is focused on 

using Concentrated Solar Power technology in novel applications like desalination, and the application of 

heat pumps using sea water as a heat source.   

Role: Demonstration activities at ArrowPharma Malta, dissemination activities, coordinating a Steering 

Committee. 

 

 Sustainable Engine Systems Ltd (UK) [20]  

Design and development of modified Stirling cycle machine based on scroll compressor technology; 

novel, very compact heat exchangers that use new, additive, near-net-shape manufacturing technology. 

 

 Uppsala University (Sweden) [21]  

Uppsala University was founded in 1477 and is the oldest and one of the largest universities in Sweden 

with the full range of disciplines from human and social sciences, economics, natural and engineering 

sciences, medicine, pharmacology and learning sciences.  

The Ångström Laboratory is the centre for materials research at Uppsala University, with departments in 

chemistry, physics, biology and engineering, both theoretical and experimental. As such, the Ångström 

Laboratory is one of the largest materials research centres in Sweden and with an extended network 

nationally and internationally, both within academia but also with partners from industry and other 

institutions. The laboratory is well equipped with a clean room for materials processing and analysis. One 

of the strong research profiles is in nano-materials for devices in satellites, information and 

telecommunication systems and in biological systems.   

The Department: the Department of Engineering Sciences is the largest department at Ångström 

Laboratory with a lot of research activities devoted to technology for energy conversion using renewable 

sources such as wind, wave, hydro or solar.  

The Division: the Division of Solid State Physics at the Department of Engineering Sciences has long a 

tradition of research in solar energy related applications such as optical coatings for windows and solar 

absorbers. Since the beginning of 1980 the group around Prof. Claes Granqvist has been active in 

research on coatings for photo-thermal conversion for absorbers in solar heating systems. The Division 

of Solid State Physics will be responsible, as leading partner, of the WP1, about the research on 

Cer.Met. materials and coatings. The Division will coordinate the activities held in Uppsala with those on 

POLIMI and FBK about microstructure analysis and sample preparation.  

Role: Responsible for Cer.Met. layers R&D: definition of samples, optical characterization and definition 

of best candidate to be prototyped. 

B) Project Structure 

The DIGESPO project is structured according to the following Work Packages (WPs): 

 WP0 – Project management 

http://www.digespo.eu/redirect.aspx?id=8
http://www.digespo.eu/redirect.aspx?id=22
http://www.digespo.eu/redirect.aspx?id=18
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 WP1 – Cer.Met. coating R&D to enhance absorption of solar radiation 

The main objective of this WP is to develop a Cer.Met.1 coating with low emissivity (<0.06) at operating 

temperatures up to 350°C, high solar absorbance (>0.93), with stability sufficient for stagnation 

temperatures of up to 450°C. The Cer.Met. is the central part of a multistrate layer realised to selectively 

absorb the solar radiation and convert it into thermal power on a glass or metallic substrate, in order to 

transfer the heat energy to a thermal fluid.   

The WP1 includes the following tasks: 

o T1.1 Literature review and initial annealing tests 

o T1.2 Theoretical optimization of optical performance 

o T1.3 Preparing coatings: candidates from T1.2 will be identified 

o T1.4 Microstructure characterization and analysis 

o T1.5 Annealing long term tests 

o T1.6 Report the results 

 WP2 – Development of Solar Collector  

The main objective of this WP is to develop a complete Solar Collector sub-system comprising 

concentrator, support components, moving and tracking components, evacuated tube collector with new 

Cer.Met. layer for absorber.   

The WP2 includes the following tasks: 

o T2.1 Concentration Optics 

o T2.2 Research on Vector Fluid 

o T2.3 Evacuated Solar Tube 

o T2.4 Development of the Full Solar Collector 

 WP3 – Development of CHP generator and definition of the thermodynamic cycle  

Parallel development of two prototype 1 kWe heat engines based on different modified Stirling cycles, 

that can operate efficiently on variable load with heat source temperatures up to 250-350oC, and are 

suitable for integration into the prototype CSP m-CHP. One option is a valved Stirling engine; the second 

uses commercial scroll compressor technology; both will use the innovative SLM heat exchangers. The 

performance objective is to reach 20% electrical and about 40-50% thermal efficiency. The different 

development steps will provide outcomes for WP2 for the vector thermal fluid and the solar panel in 

preparation for the system integration in WP4.  

The WP3 includes the following tasks: 

o T3.1 Definition of the thermodynamic cycles 

o T3.2 Engineering of the engines 

o T3.3 Engine prototype production 

 WP4 – System integration  

Integration and initial lab-tests of the complete system. The CSP/mCHP system integration will require 

some possible revisions and the verification of the results of WP3, T3.3 (e.g. electrical and thermal 

efficiencies, stable operational conditions, definitive design and layout). The integration process requires 

                                                 

1 Cer.Met. is a composite material composed of ceramic (Cer) and metallic (Met) materials. 
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the development of the intelligent master controller comprising an embedded system to monitor, control 

and synchronize the real-time sub-system controllers. There will be a link during the system integration 

to the demonstration activities, to which the final result is related. 

The WP4 includes the following tasks: 

o T4.1 Engineering and integration 

o T4.2 Development of the Control System 

o T4.3 System prototype 

 WP5 – Demonstration of m-CHP from Small Size CSP system   

To carry out field trials of the full DiGeSPo m-CSP prototype and demonstrate that it is capable of rapid 

deployment and stand-alone operation for long periods under real service conditions and with minimum 

intervention. The trials will take place in Malta, in order to test the prototype under operating conditions 

typical of those found in its initial target market of islands in the EU Sunbelt. Trials will last six months. 

The WP5 includes the following tasks: 

o T5.1: Install first field trial in Malta 

o T5.2: Install final field test trial in Malta 

o T5.3: Evaluate performance during service in Malta 

 WP6 – Dissemination and Exploitation of project results, and management of intellectual property 

C) Main Results 

Some promising results have been achieved in the DIGESPO project at various levels, as described 

next. 

 Thermal oils 

o Thermal diffusivity for the nanofluid was increased by about 20% when compared with Therminol 

662. 

o Ideal for heat transfer applications which operate in the 200 to 300 degree range. 

 CerMet layer coatings 

o Selective absorbing coating for low and intermediate temperature applications. 

o Structures show a high absorbance in the visible range, 0.95, and low emittance in the infrared 

range (>4 micron), ε = 0.09. 

 Solar Tubes 

o Internal spiral with flexible pitch. 

o Slotted end of the pipe. 

o Coated with TiO2Nb via sputtering. 

 Flexible mirrors 

                                                 

2 Therminol 66 is the most popular high temperature liquid phase heat transfer fluid in the world. 
http://www.therminol.com/products/Therminol-66 
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o Easily slip-through guided slides that accommodate flexible glass provide substantial savings in 

installed cost, design flexibility, and lower weight. 

 Stirling engine 

o Innovative Heat Exchanger Design 

- High Energy Density Heat Exchanger achieved  3,5 kW thermal power for each HE, 

Temperature drop from source to gas less than 25°C, total volume less than 1 litre 

- SLM materials full characterization (Thermal and Mechanical Proprieties), new HE geometry 

designed and tested 

o Mechanical Configuration 

- Double acting pistons with 4 working spaces in parallel, suitable for medium-low temperature 

cogeneration units 

- Application of a new high-efficiency brushless electrical generator 

o Theoretical Model Validation 

- The thermodynamic cycle achieved the expected theoretical performances in terms of power 

generation from cold to hot operation 

 Solar arrays and control systems 

o Modular setup 

o Modular control system for CHP and CSP 

o Ideal for process heat applications requiring between 200-300 degree 

 

Fig. 54 – Electronic controls main panel 
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1.3. E2PHEST2US – ENHANCED ENERGY PRODUCTION OF HEAT AND ELECTRICITY 
BY A COMBINED SOLAR THERMIONIC-THERMOELECTRIC UNIT SYSTEM [22] 

The 'Enhanced energy production of heat and electricity' by a combined solar thermionic-thermoelectric 

unit system' (E2PHEST2US) project aims to design and realise innovative and scalable components for 

solar concentrating systems that generate both electricity and heat and work efficiently at high 

temperatures (800 - 1 000 degrees of Celsius). 

The proposed concept includes the design, realisation and testing of several new component 

technologies. A high-temperature receiver was developed to provide the heat input to the converter unit. 

A new-concept conversion module (CM) has been developed for electrical and thermal energy 

production, based on thermionic and thermoelectric direct converters, thermally combined in series to 

increase the efficiency. A heat recovery system was designed to collect waste heat (standard efficiency 

of 65 %) and provide it as an additional energy product (cogeneration). 

An innovative cable for fluid and electricity transport was designed, realised and tested. The benefit 

associated to a single hybrid cable, able to carry both relatively high-temperature fluids and electricity, 

was characterised and demonstrated. A small-scale prototype solar system was realised to test and 

evaluate the real impact of the new components. 

Behind this ambitious research project, started on 1 January 2010 and which the duration is 36 months, 

there is a consortium made of 7 partners from 4 different Mediterranean countries (Israel, Italy, San 

Marino and Turkey) that all together cover the full range of activities required to implement a successful 

project. In fact basic research activity is assigned to internationally recognised scientific and academic 

entities which contribute to this project with groups having a leading role in the research fields they have 

developed. CNR participates to the project with the efforts of two Institutes, IMIP headed by Mr Dr 

Trucchi and ISTEC headed by Ms Dr Sciti, fully covering almost all the research and development (R&D) 

activities regarding the innovative materials and CM design and realisation. TAU group, headed by Prof. 

Kribus, is internationally known for revolutionary concentrating solar system design. TÜBITAK MAM is a 

large research centre able to contribute for characterising the performance of the developed solar 

materials, in addition to a solid experience in many energy recovery topics. The small- and medium-

sized enterprises (SMEs) involved are growing hi-tech enterprises able to interpret, smooth, integrate 

and exploit the know-how coming from the basic research level. SHAP R&D has skills in developing and 

manufacturing prototype systems for energy conversion and a solid experience in collaborating with 

research institutions within international projects. MAYA is at present strengthening its potentials to be 

able to compete in hi-tech applications. A large industry as PRYSMIAN also participated the project 

contributing with its know-how concerning engineering of systems and, specifically, hybrid cables 

competence and manufacturing. The whole consortium is supported by the no-profit entity CRR that has 

a long experience in the European Commission (EC) co-funded project management. 

A) Project Partners 

 Consorzio Roma Ricerche (CRR) (Italy) [23] 

CRR, based in Rome (Italy), is a research non-profit organisation established in 1986 oriented towards 

the promotion and development of Innovation and Technology Transfer to industries, mostly SMEs. It is 

open to collaboration with Universities, Research Centres, public agencies, high-tech companies as well 

as SMEs, from Italy and/or from Europe. Presently, partners of CRR are: CNR (National Research 

Council), INFN (National Institute of Nuclear Physics), ENEA (National Institute for Alternative Energy), 
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Finmeccanica (TLC and aerospace industry), Unicredit s.p.a. (Italian Merchant Bank), Rome Chamber of 

Commerce, Polo Tecnologico Industriale Romano (Rome Technology Park)., Università di Roma “La 

Sapienza”, Università di Roma  Tor Vergata, Università di Roma 3, Università LUISS Guido Carli. 

 Main objective of CRR is to promote the transfer of innovative technologies, acting as an institutional link 

between Universities and Industrial organisations, with special focus on SMEs in order to improve their 

“external environment” and contribute to make it “friendly”. Supporting services range from preliminary 

technology audit and feasibility study, innovation project definition, potential funding opportunities 

selection and submission, project development management, technical support, up to specific design 

activities. To complement its expertise in interfacing SMEs, CRR has a strong research activity in 

science and engineering.  

CRR is ISO9001 (TUV-CERT) certified for “Innovation and Technology Transfer” and it is also 

recognised as “Research Authorised Laboratory” for Innovation projects of the Italian Ministry for 

Scientific Research (MIUR). 

Role: CRR was engaged in EC programmes since the FP 4. Previous experience includes engagement 

in the EC Esprit First User Action project (FUSE, www.fuse-network.com)) and Italian Special action 

(MEPI). CRR has acted as Project Co-ordinator in two FP5 projects (IST2000 28422 JENET, Embedded 

Internet Networking www.eurojenet.com and IST 2001 32316 INES Networked Open Source Operating 

Systems www.euroines.com), involving 8 Technology Transfer Centres and 50 SMEs from 25 EU 

countries, to promote Best Practice take up by SMEs. Moreover CRR has contributes as partner of an 

Economic and Technological Intelligence network SWEETS. Recently CRR has been involved as RTD 

performer in a co-operative research project (COOP-CT-2005-016357 SCREENS). All these 

programmes have included achieving high levels of SME contacts within the targeted industrial sectors 

and the training of these companies for participation in EC projects. Currently CRR is acting as Project 

Co-ordinator in two FP6 projects (TREN 2006/038386 UPP-Sol- Urban Photovoltaics: Polygeneration 

with Solar Energy and IST 2005/033700 SIGHT). 

CRR will contribute in its areas of expertise in management of European co-funded project. 

 

 Solar and Power – SHAP (Italy) [23] 

SHAP S.p.A. is an engineering and consultancy company working on the fields of energy, environment 

and innovation since 1985 (initially named UTECO Engineering). SHAP has a highly qualified 

management and technical team in the field of solar energy and environment research and development, 

with 30 years of engineering and architectural experience and in the promotion of hi-tech projects. 

SHAP’s primary mission is to contribute in changing the traditional ways of production and consumption 

of energy. SHAP designs, installs, and operates industrial or community scale solar energy systems for 

the production of heat, electricity, and fuels. SHAP created strategic partnerships based on project-

oriented joint ventures and co-operative agreements, which integrate SHAP’s know-how and design 

capabilities with industrial manufacturing, construction, and general contractor capabilities.  

 SHAP is experienced in national and international research program with Italian and foreign Universities 

and Research Centres. The most important research programs are: ECOSENSOR (EU EUREKA): 

control of combustion in turbines and engines; SOLREF (EU): Hydrogen production by Methane 

Reformi

adsorption chillers; Empoli’s Solar Towers: solar power plant to provide heat and electricity to a hospital; 

BISC: Italian/Israeli collaboration to develop CPV collector; UPP-Sol (EU): Urban Photovoltaics: 

Polygeneration with Solar Energy; Miniature solar collectors using concentrating PV technology 

developed jointly in Italy and Israel;VOICE (EU-LIFE): Vegetable oil initiative for a cleaner environment; 

SOLBIOPOLYSY: Biofuel Polygeneration System integrating MSW landfill gas and solar energy. 

Role: SHAP will make two main contributions to the E2PHEST2US project: leads the prototype 

realization task (WP4), providing for a complete integrated system for one or more prototype system, 

provides for experimental validation of performance and reliability of the technology (WP6). SHAP will 
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also contribute to WP1 helping to collect the necessary data for energy requirements characterisation to 

target the specific industry or/and urban end-user audience and providing the necessary information for 

the preliminary definition of the integrated solar energy conversion system. In WP2, SHAP will design 

different concentrating solar subsystem component: collector field, electrical system, primary and 

secondary thermal circuit, control system. SHAP will also contribute to WP5 helping the tests of the 

prototype, and providing input that will be utilized to evaluate the feasibility of the technology. 

 

 Prysmian (Italy) [23] 

In July 2005, with the acquisition of the control of the company by Goldman Sachs Group and the 

consolidation of Pirelli Cavi e Sistemi Energia and Pirelli Cavi e Sistemi Telecom, Prysmian Cables and 

Systems was created. In May 2007 Prysmian SpA became a listed company on Stock Exchange. 

The Group is organized into two business units: Energy and Telecommunications. The management of 

the two business units is based on an approach which splits each of the two Energy and 

Telecommunications business units into two different categories, depending on the technological content 

and profitability margins: “Specialty” (with a higher level of profitability and technology) and “Standard”.  

The company directly involved in this project is Prysmian S.p.A. which participate directly the energy 

business holding. 

With the R&D headquarter in Milan and 6 local R&D centres (North America, Latin America, France, UK, 

Germany and Spain) in which there are more than 400 employees, Prysmian covers the following key 

areas: Concepts identification (process, materials); Feasibility; Prototype realization; First industrial trial; 

Optimized industrial trial; Product range evolution. 

Role: The Group, in the past 5 years, has reached a leader position on the photovoltaic and Umbilical 

market with tailor-made products that provide a complete and innovative solution. For the photovoltaic 

business, the development has been focused on specific requirement demands: increased life 

expectancy (up to 20-25 Years); absolute resistance to atmospheric corrosion; broad temperature 

spectrum (Heat, Cold, Conductor's Temperature); resistance to abrasion; improved burning behaviour in 

case of fire; chemical resistances; easy assembling; ecological innocuousness. The experience on the 

solar market and the ability to provide a complete solution for the consolidated technology can be 

combined with a leading position in the underground mining applications such as coal shearer, tunnel 

driving machines and scoops for mobile installation where the possibility for combining electrical and fluid 

carrying elements has been already considered and implemented. 

 

 Tel Aviv University – TAU (Israel) [23] 

Tel Aviv University is the largest research university in Israel, offering a wide range of teaching and 

research fields, and promoting interdisciplinary cooperation in its study and research programs. The 

faculty of Engineering at Tel Aviv University engages in research and in undergraduate and graduate 

teaching in the fields of electrical, mechanical, bio-medical and industrial engineering.  

The Solar Energy Laboratory is a part of the School of Mechanical Engineering within the Faculty of 

Engineering. The solar lab team is led by Prof. Kribus, and currently includes seven graduate students, 

two engineers and one Ph.D. level researcher. The team represents considerable experience and 

expertise in relevant areas of solar energy: solar thermal, photovoltaic and cogeneration technologies, 

concentration optics, thermal storage, thermodynamics, radiation heat transfer, and measurement 

methods.  

The research includes both an experimental component in a well-equipped laboratory with both indoors 

(using a solar simulator) and outdoors testing capability, and theoretical and numerical analysis. 

Extensive collaboration with industry is fostered, including joint projects with companies in Israel, Europe 

and the US. 
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Role: TAU will contribute with its consolidated expertise in designing and analysing solar concentrators 

and high-flux solar receivers, besides its know-how in heat transfer, cogeneration aspects, solar testing 

and analysis of results. TAU will deal with the design and realization of the Solar Test Platform (WP2), 

modelling the optical and thermal properties of the system, mainly in collaboration with SHAP. It will also 

characterize the performance of single CSP system components, such as the absorber and the 

encapsulated Conversion Module (CM), using a high-flux solar simulator, in specific Tasks foreseen in 

WP3 and WP4. Moreover TAU will participate to the development of the Plant Control and Data 

Acquisition systems (WP5), to be integrated into the STP to the parallel activity of WP2. 

 

 Consiglio Nazionale delle Ricerche – CNR (Italy) [23] 

The National Research Council (CNR) is the largest Italian public organisation for scientific and 

technological research, committed to carry out, promote, spread, transfer and improve research activities 

in the main sectors of knowledge and its applications through its network of Institutes organised into 

Departments. CNR participates to E2PHEST2US with the efforts of two Departments: 

o IMIP (Institute of Inorganic Methodologies and Plasmas); 

o ISTEC (Institute of Science and Technology for Ceramics – Dept. of Production Systems). 

IMIP is an interdisciplinary institute founded in 2004 by international-level research personnel. IMIP 

research activity is focused on collective properties of material science, physical, chemical and biological 

systems characterized by a large number of interacting components. Since the early 90s, the DiaC3 

(Diamond & Complex Carbon Compounds) group has been developing a know-how in nucleation, 

deposition and study of properties of chemical vapour deposited (CVD) diamond films. More recently, the 

group developed diamond-based optoelectronic devices, like UV and X-ray detectors, dosimeters for 

radiation therapy (coordination of EU Project G5RT-CT01-00603 “Diamond”), electron multipliers (Italian 

Madess II Project) and nuclear-to-electrical energy converters (Basic Research CNR Project “ECO-

Diamond”). The DiaC3 Lab, constituted by interdisciplinary physical, engineering and chemical expertise, 

guarantees skills for the development of electronic devices characterised by an original design and a 

high performance by an appropriate tailoring of the building-block material properties.  

ISTEC is a multidisciplinary institute involved in scientific research, technology transfer on ceramic 

materials. It is a reference point at local, national and international level. The expertise are related to 

basic ceramic science, namely: raw and bulk material characterization, formulation and optimization of 

innovative processes for powder synthesis, material shaping and sintering, characterisation of surfaces 

and interfaces, development and characterisation of coatings, micro-structural, mechanical, biological 

and electrical characterization, in order to produce ceramic materials and components with tailored 

properties for specific and different applications. ISTEC has a recognized experience in management of 

National, European (NoE and many ETPs as ECTP, EUMAT, MANUFUTURE, SUSCHEM within 

different FPs) and International Projects (MAE, Ministry of Foreign Affair). ISTEC has strong 

collaborations in Europe, USA, China and Japan and is involved in many international programmes for 

scientific research, education and technology transfer. ISTEC contributed to the organization of the 

European Ceramic Society (ECERS) and International Ceramic Federation (ICF), and organized 

“International Congress on Ceramics (ICC)”. 

Role: CNR will give the scientific guidelines for the new-concept module design and preparation. It will 

provide a scientific background and consistency of approach for the prototype module integration inside 

the solar collector (WP4). CNR will specifically lead the WP3, which includes the definition, design and 

preparation of the proper materials for the absorber, the thermionic and thermoelectric conversion stages 

as a function of: mechanical stability at operating temperatures, absorbance, black-body emission, 

electrical and thermal conductivity, compatibility with thermal and/or electrical conversion stage and, 

eventually, design and lab-level testing of the resulting prototype structure as a function of thermal 

cycles, to evaluate operating durability and efficiency. CNR will also contribute to a critical assessment of 
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test results and a discussion for future improvements. It will participate actively to the dissemination of 

results, with scientific publications and national and international communications, trying also to boost 

the activity of politicians toward a new green approach to energy sources, moving to a widespread 

harvesting and exploitation of solar energy in the Mediterranean Sea area. 

 

 MAYA (Republic of San Marino) [23] 

MAYA is a new Company established in the old Republic of San Marino with the main targets to carry 

out the research and development activities both in the field of solar concentration and in the field of the 

innovative materials, mainly applied to the thermodynamic, photovoltaic, thermionic and thermoelectric 

processes. Most important partner of MAYA in the R&D activity is the University of San Marino, with 

which MAYA started to arrange a qualified and professional team of technical operators. 

To implement the own foreseen activities, MAYA is going to hire IT and electronic experts. As a start-up 

enterprise, strongly interested in investing in technology, MAYA is especially involved in this project since 

it represents an opportunity to acquire and develop the knowledge to produce and put on the market high 

technological products and/or services. 

Role: Maya will lead WP5. Its activity will mainly be focused on designing and implementing the control 

unit necessary to the final realization of the CSP system, in coordination with the activities performed in 

WP2. It will collaborate in developing the tracking system and will complete the integration of the 

described tasks within the prototype realization work package (WP4). Maya will also implement a data 

acquisition platform to test and validate the performance of the realized prototype system, with a 

particular attention to the physical quantities to be monitored in the CM. 

 

 TUBITAK (Turkey) [23] 

The Scientific and Technological Research Council of Turkey (TUBITAK) was established in 1963 as an 

autonomous institution. TUBITAK is responsible for promoting, developing, organizing, conducting and 

coordinating research and development in line with national targets and priorities of Turkey. Contract 

research as well as targeted and nation-wide research is conducted with more than 1500 researchers 

who work in 15 different research institutes of TUBITAK. Marmara Research Centre (MRC), which is one 

of these institutes, is established in 1972. The goal of TUBITAK MRC is to carry out research on new 

materials, products, processes, methods and systems concerning the requirements of the 

establishments, institutions and industry in general to develop products, processes, methods or systems 

which are being used in establishments. The institutes of MRC are; Chemistry Institute, Environment 

Institute, Earth and Marine Sciences Institute, Energy Institute, Food Institute, Genetic Engineering & 

Biotechnology Institute, Information Technologies Institute , Materıals Institute. There are 90 researches 

and 40 technicians in the Energy Institute (EI). EI consists of two strategic business units. Research 

projects and industrial services are conducted by the research groups under Advanced Energy 

Technologies and Power Electronics and Control Technologies.  

The main activities of these research groups are as follows:  

Fuel Cell Technologies: Development and fabrication of fuel cell stack components, Development and 

fabrication of fuel cell system subcomponents , System integration for fuel cell applications, System 

integration and power conditioning, Fuel cell system performance tests;  

Hydrogen Technologies: Hydrogen production (SR/ATR of NG and diesel, Catalytic combustion of H2, 

CO and CH4 blends, Catalyst development and reaction engineering studies) Hydrogen Purification 

(PSA for purification of reformate gases (10 NL H2/minute), Membrane reactors for purification, 

Simulation & design 

Fuel Technologies: Solid fuel analyses (coal, petroleum coke), Liquid fuel analyses (gasoline, diesel, 

fuel oil, bio-fuels), Alternate fuels, Production of Biofuels (Biodiesel), Fuel additives.  



 69 

PROJETO APOIO AOS DIÁLOGOS SETORIAIS UNIÃO EUROPEIA - BRASIL  

Power Electronics Technologies: Power Electronics, Digital Control Systems, Embedded System 

Design, Digital Signal Processing, Hardware Supported Software, Degaussing/Deperming, Data 

Acquisition Systems, Underwater Acoustic Communication Systems, Intellectual Systems, Turnkey 

Project Development, Consultancy and Feasibility 

Vehicle Technologies: Clean And Energy Efficient Automotive Technologies; Electric Or Hybrid Electric 

Vehicle Technologies Including Powertrain Design and Demonstration, Modelling and Simulation, 

Electric Drives, Battery Systems and Vehicle Control Units.  

Battery Technologies: Prototype Battery Manufacture, Development and Battery Management System 

Design and Production Secondary batteries and reserve batteries, Testing Services (in accordance with 

the TSE/EN standards), Advisory Services  

Solar Energy: New Low-Emissivity, and Long-Lasting Paints For Cost-Effective Solar Collectors and 

Photovoltaics. 

Role: TUBITAK will contribute to the project especially on long term, high temperature aging of absorber 

materials. High temperature furnace and aging cycler infrastructure will be used for ageing. During 

intervals of aging test characterisation studies will be evaluated. Especially surface and depth profile 

characterisation methods will be used in order to obtain the parametric changes. Afterwards, the 

complete module (thermal energy to electric energy conversion solid state device) will be inspected 

during the ageing process. Also the heat transfer dishomogenity characterization of the complete module 

will be the evaluated. 

B) Project Context and Objectives 

The E2PHEST2US project background addresses the renewable energy exploitation, more specifically 

solar energy conversion into electrical energy, having the specific purpose of realise and fabricate 

innovative and scalable components for concentrated solar power (CSP) systems that: 

 efficiently generate at the same time electric energy and heat power; 

 reliably work at high temperatures (700 - 900 degrees of Celsius); 

 recover and exploit heat at intermediate temperature. 

An originally designed CM prototype for the production of electric and heat energy has been developed 

based on direct thermionic and thermoelectric direct converters, thermally combined in series to increase 

the efficiency with a theoretical thermal-to-electrical efficiency > 30 %. An innovative hybrid cable, able to 

carry at the same time high-temperature fluids and electricity has been designed and tested within the 

project lifetime. The use of advanced new materials enabled the exploitation of thermionic effect at 

temperatures around 700 - 900 degrees of Celsius, enhancing the conversion performance of traditional 

thermionic systems, which traditionally required higher cathode temperatures (> 1 300 degrees of 

Celsius). Nevertheless, it is worth to say that thermionic stage efficiency is independent of anode 

temperatures up to temperatures < 400 degrees of Celsius, where a thermoelectric stage can be added 

to exploit the thermal range down to room temperature. These complementary properties allowed the 

development of an integrated system, thus making the best use of thermal energy generated at different 

temperatures and achieving a better value of total efficiency. The geometrical and operational versatility 

of the CM prototype unit makes it suitable for future use in a wide range of CSP systems (parabolic 

troughs, solar towers, dish, Fresnel lenses). 
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Fig. 55 – CM design [24] 

A single CM prototype could vary its output ranging from few W up to several kW, owing to its up-

scalability (size, technology and manufacture), increased also by the fact that the modules can be 

arranged in arrays. 

The small-scale prototype system allowed the evaluation of the performance in comparison with similar 

systems in terms of output power, production cost, duration and reliability. 

C) Achievements 

The energy conversion was based on the design and development of: 

 Thermal efficient solar absorber receiver for high temperature (> 700 degrees of Celsius). This 

activity was carried out by developing, characterising and testing the proper absorber materials 

which were engineered ceramic materials, characterised by thermal stability operation in vacuum 

conditions. Solar absorbance higher than > 90 % has been obtained by developing a novel 

surface texturing treatment able to induce nano-structuring processes to enhance solar light 

capture. Thermal emittance values of 50% at operating temperatures have been obtained by 

engineering the physical properties of the ceramic materials. 

The most proper thermionic material able to work at relatively low temperature (700 - 1 000 degrees of 

Celsius) has been developed (n-doped polycrystalline diamond), and deposited monolithically as a thin 

film by chemical vapour deposition (CVD) on the back surface of the ceramic receiver. 

A commercial thermoelectric module has been selected, tested and integrated. 

The monolithic integration of absorber, thermionic and thermoelectric stages, and heat recovery system 

has been realised in a CM. 

 Solar test platform (STP), able to guarantee a high flux distribution for making a standard absorber 

reaching the requested operating temperatures, has been designed and built in field. The 

technical requests to be satisfied are high solar concentrating ratio (400 - 1 000 suns), high energy 

flux homogeneously on the absorber surface to guarantee high temperature (700 - 900 degrees of 

Celsius). The chosen configuration of STP has been matched with the CM geometrical 

specifications and successively the CM has been integrated to form the solar prototype system. 
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Fig. 56 – A scheme of the solar platform showing the position of the conversion module (CM), placed between the heliostat and 
the parabolic concentrator [24] 

 A control unit and acquisition system has been developed and integrated with the STP and CM. 

 Hybrid cables carrying electricity and fluids to allow an efficient and compact cogeneration. The 

technological development of hybrid cables was specifically addressed to issues related to fluid 

temperatures up to 120 degrees of Celsius. This activity included the optimisation of both 

conductor and polymeric insulation and sheath. The stability and durability of cable has been 

verified, and the integration in the STP within the whole prototype solar system has been 

performed. 

 Development of three CM version: CM-Alpha ('naked' CM composed by active components and 

strictly necessary elements), CM-beta (CM combined to an additional pumping system), and CM-

gamma (encapsulated CM, developed by performing a specific vacuum encapsulation of CM). All 

the components of CMs have been properly optimised, assembled and, in the case of CM-

gamma, encapsulated under vacuum, with a special designed procedure. 

 Fabrication of a prototype pilot system for the energy conversion of concentrated solar radiation: 

Installation of the CM-beta and gamma versions at the focus of the STP parabolic concentrator, 

electrical connection and automatic computer-driven control of the whole integrated system. 

 Power and electrical test measurements of CM-alpha version under a high-flux solar simulator. 

 Power and electrical test measurements of encapsulated CM (gamma version) at the STP under 

outdoor conditions. 

D) CM Performance 

The testing activity was split into three sub-activities: lab-level characterisation of the integrated 

thermionic-thermoelectric conversion stages with a method based on thermal flow; lab-level CM 

performance characterisation under high-flux solar simulator in a vacuum chamber; outdoor CM 

performance evaluation under STP. As expected, in these experiments the efficiency of the system has 

been found to be strictly related to the temperature reached by the absorber ceramic material and also to 

the vacuum operating level. The first characterisation activity provided thermal-to-electric conversion 

efficiency close to 6 % that decreases to 0.2 % for the CM under real irradiation testing. Generally 

speaking, although it is necessary to acknowledge the extreme novelty of the work performed, the values 
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of power and current measured in the CM system are quite low and not completely satisfactory, if 

compared to the prediction in the description of work. Thermal conversion efficiency was evaluated to be 

close to 60 %, an optimal value for allowing cogeneration. 

The strict dependence of thermionic and thermoelectric emission processes, from vacuum level and 

receiver / emitter temperature has considerable influence on the final results, since, in real operative 

experimental conditions of manufactured prototype CM (gamma version), installed and positioned in the 

field, and subjected to specific tests, many of the crucial parameters for the attainment of optimal values 

of thermionic emission (e.g. temperature above 700 degrees of Celsius) have not been achieved, owing 

to hard and complex technological problems and drawbacks, very difficult to solve in the short term and 

in the limited time available, at the very end of the project. 

In the encapsulated CM, specifically, many parameters are very sensitive and difficult to control and 

optimise, since it is a multi-component and complex prototype system, with innovative materials and 

processes, all difficult to control strictly, both as regards the vacuum, temperature and other properties. 

All these parameters are linked to the performance of the innovative materials, in particular, absorption of 

light, texture, stability of the coatings (adhesion), stable H-terminated n-doped diamond films (thermionic 

emitter material), appropriate work function difference between the cathode and anode, various seals 

and electric passing-through, low and not sufficient level of temperature reached by the STP at the focal 

point. 

At this point some weaknesses can be clearly seen, which can be easily addressed and solved with 

further research / process optimisation: 

 low work function difference between diamond emitter (cathode) and molybdenum receiver 

(anode); 

 probable presence of space charge effect (further tailoring of the inter-electrode region); 

 low energy value at the focal point of the STP; 

 insufficient value of temperature reached by the absorber material in the encapsulated CM. 

Solutions require further research / optimisation, of both fundamental and technological type, to the 

extent that you want to achieve substantial improvements of the whole system. 

 Improve material properties and related treatments (complex ceramic receiver, surface 

nanotexturing, diamond quality, doping and H-termination, adhesion, higher difference of work 

function (anode-cathode) by caesium treatment of Mo surface, minimising inter-electrode 

distance, better quality commercial thermoelectric components. 

 Strive to reach the maximum obtainable value of vacuum controlling the whole system, undesired 

outgassing under heating, optimum sealing materials, getters quality. 

 Introduce mechanical spacers to reduce gap width, avoiding space charge-effects. 

 The energy at the STP should be verified during the summer season, in order to have a better 

weather stability and a more reliable statistical analysis, and some STP components, which are 

not working optimally, possibly substituted. 

It is important to emphasise that EPHESTUS has been a project with the greatest scientific and 

technological ambitions, since it has tried to take advantage of two well-known physical phenomena but 

rarely exploited for solar applications, such as thermoelectric and thermionic effect, to be able to use the 
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energy of the sun, properly concentrated at least 400 times, to generate electricity and useful energy, 

combining them in an integrated, new designed prototype device, like the CM. 

This goal has been pursued by constructing a new concept, CM integrated in a solar test platform, apt to 

concentrate the light in a focal point, where is placed the absorber / emitter device, in which the 

temperature is elevated up to the values of the lower limit (> 700 degrees of Celsius) to obtain a good 

thermionic emission, in vacuum, collected by a lower work-function cathode, placed at low temperature, 

in turn integrated electrode of a thermoelectric system. 

The results obtained are technologically and scientifically very significant, in terms of materials, 

prototypes and innovative processes; some limitations, however, were found on the real yield of the two 

combined processes, but many of these weaknesses can be relatively easily overcome in a near future 

with an appropriate additional R&D phase. 

The scientific and technological achievements, obtained during the whole project, are of great relevance 

and led also to the submission of 3 patents, in addition to successful presentations at international 

conferences. 

E) Project results 

The CM by CNR 

 Starting from the schematic design of the CM structure, the research work, performed during the 

Project time, was aimed at the study, design and manufacture, in series or in parallel, of the 

individual components of the module itself. The most important part of the CM is the definition of a 

complex structure, constituted by a radiation absorber, a thermionic emitter cathode, an anode (or 

collector) and, in series, a thermoelectric converter. 

The STP by SHAP 

 The study, design and development of a concentrating STP started contemporarily to tasks 

concerning the CM that was defining materials and technological/physical specifications outputs; 

such a STP has been installed outdoor at SHAP headquarters, in Castel Romano (Rome, IT). The 

CM and STP activities, obviously, proceeded in parallel, while guidelines have been drafted to 

optimise and characterise materials in operating conditions. A detailed design of the STP, in 

coordination with the plant control and data acquisition system, has been realised in parallel to the 

CM materials definition and development during the first period of the project. 

 

Associated to this activity, a great effort has been also devoted to the optimisation of the 

concentrating solar system in terms of mechanics, optics, tracking system, wirings and integrated 

circuits. The full operation of the platform, in particular focus positioning and sun tracking, is 

controlled by a complex automated system. 

The high flux solar simulator testing at Tel Aviv University (TAU) 

 Solar simulator at TAU is powered by a 4 kW Xenon lamp and equipped by a concentrating 

reflector and a x - y - z moving stage; it works with an average energy flux of 450 kW / cm2 (i.e. 

450 mean suns) on a spot with 35 mm diameter and has been used for testing of the first 

prepared CM prototype (identified as Alpha or 'naked' version). This step is mostly relevant since, 

with this apparatus, it is possible to independently vary different experimental parameters such as 

temperature, radiation flux concentration, vacuum, etc. and properly evaluate their influence on 
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the prepared components and materials, before proceeding with the assembly of the in vacuum or 

encapsulated prototype. 

The hybrid cable by Prysmian 

 A new designed hybrid cable, carrying both electricity and fluids, has been fabricated and tested 

by Prysmian. The technological development of this hybrid cables came across mainly issues 

related to high temperature. This activity included the optimisation of both conductor and 

polymeric insulation sheath. Moreover, hybrid cables integration in the STP has been established 

and stability and durability tests have been performed accurately. The technology and know-how 

(patent pending at the moment of this document drafting) have developed the basis for the final 

integration of cable within the prototype solar system. 

The CM, Beta and Gamma version installed outdoor in the STP by CNR and SHAP 

 The installation and integration of the CM beta version in the solar test platform, still assisted by 

an external pumping vacuum system directly connected to the module, has been achieved by the 

end of the project and represents the achievement of an objective of the project. 

The final prototype version of the CM, in the gamma version, encapsulated under vacuum, has 

been installed as well in the field, at the STP, built by SHAP, at Castel Romano, Rome. 

Finally, the whole integrated system (CM module and STP), including all system securities, is 

automatically controlled by computers, development of programs performed within NI Labview 

software environment, ad hoc specifically prepared. 
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1.4. SOLUGAS - SOLAR UP-SCALE GAS TURBINE SYSTEM [25] 

One of the most promising concepts for the cost reduction of solar thermal electricity is the introduction 

of the solar energy into the Brayton topping cycle of a combined cycle (CC) power plant. In this way the 

solar heat can be converted to renewable electric energy with the highest currently available conversion 

efficiency of modern combined cycle plants.  

The main objective of the Solugas project is to demonstrate the performance and cost reduction potential 

of a solar-hybrid driven gas turbine system on a commercial scale. The demonstration project is the first 

commercial-scale gas turbine system that can later be offered to customers in several configurations 

(combined cycle, co-generation). 

Solugas plant is the first pilot solar hybrid gas turbine power plant at megawatt scale, representing a 

significant step towards commercialization of this technology. The project, financed under the European 

Union’s 7th Framework Program, has brought together leaders in each of the respective areas of 

technological knowledge. 

The start-up tests commenced in May 2012, as foreseen in the initial schedule. Over the coming months, 

cycle performance tests will continue with different air temperatures at the receiver outlet. 

The following aspects are being validated in the operation and evaluation stage: 

 Performance of heliostat field and optical quality. 

 Receiver efficiency in thermal energy conversion. 

 Receiver pressure and heat losses. 

 Pressure and heat losses in interconnection piping between receiver and turbine. 

 Turbine performance. 

 Plant operation and control. 

 Behaviour of components during operation at high temperatures. 

A) Project Partners 

 Abengoa Solar (Spain) [26] 

Abengoa Solar is a specialized company working in the development of solar technologies and the 

promotion of solar power plants. It was formed based on the traditional solar activity of Abengoa that 

began in the early 80´s.  

Since then Abengoa Solar has been involved in many R&D projects aimed to improve the processes and 

components required to produce electricity from solar energy. Abengoa Solar therefore has extensive 

experience in solar thermal installations, including central receiver systems, parabolic troughs and 

parabolic dishes. With its investment in Europe’s most modern solar test facility, the Plataforma Solar de 

Sanlúcar la Mayor (PSSM) near Seville (Spain), Abengoa Solar NT can offer a unique test facility, adding 

a worth of several million Euro to the project, making a big effort to go on developing and improving new 

technologies.  

As coordinator Abengoa Solar can rely on a strong management and administration with a lot of 

expertise and experience in managing large projects on international scale. 
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 Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR) (Germany) [26] 

The German Aerospace Centre DLR is Germany's largest engineering sciences research institution, 

employing about 5.700 people in its various research centres. 

In its Solar Research Division about 50 scientists, engineers and technicians are working in the fields of 

power tower, parabolic trough, dish/Stirling, thermal storage and solar-chemical processes. In the tower 

technology DLR is leader in the air receiver technology for either Rankine or Brayton cycles.  

The main expertise of DLR in the project is in the design of solar receivers, optimization of heliostats, 

simulation of solar power cycles, and the evaluation of components and complete systems. 

 

 GEA Technika Cieplna (Poland) [26] 

GEA Technika Cieplna (GTP) was established in 1994 and is today a part of GTP Process Equipment 

Division, which belongs to the GEA Group. The GEA Group is a globally successful technology group 

with operating companies in around 50 countries.  

GEA Technika Cieplna is working in the field of heat exchangers. The focus of the company is the 

selection, design and production of high efficiency heat exchangers, based on elliptical and circular 

tubes, of finned or smooth type, made of stainless and carbon acid resistant steel. GTP already has 

some experience on the field of the solar recovery system and since 2005 is a partner in the project 

SolHyCo.  

With its manufacturing capabilities with specialized welders and the necessary manufacturing 

infrastructure GTP is interested in production and delivery of solar receivers based on tube technology. 

 

 Turbomach (Switzerland) [26] 

Turbomach has accumulated knowledge and experience in technical design, application engineering and 

manufacturing of combined heat and power plants and advanced cooling systems for more than 25 

years.  

Turbomach is the European leader in the manufacturing of turbo generator packages in the range of 1 to 

20 MW with a total installed capacity exceeding 4'393 MW. Turbomach packages industrial-type turbines 

manufactured by Solar Turbines Incorporated, renowned for its high quality and prestigious products, 

with over 12'000 turbines operating all over the world. 

 

 New Energy Algeria (NEAL) (Algeria) [26] 

New Energy Algeria (NEAL) was founded in July 2002 by the Algerian companies Sonatrach, Sonelgaz 

and the private company SIM as a new, renewable energy joint venture company. NEAL looks at the 

development of solar, wind, biomass, and photovoltaic (PV) energy production.  

The first project launched and developed by NEAL and now under construction is the 150-MW hybrid 

natural gas/solar power plant at Hassi R’mel. The aims of NEAL include the expansion of renewable 

energy use, green power trade and a solar electricity export to Europe. Feasibility studies of two 

submarine cables linking Algeria to Europe have already been performed.  

Algeria is the first North African country to establish a feed-in law for renewable energies. This law is 

special since it includes incentives for solar-gas hybrid plants. 

B) Concept 

In November 2008 the demonstration project Solugas started under the European Commission’s 7
th
 

Framework Program. An international consortium formed by the German Aerospace Centre (DLR), 

Turbomach, GEA, NEAL and Abengoa Solar, combine their effort to develop the first solar-hybrid driven 
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gas turbine system on a pre-commercial scale. Each partner introduces different expertise as shown in 

the Fig. 57, which are joined under the coordination of Abengoa Solar. 

 

Fig. 57 – Solugas - distribution of work [27] 

As shown in Fig. 58, the pressurized air heated in the receiver is directly feeding the combustion 

chamber of a commercial Mercury 50 gas turbine conveniently modified to operate driven by solar 

energy. Here the air is heated further with natural gas to reach the turbine nominal working temperature. 

The thermal energy is then used to produce electricity by means of the turbine and generator. The 

combustion system of the gas turbine is placed in line with the solar receiver, so that a constant 

production of electricity can be guaranteed in hybrid operation, independently of weather condition. 

 

Fig. 58 – Solugas cycle scheme (inside dashed line) [27] 

 Heliostat field 

Heliostat field consists of 69 units designed by Abengoa Solar, each of them of 121 m2 reflective area 

and 28 facets individually canted. Heliostats include an innovative tracking system using hydraulic 

components for both, azimuth and elevation movement. Cost reduction is significant in comparison to 

heliostats in PS10 and PS20 facilities, remaining the tracking error below 3mrad according to Abengoa 

Solar measurements. The overall thermal power delivered by the field is higher than 5 MWth. Fig. 59 

shows the final heliostat field layout erected in Solúcar platform which has been designed, optimised and 

constructed by Abengoa Solar. 
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Fig. 59 – Solugas demo plant [27] 

 

 Tower 

Solugas tower introduces certain particularities that allow minimising thermal losses at the same time 

that prepares the facility to test future concepts. 

Solar receiver and gas turbine are very close to each other, reducing though the distance that the hot air 

should cover. Therefore the load and temperature drop is minimised. Additionally the receiver has 35° 

inclination against the horizontal axis which is optimised to increase the irradiation concentration 

acceptance. 

Furthermore the inclination contributes at the same time to reduce convectional losses. 

A 75 meter high concrete tower was designed and constructed that supports the receiver and gas turbine 

unit in over 60 meters from the ground. 

 

Fig. 60 – Solugas demo plant [27] 
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 Solar Receiver 

The heliostat field concentrates the normal irradiation in one single focus point. It is here where the high 

temperature receiver is located. This component, designed by DLR and constructed by GEA transforms 

the solar energy into thermal energy. It has a length of 6 m and a diameter of almost 5 m. It is made out 

of 170 thin nickel based alloy absorber tubes in a cylindrical layout where the pressurised air at 10 bar 

coming from the compressor passes through. The concentrated irradiation increases the tubes 

temperature heating the air up to 800 °C at the receiver exit. The total air mass flow is collected at the 

exit of the receiver and transported to the turbine combustion chamber. The receiver was insulated for 

heat losses minimisation. The air temperature within the cavity can reach, when working at maximum 

thermal power, more than 950 °C. The insulation designed is prepared to reduce the external 

temperature below 100 °C. 

Fig. 61 and 62 show the receiver design and the moment when it was placed on top of the tower 

respectively. 

 

Fig. 61 – Design view of Solugas receiver [27] 

 

Fig. 62 – Solugas receiver located on tower [27] 

 

 Interconnection Piping 

One key aspect of the solar-hybrid concept is the transportation of the air from the turbine compressor to 

the receiver, and from here to the combustion chamber. The stretch that joins the receiver outlet with the 

combustion chamber inlet is particularly sensitive due to the high working temperature and pressure. In 

addition, normal testing operation implies every day starting up and shutting down the system. Therefore 
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the pipes must bear high thermal gradients and pressure variations. It was decide then to design and 

construct an internal ceramic insulated pipe to transport the hot pressurised gas. 

Another aspect is that in order to allow hybrid operation, operation during night and during cloudy 

periods, a by-pass between the receiver inlet and outlet pipes was placed (see Fig. 63). This has a 

double objective, first, to control the receiver air mass flow and temperature before the combustion 

chamber. Second, to allow directing the pressurised air directly from the compressor to the combustion 

chamber without passing the receiver so the gas turbine could be operated in conventional mode using 

natural gas as single source. 

 

Fig. 63 – Interconnection piping between receiver and gas turbine [27] 

 

 Gas Turbine 

For Solugas project a Mercury 50 gas turbine generator set manufactured by Solar Turbines was 

selected. It is the lowest emitting and highest efficiency gas turbine in its power size range. The Mercury 

50 is a recuperated gas turbine which makes it easier to adapt to the solar energy application. It has a 

power output of 4.6 MWe at 38.5% efficiency and NOx emissions less than 5 ppmv on natural gas. 

Although the Mercury 50 gas turbine design is in its origin a good match for Solugas concept, it required 

several modifications to be adapted to the concept. The analysis for the engine modifications were 

focused on the engine flow path and studying higher operating temperatures in the combustion system. 

Most of the analysis on the engine flow path was related to the interconnection between the solar air 

receiver and the gas turbine. There are three gas turbine connection locations affected: the compressor 

air discharge to the air receiver, the air receiver return flow to the turbine combustion system and the 

turbine exhaust air as shown in Fig. 64. 

 

Fig. 64 – Mercury 50 Engine to receiver interconnects [27] 

Further modifications and analysis were undergone in order to adapt and fit the gas turbine unit to solar 

energy applications. They included combustion system, integration, controls operations, protections, 

transient periods performance prediction, over speed and durability among others. 
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Once the Mercury 50 was modified, the turbine was shipped to Solúcar platform and installed on top of 

the tower as seen in Fig. 65. 

 

Fig. 65 – Mercury 50 installation on top of tower [27] 

C) Design and Simulation 

 Receiver 

First step on receiver design was to obtain the best configuration. A strong simulation process using 3D 

thermal finite elements model considering the local heat flux distribution and other relevant thermal 

boundaries was required. Key aspects included material definition, specific dimensions considering tubes 

diameters, wall thicknesses, heat transfer and costs. 

3D full parametric thermal finite element models were developed taking into account the main loads such 

as the absorbed solar radiation, heat transfer fluid and thermal losses by radiation and convection to 

ambient. Thus average heat flux, solar beam expansion inside the cavity formed by the receiver tubes, 

and optical rules of reflection and absorption of flux distribution were used. Due to the high complications 

derived by strong inhomogeneous and complex heat flux distribution in the receiver, a ray tracing code 

called FEMRAY (Finite Element Mesh Ray-tracing) was developed. The code uses the geometric data 

and the optical properties of each finite element of the mesh to calculate the expected heat flux 

distribution using a simple ray-tracing algorithm. Direct absorption as well as grey diffuse solar radiation 

exchange were considered during the receiver design. 

Together with other thermal boundaries as radiation exchange, thermal losses by radiation and 

convection to ambient, the temperature distribution and the receiver efficiency was evaluated. 

Furthermore the model was used to analyse the transient thermal gradients coming from start- up, 

clouds and so on. Fig. 66 shows the work flow of the thermal modelling of the receiver. 

 

Fig. 66 – Principle work flow thermal modelling [27] 

Together with thermal analysis, the mechanical design of Solugas tubular receiver was a critical issue. It 

is conceived to resist high thermal and mechanical loads taking into account at every moment the costs 

constraint. 

Hence Solugas receiver consists of ten modular panels, each of them with a stainless steel tubular 

distributor, 17 nickel based alloy absorber tubes and a tubular nickel based alloy collector. Every 

absorber tube is connected to a bellow at the distributor section and to a nozzle at the collector side to 

optimize the flow characteristics. 
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The receiver was modelled considering thermal loads, pressure and pre-stressing forces. Elastic 

behaviour of the system, particularly bellows was analysed in detail. Fig. 67 shows the equivalent stress 

distribution of one panel model during normal solar operation. The simulation demonstrates the design 

approach to keep the overall stresses as low as possible and increase the lifetime expectation. 

 

Fig. 67 – Equivalent stresses panel [27] 

 

 Heliostat Field 

Heliostat field was designed to concentrate the maximum sunlight into the receiver to provide the 

required thermal power. The field is slightly over dimensioned in order to test and evaluate the influence 

to the receiver temperature distribution by using different heliostats as well as improving operation 

conditions during periods with lower solar radiation. The need of having a field that could be used during 

the incoming research project related to this technology was also taken into account. Therefore the 

heliostat field has to provide the required power to Solugas receiver and, at the same time, to the 

volumetric receiver to be installed to the left of Solugas receiver in the next months. Fig. 68 presents the 

final heliostat field layout. 

Before construction, a detailed evaluation through Spray ray-tracing software was carried out in order to 

obtain in detail the solar field performance for the appropriate parameters, namely, gamma cosine, 

shading, reflectivity, tracking error, blocking, atmospheric attenuation and spillage. Fig. 69 shows the 

resulting global efficiency for the selected design point heliostat field. The circle represents the location 

of the heliostat and the colour the value for the efficiency of each of them. Same simulation was carried 

out independently for the different parameters mentioned. 

 

Fig. 68 – Heliostat field layout [27] 
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Fig. 69 – Heliostat field efficiency [27] 

D) Commissioning and Testing 

Solugas plant commissioning started in May 2012. First components were the Mercury 50 gas turbine 

generator set, interconnection system and instrumentation. 

During the commissioning, the turbine’s compressor introduced pressurised air into the system at a 

temperature range between 230 °C and 350 °C and at different pressures. The air was diverted partially 

through the tubular receiver at nominal mass flow, and partially by-passed to the mixer, a particular 

piping section where an homogeneous mixed flow from the receiver and the compressor is obtained 

before the combustion chamber is reached. 

The procedure included and exhaustive analysis of interconnection and receiver insulation. The aim was 

to learn about the existence of any thermal leakage or overheating of piping or receiver sections. It was 

learnt that in some of the flanges appeared certain heat losses due to initial dilatation caused by thermal 

shocks. After a tightening process those thermal losses decreased satisfactorily. Fig. 70 shows one of 

the thermal analysis pictures of the interconnection piping taken during operation. 

 

Fig. 70 – Thermal analysis in flange [27] 

Instrumentation data was also checked. Solugas is heavily surveyed to obtain the maximum information. 

There are several pressure gauges, fluid flow meters, radiometers and hundreds of thermocouples 

spread all over the system including receiver, insulation, front wall protection, flanges, mixing piping, 

etcetera. The preliminary information was used to calibrate every sensor to assure the data released. 
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In parallel, heliostats qualification was carried out. Deflectometry measurements were taken for a certain 

number of heliostats and results analysed to obtain accurate information. This process is particularly 

important as it is used to know the exact amount of solar energy entering into the receiver. Additionally 

pictures of every heliostat beam on the target were taken and tracking system checked. 

Regarding the whole system, initial tests were carried out in two different ways; on one hand the receiver 

was insulated from external ambient conditions thanks to a lid covering the cavity entrance. On the other 

hand the lid was removed, thus heat losses through convection with the atmosphere were allowed. It 

was observed that when the lid was shut, working at nominal mass flow through the receiver, the heat 

losses in the receiver where very low. Results with the lid removed are, at the moment of writing the 

paper, too preliminary and no data can be presented. 

Once the process area, receiver and heliostats tracking system performed satisfactorily, the receiver 

focusing process started. One by one, selected heliostats were approaching the receiver concentrating 

the sunlight. At the moment of writing the present paper, a maximum of eight heliostats were focused 

simultaneously. Which demonstrates the first major milestone, as a significant thermal gain can already 

be verified, and all system components can be checked thoroughly. The solar load will be increased 

carefully, at each major temperature step a wide series of verifications and test is carried out at differing 

operation conditions to certify the proper function of all system components. 

 

Fig. 71 – Heliostat beam approaching and focusing the receiver [27] 

E) Future Work 

Solugas will demonstrate the performance and cost reduction potential of a solar-hybrid driven gas 

turbine system on a commercial scale. In order to pursuit this objective several tests still have to go and 

analytical studies to be carried put. 

Ultimate goal is to reach 800 °C at the receiver outlet air temperature. This will be achieved in the 

incoming months increasing the temperature gradually, adding a larger number of focusing heliostats 

whilst gaining experience during operation. Besides obtaining the expected temperatures, the second 

key objective is to demonstrate that the different temperature ranges of the hot air flow from the solar 

receiver can be controlled and brought to acceptable turbine operating conditions by the control of the 

turbine combustor and injection system developed for Solugas. 

Further work will include the optimisation of the plant performance in all operating modes and the 

reduction of O&M effort. All combined will allow the consortium to verify the system high performance 

potential reviewing the thermodynamic simulation models and finally, to obtain in detail the cost reduction 

potential and a market assessment for the technology. 
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2. WIND POWER 

Europe today is the centre of an energy revolution that will impact the way we think about electricity as 

fundamentally as did the emergence of coal in the past. It is driven by the desire of European peoples to 

have cleaner, safer, more secure power to supply their needs, in contrast to the constrained fossil fuels 

of yesterday. 

Wind energy has the potential to be the cheapest power source in Europe, but like any emerging 

technology, it faces significant barriers. The existing market has developed around heavily subsidized 

and monopolistically-managed energy sources with very different characteristics: if wind energy is to 

penetrate European supply to a significant degree, its development must be viewed strategically. 

A strong wind energy sector does not only mean reduced CO2, cleaner air, and secure biodiversity. 

Sustainable economic growth, reduced energy import dependence, high quality jobs, technology 

development, global competitiveness, and European industrial and research leadership – wind is in the 

rare position of being able to satisfy all these requirements. Indeed wind energy can help significantly 

across the whole range of goals in the Lisbon Strategy to make Europe the world’s most dynamic and 

competitive knowledge based economy. 

Wind energy is sometimes mistakenly considered by some to be sufficiently “close to market” that it can 

be ignored. This is only true in that the “leading edge” of the technology, in cost terms, can be 

commercially competitive with newly built conventional technologies under certain conditions. 

However, technological research into wind energy has certainly not left the fundamental stage. It is rather 

the case that new ideas, with the promise of great returns in efficiency and cost in the long term, are 

starved of support because of short term imperatives. 

This chapter is dedicated to the wind energy and aims to present the European institutions with 

extensive know-how in this area and which can support the development of the Brazilian research tissue 

and test, validation and certification infrastructures of wind technologies. 
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2.1. INESC PORTO [28] 

INESC Technology and Science (or INESC TEC) is an Associate Laboratory recognized as Excellent by 

the Ministry of Education and Science in Portugal. This is the highest level of recognition awarded for 

Science and Technology in Portugal. 

INESC TEC is coordinated by the Institute for Systems and Computer Engineering of Porto (INESC 

Porto), a private and independent non-profit association, a Public Interest Institution with over 25 years of 

experience in fundamental and applied science and cooperation with industry. INESC Porto is also 

recognized as a Technological Infrastructure by the Ministry of the Economy in Portugal. INESC Porto’s 

associates include the University of Porto (Faculties of Engineering, Sciences and Economy) INESC 

(based in Lisbon) and the Polytechnic Institute of Porto (namely the Higher Education Institute of 

Engineering in Porto). The Universities of Minho and UTAD are also privileged partners. 

As illustrated in Fig. 72, identifying the areas of specialization organized in four clusters, INESC TEC 

incorporates 12 Units in total and brings together close to 600 collaborates and 200 PhD holders. INESC 

TEC manages an annual budget of around 15 million Euros and its main source of income and projects 

comes from contracts with companies, followed by European and national projects from programs 

offered by the European Union or the Portuguese government. 

As an institute that works as an interface between universities and industry, INESC TEC develops 

activities that begin with the generation of knowledge and conclude with technology transfer and 

valorisation. The institute’s structure follows the metaphor for a production chain of knowledge-value and 

extends the action of conducting fundamental science and developing prototypes, carrying it through to 

the launching of spin-off companies and the provision of advanced international consultancy services. 

In order to do this, the institute combines the creative capacity and concrete knowledge of its academic 

researchers with a strongly professional approach to the problems and projects it is involved in, thanks to 

its body of permanent specialists.  

As a result of its reputation as an independent, impartial and trustworthy institution, INESC TEC has 

provided international consultancy services in four different continents: Europe, North America, South 

America, (particularly in Brazil) and Africa.  

INESC TEC also participates in training and advanced training programs, particularly for doctoral 

students, in partnership with prestigious universities, such as MIT Carnegie Mellon and the University of 

Texas at Austin. INESC TEC’s activity covers multiple areas and can be applied in various markets, for 

example, Telecommunications, Health, Industry, Services and Public Administration. 

The following sections present a succinct summary of the activities and experience of INESC TEC in the 

specific topic of renewable energy modelling and solutions. 
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Fig. 72 – INESC TEC R&D Units and four clusters: Information, Energy, Communications and Industry 

A) The Power Systems Unit 

The Power Systems Unit (USE) is INESC TEC’s main actor in the area of electrical energy. The Unit 

employs close to 70 collaborators, including 16 PhD holders. It is internationally recognized for its 

expertise in problems relating to the integration of wind power and renewable energy in general in power 

systems. USE is also recognized in the areas of distributed generation and smart grids, areas 

traditionally associated with planning and operating power systems and designing and developing 

software for dispatch and control centres. 

This high level of expertise has allowed specialists at USE to take on key roles in important European 

Union projects as part of the successive framework programs that led to notable scientific and technical 

advances with considerable impact on industry. Furthermore, this recognition of the Unit’s capabilities 

has led to contracts for development and consultancy with companies manufacturing equipment, 

generation, transmission and distribution companies, regulators, government agencies and investors. 

These activities have been developed in Europe, South America (particularly Brazil), the United States of 

America and Africa (particularly in Portuguese-speaking African countries). 

INESC TEC’s enhanced competencies in this area not only come from its high level of professionalism in 

its work but also from its globally recognized elevated level of science. INESC TEC’s collaborators 

include various specialists that are IEEE Fellows and its teams regularly publish works in the most highly 

regarded international scientific publications. These specialists have contributed to various different 

areas, helping to advance knowledge and techniques with ideas, methods and algorithms which have 

later been adopted by industry. 

The areas in which the Unit has advanced expertise and both works in and offers consultancy in are:  

 Network and control centre management 

 Forecasting power generation and characterizing consumption 

 Isolated systems 

 Integrating renewable energy into large-scale systems 

 Markets and regulation 
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 Microgrids, smart grids and electric vehicles 

 Security and reliability 

The Unit is also involved in advanced training for companies in the electricity sector through the EES-

UETP European consortium. INESC TEC has run ELAB - the Luso-Afro-Brazilian Meeting for Energy, 

since 1991 which has brought together administrators, directors and technicians from all of the 

companies in the electricity sector in Portugal and Portuguese-speaking Africa as well as important 

companies and organizations in Brazil. 

USE has fundamental calculating and simulation computational equipment and develops technical 

activities at its Smart Grids and Electric Vehicle laboratories. 

USE’s activity has resulted in the incubation of a spin-off company, PreWind, with participation from 

INESC Porto. This company provides wind power forecasting services for energy system generators and 

operators. 

B) Projects in Renewable Energy Integration 

The activities developed by INESC TEC related to wind power and translated into specific projects may 

be divided in four clusters: 

 Geographic resource evaluation 

 Integration in island systems 

 Integration on interconnected systems 

 Forecasting 

These activities go back to as early as 1994 and encompass from EU projects (within FP5, FP6 and 

FP7) to direct R&D or consulting contracts with companies or government authorities. 

1) Geographic resource evaluation 

SOLARGIS 

SOLARGIS is the name of a European Union project (ref. JOU2-CT-94-0439) where INESC TEC 

developed models and studies in the availability and economic value of renewable resources, namely 

wind, especially for isolated systems, in the Republic of Cape Verde in Africa. 

Taking in account orography, distribution of population, shadows from the terrain elevation, data on 

insolation and wind speed registered at airports and measuring stations and applying a set of models, 

maps could be derived on the availability of resources. Also, including the costs of a diversity of 

technologies, plus construction and maintenance costs, maps could be built on the economic relevance 

of the use of alternative solutions, establishing the competitiveness among PV, stand-alone wind 

turbines, diesel, wind-diesel or the extension of the electric grid to attend isolated communities or needs 

such as pumping water. 

At the same time, maps of cost/profit for the location of wind farms were produced, including all costs 

associated with the construction and connection to the grid, allowing the identification of the most 

profitable emplacements. 
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MEAPA (project developed together with UFPA - Brazil) 

MEAPA was a project applied to the region of the island of Marajó, in the State of Pará, Brazil, where 

again the availability and economic value of renewable resources, namely wind, PV and biomass were 

assessed, against traditional options, both in terms of isolated systems and operating interconnected to a 

distribution grid. The characteristics of an Amazonian region were fully taken in account. 

Maps for the costs of each technologic solution for stand-alone systems were produced, as well as maps 

denoting the geographical distribution of competitive alternatives. 

AMPLA (project developed together with COPPETEC from UFRJ - Brazil) 

In this project, a Geographic Information System was applied to a Renewable Sources Survey in the 

State of Rio de Janeiro in Brazil, having as the ultimate client the distribution utility AMPLA. 

The project addressed the mapping of hydro, wind and solar resources, their economic feasibility and the 

possible interconnection to the main grid. 

The mapping identifies every place where the generation from a given technological source may supply 

the demand at a given price level or at lower price. The mapping explains geographically the meaning of 

a cumulative curve that relates an area in km2 with the possible production price in R&/kWh. These 

results allowed AMPLA to assess the potential renewables market in its concession area. 

2) Renewable Energy Integration 

There are many angles to the problem of large scale integration of wind power in interconnected 

systems. INESC TEC has dealt with all of them in distinct professional contacts. The main topics are 

distributed among selecting interconnection points, dynamic stability, resilience of wind farms to voltage 

dips, reduction of network losses, definition of pumped storage in coordination with wind power, 

voltage/var control or the organization of tenders for new wind farm integration. 

The activity of INESC TEC in this domain is largely international. Before presenting a summary table, a 

few project examples are mentioned in the following sections. 

Public Tender 

INESC TEC was contracted to act in support of the Ministry of Economy and Innovation of Portugal, for 

the definition of technical specifications and the design of the selection process in the Call for Tenders 

for new wind power generation in Portugal.  

One of the INESC TEC experts was appointed as the President of the Selection Jury. This process led 

not only to decisions on new wind farm building but also on the investment in a wind generator factory 

installed in the north of Portugal, contributing to employment and exports with high national technologic 

integration. 

The tender model was studied and reproduced with adaptations in a number of countries, namely 

Morocco. 

ONS Grid Code 

The national system operator of Brazil (ONS) contracted INESC TEC to define, for the Grid Code to be 

applied in Brazil, the specific conditions and regulations that allowed accepting the connection of wind 

power to the networks. This work involved the definition of dynamic models for wind generators, the 

definition of the data to be requested to generator suppliers, the development of dynamic stability studies 
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for the case of integration of large wind farms in the Northeast region of Brazil and, finally, the analysis of 

the feasibility and economic worth of FACTS to provide support to the grid voltage in that region.  

RESERVAS 

The large scale integration of renewables in the generation portfolio of a country, especially when the 

wind has an important penetration, raises concerns on the security of supply.  

The transmission system operators of Spain (REE) and Portugal (REN) jointly contracted INESC TEC to 

develop a model to evaluate the security of supply in Iberia (Spain + Portugal) until 2025 and the 

operational reserve adequacy, in a set of scenarios including extreme scenarios of absence of relevant 

wind and hydro resources. The risk of wasting renewable energy was also evaluated. 

INESC TEC developed a new approach based on sequential Monte Carlo simulations with hourly 

resolution and with detailed representation of wind resources, through the division of the territory in 

several regions of distinct wind behaviour, each with its owns set of historical wind series.  

Other renewable resources are considered, namely large and small hydro and solar.  Pumped storage is 

also part of the model. The possible dispatch strategies are taken in account, including the presence of 

nuclear power stations in Spain, and maintenance is also modelled. 

This model answers the following question: is the hourly operational reserve enough to compensate the 

forecasting errors in load, wind and small hydro power, as well as equipment failures that may occur? 

Following the deep study developed by INESC TEC to REE and REN, the software application 

RESERVAS was supplied to REE and to REN. 

The methodology followed in the RESERVAS approach has been proposed as the standard 

methodology to consistently evaluate the security of supply and operational reserve needs in the 

European Union. 

REN-FACTS 

Lightning and short circuits may cause voltage sags of abnormal depth, triggering under-voltage 

protection relays to disconnect wind farms when power electronics equipment is affected. This loss of 

generation may assume important proportions either due to the dimension of the cut-off wind farm or 

because a number of wind farms may be in the electrical neighbourhood of the incident – and the loss of 

an important fraction of generation is always a major event in a power system, requesting emergency 

actions and with the possibility of jeopardizing the system security. 

The problem is aggravated if wind generators from older technology generations are present in the 

system, as they do not possess the same ride through fault capability that more modern units possess. 

REN is the transmission system operator in Portugal and asked INESC TEC to develop a methodology 

and a study to locate and size FACTS devices (of the STATCOM type) to mitigate the transient voltage 

sag problem and increase the overall system security, taking in account a number of scenarios. INESC 

TEC applied its expertise and scientific knowledge, developed a solution based on Evolutionary Swarm 

computing and offered to REN a set of analyses and solutions to the problem, in a compromise among 

costs, performance and security. 

WISE SISE 

Within a large R&D project denoted REIVE (for Autonomous Intelligent Networks and Electrical 

vehicles), INESC TEC developed solutions to integrate small solar PV and wind generators in LV 
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networks. The WISE SISE technology represents one of such approaches, matching control strategy 

with inverter technology.  

WISE stands for Wind Integration in Smart Environments (SISE refers to Solar power). This power 

electronics equipment consists of an inverter, allowing the connection of small wind generators up to 2 

kW to Low Voltage networks. The special feature of the WISE inverter is the control process that avoids 

an excessive raise in voltage, which is likely to happen in weak networks. These overvoltages lead to 

successive disconnections/connections of the wind micro-generators, deteriorating local power quality, 

when commercial off-the-shelf solutions are used. 

Furthermore, the WISE (or SISE) inverter can also track frequency changes and adjust power output 

accordingly. This feature is especially useful when the wind generator finds itself in an isolated micro-

grid, following a grid incident, but may also be of interest if the generator is in an island system. 

3) Forecasting 

INESC TEC has a tradition in the development of forecasting methods and the demonstrated capacity to 

transfer new scientific approaches into industrial models. 

The work in consumption forecasting goes back to as early as 1990, with contracts to develop a 

forecasting system for the consumption of distributed gas in the city of Lisbon, for the utility then named 

as Gas de Portugal S.A. The model was based on non-linear regression. 

During the following decade, INESC TEC developed several models related to electricity demand 

forecasting, mostly relying on neural networks. For instance, one model predicts current in lines 

emerging from distribution substations and allows adaptive correction to take in account switching and 

load transfer – it was included in a set of applications in a commercial DMS (Distribution Management 

Systems) environment. 

Another model associated consumption in LV networks as measured by energy meters to peak power 

and 24 h load curves. Variants of this model were supplied under contract to EDP (the Portuguese 

national utility) and to ERSE (the Portuguese Electricity Regulator) and formed the basis of the 

Portuguese national market tariff system. 

Yet other models were developed based on Geographical Information Systems to produce spatial 

demand forecasting, on a smooth combination of computational intelligence models and the powerful 

representation of GIS. 

It comes with no surprise that INESC TEC also became involved in the efforts to produce solid and 

efficient wind power forecasting models, taking in account its past in prediction modelling and the needs 

of a country such as Portugal, with over 20% penetration of wind energy in the generation portfolio. 

The prediction systems developed are not about the wind resource but about the electrical power that 

may be extracted. Models based on physics laws and fluid mechanics may be useful in some stages of 

the wind resource assessment or when no operation data exist, but statistical models are proven to 

render the most accurate results in wind power prediction, whenever historical data are available. 

The wind power forecasting may also be divided in distinct time horizons: long, short, very short and 

ultra-short term predictions. The core of INESC TEC work, as a response from the industry demand, has 

been concentrated in the short and very short term horizons: from 6-9 to 72 hours ahead and from <1 to 

6-9 hours ahead. 
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The wind power prediction models may traditionally be for point forecasting (only deterministic values are 

predicted at each time step) or uncertainty forecasting (marginal probability distributions at each time 

step are produced for a wind power prediction). Presently, ramp forecasting is also becoming 

increasingly important for system operators. 

The most relevant projects developed at INESC TEC are mentioned in the following sections. 

EPREV 

A consortium of wind farm owners contracted INESC TEC to develop wind power prediction tools, most 

needed for the operation of their business.  

The tools developed concerned very short terms and short term forecasts. The basis for very short term 

forecast is essentially statistical, but for short term predictions one may already use the latest wind speed 

and direction forecast data, as well as other weather data such as temperature or humidity, coming from 

NWM (numerical weather models). 

ARGUS 

The Argonne National Laboratory (ANL) from the Department of Energy (DoE) of the Government of the 

United States contracted INESC TEC for a joint development of an ambitious project aimed at improving 

the know-how in wind power prediction and developing new approaches and tools specifically adapted 

top the conditions in the US. 

Besides ANL and INESC TEC, this project counted with the collaboration of MISO (the Midwest 

Independent System Operator) and Horizon Wind Energy, at the time the 2nd largest wind power 

producer in the USA. 

The project produced what is considered one of the best and most comprehensive reports on the state of 

the art in wind power forecasting, which is made available at the ANL website, together with an abridged 

Quick Guide. 

As results and achievement, a large description may be found in: 

http://www.dis.anl.gov/projects/windpowerforecasting.html 

From the scientific results produced, one may retain: 

 A new model for short term point forecasting 

 Two new models for uncertainty forecasting 

 A new model for ramp forecasting 

 A new model for very short term point forecasting 

These models were all tested and validated with data from wind farms in the Midwest of the USA. 

Besides forecasting, the project also dealt with building new stochastic unit commitment models and 

stochastic models for wind power bidding, taking in account the wind uncertainty. 

ANEMOS.Plus 

The ANEMOS consortium was given birth from a series of European projects – ANEMOS and 

ANEMOS.plus (FP6 Contract N° 038692) – from which a series of advanced tools in wind power 

forecasting emerged. 
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INESC TEC had a leading role in ANEMOS.plus in the tasks related to the development of new 

intelligent management tools for large-scale wind integration. More important than providing prediction 

tools, the economic agents in the wind power business need to incorporate the uncertainty in wind power 

generation into the decision-making process. Tools for operational reserve scheduling, congestion 

management and wind-storage coordination were the main focus in the project. These tools were tested 

and demonstrated with real data at the Portuguese TSO. 

ONS-PREV 

ONS is the national system operator of Brazil and contracted INESC TEC to follow and provide advice 

on a project to develop some prediction tools (very short and short term) that would be tested with data 

coming from Brazilian wind farms. 

The project included following up developments made by a partner team from the Federal University of 

Pernambuco, to benchmark results and to provide a road map for the development of wind power 

prediction tools. 

2.2. INEGI [29] 

INEGI is an institution owned mainly by the Faculty of Engineering of the University of Oporto with a call 

to provide consultancy, research and development linking the University with companies in the fields of 

Mechanical Engineering such as Energy, Materials, Manufacturing processes, Product development and 

Design, Tribology, etc. 

Concerning exclusively wind energy, the scope of INEGI’s activity in the domain is very wide, from the 

wind farms site selection, planning and running of wind measuring campaigns, wind resource 

assessment studies, technical and feasibility studies, call for tenders, due diligence processes, wind 

turbine power curve measurements and wind farm performance verification, structural surveillance, 

territorial planning actions, etc.. 

INEGI’s activity in Portugal was essential for the development of wind energy with national expertise 

given about 80% of the wind power capacity currently in operation was analysed by INEGI in the scope 

of the abovementioned activities. Work abroad is growing steadily and with sustainability in other regions 

of Europe (Spain, France, Italy, Hungary, Bulgaria) and in other continents (Brazil in South America and 

South Africa in Africa). 

INEGI’s Wind Energy Group is embodied in the Centre for Wind Energy and Atmospheric Flows - CEsA 

(Centro de Estudos de Energia Eólica e Escoamentos Atmosféricos) aiming to contribute to improved 

methodologies for wind energy resource assessment, wind turbine siting and wind power forecasting in 

complex terrain that can be used globally. It is the only research Unit in the Portuguese research network 

supported by the Portuguese Ministry of Science and Higher Education, dedicated to wind energy and 

organized along two main areas: 

 Research and development of all aspects related with computational modelling of atmospheric 

flows, with emphasis in those over complex topography, based on the fundamental fluid flow 

equations.  

 High level consultancy and transfer of knowledge and technology, involving evaluation of the wind 

energy resources and all other tasks leading to the installation of wind farms.  

The activities of INEGI’s Wind energy Group go in line with the European and national programs aiming 

at an increased penetration of the renewable energy sources, namely the wind energy. 
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Concerning R&D on wind energy, INEGI’s Wind Energy Group has as its main objective and mission to 

establish itself and be recognized as a research unit of high quality and particularly suited to solve and 

support the wind energy activities in Portugal and abroad. 

2.3. PREWIND [30] 

Prewind is a spin-off company from Portuguese R&D Institutions (INEGI, INESC Porto and ICAT) that 

provides forecasting services for the energy sector. The company resulted from a Portuguese R&D 

project that started in 2005 and is working as an enterprise since 2010. At this present moment the 

company provides short term wind forecasting services, for more than 3GW installed wind power, mainly 

in Portugal, in European countries and also in Brazil.  

The main goal of Prewind is to provide forecasting services for the energy sector with higher indexes of 

quality and availability. To follow this policy there is a continuous plan of investment in R&D to improve 

the quality of the actual services and to create new services. 

2.4. CENER-CIEMAT FOUNDATION [31] 

The National Renewable Energy Centre (CENER) is a technology centre, specialised in applied 

research and in the development and promotion of renewable energies. It has excellent qualifications 

and recognised national and international prestige. 

The CENER-CIEMAT Foundation started its activity in 2002 and its Board of Trustees is comprised of 

the Ministry of Economy and Competitiveness, Ciemat (Research Centre for Energy, Environment and 

Technology), the Ministry of Industry, Energy and Tourism, and the Government of Navarra. 

It currently provides services and performs research work in 6 areas: Wind, Solar Thermal and Solar 

Photovoltaic, Biomass, Energy in Buildings and Renewable Energy Grid Integration. 

CENER has cutting-edge technological infrastructures, with the most modern laboratories and facilities in 

the world. The Wind Turbine Test Laboratory (the only one of its kind in the world), the Experimental 

Wind Farm, the 2nd Generation Biofuel Centre and a Microgrid deserve a special mention. 

CENER’s headquarters are located in the Ciudad de la Innovación, in Sarriguren, Navarra, although it 

has facilities and offices in other locations, such as: Sangüesa, Alaiz and Aoiz (in Navarra) and Seville. 

A) Wind Energy Department 

The aim of the CENER Wind Energy Department is to develop applied research activities and provide 

technical advice in the wind energy field, offering services to all the players in the sector, such as: 

promoters, manufacturers, financial entities, operators, public administrations and associations, both at 

home and abroad. 

In short, the aim is to improve the efficiency and therefore the competitiveness of an ever-changing 

sector. In this regard, the CENER Wind Energy Department works in different research projects, both on 

its own initiative and in collaboration with technology centres, institutions and enterprises. 

Apart from its multidisciplinary team, the Wind Energy Department has important technological 

infrastructures that deserve to be highlighted, such as: the Wind Turbine Test Laboratory (the only one in 

the world), a Data Processing Centre, and an Experimental Wind Farm in complex terrain. 
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B) Wind Energy Action Areas 

 Wind Turbine Analysis and Design (ADA) 

o Aerodynamic Design- CENER Aerofoil Family 

o Aerodynamic Consultancy 

o Structural Design 

o Wind Turbine Control 

o Materials and Processes 

o Offshore Applications 

o Materials and Processes Laboratory 

 Wind Resource Assessment and Prediction (EPR)  

o Assessment 

o Prediction  

 Weather and Wave Predictions 

 Wind maps 

 Wind Turbine Test Laboratory (LEA) 

 Marine Wind Energy 

C) Infrastructures and Technical Resources 

The CENER Wind Energy area has highly qualified personnel as well as specialised software in the 

following areas: 

 Aerodynamics and aero-elasticity 

 Structural mechanics 

 Dynamic systems and control 

 Manufacturing processes and materials 

 Meteorology 

 Mathematics 

 Electronics  

 Electricity 

 Communications 

 Instrumentation and Measurement 

 Programming and computing 

 Wind Turbine Test Laboratory (LEA) 

 Experimental Alaiz Wind Farm 

http://www.cener.com/en/wind-energy/wind-turbine-analysis-design.asp
http://www.cener.com/en/wind-energy/aerodynamic-design-cener-aerofoil-family.asp
http://www.cener.com/en/wind-energy/aerodynamic-consultancy.asp
http://www.cener.com/en/wind-energy/structural-design.asp
http://www.cener.com/en/wind-energy/wind-turbine-control.asp
http://www.cener.com/en/wind-energy/materials_and_processes.asp
http://www.cener.com/en/wind-energy/offshore-applications.asp
http://www.cener.com/en/wind-energy/composite-materials-laboratory.asp
http://www.cener.com/en/wind-energy/wind_resource_assessment_prediction.asp
http://www.cener.com/en/wind-energy/wind-resource-assessment.asp
http://www.cener.com/en/wind-energy/wind-resource-prediction.asp
http://www.cener.com/es/energia-eolica/prediccion-meteorologica.asp
http://www.cener.com/es/energia-eolica/mapas-viento.asp
http://www.cener.com/en/wind-energy/wind-turbine-test-laboratory.asp
http://www.cener.com/en/wind-energy/offshore-wind.asp
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 Data processing centre. The calculation cluster of CENER has 40 machines with a total of 400 

real CPUs (712 including virtual ones) and 640 GB RAM. It is comprised of Dell and HP machines 

that are used by the calculation software (MARC, ADAMS, WMB, DAKOTA, FAST, OpenFOAM, 

SKIRON, CaL, MOS), and by the software developed in-house in CENER’s Wind Department 

2.5. ENERGY & METEO SYSTEMS [32] 

energy & meteo systems has been on the market since 2004 and already stands as one of the 

technological leaders in the areas of energy meteorology and wind power prediction. The company’s 

position is consistently built upon by strong dedication to research and development. As a consequence, 

energy & meteo systems works together with well-known institutions and companies in a way that 

quickly turns fundamental knowledge into marketable products.  

energy & meteo systems offers innovative services and developments around the integration of 

renewable energy sources into the power supply. With the ground-breaking technological know-how in 

the area of energy meteorology, energy & meteo processes meteorological data into useful informational 

and prediction products for the energy community. By doing so, energy & meteo meets the market's 

demand for reliably calculated predictions of the electric grid input from renewable energy sources — as 

well as making a valuable contribution to the scheduling of a power plant for energy providers. 

At the heart of the company's activities and significantly developed by both managing directors of energy 

& meteo systems lies the wind power prediction system Previento —a physically highly complex 

operational system for calculating precise forecasts of a wind farm's power output. In addition, energy & 

meteo systems has developed a software for virtual power plants, which can be adapted to the individual 

demands of the customers. 

The goal is to provide well thought-out concepts which open up enormous potential for cost reduction to 

energy providers and grid operators when integrating renewable energies into their daily businesses. 

This is because the energy industry rightly expects the flow of electricity, including that which stems from 

renewable energy sources, to be highly amenable to planning. 

A) Previento — Wind Power Prediction 

Previento is an operational system for predicting the power output of wind farms, allowing energy 

providers, power traders and grid operators to integrate the fluctuating input of wind energy into their 

daily business both economically and with technical efficiency. 

Previento provides a reliable prediction of the expected wind power for any sites and regions in 

Germany, Europe and anywhere around the world up to 10 days in advance and with a time resolution of 

up to 15 minutes. 

The wind power prediction rests on the optimal combination of different weather models, while taking into 

account the local conditions of the wind farm surroundings as well as the numerical weather forecast. 

The total electricity produced by wind within a certain region is calculated on the basis of selected wind 

farms. This is done by choosing a representative site in such a way that it reflects the regional 

distribution of the wind turbines. The accuracy of the prediction varies according to the weather 

conditions. In contrast to other prediction systems, Peviento additionally calculates the uncertainty 

adapted to the respective prediction situation along with the actual predictive value. 

All prediction data is centrally calculated on the servers and promptly transmitted to the customers via 

the Internet in the usual electronic formats. 
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Previento has the following features: 

 Prediction of wind power for  

o entire countries worldwide  

o designated balancing areas  

o individual states and counties  

o individual wind farms 

 time interval: 0 to 240 hours  

 time resolution: 15 min. to 1 hour 

 shortest-term-prediction: 0 to 6 hours 

 ramp event prediction: point in time, duration, amplitude and rate of increase 

 multiple daily updates of the prediction   

 prediction uncertainty on well-defined confidence levels 

 electronic transmission in all major formats 

 optional: integration of online measurement data to optimize the prediction 

B) The Virtual Power Plant - Key Technology for Renewable Energies 

The virtual power plant is a modularly designed software suite which effectively connects, coordinates 

and monitors decentralized power-generating sites, storage facilities and controllable loads via a 

common intelligent control centre. In doing so, it can act within various energy markets as would a 

conventional power plant. The virtual power plant offers a broad variety of services to power plant 

operators, industrial enterprises, public services, electricity suppliers, power brokers and grid operators. 

The Virtual Power Plant has the following features: 

 Bundling of decentralized power sources such as wind, solar or biomass and controllable loads 

into a high-performance network 

 Real-time monitoring of all production data and load profiles 

 Direct marketing of renewable energies to the electricity market: issuing of detailed schedules for 

optimal energy trading on the spot and intraday markets 

 Making system services available such as secondary and tertiary reserve power 

 Avoidance of balancing energy through regulation within the pool 

 Cost effective operation with regard to grid tariffs and avoidance of load peaks 

 Efficient integration of reliable solar and wind power predictions and electricity price forecasts 

 Stabilization of weak grids and implementation as a master control for island systems 

Intelligent networking, reliable forecasts (with Previento and Suncast, for example) and  well thought-out 

power and load management are important factors for the successful implementation of a virtual power 

plant. In a network comprising optimal communication links between all stakeholders and a direct 
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interface to the markets, energy & meteo systems Virtual Power Plant offers a solution for the profitable 

marketing of renewable energies that points to the future. 

C) Direct Marketing of Power from Renewable Energies 

As of 2012, the German Renewable Energy Act (in German: Erneuerbare-Energien-Gesetz, EEG) 

allows for electricity to be sold directly via the “Market Premium Model”. This results in a significant 

increase in profit when compared to the previous EEG payment scheme. In contrast to the latter, the 

Market Premium Model consists of payment in variable proportions, thus compensating possible market 

price deviations via market bonuses.  

In 2013, a decrease in the management premium is planned which will lead to a drop in additional 

incentives. However, an additional bonus is paid for the degree to which wind turbines are controllable by 

the power trader. 

Controllability of Wind Farms according to the Market Premium Provision 

Up to now, neither the wind farm nor the grid operator knew how much electricity was being produced in 

a respective wind farm as the data was only made available several days later. With the help of 

interfaces individually developed by energy & meteo systems (for ex. OPC, IEC 61850, etc.) for any wind 

farm, this data can now be communicated in real-time and continuously controlled per remote control. 

Electricity production can then be continuously adjusted with predictions and adapted to meet market 

requirements within seconds. 

The software Virtual Power Plant thus opens entirely new possibilities for integrating renewable energy 

into both the electricity grids and energy markets. As turbine power can be automatically and precisely 

throttled, the Virtual Power Plant can, for example, offer negative tertiary control and thus effectively 

balance electricity fluctuations caused by lulls in the wind, clouds or outages, etc. 

Power Predictions for Direct Marketing 

With direct marketing, vital information for resource scheduling is made available via power and load 

predictions. While load predictions involve the current demand of the controllable consumer, power 

predictions rely on, apart from the controllable producer, predictions for wind and solar power which are 

as precise as possible. For its power forecasts (Previento and Suncast), energy & meteo systems uses 

weather forecasts from several weather services and consequently achieves a high degree of forecast 

accuracy. Through the usage of online measurements, the forecast accuracy for short-term horizons (0-8 

hours) is increased considerably. 

2.6. ACCIONA ENERGY [33] 

ACCIONA is one of Spain's principal business groups and a leader in the fields of infrastructure 

development and management, renewable energy, water and services. 

With a century of history, and more than 30,000 professionals, it operates in over 30 countries on the five 

continents. ACCIONA is included in Spain's blue-chip Ibex 35 index and is a core stock in the market 

(see Financial Information). 

ACCIONA's positioning as a pioneer in development and sustainability expresses its capacity to respond 

to the challenge of attaining sustainable development through all its areas of activity. One of its specific 

commitments is to steadily reduce its carbon footprint and lead the transition to a low-carbon economy. 
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ACCIONA's activities and businesses avoid millions of metric tons of emissions every year (see 

Emissions Meter). The Sustainability Master Plan develops the Company's sustainability strategy. 

ACCIONA's commitment to innovation has consolidated through more investments, projects, programs 

and people, all of which underscores the Company's intention to continue to lead the way in the 

development of more sustainable solutions and alternatives. 

ACCIONA Energy, the energy division of the ACCIONA Group, is a world leader in the field of renewable 

energy sources. It takes on the mission of demonstrating the technical and economic viability of a new 

energy model based on criteria of sustainability. 

ACCIONA Energy has 20 years' experience in the sector. It is present in seven technologies and in more 

than 20 countries -14 of them with owned operational assets-, and deploys its activity throughout the 

value chain. 

ACCIONA Energy presents itself to the market as a global operator in clean energy, and its key 

characteristics are: 

 Operational excellence in the management of assets, achieving the highest levels of efficiency 

and optimizing its operations. 

 Capability as a project developer, with around 9,000 MW installed, either for itself or for other 

customers. 

 Leadership in innovation, as an ongoing philosophy that seeks the best and most efficient 

situations at any given time. 

A) Wind Power 

ACCIONA Energy is a global leader in the development, construction, operation and maintenance of 

wind power facilities, with over 20 years' experience. 

At 30 September 2014, ACCIONA Energy had installed a total 7,042 MW of owned capacity: 5,522 MW 

are attributable to the Company. This makes ACCIONA one of the leading international wind power 

developers and operators, with a market share of over 2% of the wind power capacity installed in the 

world. The company also has installed 1,472 MW for clients. 

Across the value chain 

The standout feature of the company’s business model is the presence across the wind power value 

chain: from designing and manufacturing turbines, developing facilities, financial analysis and managing 

turnkey projects, to wind park O&M and energy marketing or managing carbon emissions trading. 

The position as front-runners and the in-depth knowledge of the sector confirm ACCIONA Energy's 

capacity as a global provider of products and services across the entire wind power value chain. 

B) Wind Turbines 

ACCIONA Windpower is part of the ACCIONA group and specializes in the design, manufacture, field 

assembly and marketing of wind turbines using proprietary technology. 

Boosted by ACCIONA's experience as an operator of wind parks worldwide, ACCIONA Windpower has 

taken a few years to position itself among the world's top wind turbine manufacturers. 
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The AW wind turbine has played a major role in this progress. This robust and reliable machine is 

designed to meet the requirements of wind park operators who demand the best possible performance 

throughout the turbine's working life. 

ACCIONA Windpower produces turbines of 1500 kW and 3000 kW rated power, of which it has 

assembled or received orders for around 6,000 MW in 18 countries on five continents. 

ACCIONA Windpower is present in the world's main markets, with production plants in Spain, the US 

and Brazil. ACCIONA combines its position as a global supplier with a strong local presence and 

customer-focused service, delivering direct attention and an agile and tailored service across the entire 

client base. 

2.7. STICHTING ENERGIEONDERZOEK CENTRUM NEDERLAND [34] 

Energy research Centre of the Netherlands (ECN) is the largest energy research institute in the 

Netherlands. With around 500 members of staff, it is active in projects both at home and abroad, in joint 

efforts with the industry, government authorities and research institutes. This is done from several 

company branches in Petten, Amsterdam, Eindhoven, Brussels and China. ECN’s research has a major 

influence on day-to-day life. In this, an important function is performed for the society of today and the 

future.   

ECN has identified six core activities for the coming period. In these fields, there are opportunities that 

the company can take advantage of together with industry, the business sector, government authorities 

and knowledge institutes.  

 Solar power: together with manufacturers of solar panels, production equipment and materials, 

ensuring that the latest scientific insights are applied in useful concepts for solar cells, modules 

and processes. The challenge is to make solar power cheaper and, by doing so, make it more 

broadly deployable. 

 Wind energy: the company focus on substantially reducing the costs for offshore wind energy, 

through improved design of farms, turbines and turbine parts, through programmes for more 

efficient maintenance and by integrated application of wind farm system expertise. 

 Biomass: the company contributes to the bio based economy, with a focus on thermochemical 

conversion of biomass. Areas of research include pre-treatment, gasification, purification and bio 

refining. 

 Energy efficiency: for this the company collaborates in making industrial processes more 

efficient using heat pumps, separation technology and revolutionary chemical reactors. 

 Environmental Assessment: ECN’s environmental programme is aimed at developing 

knowledge, technology and practical solutions for a healthy and sustainable environment and 

use of raw materials. 

 Engineering & Materials: the company designs and creates experimental installations, 

prototypes and high tech components. It supports innovative businesses and institutions with 

cutting-edge technology. 

 Policy studies: where engineers, economists, social scientists and environmental experts work 

together with the technical departments to develop strategic advice. 
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Globally speaking, wind energy is of the fastest growing forms of sustainable energy production. The 

continued growth of wind energy presents enormous technical, industrial and political challenges. ECN 

plays an important role in providing solutions to these challenges. 

ECN’s role in the wind energy challenge comprises: 

 Developing new technologies 

 Advising industrial partners 

 Advising governments and investors 

The aim is to achieve: 

 A reduction in the costs of wind energy 

 An increase in the returns on investment 

A) Research and technology 

ECN is continually innovating, researching, optimising and developing to deliver new wind energy 

processes and concepts. 

Research into the potential of offshore wind farms 

ECN’s R&D department supports the development of offshore wind farms, from scouting for locations to 

actual operation. The research covers the following:  

 Scouting for locations and researching meteorological prediction models 

 Research into meteorological masts, measuring equipment and remote sensing 

 LIDAR research for the support and eventual replacement of conventional meteorological masts 

 Public acceptance and environmental issues such as bird monitoring, noise levels and 

characterisation of social sites  

Optimisation of wind farm design 

ECN’s research into optimising offshore wind farm design has a two-pronged approach: 

 Maximising energy production from offshore wind farms by:  

o Optimising the wind farm design 

o Gaining insight into wind conditions and implementing wind park monitoring technology  

 Cost savings through optimising the design of the electricity network and offshore-onshore 

connections by: 

o Assessing the integration of large offshore wind farm clusters and grid interconnections in the 

system 

o Improving technologies for increasing turbine reliability 

o Maximising energy production and planned lifetime 

o Carrying out R&D on integral design, superior aerodynamic performance; advanced wind turbine 

monitoring and measurements (combined with decision-making support) 
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o Research into new technologies and methods in the wider and integral context of offshore wind 

farms to reduce the costs of wind energy further  

Optimisation of wind farm operation 

ECN is a world leader in R&D with regard to the operation, maintenance and asset management of 

offshore wind farms.  

 Operations & Maintenance tool (for calculating O&M costs and optimising strategies) has grown to 

become the standard in the sector 

 Produces daily wind power forecasts for onshore wind energy 

 It carries out R&D using integrated O&M and weather information to improve the forecasting 

capacity of offshore companies and clusters  

Instruments and models 

For all areas in which ECN is active, tools for accurate simulations have to be developed.  

 Tools developed by ECN are used in a range of collaborative projects. 

 The tools are thoroughly validated before being integrated in online design processes.  

Innovative drafts and designs 

The process of up-scale optimisation is an essential aspect of reducing the costs of offshore wind 

energy. ECN keeps an open mind, challenges the conventional and leaves nothing untested when it 

comes to innovation. 

B) Strategy and advice 

ECN’s independent position and expertise allows it to issue excellent policy advice on wind energy, solar 

energy, biomass and reducing carbon emissions. 

ECN’s thorough knowledge of the ins and outs of national and international energy trends makes it the 

ideal partner for policy advice on wind energy. It has also assisted many public and private parties in 

developing their energy strategies. Besides its general energy policy, ECN Wind offers a range of 

specific services to governments seeking to develop wind energy. These include: 

 Bird monitoring 

 Evaluating turbine noise 

 Simulations and turbine measurements 

 Wind power forecasts for wind farms 

 How to set up a stable grid and a stable infrastructure 

C) Products and Services 

From R&D, technology licensing, consultancy, measurements and testing, to the design of a complete 

wind farm, ECN’s unique range of services offers real added value throughout the wind energy supply 

chain.  
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ECN’s clients in the wind energy supply chain 

The most important clients are:  

 Wind farm designers, owners and operators 

 Turbine manufacturers 

 Governments and local authorities 

 Investors and venture capitalists  

ECN’s wind energy products and services 

ECN’s wind energy products and services can be divided into two categories: development and 

exploitation of wind farms.  

 Wind farm development: During the development stage, ECN can assume the leading technical 

role and even provide the entire design for the wind farm. 

 Exploitation of wind farms: There is always room for improvement. There is scope for improving 

the efficiency and reducing the running costs of almost all wind farms currently operating.  

ECN’s services include the following options for improving the efficiency of existing wind farms: 

 On-site measurements 

 Wind Farm Control 

 Innovations in operation and maintenance 

 Improving turbine efficiency 

 Making new technology available more quickly 

2.8. DEWI GMBH - DEUTSCHES WINDENERGIE INSTITUT [35] 

Combining technical expertise with many years of in-depth industry experience, the DEWI Group (a UL 

company) offers global, one-stop wind energy services to turbine manufacturers, component 

manufacturers, project developers, utilities and other companies within the sector. UL/DEWI Group 

currently operates two wind test sites in Wilhelmshaven, Germany and at the West Texas AM University, 

USA.  

DEWI and DEWI-OCC belong to the UL family of companies. 

A) Turbines and Components 

Turbine and Component Expertise 

The DEWI Group offers one-stop safety and performance testing as well as certification services for wind 

turbines and their components based on international and national standards and regulations (IEC 

61400 series, GL guidelines, DIBt, BSH). The company always works with each customer’s individual 

needs, and flexibly assists in solutions that speed products to market. Of particular interest to 

manufacturers, the company provides: 
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 Type/Component Certification to confirm that the wind turbine type or component has been 

developed by the manufacturer in conformity with the design assumptions, specific standards and 

other technical requirements. 

 Project Certification to confirm the suitability of “type certified” wind turbines and their foundations, 

for the requirements of a certain site and governed by site-specific conditions. 

 

Fig. 73 – Timeline of a Type Certification Process (Onshore, acc. to IEC 61400-22, Beige text = development phases at WT 
manufacturer) 

1) Design & Design Basis Evaluation 

The purpose of the design evaluation is to examine whether the wind turbine type is designed and 

documented in conformity with design assumptions, specific standards and other technical requirements.  

Guidelines  

 Onshore  

o IEC 61400-1 or IEC 61400-2 (SWT) in connection with IEC WT01 or IEC 61400-22 

o GL 2003 / 2004 or GL 2010 

 Offshore 

o IEC 61400-3 in connection with IEC WT01 and/or IEC 61400-22 

o GL 2005 or GL 2012 

o BSH (for Germany) 

Services  

 Evaluation of 

o Load Assumptions 

o Safety System 

o Rotor Blades 

o Mechanical and Structural Components 

o Electrical System 

o Tower 

o Foundation 
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2) Manufacturing Evaluation 

The purpose of the manufacturing evaluation is to assess if a specific wind turbine type is being 

manufactured in conformity with the requirements set forth in the certified design.  

Guidelines  

 Onshore 

o IEC 61400-1 in connection with IEC WT01 or IEC 61400-22 

o GL 2003 / 2004 or GL 2010 

 Offshore 

o IEC 61400-3 in connection with IEC WT01 or IEC 61400-22 

o GL 2005 or GL 2012 

o BSH (for Germany) 

Services 

 ME for machinery components, gear boxes, generators, nacelles, towers and rotor blades 

 Substructure and foundation 

3) Type Testing 

Type testing provides the data needed to verify such variables as wind turbine function, safety, structural 

integrity, power performance, power quality, and acoustic noise emission characteristics. UL/DEWI 

Group operates two wind turbine test facilities offering favourable year-round wind conditions for the 

testing of small and large wind turbines for extended periods.  

Guidelines 

 IEC 61400-4, IEC 61400-11, IEC 61400-12-x, IEC 61400-13, IEC 61400-21, IEC 61400-23 

 MEASNET 

 FGW Technical Guidelines Parts 1–4 

Services 

 Mechanical Load Measurements 

 Power Performance Measurements 

 Safety & Function Test 

 Blade Test (static and dynamic) 

 Gearbox Field Test 

 Converter & Generator Type Test 

 Power Quality Measurements 

 Low Voltage Ride Through Test (LVRT) 

 Acoustic Noise Measurements 
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4) Final Evaluation/Certificate 

The DEWI Group issues a specific type / component certificate once the certification process is complete 

and the final evaluation is satisfactory.  

Other supported certification schemes & requirements: 

 USA: UL 6141 (large WT), UL 6142 (small WT) 

 Japan: JSWTA0001 (small WT) 

 UK: IEC 61400-2, MCS (small WT) 

 Germany: Type Approval is mandatory under German law for the installation and operation of 

wind turbines within Germany. 

5) Renew Type or Component Certificate 

The renewal of a type/component certificate becomes mandatory if any changes are made by the 

manufacturer to their turbine/component design. 

 Guidelines: The same guidelines apply as for the initial certification. 

 Services: The certification services offered by DEWI-OCC depend on the changes in the 

turbine/component design introduced by the manufacturer. 

6) Test Site 

DEWI operates a wind turbine test site near Wilhelmshaven which currently has ten prototypes of 

various European manufacturers with installed capacities ranging from 500 kW to 3,000 kW and a total 

capacity of more than 19 MW. Another test site is located at West Texas AM University, USA.  

DEWI performs all kinds of measurements on these different prototypes, ranging from machinery noise 

to mechanical loads on the rotor blades. 

B) Wind Farms 

Wind Farm & Energy Project Expertise 

Understanding the risks and uncertainties related to wind farm projects is essential to ensuring reliable 

planning and efficient operation. Since wind farms are a substantial investment, the earlier that risk 

assessment of key milestones takes place, the easier it will be to avoid undesirable later developments, 

saving considerable costs long-term.  

The DEWI Group helps stakeholders – developers, investors and operators – to identify the critical 

aspects related to wind farm projects through comprehensive one-stop services, individually tailored and 

flexibly delivered. 

1) Wind Measurement (WM) 

During the development of a wind farm, the company guides the customers in setting up a measurement 

strategy that minimises uncertainty, including: 

 Choice of measurement location and type (mast/remote sensor) 

 LiDAR verification against a met mast prior to its on-site installation 
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 Specification for the mast set-up to IEC 61400-12-1 

 On-site validation of the measurement installation and reporting 

 Measurement campaign follow-up: daily download, weekly check, monthly reporting to optimise 

data availability and consistency 

Additional services include the supply of calibrated and tested instrumentation systems as well as rental 

LiDAR systems. 

2) Energy Yield Assessment (EYA) 

The DEWI Group offers comprehensive EYA service, from large-scale wind potential determination using 

Mesoscale modelling to accurate assessment of the site conditions, including calculation of the expected 

energy yield at specific wind farms at pre-/postconstruction stage. The suitability of the planned wind 

turbine type to the site characteristics and correspondence to the IEC 61400-1 norm is checked via 

DEWI’s site classification assessment.  

Pre-Construction Stage 

 Site Inspection 

 Wind data analysis from mast and remote sensors (SODAR/LiDAR) 

 Long-term correction of the on-site available data 

 Wind flow modelling (WASP/CFD) 

 Wind farm efficiency calculation 

 Calculation of the expected energy yield (gross p50) under consideration of systematic losses (net 

p50) and the respective uncertainties and exceedance probabilities (p75, p90, p99 values) 

Post-Construction Stage 

 Site Inspection  

 Production data analysis from SCADA data or monthly operational data 

 Long-term correction of the on-site available data 

 Calculation of the expected energy yield (gross p50) under consideration of systematic losses (net 

p50) and the respective uncertainties and exceedance probabilities (p75, p90, p99 values) 

3) Due Diligence (DD) 

Pre-Financing & Acquisition Services  

In the course of financing or acquiring wind farms, the company’s experts review project documentation 

from a technical perspective in order to identify risks: 

 Wind resources: third-party energy yield assessment 

 Documentary specifications: review of permits & contracts for construction phase and later 

operations 

 Technical specifications: turbine technology review, electrical & civil works design, construction 

schedule etc. 
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 Finance specifications: cash-flow reviews (OPEX/CAPEX) 

DD – Construction Follow-Up  

During the construction phase, the experts follow up on work at the site to identify deviations from the 

planned construction and investment schedule.  

DD – Operational Follow-Up  

During the operation phase, technical inspections are performed to assess wind farm performance (e.g. 

production, availability, and reasons for downtime), as well as current conditions. 

4) Power Curve Verification (PCV) 

The DEWI Group offers the entire range of wind turbine power curve verification services to ensure the 

equipment’s performance meets IEC 61400-12-1 and MEASNET procedures: 

 Site assessment to determine site complexity (site calibration required or not) and define the test 

details including mast location. (Note: early assessment ensures technical adequacy to the 

specific site) 

 Warranty check to analyse the contractual conditions for PCV 

 Site calibration for complex sites after financial close 

 PCV according to the current standard 

Alternative methods of assessing power curves using ground- or nacelle-based LiDAR are also offered 

by the DEWI Group. 

5) Anemometer Calibration 

Calibrated anemometers are essential for accurate wind speed and power curve measurements, and 

each one must be individually calibrated prior to a measurement campaign. As an accredited service, the 

DEWI Group offers calibration to the MEASNET standard. Wind vane testing is also advisable, and can 

be performed by experts. 

6) LiDAR Verification 

Prior to measuring with a remote sensing device on a site without a measurement mast, the IEC requires 

that the LiDAR is verified against a high-quality measurement mast of suitable height equipped with 

calibrated cup anemometers. DEWI offers this service, providing traceability of the wind speed and wind 

direction signal. 

7) Additional Services 

 Site Classification according to IEC 61400-1 including turbulence analysis 

 Acoustical noise emission measurement of wind turbines according to IEC 61400-11 

 Project Certification 

 Grid Code Compliance 

 Noise estimation 
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 Estimation of shadow flicker 

 Project-specific loss determination relative to: icing, electrical design as well as curtailment 

aspects (acoustical, bats, sector management, etc.) 

2.9. SUZLON ENERGY GMBH [36] 

Suzlon Energy GmbH is located in Rostock and Hamburg and is part of the Suzlon Technology 

Organization, which operates in Germany, Denmark, Netherlands and India. 

It develops, designs, & certifies all Suzlon turbines over the last 18 years. 

Company aims: 

 Development of market defining reliable & cost efficient wind turbines 

 Flexible customer adaptation for markets worldwide 

 Maintain cost competiveness 

 Long term engineering support to the growing fleet worldwide 

A) Technology 

The Wind Electricity Generators (WEGs) are broadly divided into three parts: 

 Rotor - converts kinetic energy into electrical energy 

 Nacelle - contains the key components of the wind turbine 

 Tower - supports the Nacelle and Rotor 

Suzlon’s multi-dimensional approach to value engineering and cost reduction provides better margins 

and a competitive advantage to its customers. 

Suzlon turbines operate from Rajasthan in very hot conditions to Canada in subarctic climates, and are 

compliant with current grid code Standards worldwide. 

Technology is the key enabler for a company be a market leader. Suzlon’s sophisticated R&D 

capabilities in the wind energy space have led to the development of a comprehensive product portfolio, 

ranging from 600 kW to 6.15 MW (Senvion SE) wind turbines. 

Wind turbine technology as such continues to be a dynamic field of research with the focus more on 

reliability, ease of operation and loads reduction which will enable weight and cost reductions of wind 

turbines. There is a strong focus on increasing the energy yield of wind turbines at a given rating by 

improving aerodynamics and applying larger rotors. 

The Technology Group, led from its R&D Headquarters in Hamburg, derives its technological success 

from a close collaboration between the development teams in Germany, The Netherlands, Denmark and 

India. 

Blade Technology 

SE Blades Technology strives for operational excellence through providing product & process 

technology for realizing reliable wind turbine blades at the lowest cost of energy (CoE). 
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SBT focuses on the development of lowest CoE wind turbine blades by making use of its integral 

(product and process design & development) approach: 

 Design of reliable high performance blades 

 Design-to-Cost, Design-for-Manufacturing, Design-for-Logistics 

 Technology development to enable in time product & process design at lowest possible CoE and 

highest reliability 

 Effective and efficient use of its resources (manpower, infrastructure, cash) 

Nacelle 

The nacelle consists of the following main parts: 

 Main frame and girder system that carry the drive train, as well as top cabinet and on-board hoist. 

 The drive train belonging components transmit and convert the rotor speed to the generator. The 

main shaft is supported by the main bearing on the rotor side. 

 A shrink disc connects the main shaft to the gearbox. Inside the gearbox the main shaft is 

supported by a cylindrical roller bearing. 

 The coupling transmits torque from the gearbox to the generator. It is integrated with a slipping 

device between the brake disc and the generator and protects the entire drive train against high 

torques. The rotor brake is used as a parking brake to stop rotor and drive train for service and 

maintenance purposes. 

 The nacelle is covered by the nacelle housing and connected to the tower via the yaw assembly. 

The nacelle housing protects the internal components against various ambient conditions. Two 

access hatches in the nacelle housing provide access to the measuring instruments on the nacelle 

roof and the rotor. 

 The Integration ensures also proper health & safety standards. By using on board cranes, repair 

and Exchange of components is possible without an external crane. The nacelle housing is made 

in sandwich construction to avoid a quick cool down and is equipped with several fan heaters. The 

temperature is controlled by temperature sensors. 

Tower & Foundation 

Suzlon uses best-in-quality towers and foundations to ensure the strongest foothold. 

The Tower and Foundation consist of the following: 

 Tubular Steel Tower 

 Hybrid Lattice Tower 

 Concrete Tower 

 Foundation 

Park Control 

The park control covers all control devices (hardware and software) which are necessary to operate the 

entire wind farm, in particular monitoring and control on park Level. 
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Fig. 74 – SCADA system for park control 

Park Control 

The park control covers all control devices (hardware and software) which are necessary to operate the 

entire wind farm, in particular monitoring and control on park Level. 

System Integration 

System Integration comprises System Engineering as well as two specific functions, which have a strong 

System integration character: 

Load Simulation and the WTG control system. 

2.10. GAMESA INNOVATION AND TECHNOLOGY S.L. [37] 

With 20 years' experience and more than 30,000 MW installed in 45 countries, Gamesa is a global 

technological leader in the wind industry. Its comprehensive response includes also the wind turbine's 

operation and maintenance services that manage for more than 19,500 MW.  

The company has production centres in the main wind markets: Spain and China, as the global 

production and supply hubs, while maintaining its local production capacity in India, US, and Brazil.  

Sales outside Spain accounts for more than 88% of all MW sold in 2013.  

Gamesa is also a world leader in the development, construction and sale of wind farms, having installed 

6,400 MW and having a portfolio of more than 18,300 MW in Europe, America and Asia.   

The annual equivalent of its 30,000 MW installed amounts to more than 6,4 million tons of petroleum 

(TEP) per year and prevents the emission into the atmosphere of more than 45 million tonnes of CO2 

per year.  

Gamesa forms part of the main international sustainability indexes: FTSE4Good and Ethibel.  
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Business Plan 2013-2015 

 Gamesa's business strategy -Business Plan 2013-2015- will address the immediate situation 

while laying the foundation to emerge stronger, in a position of leadership in the wind industry, 

through the following strategies and actions:  

 maintaining profitability, while maintaining the flexibility needed to continue growing 

 strengthening the balance sheet by reducing debt; supported by a new model of managing the 

wind farm development and sale business, which will enable the company to continue operating 

this business without consuming equity 

 focusing on key growth markets and segments: operation and maintenance (O&M) services 

 responding to demand and continuing to offer competitive technology solutions (Cost of Energy): 

launch of two new platforms - 2.5 MW and 5 MW (onshore and offshore). 

Wind turbines catalogue 

 

 

Fig. 75 – GAMESA wind turbines catalogue 

Design and development of wind turbines 

For the purpose of improving the competitiveness and quality of its equipment and services, Gamesa 

has several R+D centres worldwide. In these technological centres Gamesa develops, projects of 

technological innovation involving products and production are identified, specified and developed and 

the necessary technical support for the different activities of manufacturing, installation and service 

undertaken by the company is provided.  

Gamesa's R+D department develops new processes and products that allow Gamesa to offer the most 

competitive products on the market in terms of quality, price and delivery times and the development of 

new platforms as Gamesa 2.0-2.5 MW or Gamesa 5 MW. Gamesa 5 MW is the largest R&D project 

carried out by the company placing it at the technological forefront of wind turbine design and 

manufacture. This new generation of wind turbines, using Gamesa’s own design and technology, 

permits a reduction in the Cost of Energy produced by using similar equipment and transportation and 

installation gear as those used in the 2.0-2.5 MW product range.  
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The technologies incorporated into Gamesa wind turbines lead the market through  

 The use of variable pitch and speed technology 

 A drive train with two-bearing supported main shaft, three-stage gearbox and double-fed 

asynchronous generator 

 The use of a single cast piece frame that permits stable mechanical behaviour 

 A reinforced orientation system, “Gamesa active yaw” 

 A blade design technology that makes it possible to capture the maximum amount of energy and 

one that incorporates the latest improvements in its manufacturing process, such as the use of 

carbon fibre in its most advanced models 

The turbines designed and manufactured by Gamesa incorporate solutions that include voltage drop 

ride-through devices. Indeed, the company has participated in the preparation of the main international 

connection regulations while offering a complete catalogue of advanced technological solutions for 

power electronics such as Gamesa WindFact® or commercialized QGrid products. These products 

ensure a more stable power supply and an improved integration of wind energy to the grid, in line with 

operator requirements.  

In addition, Gamesa wind turbines have a series of control tools, integrated in Gamesa WindNet®, which 

allow the increasing requirements of international electricity system operators to be anticipated. Among 

these are:  

 The regulation of reactive and active power, which contributes to the stability of the grid, keeping 

the voltage and frequency values of the system stable 

 A noise reduction system, Gamesa NRS®, which makes it possible to comply with noise 

regulations, ensuring maximum production 

 A shadow reduction system 

 A wake reduction system that minimizes the negative effect of wakes on wind farms 

Gamesa designs and manufactures several components of the wind turbines, in addition to performing 

its assembly. In addition, Gamesa has other companies that manufacture other major components. This 

industrial capacity allows for the comprehensive control of the production process of the wind turbines, 

from their design to the manufacturing of the different components, in order to provide the greatest 

quality and to cut delivery times to a minimum.  

For the assembly, Gamesa uses specialized means of transport to convey the wind turbines to their 

destination on the wind farm. These means of transport allow for access to any kind of terrain, including 

the most difficult, with a minimal impact on the environment. Once on site, the installation of the turbines 

is carried out.  

Before the transport and assembly, various tasks are performed to prepare the land, such as concrete 

work and constructing the assembly platform. The latter requires compaction able to support weights of 

around 4kg/cm2. 

Research and Development 

The Research, Development and Innovation is all around Gamesa’s value chain and in all products and 

services, boosting the efficiency of energy.  
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Gamesa's R&D and innovation activity was backed by European, Spanish government and regional 

authorities.  

Gamesa is commitment to becoming a leader in offering its customers a lower cost of energy (CoE). To 

this end, it plans a 20-percent reduction in the cost of energy by 2013, and a 30-percent reduction by 

2015, thanks to the launch of new products (five onshore and offshore turbine systems), new 

technologies applied to existing systems, improved maintenance, etc.  

Gamesa is one of the most active industrial wind energy groups in the field of patent registration in the 

past few years.  

At 2013, Gamesa had registered 267 patents, while its portfolio of patent families stood at 659, 

considering all the markets where it operates.  

The majority of Gamesa's innovations in recent years have been associated with the development of 

wind turbine blades and, overall, to the 5.0 MW Gamesa platform. 

Wind farms 

 

Fig. 76 – Value creation stages of wind power projects 

2.11. ALSTOM WIND S.L [38] 

From gas to wind, customers can choose from a portfolio of products covering all fuel types, the 

broadest in the industry.  

In design, manufacture, procurement, construction and servicing, the company has been setting the 

benchmark in clean, efficient, flexible and integrated power generation solutions for over a century.  

The constant quest for innovation has enabled Alstom to achieve a number of global power generation 

milestones: 

 Constructing the largest commercial-scale geothermal plant in the world, totalling 191MW in 

Wairakei, New Zealand - now in continuous operation for over 50 years 

 Providing key equipment for the world’s two largest hydro-power plants: 14,000MW Itaipu in Brazil 

and 18,200MW Three Gorges dam in China 

 Delivering 69x3MW ECO 100 and 6x1.67MW ECO 74 wind turbines totalling 217MW for Europe’s 

largest onshore wind farm, Whitelee in Scotland  
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 Producing the power island for the most efficient steam power plant in Europe, the 910MW RDK8 

coal-fired power plant in Karlsruhe, Germany 

 Supplying the steam turbine island and the first wet flue gas desulphurisation system in South 

Africa, able to remove more than 90% of the sulphur oxide generated at Kusile (4,794MW) - the 

most environmentally-friendly steam power plant on the sub-Saharan continent  

 Powering Southeast Asia’s first 1,000MW supercritical steam power plant at Manjung, Malaysia - 

in addition to the existing three units of 700MW each 

 Installing the world’s first facility to both capture and store carbon dioxide (CO2) from a coal-fired 

power plant at the American Electric Power station Mountaineer, in West Virginia 

 Supplying equipment for the world’s largest co-fired biomass plant, the UK’s 4,000MW Drax 

station 

 Completing the largest water and power project in the Middle East with the 1,650MW Fujairah 

power plant in the United Arab Emirates  

 Delivering the most efficient fossil-fired power station in Australia, the gas-powered Tallawarra at 

435MW 

 Building the world’s largest nuclear steam turbine in operation at the 1,550MW Chooz and Civaux 

power plants in France  

 Engineering and procuring the steam turbine island for China’s first European Pressurised 

Reactor (EPR) for nuclear power plant Taishan 1& 2, totalling 3,500MW 

Wind power 

The company offers a new generation, high yield of onshore and offshore wind turbines with power 

ratings spanning up to 6 MW. Uncompromising on reliability and designed for ease of installation, the 

turbines lower the cost of energy. 

By choosing Alstom you take advantage of: 

 An increased return on investment and maximised turbines’ yield with full lifecycle management 

 A global expertise: there are more than 3,000 Alstom wind turbines installed or under construction 

in more than 170 wind  farms, delivering nearly 5.8 GW 

 An optimised power output with the turbines’ cutting edge design features 

Alstom is committed to delivering wind energy solutions that enable economic growth while preserving 

the environment and protecting the world's natural resources, including: 

 Supply and installation of onshore wind turbines: reaching new heights of efficiency and reliability 

 Supply and installation of offshore wind turbines: designed for the industry’s most challenging 

environmental conditions 

 Wind services: a full range of operation and maintenance services 

 Technical assessment including wind farm design 

 Project authorisation including permit applications 

 Project financing 
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The “globally local” strategy – combining global experience with local strong presence and expertise – 

prioritises production wherever the client is. 

This encourages local economic growth, creates new direct and indirect employment opportunities and 

introduces new regional expertise thanks to the cross-training experience. 

Alstom is supported by a global sales organisation which gives a global reach and the ability to serve 

customers wherever the wind blows.  

Wind farm development 

Alstom will be besides you at every stage of your project optimisation, providing following services: 

 Site localisation 

 Land localisation 

 Wind measurement and simulations 

 Environmental impact assessment 

 Offshore substructure and foundation concept 

 Land lease and permitting 

 Grid design 

Wind turbine supply 

Alstom offers onshore and offshore wind turbines ranging from 1.67 MW to 6 MW, providing solutions for 

all types of geographical locations and weather conditions. Additionally, climate kits allow operation in 

deserts or very cold environments. With a design optimised for simple assembly, erection in complex 

terrains is even easier. Whatever your location, reliability matters most, so Alstom turbines come with the 

unique and proven ALSTOM PURE TORQUE® design and WindAccess™, a modular and 

comprehensive monitoring and control system. Other design details contribute to low noise, safe 

operations and convenient maintenance. 

Alstom engineers reliable solutions and offer: 

 The PURE TORQUE® concept for drive train reliability 

 Best-in-class components and materials 

 Manufacturing and module assembly 

 Intelligent remote monitoring and control systems 

 Substation design and construction 

Wind farm construction to connection 

Alstom has built wind farms in Argentina, Brazil, Ethiopia, Finland, France, Italy, Japan, Mexico, 

Morocco, Portugal, Turkey, Spain, UK and USA. 

No matter how remote the location or complex the terrain, Alstom can prepare the site and organise the 

grid connections. 
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Alstom’s commitment is to go wherever the customers see their opportunity. That is why Alstom has 

facilities in Europe, North and South America and expanding activities in other new markets. Alstom’s 

wind farm installation teams offer: 

 Civil engineering work 

 Module transport and on-site assembly 

 Erection and commissioning 

 Electrical infrastructure commissioning 

 Wind farms grid connection 

Services 

Alstom is responsible for the operating and maintaining services of the majority of its installed wind fleet. 

As part of the company’s clean power strategy, Alstom is committed to harnessing wind power more 

effectively. 

It optimises performance and reduces uncertainties of clients’ wind farms through: 

 Corrective, preventive and predictive maintenance 

 Parts delivery and upgrade packs 

 Integrated control and remote monitoring services 

 Field service and O&M contracts (Wind farm & Grid) 

2.12. LM WIND POWER [39] 

LM Wind Power is the world’s leading supplier of components and services to the wind turbine industry. 

With over three decades of experience, LM Wind Power has established itself as the preferred supplier 

of customers worldwide.  

LM Wind Power Group employs approximately 5000 people across four continents. Its headquarters is in 

Kolding, Denmark and has a Global Business Office in Amsterdam, the Netherlands.  

The global manufacturing footprint includes wind turbine blade factories in China, USA, India, Canada, 

Denmark, Spain, Poland and Brazil. Besides manufacturing units, it has service centres at strategic 

locations all over the world to meet customers’ needs. 

The principal shareholders of LM Wind Power Group are the partnerships of Doughty Hanson & Co. 

Managers Ltd, a Private equity firm headquartered in London. As an independent fund management 

company, Doughty Hanson & Co. has offices in London, New York, Frankfurt, Madrid, Milan, Munich, 

Paris, Prague and Stockholm. Doughty Hanson & Co.’s principals have many years of experience in the 

successful management of international private equity funds and have led and arranged a number of 

large acquisitions and sales. 

LM Wind Power 

LM Wind Power Blades has been a market leader in the manufacture and supply of wind turbine blades 

for over three decades now. The position as leader has been achieved over the years through an 

unwavering commitment to continuous improvement, quality, cost, research, product development and 

excellent customer service.  
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With blades factories in all major wind energy markets across four continents, LM Wind Power’s reach 

extends beyond anyone else and puts the company in the pole position to respond faster than 

competition to the needs of the market. It currently has blades manufacturing facilities in Denmark, 

China, India, Spain, US, Canada Poland and Brazil. 

Since 1978, LM Wind Power has produced over 166,000 blades and more than every fourth wind turbine 

on the planet is powered by LM Wind Power’s wind turbine blades. It has also pioneered some of the 

biggest innovations within the blades industry including the longer wind turbine blades in serial 

production, the LM 61.5 P2 and the GloBlade® series. 

The ‘rotor is the motor’ in a wind turbine and their design plays by far the most critical role in capturing 

the wind and producing clean energy. Close collaboration with both customers and research institutions 

has ensured that, today, LM Wind Power is at the forefront of blade design and technology. The 

philosophy is based on the need to make wind energy more efficient and at the same time cost 

competitive.  

Come rain or shine, let alone wind, LM Wind Power’s wind turbine blades have consistently delivered 

clean energy for decades. The consistency in manufacturing quality wind turbine blades over the years 

has been peerless, which is in no small measure down to the strict standards that it adheres to.   

The quality assurance system is certified by Det Norske Veritas (DNV) in accordance with ISO 9001 

requirements. For many years now, it has also worked with the Risø National Laboratory in Denmark 

and Germanischer Lloyd in Germany to ensure that the company’s blades continue to maintain the 

highest quality standards. 

LM Wind Power Service 

With over three decades of experience in the wind industry, the service has been founded on the basis 

of special expertise and extensive knowledge of all aspects of a wind turbine.  

The company’s history of being part of the world’s largest designer and manufacturer of wind turbine 

blades gives special insights into wind turbines and their repair and maintenance. This unmatched track 

record provides the foundation for continuous improvement both in terms of technical solutions and 

developing the skills of the staff.  

It has support facilities locations spread across three continents and regional workshops for difficult and 

complex repairs. This set up allows offering a global one-stop shop for wind turbine servicing and even 

blade spare parts. LM Wind Power Service covers the full spectrum of service ranging from 

administration of wind farms, on-site inspection, repair, and overhaul, to preventive maintenance and 

complex repairs to customers anywhere in the world.  

2.13. ABB [40] 

ABB is a global leader in power and automation technologies. Based in Zurich, Switzerland, the 

company employs 145,000 people and operates in approximately 100 countries. The firm’s shares are 

traded on the stock exchanges of Zurich, Stockholm and New York. 

ABB’s business is comprised of five divisions that are in turn organized in relation to the customers and 

industries they serve. 

The group is particularly proud of its record for innovation - widely recognized through countless awards 

and scientific accolades. Many of the technologies we take for granted today, from ultra-efficient high-
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voltage direct current power transmission to a revolutionary approach to ship propulsion, were developed 

or commercialized by ABB. 

Today ABB is the largest supplier of industrial motors and drives, the largest provider of generators to 

the wind industry and the largest supplier of power grids in the world. 

Planning for farm development 

Wind farm developers depend on ABB to provide reliable, high-performance wind power generation 

solutions. And long before the technology for a given project is considered, the concepts behind these 

solutions must first take shape. 

ABB‘s Consulting unit provides the critical system planning, feasibility studies and other site-specific 

analysis early in the initial design of the farm. Factors such as components needed to collect wind power, 

boundary conditions and grid-connection strategy, among others, can significantly impact the success of 

the farm. ABB wind and utility expertise helps improve efficiency and maximize generation capabilities.  

In addition to realizing the full power potential of a farm, ABB provides a comprehensive approach that 

ensures grid integration and grid code compliance. The decades of experience with utilities and their 

specifications – including appropriate reactive power handling, system impact and the maximum power 

injected into the grid – help speeding the approvals, testing and final implementation of the farm. ABB’s 

consultancy also addresses reliability/availability optimization with cost/risk analyses. 

Wind power generation 

Turbines are comprised of subsystems working in unison to efficiently and safely produce power. ABB 

products are used throughout these subsystems, from the emergency stop button to the generator. 

ABB’s proven products for wind turbines are designed and built to operate for long life cycles under the 

varied and harsh operating conditions common to turbines. ABB engineers with years of wind power 

experience help design the products and work with turbine manufacturers to correctly and efficiently 

integrate these products into turbine designs. 

Collecting and connecting the power of wind 

ABB’s transmission and distribution expertise guarantees the best possible value for wind power 

customers. ABB offers includes everything from electrical design and substation construction to project 

management and installation and commissioning. 

ABB is one of the few suppliers that have been involved in the commercialization of wind power since 

the earliest days. As the largest supplier of electrical components, systems and services to the wind 

power industry, ABB has decades of experience and has installed more equipment in wind farms than 

any other supplier. 

Transmit the power of wind 

ABB provides its customers with the most comprehensive transmission offering, helping to address the 

challenge of balancing rising demand for power with increasing concern for the environment. 

ABB transmission capabilities extend to three areas: HVDC Light, high voltage cables, and offshore wind 

connections. HVDC Light transmits power underground, under water and also over long distances. 

Environmental benefits include “invisible” power lines, neutral electromagnetic fields, oil-free cables and 

compact converter stations.  
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ABB draws on 140 years of unparalleled cable expertise, delivering high-voltage AC and DC cable 

system solutions for all types of submarine and underground power transmission applications.  

ABB’s transmission experience also enables addressing the engineering challenges of erecting the 

massive structures needed to create an offshore power-generation plant. To minimize the risks posed in 

such an unforgiving environment, ABB developed the Gravity Based Structure (GBS) to accommodate 

HVDC converter stations. These self-contained platforms include all sub-systems and facilities—

ventilation and air conditioning, water, sewage, cooling, backup diesel generators, etc.—required to 

support platform operation. 

Controlling wind power 

Managing power has never been as complex as it is today, and its complexity will only increase in the 

future as a more diverse portfolio of power-generation assets comes online. 

ABB monitoring technology and related communication systems provide a real-time perspective at every 

system level, from device to bay to substation and remote management centres. ABB extensive range of 

software solutions brings additional value to operators, analysts, planners and service personnel dealing 

with wind power. 

Wind power service 

ABB is the largest supplier of electrical components, systems and services to the wind power industry. 

With the continued investment in expansion of the service offering, ABB is uniquely positioned to support 

and optimize your turbine and wind farm through the entire life cycle. 

With the changing environment of wind power approaching grid parity and governments revising their 

support mechanism and policies, it is critical to run wind assets at their highest efficiency with an 

optimized control and maintenance strategy.  

You can count on ABB's wind service solutions for an optimized wind economy. With local presence, 

global footprint, fast delivery and responsiveness, ABB wind service offering includes efficiency 

improvement and production increase while improving reliability and reducing levelized cost of energy 

(LCOE) over the lifetime of your turbine and wind farm. 

2.14. GARRAD HASSAN – DNV GL [41] 

DNV GL is the world’s largest provider of independent renewable energy advice. The recognised 

authority in onshore wind energy is also at the forefront of the offshore wind, wave, tidal and solar 

sectors. Although the DNV GL name is new, the company has a rich heritage in renewable energy 

stretching back to the 1970’s. The organisation now integrates the powerful legacy of DNV, GL, Garrad 

Hassan, KEMA and GL Renewables Certification. It provides independent technical and engineering 

services, products and training. Customers include renewable energy developers, investors, lenders, 

manufacturers, construction firms, owners, operators, insurers, non-profit / government organisations, 

and large-scale utility firms. The team of dedicated experts is present in all major and emerging global 

markets for renewable energy. DNV GL’s global perspective is informed by local understanding that can 

only come from a local presence.  

It helps the customers bring innovation to global markets across the project life cycle. The independence 

and technical insight makes DNV GL a trusted partner, providing the confidence that customers need to 

invest in renewable energy technology and assets. The company’s work helps to minimise risk and drive 

down the cost of energy produced by onshore and offshore wind, solar, wave and tidal technologies. As 
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well as helping to get new capacity online, it also provides cutting edge services for the optimisation of 

operating generation assets. In this way it creates value for the customers as well as contributing to the 

transition towards a safer, smarter and greener society. 

A) Measurement Services 

Precision accuracy of measurements is crucial in renewable energy projects, whether they are related to 

energy resource or to a specific device, e.g. turbines.   

DNV GL’s measurement experts have been providing highly accurate measurement services for over 20 

years and helped to found the MEASNET group, which has played a vital role in harmonising multiple 

requirements and standards to ensure that the measurements across different companies are 

comparable and therefore, that the quality of measurement services is upheld and improved. 

It has offices with experienced measurement staff in Seattle (US), Shanghai (CN), Madrid (ES) and 

Kaiser-Wilhelm-Koog (GER), which can be supported by staff from one of the local offices around the 

world. 

1) Services offered 

Load measurements 

Although the size and rated power of wind turbines are increasing, slimmer designs and new 

components are being introduced to reduce turbine loads. These changes make calculating the actual 

turbine loads a more challenging task. Determining these loads accurately, however, is crucial in 

improving future turbine designs and in validating and refining the computer models used to calculate 

them.  

Load measurements are not only required for certification of wind turbines but also to obtain a true 

picture of the actual loads on components, and thus increase confidence in the design of a turbine. 

Besides, additional measurements can help identify critical components and effects that are impossible 

to simulate, e.g. vibrations. This enables the turbine design or control system to be modified to mitigate 

any adverse effects. Particularly in the field of controller development, vital information can be derived 

from feeding back load measurements into the control algorithm.  

DNV GL can point to many years of experience and benchmark-setting expertise in load measurements 

for wind turbines. The services offered include: 

 Load measurements: Mechanical load levels against wind and power, equivalent loads 

(normalised to 1 Hz), lifetime fatigue loads and natural frequencies of selected components – 

used for classification purposes, determining the true loads on a wind turbine and comparing them 

with design load cases. It has offices with experienced measurement staff in Seattle (US), 

Shanghai (CN), Madrid (ES) and Kaiser-Wilhelm-Koog (GER), which can be supported by staff 

from one of the local offices around the world.  

 Turbine behaviour and safety tests: A functional safety test and a fully operating load 

measurement system to test turbine behaviour – required for certification.  

 Special measurements: Aimed at addressing specific issues, typically yaw torque, pitch or high 

speed shafts, bending moments of rotor bolts, strain gauges on main frame or hub hotspots.  

 Component testing: Either as part of a complete system (wind turbine) or on a test bench (e.g. 

blade test stand).  
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 Small wind turbines: Own facilities for performance, duration and structural testing of small 

turbines – mainly for certification purposes. 

Electrical measurements 

This is where DNV GL’s expertise and experience are invaluable in ensuring a smooth ride to grid 

connection – anywhere in the world.  

DNV GL checks and measures the grid parameters occurring during normal operations, e.g. harmonics, 

flicker and power switching, and during abnormal conditions such as a grid fault. The grid code in 

question may require a turbine to have a grid protection system installed (where the release values have 

to be checked) or a specifically defined behaviour during grid failure. This so-called fault ride-through 

behaviour, which ensures the turbine stays connected during a grid fault, also has to be checked and 

certified. In many grids, e.g. Germany or Spain, a certificate of compliance with the required fault ride-

through levels guarantees the wind farm owner or operator a higher tariff for the electricity generated. 

DNV GL employs the following methods to obtain the required grid data: 

 Power quality measurement: The data on harmonics, flicker, power switching and power peaks 

are obtained through remotely controlled, long-term measurements of 3-phase voltage and current 

in combination with a wind speed signal.  

 Grid protection measurement: The grid protection system can be checked at the turbine itself or 

on a test bench with a test procedure run to obtain reaction times and values, e.g. under-voltage 

or over-frequency.  

 Fault ride-through: A voltage dip unit and a system to measure voltage and current at different 

points inside the voltage dip unit, grid and turbine are installed at the turbine to measure the 

turbine’s reaction to a grid fault.  

 Working safety: HSE regulations require a short-term manned measurement to be conducted to 

determine electromagnetic levels inside the nacelle and the tower.  

 Electromagnetic compatibility: EMC regulations require a short-term manned measurement to be 

conducted to determine electromagnetic levels that can disturb other electrical devices.  

 Grid monitoring: A small grid surveillance device installed in the wind farm substation to monitor 

the farm’s correct behaviour in the event of grid failure is regularly checked by DNV GL staff and 

details of high frequency data occurring during a grid failure reported to the client.  

 Small wind turbines: Electrical measurements similar to those for utility-scale turbines can be 

conducted either in the field or on a test bench. 

Power performance 

A wind turbine’s vital statistics are undoubtedly its power curve. Since this determines the turbine’s 

annual energy production and revenue generated, it plays a vital role in the financial model of a wind 

farm project and the sales contract for a wind turbine. Moreover, the turbine’s power curve – how net 

output power varies with the free stream wind speed – is required for certification purposes.  

If a turbine is not delivering as much power as predicted, the long-term financial consequences are 

serious. Such underperformance may be due to an unrealistic sales power curve, manufacturing 

tolerances of key components or an incorrect set-up of mechanical or software components. To verify 

the turbine manufacturer’s sales power curve, an appropriate power performance measurement has to 
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be conducted at the wind farm – because without this measurement, an underperformance claim on the 

contractual power curve warranty is unlikely to succeed. 

DNV GL provides a number of power curve services: 

 Performance type test: Measurements of the prototype of a specific wind turbine model deliver the 

power curve required for the type testing part of the certification process.  

 A meteorological mast installed upstream from the turbine is used to gather hub height 

measurements of wind speed, wind direction, temperature, pressure and other variables in 

relation to the power produced by the turbine. The recorded data is then screened, filtered against 

specific criteria and post-processed by defined procedures to produce the turbine’s power curve.  

 Site calibration: In complex terrain where wind speeds at the meteorological mast are not the 

same as at the centre of the rotor, site calibration is a necessity. Flow distortion factors derived 

from data measured at a second meteorological mast installed where the wind turbine will be 

erected are applied to the wind speed measurements made during the power curve test to 

calculate the true free stream wind speed.  

 Performance verification: Performance tests are carried out to check if a turbine’s power curve 

complies with the manufacturer’s guaranteed power curve.  

 Performance testing of small wind turbines: Testing is possible on site or at DNV GL own facilities. 

Acoustic measurements 

One of the most influential factors affecting the general public’s acceptance of wind turbines is the noise 

they emit. In heavily populated areas noise emissions from wind turbines can dictate the size of the 

project and the turbine selected. Since a turbine’s blades, gearbox and tower all generate noise, 

reducing emission levels is critical to the commercial viability of a wind farm – for manufacturers and 

owners alike. Besides such environmental considerations, noise evaluations of turbines and wind farms 

are required for compliance and certification reasons.  

For the past two decades, DNV GL’s Competence Centre has been carrying out noise measurements on 

wind turbines for clients all over the world. Noise measurements are conducted during a prototype test 

programme to reduce a turbine’s noise emission levels and are also part of the type certification process. 

Since background noise would falsify the readings, effective type test noise measurements are only 

possible if ambient noise levels are low and neighbouring wind turbines are not running. Reference wind 

speed measurements are taken upwind of the turbine since wind speeds from cut-in to 10-11 m/s (95% 

of rated power) are required for valid measurements. Sound levels downwind of the turbine are recorded 

as a time series to calculate the tonality of the turbine noise emissions. These sound levels are then 

correlated to the normalised output power of the turbine. An analysis of sound pressure levels against 

power and tonality rounds off the evaluation process. 

Noise impact measurements are carried out at commercial sites. If the source noise levels from a single 

turbine are required, the procedure is essentially the same as for type testing. If sound levels are 

required at a specific point, e.g. a house, the cumulative noise from all turbines nearby is the key 

parameter. The measurement procedure is again similar to the type testing method. Whatever your 

acoustic measurement needs, DNV GL has the expertise and experience to provide you with a sound, 

all-round service. 
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Accredited testing 

It is accredited for power performance testing, turbine mechanical loads, acoustic emissions, and power 

quality measurements per IEC and MEASNET procedures by DAkkS in Germany, ENAC in Spain and 

A2LA in the US according to ISO 17025.  

The trained and knowledgeable staff provides testing and measurement services to a wide range of 

clients. The company works with wind turbine manufacturers to evaluate new turbine models, with wind 

project owners and operators to verify expected performance, and with the research community to 

analyse new procedures and equipment. 

The testing competence includes: 

 Power performance testing 

 Turbine loads measurements 

 Acoustic emissions 

 Power quality 

 Other customized measurements activities 

The company has performed these services on wind projects in varied geographies and climatological 

conditions. DNV GL experience includes work in such diverse locations as West Texas, Inner Mongolia, 

the Canadian Maritime Provinces, the Philippines, India, and Alaska. 

The company manages all aspects of measurement projects, requiring minimal client involvement, 

unless desired. In addition to providing personnel, it typically specifies procedures, and installs met 

towers and all related hardware to conduct the measurements. Leveraging the relationships with met 

tower and sensor vendors can reduce costs, ensure timely performance, and procure equipment that 

meets the needs for high-quality measurements consistent with international standards. 

2) Strategy and policy services 

Which technological innovations and supply chain developments are reshaping the renewable energy 

landscape? What are the direct and indirect impacts of changing energy policies? How are companies 

capitalising on market changes to enter new sectors and strengthen their position in others?  

Making the right decisions in today's fast evolving renewable energy sector is not easy. Continually 

changing market conditions, complex political dynamics and rapid technology development delivered 

through an increasingly global and interconnected supply chain are just some of the challenges facing 

decision makers. 

The Strategy & Policy unit is a multi-disciplinary team of senior professionals with access to a global 

network of market and technology experts from across DNV GL. This means that clients can be 

confident that their decision making will be supported and informed by industry leading experts from 

around the world. 

Strategy consulting 

Rapidly changing market conditions and shifting competitive dynamics offer constant challenges and 

opportunities within the renewable energy sector. There is no substitute for deep industry knowledge 

based on a long history of front-line experience – the company uses this to help clients build better 

strategies.  
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The in-house team of consultants works closely with clients and the services are driven by their unique 

needs. Service offerings include: 

 Market intelligence and briefings  

 Analysis of market dynamics  

 Competitive positioning and benchmarking  

 Technology and supply chain strategies  

 Market entry advice and risk profiling  

 Economic and financial analysis  

 Market trends and forecasting 

Policy and regulatory advice 

The energy sector, renewable energy in particular, is strongly influenced by the prevailing political 

environment. With industry objectives, targets and even rates of return being determined by government 

policy, understanding the interplay between technology, economics and politics is vital to anyone 

seeking to invest in, regulate or influence the future direction of renewable energy markets.  

The company works together with governments, agencies, development banks and private companies to 

find innovative solutions to a wide range of policy challenges. The team of social scientists, engineers 

and business professionals are experienced in the use of analytical techniques and qualitative and 

quantitative research methods. 

It has worked with leading policy stakeholders around the world on a wide range of services, including: 

 Analysis of policy and regulatory frameworks for businesses  

 Tariff design  

 Licensing and permitting arrangements  

 Comparative studies of international policy  

 Best practice and policy recommendations  

 Support for developing renewable energy targets  

 Industrial benefits analysis  

 Design of research and development programs 

3) Training courses 

The company is currently offering the following training courses:  

 Wind Energy Graduate Certificate Program from DNV GL and Texas Tech University 

 Wind Farm Design 

 A Guide to Wind Farm Performance - What You Need to Know 

 Offshore Wind Energy 

 Wind Farm Design and WindFarmer 
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 Advanced Use of WindFarmer Software 

In addition, it offers client only “in-house” training, which can be held at a location designated by you, the 

client. These courses can be tailored to suit your needs, if required. Software training on Bladed and 

WindFarmer is available. 

B) Investors/Lenders 

DNV GL has been supporting investors in wind farms for over two decades. The detailed technical 

understanding of its experts provides a solid basis for informing intelligent decisions, regardless of the 

scale of the project or investment, or the lifecycle stage. 

1) Due diligence services 

Understanding the risks and mitigation measures associated with the wind industry is vital for lenders 

and investors in wind farms. DNV GL has unrivalled experience and expertise in providing independent 

assessments for lenders and investors in renewable energy projects and has acted in this capacity for 

more operational wind farms than any other company.  

DNV GL has been supporting investors in wind farms for nearly three decades. The detailed technical 

understanding of its experts provides a solid basis for informing intelligent decisions, regardless of the 

scale of the project or investment or the lifecycle stage. 

2) Power Market Analysis 

As wind power has matured and the volume of projects connected to the grid has risen, there are an 

increasing number of geographical areas where projects experience curtailment issues. Accounting for 

the risk related to reduced opportunity for energy delivery, and the corresponding revenue loss, is now a 

critical factor in determining the value of a proposed site for project development and, as such, from the 

outset, forms a key element of any technical due diligence process associated with a project.  

Once a project is developed, the opportunity for its extension, as well as its long-term financial viability, 

can be impacted by factors such as future grid limitations, decisions about how balancing is managed, 

and changing government policy in relation to renewable energy as part of the broader energy mix. 

DNV GL offers a range of services in relation to power market analysis to suit all stages of the project 

and is experienced at helping investors, developers and owner operators make smart decisions that take 

into account both current and future external market influences. 

3) Vendor inspection 

DNV GL can perform inspection of equipment at Vendor's facilities. The inspected equipment may be 

complete wind turbines but is commonly major components including blades, gearboxes and towers. 

DNV GL employs inspectors located in all areas of the world with major turbine and component 

manufacturing activities. This includes Europe, Asia and the Americas.  

The level of inspection varies, depending on the Client's requirements, and ranges from detailed quality 

inspection to more general work for expediting or payment certification purposes. DNV GL provides 

Vendor Inspection services to Purchasers, Lenders and Investors and, in some cases, to turbine 

manufacturers for independent verification purposes. 
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4) Construction monitoring 

An independent analysis of what progress has been made in construction of a renewable energy project 

is vital – not only to check if work is going to schedule but also to verify the validity of requests for 

payment from the construction company or sub-suppliers. DNV GL provides a third-party construction 

monitoring service that puts clients in the picture when it comes to a project’s progress.  

The main aims of construction monitoring are to: review progress of construction work against the project 

schedule, identify possible delays or cost variances, review quality of work undertaken, verify milestone 

completion and certify progress payments.  

Generally speaking, construction monitoring is conducted through periodic visits to the construction site, 

usually on a monthly basis. More intensive monitoring may be required during periods such as 

foundation construction or project completion. Clients may also request visits to other locations such as 

manufacturing plants or ports to verify the availability or delivery of components or equipment. 

Construction monitoring typically involves provision of regular reports summarising the findings of 

inspections and reviews and certification of main contract costs or project milestones. The construction-

monitoring client will typically be an organisation financing a project or the owner of a wind farm under 

construction. In the latter case, the service is normally part of a project due diligence. DNV GL has 

performed construction monitoring for a wide variety of clients, in many locations around the world and 

can support new markets as they develop. 

5) Energy assessment services 

Bankable energy assessment services are a core part of the DNV GL offering. The company has a large 

international team with local presence and unrivalled practical experience.  It is renowned for delivering 

the vital detail that helps clients to understand the viability of a proposed project, and also to understand 

whether it has scope to operate more efficiently once it is operational.  

DNV GL has undertaken energy assessment for more MW of wind projects globally than any other 

organisation. 

6) Turbine consulting 

Project developers, financial institutions, investors in or purchasers of a wind technology company, 

turbine manufacturers – all stakeholders have a vested interest in a technical due diligence review of a 

specific wind turbine model. DNV GL brings extensive expertise and experience to bear in providing a 

wide variety of turbine consulting services, the nature of which is customised to a specific client’s needs.  

Clients call on these services for a variety of reasons. Some require an overview of the turbine market to 

help them decide which turbine models to include in their wind farm development plans; others want to 

purchase turbines for a specific project. There are also clients that are planning the acquisition or 

financing of a wind farm project, or thinking of taking over a turbine manufacturer. Whatever the client’s 

motive, and this list is not definitive, the main aim of the turbine consulting work is to provide an overview 

of the technical risks associated with the technology and/or the business transaction in question as well 

as an understanding of the possible mitigation measures. 

DNV GL’s turbine consulting service is made up of three basic elements. The first is a wind turbine 

market overview, including a review of a particular manufacturer's market share and of specific turbine 

models available worldwide or by region. This is usually supported by a turbine manufacturer overview 

with comments on the manufacturer’s capability to manufacture, install and service wind turbines 
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compared to industry standards, previous performance and willingness to support products. Finally, a 

more detailed technical review covers comments on the turbine technology compared to industry 

standards, detailed component discussion, turbine design verification status according to IEC standards 

or the like, previous performance, a technical risk summary and classification of the turbine model as 

proven or unproven technology according to pre-determined criteria. If a specific project site is identified, 

DNV GL can also comment on the suitability of a specific turbine model for installation on that site.  

Reviews of the terms and conditions associated with the same of turbines, or operational warranties 

associated with performance, are typically provided as part of a due diligence study, but can also be 

performed as part of a turbine review. 

7) Interconnection 

The electrical design of a wind farm is a critical element in delivering electrical power to the grid resulting 

in revenue for the project. DNV GL can offer investors and lenders detailed assessments on all the 

electrical aspects of an onshore wind farm based upon extensive experience and expertise. The 

company’s engineers would typically undertake assessments on projects including:  

 Suitability of the grid connection  

 Review of technical aspects of connection agreement and any power purchase agreement  

 Grid code review  

 Wind farm electrical design assessment of the electrical plant  

 Electrical Loss Assessments  

 Technical review of equipment contracts  

 Electrical aspects of turbine selection  

The scope and nature of the work depends on the development stage of the project, from concept 

through consent and development through to operation. Interconnection can be offered as part of a 

package or be electrical specific. 

8) Inspections and audits 

Whenever a wind turbine and its components are inspected – at any stage from fabrication to periodic 

monitoring on site or investigation of damage – the key benefit for project developers, wind farm owners 

or investors is the objectivity of an independent evaluation and the information the inspection report 

reveals. DNV GL employs highly qualified inspectors with all the wind turbine expertise and experience 

to put clients in the picture.  

Inspections may be carried out at almost any stage in a project lifecycle. At a vendor’s premises 

equipment can be inspected during or after fabrication, as it leaves the premises or on delivery to a wind 

farm site. A number of inspections are commonly performed on construction completion or during the 

operation of a wind farm, e.g. rotor, nacelle, tower, foundation and electrical system. Here, the main 

focus is on safety and structural integrity. Other inspections may include offline condition monitoring 

(vibration measurements), evaluation of lightning protection measures, an oil analysis or video 

endoscopy.  

Periodic monitoring of all the turbines at a wind farm is recommended every two or four years. This 

provides a client with a thorough review of each turbine’s technical condition – information that can be 
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useful in improving performance or obtaining an independent opinion of a turbine’s condition prior to a 

key commercial milestone (e.g. end of warranty of period). Inspections may also be necessary to fulfil 

regulatory or insurance requirements.   

If something goes wrong, a damage investigation can be most helpful in identifying the extent and type 

of the damage incurred and, crucially, in determining the root cause of the problem. An independent 

damage investigation report is important in finding a technical remedy to the problem, establishing 

responsibility for funding any repair work and putting in an insurance claim. These investigations may 

also be crucial in preventing further damage to other existing turbines. 

9) Strategy & policy services 

Which technological innovations and supply chain developments are reshaping the renewable energy 

landscape? What are the direct and indirect impacts of changing energy policies? How are companies 

capitalising on market changes to enter new sectors and strengthen their position in others?  

Making the right decisions in today's fast evolving renewable energy sector is not easy. Continually 

changing market conditions, complex political dynamics and rapid technology development delivered 

through an increasingly global and interconnected supply chain are just some of the challenges facing 

decision makers. 

The Strategy & Policy unit is a multi-disciplinary team of senior professionals with access to a global 

network of market and technology experts from across DNV GL. This means that clients can be 

confident that their decision making will be supported and informed by industry leading experts from 

around the world. 

C) Project Developers 

DNV GL offers niche technical expertise for developers regardless of the project stage. 

1) Due diligence services 

Developing a wind farm can be a complex and challenging task. DNV GL has all of the in-house 

expertise required to successfully deliver an optimised wind farm development. DNV GL's experts work 

together to form a multi-disciplinary project team providing developers with a coordinated approach to 

developing a wind farm from feasibility right through to an operational wind farm.  

The combination of DNV GL's technical and project expertise, working together with an extensive 

knowledge and experience over the entire project lifecycle ensures that the wind farm is developed in an 

optimised, cost effective and timely manner. 

DNV GL would be pleased to provide you with a comprehensive service package tailored to meet the 

specific requirements of your project. The feasibility, site assessment, and development services include: 

 Feasibility studies and economic analyses  

 Site assessment and site screening  

 GIS mapping and analysis  

 Conceptual designs  

 Value chain analysis  
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 Bid evaluation and bid document preparation  

 Project design, layouts, and optimization  

 Turbine technology and procurement strategies  

 Visualization, acoustic and shadow flicker analysis  

 Market assessments  

 Support to local, regional, and national wind energy programs  

 Institutional support and capacity building  

 Outreach and education  

2) Site feasibility studies 

Choosing the right site for a wind farm is critical to its commercial success but the many factors involved 

including meteorology, turbine technology, electrical engineering, civil engineering and environmental 

issues can make it a challenging task. DNV GL has the skills and capabilities to combine all the required 

disciplines to undertake a site feasibility study enabling the developer to make a well-informed decision 

on the best route forward.  

This service is offered at the initial stage of project development where developers require a general 

overview of their site(s) and an assessment of how feasible the site(s) may be. DNV GL usually delivers 

a multi-criteria study of a proposed site, combining a preliminary analysis of the wind resource and 

expected energy production, foundation concept, interconnection potential, construction complexity and 

consenting issues. If various sites are being considered, DNV GL can also provide a weighted ranking of 

sites to assist developers in choosing the best one.  

A typical service package includes: 

 Initial mapping of site constraints e.g. natural features, special uses, regulatory requirements; pre-

screening for interference with military operations or other radio-communication issues  

 Development of a preliminary layout and therefore capacity of the site  

 An initial wind resource (likely to rely on meso-scale wind mapping), energy production and high 

level financial analysis  

 Identification of a range of turbine models, suggested for further consideration at the site  

 A grid connection study  

 Details of case studies are available on request. 

3) Wind measurement services 

It is standard practice to utilise meteorological masts to measure meteorological data at a potential wind 

farm site. The installation and maintenance of meteorological masts is a significant cost during the 

development process of a wind farm. High-quality meteorological data from a site is a key requirement 

for optimising the design of the wind farm, predicting the future energy production of the wind farm and 

also as an input to selecting appropriate turbine technology for a particular wind farm site.   
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DNV GL offers a comprehensive service for onshore wind farms, developed over 20+ years, that 

includes:  

 Design and specification of a monitoring programme 

 Equipment procurement, installation management  and ongoing maintenance  

 Download, management and interpretation of all data  

 Direct access to data via a new Online Data Management system 

Based on independent research of tower impacts on wind measurements, it has designed industry-

exceeding, custom lattice-tower mounting booms that are offered to clients. The booms and 

instrumentation packages ensure that the investment in a measurement program pays off and results in 

obtaining the most accurate data possible. 

Offshore wind farms are supported by multi-disciplinary teams comprised of DNV GL’s measurement 

and offshore wind specialists. 

Remote sensing measurement techniques enable measurements to hub height and beyond. DNV GL is 

considered a pioneer of the use of value-adding alternative technologies and this includes resource 

measurement using sodar and lidar. Its experts have been involved in the testing of remote sensors 

since their market inception and are therefore well placed to advise on their use as a part of a wind 

monitoring programme. 

4) Resource panorama 

DNV GL's Resource Panorama service is designed to help clients minimize frequent and detailed 

investigation of on-site resource measurements while maximizing the value associated with stable, 

accurate and continuous data collection. Data are physically located at a secure server farm, fully 

backed up with multiple levels of redundancy.  The service allows clients 24/7 secure online access to 

summary statistics including energy estimates and other critical information pertinent to the early stages 

of project development. As on-site data measurements are transmitted, received and processed by this 

automated service, the cleaned data is checked by an experienced analyst and recent data statistics will 

be presented on a weekly basis. Routine data checking ensures that problems with equipment are 

quickly identified and resolved, therefore increasing the value of the data for subsequent use in formal, 

bankable assessments. 

Users of the service also benefit from access to trained staff to help answer questions and provide other 

supporting development services as required.  

Key features of the service include: 

 Instant access to your quality-controlled data and monitoring equipment at any time.  

 Modern and user friendly interface, incorporating GoogleTM Earth.  

 Cleaned data can be downloaded to CSV file.  Raw data files can be accessed via secure FTP.  

 Downloadable PDF summary data reports.  

 Detailed log of all data exclusions e.g. from icing, instrument malfunction, as well as full 

maintenance records stored in one location.  
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 Broad range of statistics and graphical analysis derived from your data available at a click, 

including interactive graphical tools for time series, shadow plots and correlations.  

 Detailed mounting configuration of current and historic instruments.  

 Storage of mast photos and documents e.g. calibration certificates, maintenance records.   

 Estimated energy and capacity factor calculations based on selectable project characteristics. 

5) Power performance 

A wind turbine’s vital statistics are undoubtedly its power curve. Since this determines the turbine’s 

annual energy production and revenue generated, it plays a vital role in the financial model of a wind 

farm project and the sales contract for a wind turbine. Moreover, the turbine’s power curve – how net 

output power varies with the free stream wind speed – is required for certification purposes.  

If a turbine is not delivering as much power as predicted, the long-term financial consequences are 

serious. Such underperformance may be due to an unrealistic sales power curve, manufacturing 

tolerances of key components or an incorrect set-up of mechanical or software components. To verify 

the turbine manufacturer’s sales power curve, an appropriate power performance measurement has to 

be conducted at the wind farm – because without this measurement, an underperformance claim on the 

contractual power curve warranty is unlikely to succeed. 

DNV GL provides a number of power curve services: 

 Performance type test: Measurements of the prototype of a specific wind turbine model deliver the 

power curve required for the type testing part of the certification process.  

 A meteorological mast installed upstream from the turbine is used to gather hub height 

measurements of wind speed, wind direction, temperature, pressure and other variables in 

relation to the power produced by the turbine. The recorded data is then screened, filtered against 

specific criteria and post-processed by defined procedures to produce the turbine’s power curve.  

 Site calibration: In complex terrain where wind speeds at the meteorological mast are not the 

same as at the centre of the rotor, site calibration is a necessity. Flow distortion factors derived 

from data measured at a second meteorological mast installed where the wind turbine will be 

erected are applied to the wind speed measurements made during the power curve test to 

calculate the true free stream wind speed.  

 Performance verification: Performance tests are carried out to check if a turbine’s power curve 

complies with the manufacturer’s guaranteed power curve.  

 Performance testing of small wind turbines: Testing is possible on site or at DNV GL own facilities. 

6) Wind farm layout design 

Designing a wind farm is often a complex and iterative process. In the early stages the focus is on 

identifying the approximate size of the project and spotting any “show stopping” issues before too much 

expense is incurred. As the development process progresses, the focus changes to identifying in detail 

all the issues which may influence the final size and layout of the project, and to optimise development 

within those constraints – with the twin goal of minimising risk and maximising the return on investment. 

DNV GL provides a comprehensive service to support clients in the design of both onshore and offshore 

wind farms – at every stage from initial development to detailed design.  
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DNV GL has extensive specialist technical expertise in relevant fields, such as: 

 Site constraints analysis 

 Geotechnical evaluation 

 On-site micro-siting 

 Infrastructure layout 

 Noise calculation 

 Visual influence assessment 

 Electromagnetic interference evaluation 

 Shadow flicker assessment 

Since offshore wind farm projects are often more complex than onshore ones, e.g. with regard to 

infrastructure and noise assessment, DNV GL’s unparalleled expertise in the design of offshore wind 

farms is particularly valuable in such projects.  

DNV GL’s multi-disciplinary team combines a broad range of expertise in meteorology, wind engineering, 

wind turbine technology, geographical information systems and environmental studies. This enables 

DNV GL to provide you with the best possible project design solutions – not least thanks to extensive 

field expertise gained through many, many gigawatts of wind project experience. Detailed information on 

case studies or the areas of expertise listed above is available on request. 

7) Environmental & permitting services 

Developers of a renewable energy projects not only face engineering challenges. Permission for project 

development can only be granted once a number of environmental hurdles have been overcome. As a 

one-stop shop for engineering and environmental services, DNV GL offers an integrated approach to 

project development, which is extremely rare in this business. The bottom line for the client is 

harmonious integration of engineering and environment to optimise project development. 

 

8) Wind & energy analysis 

Since the fuel for a wind farm is always free, the economics of a project are crucially dependent on the 

wind resource at a site. A mere 1% increase in the annual mean wind speed can boost energy 

production by 2% in some cases. That is why wind resource measurement and analysis are so crucial in 

project development. A robust estimate of the energy production of a prospective wind farm based on a 

wind and energy assessment is required to support investment and financing decisions. DNV GL has 

unrivalled experience in this kind of work since globally, no other company has provided assessments of 

more projects. 

The steps involved in a wind and energy assessment are as follows: 

 Site visit to review monitoring equipment and where appropriate site characteristics 

 Wind data filtering and quality control to detect any erroneous or suspect observations 
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 Wind data analysis and processing to define best possible prediction of long-term wind speed and 

direction frequency; where appropriate, including on-site data reconstruction, long-term 

adjustment and vertical extrapolation 

 Wind flow modelling, typically undertaken with a linear model such as WAsP and in certain cases 

augmented with the results from a computational fluid dynamics model, meso-scale modelling or 

even a conceptual model if there is an unusual wind flow regime 

 Energy calculation, including prediction of wake losses 

 Calculation of likely wind farm loss factors, e.g. wake loss, non-availability, electrical efficiency, 

turbine performance, environmental losses or curtailments 

 Uncertainty analysis to enable financial decision makers to take well informed decisions, e.g. by 

presenting the probability of exceeding energy levels at P75 or P90, i.e. a 75% or 90% chance of 

exceeding the predicted energy production figure 

 Detailed reporting 

Outcomes from the wind and energy assessment deliver information on the wind regime at a site. This is 

crucial for the optimal design of the wind farm and in assessing the suitability of different turbine models 

for use at the site. The accuracy of the analysis is dependent on the extent, quality and duration of the 

wind data recorded at the site. Here, DNV GL can give clear guidance to developers on the requirements 

a site’s wind monitoring programme has to fulfil. Such guidance is described in detail in the Wind 

measurement service description. 

9) Site suitability studies 

Assessing the suitability of a wind farm site is a multi-disciplinary task. Consideration has to be given to 

the meteorological, environmental, ground and seismic conditions at a site as well as the electrical 

interconnection. Such assessments may be required at different stages in the development of a wind 

farm: an initial assessment to confirm a site’s feasibility; a more detailed assessment as part of the 

procurement process; and a detailed review of the ability of the turbine technology to operate effectively 

under the defined site conditions as part of technical due diligence. DNV GL has all the multi-disciplinary 

expertise and experience required to perform site suitability assessments at any stage of a wind farm 

project. 

DNV GL will assess the climatic conditions, other environmental factors and the ground conditions at a 

site in order to assess the suitability of the WTGs chosen. This condition data may also be used for a 

detailed load calculation or an estimate of turbine lifetime. A comprehensive assessment of a site will 

also include a review of the electrical conditions at the interface between the wind farm and the local 

grid. 

A site suitability assessment will typically include the following four services: 

 Assessment of climatic conditions: On-site wind measurements – annual average wind speed, 

wind speed and direction distribution, reference wind speed, wind shear, flow inclination and 

characteristic turbulence intensity – are almost always required to assess climate conditions at a 

site. Ground and seismic, electrical and other environmental conditions are also assessed. 

 Pre-assessment of load assumptions: All climatic conditions are assessed with respect to their 

influence on the site suitability of the WTGs. Where site conditions are within the turbine’s design 

conditions, no further action is required. Where a marginal situation exists, an assessment of the 
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design equivalent turbulence for assumed generic turbine conditions normally allows firm 

conclusions to be made about the turbines’ site suitability. 

 Load calculation: If the design conditions for a turbine are exceeded at a site, a more detailed 

evaluation of the site-specific fatigue loads is performed. The load duration distribution of the rotor 

torque is evaluated and compared to the design values of the gearbox. In some cases, e.g. where 

extremely gusts of wind occur, a site-specific extreme load calculation is required. Where 

appropriate, seismic loads will also be assessed on the bass of assumed input earthquake 

conditions. 

 Lifetime estimate: If required, DNV GL can estimate the expected lifetime of relevant turbine 

components on the basis of the fatigue loads calculated for the relevant site conditions. 

10) Turbine consulting 

Project developers, financial institutions, investors in or purchasers of a wind technology company, 

turbine manufacturers – all stakeholders have a vested interest in a technical due diligence review of a 

specific wind turbine model. DNV GL brings extensive expertise and experience to bear in providing a 

wide variety of turbine consulting services, the nature of which is customised to a specific client’s needs. 

Clients call on these services for a variety of reasons. Some require an overview of the turbine market to 

help them decide which turbine models to include in their wind farm development plans; others want to 

purchase turbines for a specific project. There are also clients that are planning the acquisition or 

financing of a wind farm project, or thinking of taking over a turbine manufacturer. Whatever the client’s 

motive, and this list is not definitive, the main aim of the turbine consulting work is to provide an overview 

of the technical risks associated with the technology and/or the business transaction in question as well 

as an understanding of the possible mitigation measures. 

DNV GL’s turbine consulting service is made up of three basic elements. The first is a wind turbine 

market overview, including a review of a particular manufacturer's market share and of specific turbine 

models available worldwide or by region. This is usually supported by a turbine manufacturer overview 

with comments on the manufacturer’s capability to manufacture, install and service wind turbines 

compared to industry standards, previous performance and willingness to support products. Finally, a 

more detailed technical review covers comments on the turbine technology compared to industry 

standards, detailed component discussion, turbine design verification status according to IEC standards 

or the like, previous performance, a technical risk summary and classification of the turbine model as 

proven or unproven technology according to pre-determined criteria. If a specific project site is identified, 

DNV GL can also comment on the suitability of a specific turbine model for installation on that site. 

Reviews of the terms and conditions associated with the same of turbines, or operational warranties 

associated with performance, are typically provided as part of a due diligence study, but can also be 

performed as part of a turbine review. 

11) Interconnection 

DNV GL can provide a full suite of design support services for developers relating to the electrical 

interconnection of their onshore wind farm. 

The electrical interconnection service provided covers a wide range of tasks with the exact scope of the 

work undertaken dependent on a client's specific needs. 
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Services may include: 

 Network connection feasibility 

 Grid connection application 

 Negotiation with network operator 

 Technical requirements for grid connection 

 Turbine grid compatibility assessment 

 Wind farm collection system and cabling design 

 Calculation of electrical losses within the farm 

 Selection and sizing of ancillary electrical equipment 

 Load flow and short circuit analysis 

 Power quality calculations 

 Tender support for electrical plant 

 Provision of residential electrical engineer services 

 Factory acceptance and on-site witness testing 

12) Strategy & policy services 

Which technological innovations and supply chain developments are reshaping the renewable energy 

landscape? What are the direct and indirect impacts of changing energy policies? How are companies 

capitalising on market changes to enter new sectors and strengthen their position in others? 

Making the right decisions in today's fast evolving renewable energy sector is not easy. Continually 

changing market conditions, complex political dynamics and rapid technology development delivered 

through an increasingly global and interconnected supply chain are just some of the challenges facing 

decision makers. 

The Strategy & Policy unit is a multi-disciplinary team of senior professionals with access to a global 

network of market and technology experts from across DNV GL. This means that clients can be 

confident that their decision making will be supported and informed by industry leading experts from 

around the world. 

2.15. VESTAS WIND SYSTEMS A/S [42] 

Vestas is the only global energy company dedicated exclusively to wind energy - improving business 

case certainty and reducing the cost of energy for customers.  

Vestas works in close partnership with customers to offer the most effective solutions towards energy 

independence. The core business is the development, manufacturing, sale and maintenance of wind 

power plants – with competencies that cover every aspect of the value chain from site studies to service 

and maintenance. 

Vestas’ new corporate strategy “Profitable Growth for Vestas” builds on the solid foundation of the 

successfully completed two-year turnaround and outlines the strategic objectives and initiatives for the 
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mid-term (3-5 years) which will take Vestas steps closer to the realization of the vision. The turnaround 

has created a strong foundation for future growth, enabling Vestas to control the things that can be 

controlled and to react flexibly to those that can’t. 

A) Turbines and Technologies 

With Vestas as your supplier and business partner, you are basing your investment on documented 

processes: More than 30 years’ experience, insights and knowledge of wind. 

Vestas wind turbines are checked and tested at Vestas own test centres, after which the results are 

verified and certified by independent organisations. It also continuously monitor a large number of the 

turbines in operation, both to determine how the turbine design can be optimised and to use the data and 

knowledge to make turbine operation even more reliable and cost-effective. 

Vestas has an extensive portfolio of turbines which are each suited to specific conditions and 

requirements. 

B) Operation and Maintenance 

1) Service Packages 

Wind turbines need to be continually serviced to perform consistently at their best. Harsh weather 

conditions over the course of a turbine’s typical 20-year service life can reduce the overall performance 

of a site, resulting in a loss of earnings and a poor return on your investment. 

The Active Output Management® service programme, or AOM for short, ensures the highest possible 

output at all times, so your return on investment is achievable and more secure. 

2) VestasOnline® SCADA Systems 

To reach your commercial goals, you need to maximise production and minimise downtime. 

VestasOnline® Business, the unique Supervisory Control And Data Acquisition (SCADA) tool developed 

by electrical system engineers and wind turbine specialists, will help you achieve just that. 

VestasOnline® Business allows you to communicate with third party service providers to support your 

power forecasting and trading. What’s more, the monitoring and control technology can be easily 

integrated into your second-level system. VestasOnline® Business offers up to 500 1Hz online signals 

from each turbine. 

Depending on the type of wind power plant, Vestas offers two VestasOnline® packages: 

 VestasOnline® Compact - for smaller wind farms with up to 10 turbines, the system can be 

installed in the base of the turbine. 

 VestasOnline® Business - for larger wind farms or for customers who want advanced reporting, 

higher redundancy or advanced control and monitoring functionality. 

3) Vestas Forecasting 

Backed by 30 years of wind experience, the company’s experts have developed advanced forecasting 

solutions to help make wind power more predictable, by delivering more accurate, site specific forecasts 

at turbine, park and portfolio level. 
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The installed base comprises nearly 20 percent of the world's wind turbines, most of which are under 

24/7 surveillance by a team of experts.  

This comprehensive data set, the industry leading climate library and big data processing tools enable 

Vestas Forecasting™ to deliver a portfolio of forecasting products that maximise your business case 

certainty. 

C) Options and Solutions 

1) Project Planning 

When you’re planning a wind power plant, you need to consider a broad range of factors over the entire 

lifecycle of the project. These range from financing and siting, to grid requirements and the regulatory 

framework. 

Having installed more than 50,000 wind turbines throughout the world, Vestas has remarkable expertise 

in these areas. Vestas works closely with its customers during the planning phase to capitalise on this 

knowledge and build successful projects. 

2) Turbine Options 

An option is an extra feature that can be added to the turbine to suit a project’s specific needs. By adding 

options to the standard turbine, Vestas can enhance the performance of the wind power project – and 

the business case certainty of the investment. Here are some of the options, although their availability 

will differ from country to country and from turbine to turbine. 

3) Construction & Installation 

During the construction phase, the wind power plant is built and connected to the grid. There is a huge 

number of tasks to be carried out by both the developer and Vestas to ensure this happens efficiently 

and effectively. 

Precisely who does what will differ from project to project depending on the risk profile. Working closely 

with the client, Vestas can provide everything from an inclusive package, where Vestas supply, install 

and calibrate the plant, to simply supplying the turbines. 

By choosing Vestas as your partner, you benefit from the vast knowledge and experience of different 

wind environments all over the world, together with the unrivalled project management skills, from design 

integration of every piece of the wind power plant, to high quality manufacturing and transport and 

construction expertise. 

4) Plant Optimization 

To gain the most out of your investment in wind, it is important to continuously optimise your wind power 

plant throughout its lifetime. With Vestas' substantial knowledge of optimising wind power plants Vestas 

can support you with innovative software and solutions which can help increase the production and 

profitability of your wind power plant. 

2.16. WINDENERGIE, S.R.O. [43] 

The WINDENERGIE, sro is an engineering and operation company in the renewable energy industry.  
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As a full-service company, WINDENERGIE fully develops projects from the land acquisition, design, 

construction and distribution, to the management. 

The company WINDENERGIE, sro active in the Czech market in the renewable energy sector since 

2001, is one of the first companies that started project development in renewable energy in the Czech 

Republic. 

Environmental protection is a major component of the business activities of the company WIND 

ENERGY, sro. The use of innovative and tested technologies for the development of Renewable 

Energies has been accompanying all economic processes in the company. All projects, plans and the 

development of the business are such that they are environmentally friendly. 

To the main business of the Company WIND ENERGY, sro is the designing, construction and operation 

of wind farms and solar parks in the Czech Republic. 

Each member of the group of companies by engineer Karl Poor Karl-schlecht.de , part of which the 

Company WIND ENERGY, Ltd., is committed with the available financial resources responsibly and 

economically deal with it.  

It offers a professional approach to preparing and implementing projects in the field of renewable energy 

sources. The financially and organizationally demanding process for you as an experienced and reliable 

partner assumes Windenergie, Ltd. 

A) Services 

Windenergie, Ltd. offers extensive services in the field of RES. This is as technical and business 

management, promotion planning and design in all phases of project development, detailed plan optimal 

configuration of wind or solar park, including turnkey construction.  

Location of buildings 

 Selection of habitats with regard to: 

o Protection of adjacent land 

o Nature Conservation 

o Landscape character 

o Infrastructure 

o Conditions for connection to the electricity network 

 Negotiations with landowners and communities  

 Provision of land for construction and infrastructure  

Planning 

 Optimization of wind and solar park 

 Calculation of yield and selection of measurement techniques 

 EIA - environmental studies 

 The noise and stroboscopic study - testimonials 

 Design 
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 Authorization process and construction schedule 

 Electrical Engineering 

 Competitions 

 Construction Supervision 

Construction 

 The construction of "turnkey" from individual solar and wind installations to large wind and solar 

parks 

Operation 

 Technical operations management and the solar wind parks 

 Technical Administration 

Business Administration 

 The management - agency 

 General Meeting 

 Optimization and economy 

Financing 

 Advising on the financial plan 

 Create Project Brochures 

 Applications for loans and grants 

 Negotiations with banks and other financial institutions 

 Foundation Funds 

B) References 

Including services, the company offers Windenergie, Ltd. and operated by continuous evaluation of solar 

and wind facilities in terms of performance, maintenance and economic indicators. 

Parent company Wintus GmbH manages wind and solar farms in Germany, Portugal and Spain.  

In the Czech Republic prepares Windenergie Company Ltd. wind projects and solar parks. These are 

prepared on their own land (about 270 hectares) of land, or contracted with their owners (2000 

hectares). Some projects prepare Windenergie with its partners, RESEC Company, Ltd., REPO CR sro 

POLESÍ Strekov as Drobil Engineering Ltd., etc. 

C) Technology for Wind Turbines 

Windenergie, Ltd. use in their projects, wind power plants with a rated output of 600 kW to 3 MW. In its 

bid included the manufacturer, the device in its opinion, meets the harsh weather conditions in 

mountains and inland. This device also offers excellent value in the production of power. energy, 

confidence and cooperation with electric. networks. Windenergie, Ltd. as its preferred projects, mainly 

from the German wind turbine manufacturers, ENERCON GmbH company. 
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2.17. ENERCON [44] 

ENERCON began its road to economical / ecological success when graduate engineer Aloys Wobben 

founded the company in 1984. A small team of engineers developed the first E-15 / 16 wind turbine with 

a rated power of 55 kW. To start with, ENERCON systems still featured gearboxes. However in 1992, 

the changeover to gearless technology came about with the first ENERCON E-40 / 500 kW. This 

innovative drive system with few rotating components ensures nearly friction-free energy flow providing 

outstanding performance and reliability. Mechanical stress, operating and maintenance costs are 

reduced, and the system’s service life is increased. 

Today, all ENERCON wind energy converters are based on the company’s tried and tested turbine 

concept. Over the past years, new system generations have evolved through constant sophistication of 

existing components, providing customers with state-of-the-art products. One example of the latest 

technological innovation is the new rotor blade geometry introduced in 2004. It significantly increases 

revenue, minimises noise emission while considerably reducing load impact on the wind energy 

converter. 

All ENERCON systems feature a grid connection system which fulfils current grid connection 

requirements and can thus be easily integrated in any supply and distribution structure. ENERCON’s 

concept not only offers solutions for normal operation such as reactive power management and voltage 

control but also for critical situations resulting from network short-circuits or bottlenecks. 

Since then ENERCON has been setting new standards in technological design for 30 years now. With 

more than 22,000 wind turbines installed in over 30 countries, ENERCON is also recognized as one of 

the leading manufacturers at the international level. Research and development, as well as production 

and sales are constantly evolving. 

A) Products and services 

1) Wind turbines 

ENERCON offers a large variety of wind turbines, as shown in Fig. 77: 

 

Fig. 77 – ENERCON wind turbine 
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2) Service management 

The aim of ENERCON’s Service Department is to ensure and maintain operational readiness for all 

ENERCON wind turbines. In accordance with the “Speedy service through local presence” principle, 

more than 2,500 employees worldwide expedite wind turbine maintenance and servicing. This means 

shorter distances for service technicians and ensures a high degree of technical availability (average in 

the last years more than 98.5 %). 

A well-coordinated dispatch team is another important factor for efficient field service organisation. 

ENERCON has more than 100 employees coordinating global service operations, from both a technical 

and commercial point of view. Each operator has a designated point of contact in their service centre. 

Operators can be confident that the technician knows the site but also has detailed knowledge of the 

local conditions surrounding the wind turbines. 

ENERCON Service performance profile 

 Servicing and maintenance of all wind turbines installed by ENERCON 

 Wind turbine monitoring via remote data transmission 

 Maintaining technical availability of wind turbines serviced by ENERCON 

 Customer care in all technical and commercial matters 

 Operator training 

Each ENERCON wind turbine has a modem link to the central remote data transmission facility. If wind 

turbine signals malfunction, the service centre and the service branch in charge are notified via the 

SCADA remote monitoring system. The message is automatically transferred to the ENERCON 

deployment planning software and displayed on the dispatchers screen. With the aid of a specially 

developed locating system (GIS – Geoinformation System), the deployment planning system 

automatically locates the service team closest to the wind turbine. Service teams are able to access all 

turbine-specific documents and data using so-called pentops (robust, portable computers with a link to 

the service centre) ensuring that all maintenance is dealt with as quickly and efficiently as possible: A 

new standard in Service-Management. 

3) ENERCON PartnerKonzept (EPK) 

ENERCON’s PartnerKonzept (EPK; ENERCON Partner Concept) gives customers the assurance of 

consistently high wind turbine availability for up to fifteen years of operation at calculable operating costs. 

From servicing to safety inspections, maintenance and repairs, all eventualities are covered by one 

single contract. Guaranteeing a high value-for-money and comprehensive service, the EPK has long 

since become an acknowledged ENERCON quality feature. More than 90 % of national and international 

customers have signed an EPK agreement. 

Damage caused by unforeseeable events such as acts of nature and vandalism can be covered by a 

specially developed additional EPK insurance policy. Significantly cheaper than conventional machine 

failure insurance, the additional EPK insurance policy is now available through all well-known insurance 

companies. Together the EPK and the supplementary EPK insurance policy owners are ensured 

maximum coverage. 
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Yield-oriented cost structure 

The fees under the ENERCON PartnerKonzept contract are based on the annual wind turbine output. 

The customer pays a minimum fee depending on the respective wind turbine type plus a yield-oriented 

surcharge. The fee is calculated separately for each individual wind turbine / wind farm per year and 

according to the annual kWh produced during the elapsed operating year. This means that the customer 

will pay more in good wind years with good yield and less in years with less wind and less yield. The 

yield oriented cost structure of the EPK thus stabilises the wind turbines annual profit. To minimise 

customer charges particularly during the first five-year operational period, ENERCON absorbs half of the 

EPK fee during that period. The customer is not obliged to pay the full fee until the sixth year of 

operation. This is a definite benefit for the operator / owner in terms of liquidity. 

Availability guarantee 

ENERCON guarantees its customers a technical availability of up to 97 % per year incl. a clearly defined 

maintenance factor. ENERCON offers this high availability for a service life of 15 years – this is unique 

on the wind market. The aim is to support the customer during the wind turbine’s entire service life and to 

enable the highest yields possible. If technical availability is below 97 %, ENERCON issues the customer 

a credit for the missing income due to the lack of availability. 

4) Service-Info Portal (SIP) – New and current version 

The Service-Info Portal (SIP) offers ENERCON customers quick and easy access over the Internet to all 

data regarding their wind energy converters – anytime and from anywhere in the world. The only 

requirement is a computer with a Web browser and an Internet connection. A personal password and 

encrypted transmission ensure double data protection according to the latest security standards. 

SIP’s easy-to-use menus provide customers with quick and easy access to all wind energy converter 

data. Work processes, such as producing wind turbine analyses, checking maintenance logs or 

producing up-to-date yield overviews, which normally takes hours, can be done in a matter of minutes 

using SIP. This is an efficiency boost that not only increases customer satisfaction but also improves the 

flow of information (between partners in a wind farm, for example). 

Important details concerning the new Service-Info Portal: 

In addition to detailed reporting (e.g. service and maintenance reports), the new Service-Info Portal (SIP) 

also provides EPK customers with the option of analysing various types of turbine data as well as other 

additional functions. Other advantages compared to the former SIP version are user-friendly operation 

as well as clear and simple visualisation of current data. The revised version of the Service Info Portal 

was launched in October 2011. 

In the first stage EPK customers in Germany, Austria, Spain, Italia, The Netherlands, Luxembourg, 

Belgium, Portugal and France will be given free access which can be requested by submitting a new 

application. Step by step, this service will be available to other European countries. Until the service has 

been completely changed over to the new system, the old Service-Info Portal will remain available. 
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3. HYDROGEN PRODUCTION AND STORAGE 

Hydrogen Production [45] 

Hydrogen has the ability to act as an energy carrier in both stationary and transport applications, but 

particularly in the latter sector, where it offers the potential to transition from the world’s current reliance 

on fossil fuels to increased contributions from renewable energy sources. However about 95% of today‘s 

merchant hydrogen production is produced from centralised reforming of natural gas. In the medium- to 

long-term it can be anticipated a general shift away from processes that emit CO2 to the atmosphere. 

Future options may include CO2-neutral paths such as hydrogen from fossil fuels with CO2 capture, 

electrolysis of water using renewable electricity or nuclear energy, biomass gasification and even more 

long-term developments such as photochemical/biological or high temperature nuclear thermocycle 

pathways. Fig. 78 attempts to capture the technological and market readiness of these options. For the 

technically advanced, but not yet commercially competitive, production technologies, Fig. 78 implies that 

intensive short-term R&D efforts may be needed to achieve market readiness. 

 

Fig. 78 – Timeline for hydrogen production technologies (The arrows depict the expected earliest commercial introduction of 
each path, a possible phase-out was not considered) 

Considering the current state-of- the-art, electrolysis using renewable power offers the production of 

hydrogen with zero CO2 emissions. Electrolysis is also well suited for small scale, high purity hydrogen 

production and therefore a significant number of hydrogen demonstration fuelling facilities are based on 

electrolytic hydrogen. The economics of electrolysis are very dependent on electricity prices and better 

suited for smaller scale applications, therefore historically the technology has not been able to compete 

with large scale, centralised natural gas steam reforming. 

In the medium term other technologies based on fossil fuels and alternative CO2 neutral pathways are 

expected to contribute to the hydrogen energy mix. Among the most interesting are small-scale steam 

reforming plants, similar to those developed with stationary fuel cells, biomass gasification, as well as 

more conventional reforming/gasification plants converting oil/coal to hydrogen. In the medium term the 

introduction of CO2 sequestration may be a reality to eliminate emissions to the atmosphere by 

exploiting local regional conditions e.g. geology and economic incentives. Looking at the very long term, 

hydrogen production technologies could include photo-biological or photo-electrochemical conversion 

processes and thermonuclear conversion cycles. 
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The exact quantities of hydrogen which will be produced from one or other of these technology supply 

routes will be very dependent on local market factors. These could include the availability of natural 

resources, the potential for renewable energies, competitive costs between different forms of primary 

energy production, regional imperatives and energy policy, including fiscal regimes, fuel taxation & 

carbon taxes. 

By-product hydrogen from the chemical or other industries may locally play a role in the transition phase, 

where a distribution infrastructure is already available or developed at low cost. In Europe the total 

available amount of by-product hydrogen is between 2 and 10 billion Nm³ hydrogen per year, which 

would be sufficient to supply 1 to 6 million passenger cars. Today the majority of this by-product 

hydrogen is used for process heating. 

The potential to produce hydrogen from renewable energy sources is significant but dependent on 

localised resources. The cumulative long-term technical potential of hydropower, biomass, and wind 

could provide enough energy to supply all transport in Europe, particularly if the energy saving options of 

future drive systems is taken into account. The necessity to handle intermittent renewable energies, such 

as offshore wind, may contribute to provide cheap hydrogen fuel from electricity at periods with grid 

overcapacity. However it should be noted that the competing energy demand for stationary power and 

the cost and time to develop the renewable infrastructure would have to be considered. Depending on 

factors such as demand, energy prices and fuel costs the economic viability of individual options may 

vary widely. So there is unlikely to be a simple or single solution. 

Hydrogen Storage [45] 

There is much debate as to when different hydrogen energy technologies will enter the commercial 

market. Hydrogen energy applications can be divided into three key areas: portable, stationary and 

transportation. For each of these areas to achieve commercialisation, certain technological 

breakthroughs will be required. These breakthroughs could influence criteria such as economies of scale 

and thus accelerate the market-readiness of the offerings. In addition, the effect of regional and policy 

aspects will be important and may lead to the timing of market introduction varying from one country to 

another. 

 

Fig. 79 – Expected introduction of hydrogen energy applications in various end-use sectors (red – transport, green – stationary, 
grey – portable) 
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Fig. 79 shows the expected timing for the introduction of hydrogen into different energy applications and 

the corresponding hydrogen demand that each application is expected to generate. The timing is based 

on the general consensus of key stakeholders in the transport and energy areas. 

This chapter presents several European initiatives related with the storage and production of hydrogen 

from intermittent renewable sources, as well as the most relevant R&D institutions and industrial partners 

involved in these projects. 
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3.1. FLYHY - FLUORINE SUBSTITUTED HIGH CAPACITY HYDRIDES FOR HYDROGEN 
STORAGE AT LOW WORKING TEMPERATURES [46] 

The targets of the FlyHy project were the development and testing of advanced nanostructured high 

capacity hydrogen storage materials and testing by 

 exploiting findings on materials destabilisation and stabilisation resp. by halogen substitution for 

alane, borohydrides and Reactive Hydride Composites , in order to achieve a breakthrough in the 

thermodynamic properties of these materials exhibiting the highest hydrogen capacities known at 

present,  

 obtaining an in depth scientific understanding of the sorption properties of the substituted 

materials by extended structural and thermodynamical characterisation and modelling, for 

materials optimisation,  

 determining tank relevant materials properties like e.g. densification behaviour and heat 

conductivity, and  

 doing tests in a prototype tank in conjunction with a high temperature fuel cell. 

A) Project Partners 

 Helmholtz-Zentrum Geesthacht GmbH (Germany) [47] 

The Helmholtz-Zentrum Geesthacht GmbH (HZG), situated near the town of Geesthacht, Germany 

belongs to the German Hermann von Helmholtz Association (HGF). With its 15 research centres, 24.000 

employees and an annual budget of approx. 2.2 billion euros the Helmholtz Association is Germany's 

largest research institution. HZG is situated at Geesthacht near Hamburg and has a branch in Teltow 

near Berlin with a total staff of approximately 800 employees, including about 480 scientists, engineers 

and technicians. The three main HZG research areas cover materials science, environmental research, 

and separation processes using membrane technologies. One of the core research topics at HZG is 

Materials for Hydrogen Technology, covering purification and conditioning of hydrogen, development of 

new membranes for fuel cells, and hydrogen storage. HZG has more than 15 years research experience 

in nanocrystalline light metal hydrides (more than 50 publications in JCR-listet journals, 6 patents, 7 

patent applications pending) and was/is involved in international projects and co-operations in this field 

including the EU MC RTN COSY and the Helmholtz Initiative FuncHy, both coordinated by HZG, the EU 

IP's StorHy and NessHy, the EU-FP5 Networks FC-TEST-NET and EU-RTN "H-Sorption in Mg: 

Improved Hydrogen Sorption Kinetics in New Magnesium Composites for Clean Energy Storage and 

Transport". 

 

Fig. 80 – Prototype tank for NaAlH4 based solid state hydrogen storage (capacity 8kg NaAlH4, ca. 400 g H2, developed and built 
in the STORHY project at HZG) 

http://www.flyhy.eu/HZG.html
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In STORHY HZG constructed Europe’s largest tank for solid state hydrogen storage based on sodium 

alanate (8 kg of NaAlH4). HZG also has a strong background in materials design based on 

thermodynamics. For instance, the system Mg-Ni-H was calculated and modelled in detail using the 

THERMOCALC and CALPHAD (calculation of phase diagrams) methods. HZG operates own beam lines 

(e.g. HARWI II ) at the German Electron Synchrotron (DESY) in Hamburg, as well as at the Research 

Reactor Munich II. They are equipped for diffraction and scattering experiments to investigate structures 

in the range of Ångstroms up to microns. 

 

 Institutt for Energiteknikk (Norway) [48] 

Institutt for Energiteknikk (http://www.ife.no) established in 1948 is Norway’s national centre for energy 

technology. Physics Department at IFE is also the national centre for materials research using neutron 

scattering techniques (picture: JEEP II reactor at Kjeller). IFE has more than 55 years experience on 

studies of metal hydrides for hydrogen storage. Since 2002 the Physics Department has about 100 

publications related to hydrogen storage materials, 2 patents and 1 patent application. IFE is/was 

involved in 7 projects funded by the Research Council of Norway, a Nordic Centre of Excellence on 

Hydrogen Storage Materials, 6 projects funded by the European Commission (partly finished): 

HYSTORY, STORHY, NESSHY, HYTRAIN, NANOHY, HYCONES and HYSIC (member of steering 

committees), a NEDO project (from Japan) and very active in the Task 22 of the IEA HIA. Main scientific 

activities are synthesis and characterisation of light weigh complex hydrides. 

In FLYHY IFE will focus on materials preparation by ball milling, structural characterisation by X-

ray/neutron diffraction and SANS/SAXS, in situ studies, diffraction combined with Raman spectroscopy 

and EXAFS/XANES, and different thermal characterisation. 

 

 University of Aarhus (Denmark) [49] 

The University of Aarhus (http://www.au.dk) has in total 30.00 students and ca. 1800 people employed 

as Academic staff. The Faculty of Science consists of 9 departments and 29 research centres and one of 

those is The Interdisciplinary Nanoscience Centre (iNANO). iNANO has 60 senior researchers, 45 post 

docs and 120 PhD students associated. An important research field is represented by The Centre for 

Energy Materials (CEM) which has the scientific core: design, preparation, characterisation and 

application of novel materials for energy production, energy conversion, energy storage and improved 

energy efficiency. FLYHY will be associated with CEM and iNANO, which offers a very strong research 

network and also a high quality graduate school, iNANOschool. iNANO has played an active part in a 

previous Danish national interdisciplinary project on the ‘hydrogen society’ and has >20 years of 

research experience within the interaction of hydrogen with metals. 

 

 University of Torino (Italy) [50} 

The Centre "Nanostructured Interphases and Surfaces" (NIS) has the dual mission of pursuing basic 

research and offering applied research services. The Centre offers a multi-disciplinary laboratory 

equipped with the most advanced techniques in microscopy and spectroscopy. The research groups of 

NIS of the University of Torino have focused their activities on several topics. Hydrogen storage is 

currently studied on different materials, including metallic hydrides. 

NIS participates in advanced level training courses, supervises PhD students and use to welcoming and 

training foreigner visitors. The Centre participates in the Doctorate Course in Materials Science and 

Technology of the University of Torino and of Torino Polytechnic. 

The main research topics are related to metastable phases in metallic systems and may be classified as 

follow: a) Microstructure and kinetics of phase transformations in metallic systems; b) Thermodynamic 

properties an phase diagrams in metallic systems; c) Magnetic, mechanical and chemical properties of 

amorphous alloys and intermetallic compounds. 

http://www.flyhy.eu/IFE.html
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 Consejo Nacional de Investigaciones Científicas y Técnicas (Argentina) [51] 

CONICET (www.conicet.gov.ar) is the major national organisation to promote science and technological 

development in Argentina. In a joint venture with the Universidad Nacional de La Plata (UNLP) in 

Argentina, CONICET runs the Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA, 

see www.inifta.unlp.edu.ar). CONICET contributes to FLYHY through INIFTA, therefore CONICET is 

named as the legal entity for INIFTA throughout this document.  INIFTA is a theoretical and applied 

physical chemistry research institute. It has a total staff of 200 employees approximately including more 

than 100 scientists, professionals and technicians. It conducts scientific research in the field of Physical 

Chemistry and related sciences, namely electrochemistry (i. a. energy storage by hydrogen and 

electrocatalysis), kinetics and photochemistry, surfaces, theoretical chemistry, computational physical 

chemistry, macromolecules, biocorrosion and organic physical chemistry. 

The CONICET group has been using synchrotron radiation related techniques (XPS, EXAFS, XANES) to 

characterise nanostructured materials for more than 10 years and has more than 60 publications in high 

impact international journals (Science, JACS, Nano Letters). Its main fields of research so far are the 

study of nanoclusters and metallic and oxide nanoparticles with respect to their size, morphology and 

electronics and their relationship with novel properties (thermodynamics, magnetism, etc.), highly 

dispersed and diluted systems with catalytic properties, catalysts and occluded molecular systems in 

micro and highly ordered mesoporous silicates. 

In FLYHY CONICET will bring in its expertise in XPS, EXAFS and XANES characterisation of nanoscale 

materials for investigating the local structure and environment of the hydrogen containing and other 

functional groups and elements in the materials to be investigated. CONICET is in the process of 

acquisition of an in-house X-ray spectrometer from Rigaku Co. from Japan which will let perform most 

common X-ray absorption spectroscopy experiments at the laboratory without the necessity to travel to a 

synchrotron. 

 

 Tropical S.A. (Greece) [52] 

TROPICAL S.A. (http://www.tropical.gr) is a Greek based company located in Athens, which consists of 

two major departments having on its portfolio more than 100 products with its own technology as well as 

know-how on most of these products. Forty (40) of these products are associated with A/C units for 

vehicles and sixty (60) are associated with Hydrogen + Fuel Cell technologies & Renewable Energy 

Sources (RES). Moreover, it has been certified from TUV HELLAS (Member of TUV NORD GmbH, 

Germany) for the Design and Production of Fuel Cell Systems with Certificate Reg. No: 04 100 

20021692-E9. TROPICAL is a member of the JTI on Hydrogen and Fuel Cells. 

TROPICAL is manufacturing Fuel Cell Power Systems ranging from 100Watt to 20kW as well as electric 

& hydrogen fuel cell vehicles (bicycles, scooters, boats, cars & minibuses). For all hydrogen related 

products of TROPICAL the storage tanks utilise conventional room temperature metal hydrides at the 

moment, whose limits concerning weight related storage capacity are well known. Tropical S.A. is 

participating on several projects at the moment, following a few examples: 

o Design & development of a Hydrogen MiniBus for operation at the inner centre of Athens. 

o  “Green Future Home” (Electrolyser Unit and Management Control System) - Design & development 

of a hybrid management system which includes photovoltaics, wind generators, water electrolyser 

for hydrogen production, metal hydride storage tanks, fuel cell stack for power production and a 

“smart” parametric controller with recorded data on last 10 years weather data for the area. 

o Nanotubes & Nanoscrolls – Hydrogen in Nanostructured Carbon – based materials for light 

hydrogen storage tanks designed for the automotive industry as well as for portable applications 
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o Hybrid Poly-generation (All-In-One) Unit for Islands – Design & development of a hybrid system 

which includes photovoltaics, wind generators, desalinisation unit for producing drinkable water, 

water electrolyser for hydrogen production, metal hydride storage tanks, fuel cell stack for power 

production and fuel cell GreenCityCar. 

TROPICAL S.A. developed and presented in 2006 the 2-seated «CITYCAR» as well as the 4-seated 

«GREENCAR» which are the first European small two and four seated hydrogen operating cars (H2 fuel 

cell cars). The construction of these city cars has been made with the “Modular” method, the construction 

of the steady modular-chassis, which includes the chassis, the front and rear axles, the metal hydride 

tank the fuel cell-engine and the body. Both cars have an increased range which can reach more than 

200km with zero emissions. 

TROPICAL will bring its expertise on use of conventional metal hydride storage tanks in combination with 

fuel cells for different applications as well as its overview over the storage tank and fuel cell market into 

the project. It will focus on the techno-economical evaluation of the materials to be developed. 

B) Main Results 

1) New route for synthesis of halogen free α-Ca(BH4)2 

A new method for synthesis of Ca(BH4)2 with very high elemental- and phase purity was developed by 

Aarhus University, and is currently being patented. Besides the advantage of synthesis of very pure 

material (e.g. for fundamental scientific investigations) the method offers a significant cost advantage 

compared to commercially available Ca(BH4)2. 

2) Solid state synthesis of Al(BH4)3 and Zr(BH4)4 

The unstable borohydride systems Al(BH4)3 and Zr(BH4)4 could be synthesized from AlCl3 or ZrCl4 

mixed with stable borohydrides LiBH4, NaBH4, Ca(BH4)2 or Mg(BH4)2 via a metathesis reaction. 

The initial characterization generally showed lower decomposition temperatures compared to the pure 

metal borohydride material. A very large weight loss was often observed, indicating that other gases than 

H2 were released (Fig. 81). Complex two-and three step decomposition pathways were observed. 

Also single crystals of Zr(BH4)4 could be synthesized by the metathesis reaction of LiBH4-ZrCl4 using 

high energy ball milling followed by vapour deposition. 

Their structure could be solved being a cubic unit cell of space group P-43m and unit cell parameter a = 

4.8387(4) Å (at T = 100 K). Furthermore, an in situ SR-PXD study verifies the melting point of Zr(BH4)4 

at 29 °C. The structure was also calculated by ab initio modelling. 

 

Fig. 81 – TGA for a number of samples of the unstable borohydride systems heated from RT to 300, 350 or 400 °C using a 
heating rate of 10 °C/min 
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3) Reaction pathway of fluorinated Ca-based RHC’s 

Reaction enthalpy and activation energy of the dehydrogenation reaction in the system 

CaF2+3CaH2+4MgB2 were determined from DSC experiments. The reaction enthalpy was estimated at 

ca. 49 kJ/(mol H2) and later confirmed by preliminary PcI measurements. This has to be compared with 

that of pure Ca(BH4)2 of 69 kJ/(mol H2) as determined by PCI measurements in FLYHY. It was found, 

that F addition changes the reaction path compared to the pure CaH2 + MgB2 significantly and new 

phases like Ca4Mg3H14 are formed, whereas continuous formation of amorphous boron and 

Ca2B12H12 during cycling is observed to a much lesser degree than in the pure system. In the long 

term, i.e. after the first cycle, reversible hydrogen loading and unloading seem to take place between a 

CaH2-CaF2 solid solution plus Mg, partially MgB2 (dehydrogenated state) and Ca4Mg3H14 plus CaF2 

(hydrogenated state). 

 

Fig. 82 –B MAS NMR analysis of the CaF2 + 3CaH2 + 4MgB2 system: a) material as received, b) material as milled, c) material 
after first absorption, d) material after fifth absorption 

4) Fluorine substitution observed by in situ-SR-PXD 

LiBH4-LiBF4 mixtures were examined using in situ-SR-PXD techniques and analysed by Rietveld 

refinement. Refinements indicate that F substitutes directly for H in the BH4 unit, however, this effect is 

observed only for the hexagonal LiBH4 polymorph, thus suggesting that substitution occurs gradually as 

heating and decomposition progresses (Fig. 83). 

Decomposition of the substituted material occurs immediately as it forms. More detailed investigations 

are underway in order to firmly establish the occurrence of fluorine substitution. 
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Fig. 83 – In situ-SR-PXD data for LiBH4-LiBF4 (9:1). The red circle indicates the most clear intensity anomaly (left) 

5) Modelling of crystal structures and thermodynamic data 

Fig. 84 summarises the calculated enthalpies of mixing of a range of simple and borohydrides at the 

same content of fluorine (12.5%) in the solution. For o- -Ca(BH4)2 and Mg(BH4)2 also chlorine 

and bromine substitutions are present. 

It is confirmed that a change in the halide substitution (i.e. Cl or Br instead of F) reduces significantly the 

positive enthalpy of mixing, likely because of steric effects. These conclusions are in good agreement 

with the experimental results obtained in FLYHY. 

 

Fig. 84 – Enthalpies of mixing at 12.5% fluorine content, in kJ/molH2. In case of CaF2, the same content of hydrogen was 
considered. Results for chlorine and bromine substitutions are shown for comparison 

C) Conclusions and Perspectives 

From the results exemplarily shown above, the following can be concluded: 

 The heavier halogens Cl, Br, and I readily substitute for the BH4 - group in some metal 

borohydrides. They tend to stabilise high temperature polymorphs at room temperature leading to 
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 F substitution in pure borohydrides leads to strong destabilisation and enhanced reversibility of 

hydrogen loading, e.g. decomposition decreased from >400°C down to ca. 120°C for LiBH4-F, 

and Sieverts measurements demonstrate increased reversibility in NaBH4-F. 

 The hydrogen release temperature is decreased by ca. 100°C in F modified Ca based RHCs. 

 Computer based ab initio modelling and following thermodynamic assessment by the CALPHAD 

method was in good agreement with the observed materials structures and behaviour. It delivered 

important information for a scientific understanding of the materials. 

 A novel cost effective wet chemical route for synthesis of halogen free borohydrides was 

developed and is being patented. 

 The exact position and role of F in enhancing decomposition is partly understood combining 

Rietveld refinement and gas release analysis (MS). Further more detailed analysis by NMR, 

NEXAFS, etc. has to follow. Further studies of dependence of reaction pathways on temperatures 

and hydrogen pressures during the reactions as well as of effects of further additives have to 

follow. 

 In future projects the main cost driver for solid state hydrogen storage materials, i.e. the use of 

extremely high purity materials in low quantities, has to be studied in more detail and its necessity 

and ways to circumvent have to be found 

 The main advantages of solid state hydrogen storage remains, being the (i) the low hydrogenation 

pressures in the range of up to 15 MPa at maximum, (ii) the inherent safety of hydrogen storage 

materials due to self-cooling effect upon unwanted hydrogen release and following decrease of 

hydrogen release rate, and (iii) the simple construction of hydrogen storage tanks and possibility 

for use of conventional heat resistant steels, which is especially suitable for manufacturing by 

SME’s. 
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3.2. NANOPEC - NANOSTRUCTURED PHOTOELECTRODES FOR ENERGY 
CONVERSION [53] 

To address the challenges of photon capture and energy conversion, solar-driven hydrogen production 

via photo electrochemical water splitting will be investigated. Although the concept is extremely attractive 

as a method of sustainable fuel production, no single material with acceptable performance, stability, and 

cost has been found, despite decades of investigation. 

To address this significant challenge, new concepts and methods will be used, afforded by 

nanotechnology, to design innovative composite nanostructures in which each component performs 

specialized functions. These novel nanocomposites will decrease the number of criteria that any single 

component must meet, thus overcoming the basic materials limitations that have hindered development. 

Computational studies will be used to assist in the selection of optimal material pairings and a wealth of 

advanced analytical techniques will be employed to improve the understanding of structure-composition-

property relationships. 

As a final objective, NanoPEC’s innovations will be used to develop a 1 square-centimetre test device 

that converts solar energy to hydrogen energy with a sustained 10 % efficiency and a maximum 

performance decay of 10 % over the first 5'000 hours of operation and a 100 square-centimetre test 

device with a sustained 7 % efficiency and similar stability, representing a performance standard that 

goes well beyond the state-of-the-art. 

NanoPEC’s innovative research will redefine the field of photoelectrochemistry and place Europe at the 

forefront of nanoscience and nanotechnology research by contributing to leadership in this strategically 

important area. 

A) Project Partners 

 Ecole polytechnique fédérale de Lausanne (Switzerland) [54] 

The Laboratory of Photonics and Interfaces (LPI) of the Ecole polytechnique fédérale de Lausanne 

(Swiss Federal Institute of Technology of Lausanne) (EPFL) is a part of the Institute of Chemical 

Sciences and Engineering (ISIC). Headed by Prof. Michael Grätzel, the inventor of dye-sensitized solar 

cell, with a 40 professionnal scientific staff, the LPI was recently named Switzerland's centre of 

excellence for photoelectrochemical hydrogen production by the Swiss Federal Office of Energy (SFOE). 

 

 Uniwersytet Warszawski (Poland) [55] 

The University of Warsaw (UW) is the largest academic institution in Poland. Its Faculty of Chemistry has 

been regarded for decades as the top chemistry faculty in the country and still attracts outstanding 

researchers and MSc & PhD students. The Laboratory of Electroanalytical Chemistry's interests concern 

various aspects of fundamental and electroanalytical chemistry related to materials chemistry, as well as 

to kinetic and mechanism of electrode reactions. It has significantly contributed to the development of 

electrochemical methodology, including solid-state electrochemistry, and to the fabrication and 

characterisation of functionalised materials, such as metal oxides, conductiong polymers and hybrid 

inorganic organic materials. 

 

 Universidade do Porto (Portugal) [56] 

The Laboratory for Process, Environment and Energy Engineering (LEPAE) is a research centre of the 

School of Engineering (FEUP) of the University of Porto. The LEPAE's strategy combines applied and 
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fundamental approaches to study chemical and biological processes, energy, environment and their 

health effects. LEPAE is involved with fuel cells (PEMF and DMFC), solar cells, especially dye senditized 

solar cells, photocatalysis and self-cleaning surfaces, steam reforming, and more recently in 

photoelectrochemical hydrogen production. 

 

 Universitetet i Oslo (Norway) [57] 

The University of Oslo (UiO), the Norway's largest and oldest institution of higher education hosting the 

recently restructured Centre for Material Science and Nanotechnology (MSN) as a collaborative platform 

for groups and professions. In partnership with the SINTEF Group, the largest independent research 

organisation in Scandinavia, MSN has inaugurated the MiNaLab Gemini Centre, a laboratory building 

with clean room facilities. The core of the MiNaLab is the Physical Electronicas Group in charge of the 

clean room area. MSN will make significant contributions to the project in advanced nanostructures. 

 

 Delft University of Technology (Netherlands) [58] 

TU Delft cooperates with many other educational and research institutions, both in the Netherlands and 

abroad. The high quality of research and teaching is renowned. TU Delft has numerous contacts with 

governments, trade associations, consultancies, industry and small and medium-sized companies. 

 

 Israel Institute of Technology (Israel) [59] 

Home to three Nobel laureates, the Technion – Israel Institute of Technology is ranked sixth worldwide 

for entrepreneurship and innovation. Israel’s Technion has made an impact in all fields of applied science 

and technology, including electronics, information technology, water management, nanotechnology, life 

sciences and chemistry, clean-tech, materials engineering, and aerospace engineering. 

At Technion, excellence in education in science and technology is a strong basis for a  culture of 

entrepreneurship and a definitive position at the evolving frontiers of multidisciplinary science. 

The Technion offers three- and four-year undergraduate programs leading to a BSc in engineering or 

science. Architecture demands five years. An MD is conferred after six years of study and one year of 

internship, with a BSc in Medical Sciences awarded after three years. 

The Centre for Pre-university Education (mechina) provides a second chance to students who do not 

meet Technion’s entrance requirements. Equal opportunity programs prepare new immigrants, 

demobilized soldiers, and minority groups for Technion’s rigorous curriculum. 

All faculties offer advanced degree courses including Master of Science (MSc), Master of Engineering 

(ME), Master of Business Administration (MBA) and Doctor of Philosophy (PhD). 

Interdisciplinary graduate studies are offered in Autonomous Systems, Biotechnology, Energy, 

Nanoscience and Nanotechnology, Polymer Engineering, Quality Assurance and Reliability, and 

Systems Engineering. 

In response to the newly discovered natural gas and petroleum reserves in israel’s territorial waters, 

Technion also offers a Master’s of Engineering specializing in Natural Gas and Petroleum Engineering. 

Technion International is charged with overseeing academic relationships with foreign partner institutions 

worldwide, and serves as an umbrella for Technion’s international programs and foreign students. 

From the Antarctic to Nigeria, Technion footsteps are imprinted in collaborative scientific research, 

education and entrepreneurship. Research agreements with international academic institutions include 

Johns Hopkins University; Cleveland Clinic; l’Ecole Polytechnique; Cambridge University; Manchester 

University; the Universities of Melbourne and Sydney; the Technological Universities of Berlin and 

Aachen; the Universities of Nanjing, Peking, Tsinghua, Xidian and East China University of Science and 

Technology; and the Tokyo Institute of Technology. 

Each year the Technion welcomes internationally renowned scientists and postdoctoral students on 

campus. 
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The student exchange program hosts overseas undergraduate and graduate students and encourages 

Technion students to study abroad. The summer internship program allows students to gather cutting-

edge skills at high-tech companies in the U.S. 

 

 ENI S.p.a (Italy) [60] 

The Laboratory of Photochemistry for Solar Hydrogen is part of the ENI-Donegani Institute, owned by 

ENI, the major Italian oil company. The institute is devoted to renewable energy research, oriented in 

three main directions, of which one is focusing on the use of solar energy, with particular reference to the 

development of organic photovoltaic cells, hydrogen photoproduction systems, and spectrum converters. 

The activities include theoretical comprehension and modelling, preparation of extended photo anodes 

by sol-gel routes, characterisation materials, and current-voltage characteristics in electrochemical cells. 

 

 Eidgenössiche Materialprüfungs- und Forschungsanstalt (Switzerland) [61] 

The Laboratory for High Performance Ceramics (LHPC) and the Laboratory for Solid State Chemistry 

Catalysis (LSSCC) are research laboratories of the Swiss Federal Laboratories for Materials Science 

and Technology (EMPA) within the ETH Domain. LHPC is an industrial friendly Swiss centre of 

competence for research and science on structural and functional ceramic materials, processing and 

applications. The LSSCC concerning goals and objectives are materials development for energy 

conversion and for environmental technologies, and the heterogeneous catalysis. 

B) Project Structure and Main Results 

Hydrogen has the potential to meet requirements of a sustainable and carbon-neutral fuel if being 

produced from solar energy. Sustainable, cost-efficient, and large-scale hydrogen production could be 

established by photoelectrochemical (PEC) solar water splitting, where a semiconductor electrode 

absorbs sunlight and uses its energy to drive water electrolysis (2 H2O ? 2 H2 + O2). However, 

significant scientific, technological and manufacturing breakthroughs are needed to improve the 

efficiency of the process. 

The objective of WP1 was to develop nanostructuring techniques and demonstrate their advantages 

over existing photoelectrodes. For this purpose, WP1 employed classic materials for investigation of 

nanostructures in the initial stage of the project. In the second half, novel nanostructuring approaches 

were applied to newly-developed materials and the former ones. Significant advancement in PEC 

performance was achieved, allowing accomplishing almost all of the tasks assigned to WP1. 

As for Task 1.1 (guest/host mesostructures), ultrathin oxide underlayers were developed as an interfacial 

buffer layer for host-guest mesostructures. Among them, a Ga2O3 underlayer improved the photocurrent 

onset by 200 mV and a Nb2O5 underlayer enabled one of the highest absorbed photon-to-current 

efficiency (APCE) ever reported (ca. 40% at 400 nm). 

With respect to Task 1.2 (nanostructured semiconductor synthesis), mesoporous hematite films 

prepared with the aid of a silica layer as a structural scaffold during annealing treatments resulted in an 

increase of the photocurrent from 1.57 to 2.34 mA cm-2. Additionally, hydrothermal treatment of hematite 

films improved the photocurrent from 150 to 250 µA cm-2. Integration of a light harvesting algal protein 

further increased the photocurrent. 

Concerning Task 1.3 (plasmon-enhanced photoelectrodes), the photocurrent of WO3 photoanodes was 

improved by integrating Ag nanoparticles (NPs) due to plasmonic-resonant light scattering and near-

electromagnetic field enhancement-effects. The incident photon-to-current efficiency (IPCE) and the 

photocurrent were improved by a factor of 50 and 60%, respectively. 
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As for Task 1.4 (graded nanowire arrays), graded Zn1-xCdxO (x < 0.6) nanowire arrays and multilayers 

were prepared and their interfacial recombination behaviour and PEC performance were studied. 

With respect to Task 1.5 (catalyst and overlayer development), Al2O3, Ga2O3, and In2O3 thin layers 

were developed for ultrathin and cauliflower-type hematite photoanodes. These overlayers improved the 

photocurrent onset by up to 200 mV. 

Finally, small-size Cu2O photoelectrodes exhibited a photocurrent as high as 7.6 mA cm-2 at the 

reversible hydrogen evolution potential (0 V vs. reversible hydrogen electrode (RHE)). The inherent 

instability of Cu2O was overcome by newly-developed protective overlayers. 

The objective of WP2 was to explore new semiconducting materials that can serve as either 

photoanodes or photocathodes for solar water splitting. The highlights that were achieved in the past 18 

months include controlled synthesis of oxynitride materials and improvement in performance and stability 

of several novel semiconductor materials owing to modification with protective overlayers and catalysts, 

which provided promising results on PEC water splitting. 

The formation of Ti3+ defects in LaTiO2N was successfully suppressed by the substitution surface 

doping of Ca2+ on La3+ sites. As a result, the oxygen evolution efficiency of the resulting powders 

became two times higher than that of the previous LaTiO2N powder. However, electrophoretically 

deposited films of these particles showed modest photocurrents (0.15 mA cm-2) presumably due to poor 

bulk charge transport. A novel optical monitoring technique that allowed following the oxide-to-nitride 

conversion in-situ at temperatures of up to 800C and with a time resolution of one second was 

developed to obtain the metastable TaON. 

The performance and stability of several novel semiconductor materials were investigated. Cu2O 

photocathodes modified with protective overlayers exhibited the record AM1.5 photocurrents of -7.6 mA 

cm-2. Refinement of the overlayer deposition and the electrolyte was crucially important to prevent 

photocorrosion. On the other hand, W-doped BiVO4 catalysed with cobalt-phosphate generated a 

photocurrent of 2.2 mA cm-2 under AM1.5 irradiation. This is a ten-fold performance increase compared 

to the status at the beginning of this reporting period. Although these photocurrents rapidly decrease by 

50% in about one hour, an intriguing repair mechanism was found that allowed complete recovery of the 

initial BiVO4 photocurrent after a potential sweep to 0.6 V vs RHE and back. Finally, a promising AM1.5 

photocurrent of 1.2 mA cm-2 was found for Ta3N5 catalysed with IrO2. A part of this photocurrent was, 

however, likely due to photocorrosion of the material. 

The objective of WP3 is to improve fundamental understanding of PEC processes and develop rigorous 

quantitative methods to understand influences of material properties, defects, and interfaces on 

photoelectrolysis performance. The activity in the second half of the project period covers analysis on 

material structures, defects, physicochemical phenomena at semiconductor-semiconductor and 

semiconductor-liquid interfaces and electronic band structures. The achievement also includes an 

innovative light trapping strategy based on designed light reflection to maximise light absorption at 

desirable positions. All WP3 deliverables and milestones were met. 

The important achievement on Task 3.1 (detailed structural characterisations) is clarification of a 

relationship between the misorientation angle in cauliflower-like a-Fe2O3 structures and their 

photocurrent densities. High angle grain boundaries were detrimental to the performance of 

nanostructured a-Fe2O3 photoanodes. 

As for Task 3.2 (detailed defect characterisations), near-edge X-ray absorption fine structure 

spectroscopy was performed for oxygen 1s orbital of a-Fe2O3 and WO3 photoanodes to examine the 
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role of defects on the electronic structure and the resultant effect on PEC properties. Two different 

electron holes were observed in the valence band and both of them were active for solar water splitting 

contrary to published literature. 

Concerning Task 3.3 (semiconductor/electrolyte interface), the behaviour of the nanostructured WO3 

photoanodes in methane sulphonic acid solutions was examined. The important effect of the electrolyte 

concentration upon the current distribution and the related photocurrent losses within the nanoporous 

photoelectrodes was elucidated. 

As for Task 3.4 (semiconductor/semiconductor junctions), Nb2O5 underlayers were found to improve the 

performance of ultrathin ?-Fe2O3 photoanodes by reducing recombination at the photoanode/substrate 

interface and blocking electron injection from uncoated fluorine-doped tin oxide (FTO) to the electrolyte. 

In addition, the charge carrier dynamics in graded band gap Zn1-xCdxO (x=0-60%) multilayers was 

examined by time-resolved photoluminescence (PL). With respect to Task 3.5 (electronic structure 

calculations), ab-initio density functional theory (DFT) calculations were carried to understand the 

electronic structure of selected materials and to model the electronic interaction between a-Fe2O3 and 

the adsorbed water layer at the surface. A new calculation method was developed to consider different 

populations of electrons and holes in different electronic states in the valence and conduction bands. 

As for Task 3.6 (Continuing investigations), IPCE measurements under low light intensities were 

performed for BiVO4 photoanodes to gain more insight on the predominant recombination pathways. It 

was concluded that the photocurrent was limited by slow electron transport rather than bulk defects or 

interface states. Besides, a new approach for improving the performance of ?-Fe2O3 ultrathin film 

photoanodes using optical cavity design was invented, which resulted in a photocurrent of 1.4 mA cm-2 

using 26 nm thick a-Fe2O3 films. Additionally, the stability of different photoelectrode materials was 

evaluated using thermodynamic databases. 

The objective of WP4 is to build, test, and model a test device that exploits NANOPEC'S advances. In 

19-36th months, WP4 carried out performance evaluation of fully assembled PEC devices, medium- to 

long-term stability testing, device-level modelling and optimisation. Furthermore, a demonstrator of an 

optimised PEC device was built at the end of the project. Accordingly, tasks assigned to WP4 were 

completed successfully. 

Different characterisation testing benches were developed namely for high temperature experiments, for 

outdoor testing in order to examine real-life cell performance and for evaluation of the performance of 

large (100 cm2) fully assembled PEC cells. Moreover, a new Portocell for large photoelectrodes was 

also designed and built. 

a-Fe2O3, WO3 and Cu2O photoelectrodes were the most promising materials developed during 

NANOPEC project and these were the ones selected to build the prototypes. Apart from the evaluation 

of small PEC cells, a large prototype of Cu2O photoelectrode with an active area of 63 cm2 exhibited a 

current density of 4 mA cm-2, which corresponded to a solar-to-hydrogen (STH) efficiency of 6 %. This 

value was slightly lower than the project target of 7 % STH efficiency. However, optimised 

photoelectrodes of Cu2O could allow producing solar water splitting devices with a very high efficiency. 

The proposed 100 cm2 photoelectrode active area was not obtained due to equipment size limitations 

although the scale up of this photoelectrode was direct and simple. 

During the final demonstration at ENI on December 2011, two different PEC configurations were used to 

demonstrate the viability of this technology to the industrial panel: one using an external source that 

worked as an external bias to induce the water photoelectrolysis; and other based on a PEC cell and two 
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dye-sensitised solar cells (DSCs) in series (tandem arrangement) that were used to provide an extra 

bias needed to split the water and produce H2 and O2. 

The NANOPEC project management coordinated monthly cyber meetings and semi-annual physical 

meetings to facilitate efficient decision making and knowledge sharing. The NANOPEC consortium 

committed to hold two international workshops on sustainable hydrogen production based on PEC water 

splitting. In particular, an international workshop was organised within the EMRS-MRS 2011 Bilateral 

Energy Conference, which took place in Nice, France from May 9th to 12th, 2011. The workshop was 

organised as a symposium within the Conference (Symposium T), named "Materials for solar hydrogen 

via PEC production. The final General Assembly was held in Novara, at Istituto Donegani (ENI) on 

December 15th-16th, in conjunction with the meeting of the Industrial Review Panel, during which many 

large and small companies convened to discuss NanoPEC results. 

Overall, significant progress in PEC water splitting was achieved with respect to the project targets. In 

particular, small-size Cu2O photoelectrodes exhibited a photocurrent as high as 7.6 mA cm-2 with an 

applied voltage of 1.23 V. This performance reaches a STH efficiency of 10% in an ideal tandem 

configuration and exceeds the target of the project. The inherent instability of Cu2O was overcome by 

newly-developed protective overlayers. A large electrode of Cu2O exhibited a photocurrent of 4 mA cm-

2, which corresponded to 87% of the project target. On the other hand, small-size Fe2O3 showed a 

photocurrent of 3.3 mA cm-2 with an applied voltage of 1.23 V. This is equivalent to a STH efficiency of 

5% in an ideal tandem configuration and highest ever reported for hematite photoanodes. Although the 

state-of-the-art hematite photoanode had difficulties in scaling-up, hematite photoanodes did not show 

any signs of performance degradation for at least three days. 

The efficiencies of PEC water splitting are not very high, typically in the range of 1-10 %, although 

development of PEC cells allows obtaining a positive energy balance, in contrast with electrolysers that 

always consumes an extra energy input. The price of hydrogen via PEC solar water splitting is estimated 

to be 7-14 € H2-kg-1 provided that a PEC system is active for 8 h per day and live 20 years. This is still 

more expensive than the target (5 € H2-kg-1) established by the European Hydrogen & Fuel Cell 

Technology Platform but not so far from the technological possibilities. 
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3.3. SOLARH2 - EUROPEAN SOLAR-FUEL INITIATIVE - RENEWABLE HYDROGEN 
FROM SUN AND WATER. SCIENCE LINKING MOLECULAR BIOMIMETICS AND 
GENETICS. [62] 

SOLAR-H2 brings together 12 world-leading European laboratories to carry out integrated, basic 

research aimed at achieving renewable hydrogen (H2) production from environmentally safe resources. 

The vision is to develop novel routes for the production of a Solar-fuel, in the case H2, from the very 

abundant, effectively inexhaustible resources, solar energy and water. The multidisciplinary expertise 

spans from molecular biology, biotechnology, via biochemistry and biophysics to organo-metallic and 

physical chemistry. 

The project integrates two frontline research topics: artificial photosynthesis in man-made biomimetic 

systems, and photobiological H2 production in living organisms. H2 production by these methods on a 

relevant scale is still distant but has a vast potential and is of utmost importance for the future European 

economy. The scientific risk is high - the research is very demanding. Thus, the overall objective now, is 

to explore, integrate and provide the basic science necessary to develop these novel routes and 

advance them toward new horizons. Along the first track, the knowledge gained from 

biochemical/biophysical studies of efficient enzymes will be exploited by organometallic chemists to 

design and synthesize bio-mimetic compounds for artificial photosynthesis. 

The design of these molecules is based on molecular knowledge about how natural photosynthesis 

works and how hydrogenase enzymes form H2. Along the second track, research and development on 

the genetic level will be performed to increase the understanding of critical H2 forming reactions in 

photosynthetic alga and cyanobacteria. These studies are directly aimed at the improvement of the H2 

producing capability of the organisms using novel genetic and metabolic engineering. The project also 

involves research aimed at demonstrating the concept of photobiological H2 production in 

photobioreactors. 

A) Project Partners 

 Partner 1 – UPPSALA UNIVERSITET (Sweden) [63] 

Uppsala University is the oldest university in the Nordic countries, with a living cultural environment and 

fantastic student life. There are 40,000 students here, and they are seen, heard, and noticed 

everywhere. World-class research and high quality education pursued here benefit society and business 

on a global level. The University is characterized by diversity and breadth, with international frontline 

research at nine faculties and limitless educational offerings at Bachelor’s and Master’s levels. 

 

 Partner 2 – COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA) (France) [64] 

The CEA is the French Alternative Energies and Atomic Energy Commission (Commissariat à l'énergie 

atomique et aux énergies alternatives). It is a public body established in October 1945 by General de 

Gaulle. A leader in research, development and innovation, the CEA mission statement has two main 

objectives: To become the leading technological research organization in Europe and to ensure that the 

nuclear deterrent remains effective in the future. 

The CEA is active in four main areas: low-carbon energies, defence and security, information 

technologies and health technologies. In each of these fields, the CEA maintains a cross-disciplinary 

culture of engineers and researchers, building on the synergies between fundamental and technological 

research. 
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 Partner 3 – MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN 

E.V. (Germany) [65] 

The Max Planck Society is Germany's most successful research organization. Since its establishment in 

1948, no fewer than 18 Nobel laureates have emerged from the ranks of its scientists, putting it on a par 

with the best and most prestigious research institutions worldwide. The more than 15,000 publications 

each year in internationally renowned scientific journals are proof of the outstanding research work 

conducted at Max Planck Institutes – and many of those articles are among the most-cited publications 

in the relevant field. 

What is the basis of this success? The scientific attractiveness of the Max Planck Society is based on its 

understanding of research: Max Planck Institutes are built up solely around the world's leading 

researchers. They themselves define their research subjects and are given the best working conditions, 

as well as free reign in selecting their staff. This is the core of the Harnack principle, which dates back to 

Adolph von Harnack, the first president of the Kaiser Wilhelm Society, which was established in 1911. 

This principle has been successfully applied for nearly one hundred years. The Max Planck Society 

continues the tradition of its predecessor institution with this structural principle of the person-centred 

research organization. 

The currently 82 Max Planck Institutes conduct basic research in the service of the general public in the 

natural sciences, life sciences, social sciences, and the humanities. Max Planck Institutes focus on 

research fields that are particularly innovative, or that are especially demanding in terms of funding or 

time requirements. And their research spectrum is continually evolving: new institutes are established to 

find answers to seminal, forward-looking scientific questions, while others are closed when, for example, 

their research field has been widely established at universities. This continuous renewal preserves the 

scope the Max Planck Society needs to react quickly to pioneering scientific developments. 

 

 Partner 4 – FUNDACIO PRIVADA INSTITUT CATALA D'INVESTIGACIO QUIMICA (ICIQ) 

(Spain) [66] 

The Institute of Chemical Research of Catalonia is a foundation created in 2000 by the Government of 

Catalonia and it started its research activities in 2004. Since its creation, ICIQ aimed at becoming a 

centre of excellence, an internationally recognised leading institution in the field of chemistry committed 

with performing research at the frontiers of knowledge. But ICIQ also has two other objectives: 

Knowledge and technology transfer to the chemical, pharmaceutical and energy industrial sectors and 

that of training the future generation of scientists by offering high-quality educational programmes to 

master and PhD students and postdoctoral researchers as well. 

The mission is to lead, from the vantage point of molecular science, cross-strategies for solving major 

social and economic challenges, thereby contributing to the establishment of a knowledge-based 

economy and improving citizens’ quality of life. And we’re achieving this by conducting top quality 

research on two main areas: Catalysis and Renewable Energies. 

 

 Partner 5 – UNIVERSITY OF TURKU (Finland) [67] 

University of Turku is an active academic community of 25 000 students and staff members – a truly 

international research university, a provider and developer of Finnish high-quality education and a strong 

bellwether of its area. 

The University of Turku, established in 1920, has 7 faculties and 11 independent units. There are over 

20,000 students and 3,300 staff members. More information on the University can be found on these 

pages, in the Annual Report or the statistics by the Ministry of Education and Culture. 
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 Partner 6 – FREIE UNIVERSITAET BERLIN (Germany) [68] 

Freie Universität Berlin is a leading research institution. It is one of the German universities successful in 

all three funding lines in the federal and state Excellence Initiative, thereby receiving additional funding 

for its institutional future development strategy. 

Freie Universität can thus take its place as an international network university in the global competition 

among universities. Development and assessment of research projects takes place within various focus 

areas, research networks, and platforms for interdisciplinary collaborative research. 

The university’s performance in the Excellence Initiative provided funding for several new graduate 

schools and transdisciplinary research clusters. In particular, the graduate schools play a key role in the 

development of internationally competitive research centres of excellence. 

Freie Universität Berlin is a full university with 15 departments and central institutes offering over 150 

degree programs across a wide range of subjects. 

 

 Partner 7 – RUHR-UNIVERSITAET BOCHUM (Germany) [69] 

Located in the midst of the dynamic, hospitable metropolitan area of the Ruhr, in the heart of Europe, the 

Ruhr-Universität Bochum (RUB) with its 20 faculties, RUB’s disciplinary institutional units, is home to 

5,600 employees and over 41,000 students from 130 countries. All the great scientific disciplines are 

united on one compact campus. 

The RUB is on its way to becoming one of the leading European universities of the 21st Century. Almost 

all courses are offered as Bachelor and Master degree programmes. The University excellence 

programmes have made themselves an international name: The Research School is an international 

college for structured doctoral research in the life sciences, natural sciences, engineering, the humanities 

and social sciences. Interfaculty and interdisciplinary Research Departments, which are mutually, 

nationally and internationally networked, sharpen the profile of the RUB. Added to this is an unsurpassed 

programme for the promotion of Early Career Researchers, and an excellent infrastructure.  

What makes it all come alive is the people who meet on campus with their thirst for knowledge, their 

curiosity, and their commitment. They help shape the RUB and their open-mindedness makes the RUB 

an attractive place for people from around the world. 

 

 Partner 8 – MAGYAR TUDOMANYOS AKADEMIA SZEGEDI BIOLOGIAI KOZPONTJA 

(Hungary) [70] 

The Biological Research Centre (BRC), Hungarian Academy of Sciences, Szeged is an outstanding 

institution of the internationally acknowledged Hungarian biological research. The Biological Research 

Centre was founded in 1971. The 4 institutes of BRC - the Institutes of Biophysics, Biochemistry, 

Genetics and Plant Biology - employ about 260 scientists whose work is hall-marked by highly 

appreciated international scientific publications and patents. The research topics include several fields of 

molecular and cell biology from the industrial utilization of bacteria through controlled improvement of 

cultivated plants to the problems of human health and environmental protection. BRC is mainly a 

scientific basic research centre, but scientists of BRC play an initiative role in the foundation and 

promotion of biotechnological companies, as well as in educational duties. The successful activity and 

high-level scientific research pursued in BRC were also acknowledged by the European Molecular 

Biological Organization (EMBO) and in 2000 the European Union awarded the title of “Centre of 

Excellence“ to BRC. 
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 Partner 9 – UNIVERSITE DE GENEVE (Switzerland) [71] 

Founded in 1559 by Jean Calvin, the University of Geneva (UNIGE) is dedicated to thinking, teaching, 

dialogue and research. With 16’000 students of more than 140 different nationalities, it is Switzerland’s 

second largest university. 

UNIGE offers more than 280 types of degrees and more than 250 Continuing Education programmes 

covering an extremely wide variety of fields: exact sciences, medicine and humanities. Its domains of 

excellence in research include life sciences (molecular biology, bio-informatics), physics of elementary 

particles, and astrophysics. UNIGE is also host and co-host to six National Centres of Competence in 

Research: Frontiers in Genetics, Materials with Novel Electronic Properties (MaNEP), Chemical Biology, 

Affective Sciences, Synaptic Bases of Mental Diseases and LIVES-Overcoming vulnerabilities in a life 

course perspective.  

Just like the city of Geneva itself, the university enjoys a strong international reputation, both for the 

quality of its research (it ranks among the top institutions among the League of European Research 

Universities) and the excellence of its education. This acclaim has been won in part due to its strong ties 

to many national and international Geneva-based organizations, such as the World Health Organization, 

the International Telecommunications Union, the International Committee of the Red Cross, and the 

European Organization for Nuclear Research. 

 

 Partner 10 – UNIVERSITAET BIELEFELD (Switzerland) [72] 

Bielefeld University was founded in 1969 with an explicit research assignment and a mission to provide 

high-quality research-oriented teaching. Today it encompasses 13 faculties covering a broad spectrum of 

disciplines in the humanities, natural sciences, social sciences, and technology. With about 21,500 

students in 105 degree courses and about 2,750 staff members (including 264 professors and lecturers 

as well as 1,380 academic staff) it is one of Germany's medium-sized universities. 

 

 Partner 11 – WAGENINGEN UNIVERSITEIT (Netherlands) [73] 

Besides being declared the 'Best University for full-time education in The Netherlands', Wageningen 

University also saw all its study programmes get good reviews. Out of the 19 bachelor programmes, 14 

were qualified as 'Top-quality programme' by the Keuzegids, which was published on 28 October 2014. 

In the whole of The Netherlands, 61 programmes have been qualified as 'Top-quality programmes', so 

that means almost a quarter of them are in Wageningen. Top-quality means that they were given a score 

of 76 or higher (out of 100). All programmes were rated by education experts and students. The two 

courses with the highest scores in the Netherlands are the Wageningen University bachelor programmes 

Plant Sciences and International Land and Water Management (both with a score of 94 out of 100). 

 

 Partner 12 – CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (CNRS) (France) [74] 

The Centre National de la Recherche Scientifique (National Centre for Scientific Research) is a public 

organization under the responsibility of the French Ministry of Education and Research. 

As the largest fundamental research organization in Europe, CNRS carried out research in all fields of 

knowledge, through its ten institutes: 

o Institute of Biological Sciences (INSB) 

o Institute of Chemistry (INC) 

o Institute of Ecology and Environment (INEE) 

o Institute for Humanities and Social Sciences (INSHS) 

o Institute for Information Sciences and Technologies (INS2I) 
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o Institute for Engineering and Systems Sciences (INSIS) 

o Institute of Physics (INP) 

o National Institute for Mathematical Sciences (INSMI) 

o National Institute of Nuclear and Particle Physics (IN2P3)  

o National Institute for Earth Sciences and Astronomy (INSU) 

CNRS encourages collaboration between specialists from different disciplines in particular with the 

university thus opening up new fields of enquiry to meet social and economic needs. CNRS has 

developed interdisciplinary programs which bring together various CNRS departments as well as other 

research institutions and industry.  

Interdisciplinary research is undertaken in the following domains: 

o Life and its social implications  

o Information, communication and knowledge  

o Environment, energy and sustainable development  

o Nanosciences, nanotechnologies, materials  

o Astroparticles: from particles to the Universe 

CNRS laboratories (or research units) are located throughout France, and employ a large body of 

tenured researchers, engineers, and support staff.  

Laboratories are all on renewable four-year contracts, with bi-annual evaluation by the National Centre 

for Scientific Research. There are two types of labs: 

o CNRS intramural labs: fully funded and managed by CNRS (called UPR, or unités propres de 

recherche, in French)  

o Joint labs: partnered with universities, other research organizations, or industry (called UMR, or 

unités mixtes de recherche, in French) 

B) Project context and objectives 

The research links two research areas denoted artificial photosynthesis and photobiological hydrogen 

production. In both areas, the research is intended to develop non-thermal methods for Solar-fuel 

production (in the case H2) from solar energy and water as an alternative to fuel generation from 

biomass. 

Core points in the research are the following: 

 Aim at exploration of biomimetic (artificial photosynthesis - Work package 1) solar energy 

conversion concepts to produce H2 as a solar-fuel. 

 Aim at hydrogen production from solar energy and water using photosynthetic micro-organisms 

(photobiological hydrogen production - Work package 3) 

 In the bio-reactor branch (Work package 4), the company aims at technological advances that will 

provide opportunities to demonstrate hydrogen production from photosynthetic microorganisms. 

 One key activity is the scientific workshop and summer school program that will allow merging 

science and to develop a new generation of scientists in this field of large future importance. 
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The long-term objective is to develop natural and artificial photosynthesis to produce H2 directly from the 

never-ending resources solar energy and water. Thereby, two unconventional routes for H2 production 

from solar energy are explored - photochemical water splitting to form hydrogen directly using totally 

man-made systems for artificial photosynthesis based on principles from nature and photo-biological H2 

production using living organisms. This is accomplished by bringing together the two fields in a 

multidisciplinary approach. 

The research is dominated by basic research bringing in-depth fundamental knowledge (Work packages 

1-3). This is critical at this stage in the development of these visionary routes for future fuel production 

from the renewable resources solar energy and water. In the bioreactor branch of the project (Work 

package 4), technical developments concerning photo-bioreactors are foreseen. These will, if successful, 

provide opportunities to validate at a small scale the concept of photo-biological H2 production using 

genetically designed photosynthetic microorganisms in photobioreactors. This will bring research on 

photo-biological H2 production closer to larger demonstration projects which might be possible in a future 

research program. In the biomimetic branches of the project (artificial photosynthesis), the demands for 

breakthroughs in basic science are very large and the research here has a large, visionary component 

being world leading, at the brink of what at all can be accomplished at the present stage of this science. 

The conceptual idea - three axes connecting vision and science - overview of objectives 

The project has three main axes: 

 In a long term research effort, it will develop bio-mimetic chemistry. Knowledge about natural 

reactions will be used to develop man-made photocatalysts able to catalyse H2 production from 

water and solar energy. In this project line, which is called artificial photosynthesis, biochemistry, 

synthetic chemistry and physical chemistry are combined. The measurable results here are 

scientific and are described in the list of deliverables and milestones. 

 In the second axis photobiological H2 production and bioreactors are developed. Here, 

photosynthetic H2 evolving organisms will be studied and improved. In this approach the main 

effort is devoted to the development of more efficient H2 producing organisms using molecular 

biology. The new cyanobacteria and algal strains will be tested and studied for performance in 

photobioreactors. The project contains research to develop and improve such photo-bioreactors. 

The new organisms are also studied in detail using biochemistry and biophysics. Also here the 

measurable results here are scientific and are described in the list of deliverables and milestones.  

 The third axis is the overall strategy applied to achieve complex scientific goals. The diverse 

scientific fields are bind together through a firm framework of biochemical and biophysical 

knowledge (in Work package 2). This overlaps with both the artificial photosynthesis and the 

photobiological H2 production parts of the program. This ensures continuous creative 

interdisciplinarity in the entire programme. 

C) Project results 

The work is conducted on a daily basis in the laboratories of the 12 partners, involving the daily input 

from many scientists on all levels. Below, the work performed and the main results achieved for each 

individual partner are described. 
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1) UPPSALA UNIVERSITET 

Partner 1 participates in work packages 1, 2 and 3. In work package 1, a catalyst was developed for 

water oxidation with cobalt and a methylenediphosphonate ligand (M2P) forming cobalt oxide nano-

particles (NPs) stabilised by the ligand. This showed fast photochemical oxygen evolution with a Ru-

based system. In dimeric and multimeric Mn-complexes the changes in the asymmetric and symmetric 

carboxylate stretching frequencies associated with oxidation state changes for dimeric Mn-complexes 

were studied. The work on homogeneous iron catalysts for hydrogen production has addressed: 

I. effect of aromatic dithiolate ligands on the reactivity of the diiron complexes; 

II. the site specificity of protonation reactions; and 

III. mononuclear Fe complexes as hydrogen formation catalysts. 

In iii) it was demonstrated that the mononuclear ferrous complexes [FeII(3,6-R2bdt)(CO)2(PMe3)2] 

(bdt=1,2-C6H4(S?)2; R=H, Cl) catalyse electrochemical reduction of protons. In work package 2, it was 

compared the electron transport properties of the psbo1 and psbo2 mutants of Arabidopsis thaliana. It 

was also studied the important proton equilibria in several of the steps in the water oxidising cycle. It was 

found that the function of Tyr-Z was very pH dependent both in the acidic and the alkaline pH regions. 

However, the exact pattern for the pH dependence was dependent on the S-state of the OEC. It was 

also studied changes in energy and excitation transfer between PSI and PSII upon short-term light 

adaptation in isolated heterocyst and intact filaments from Nostoc. WP 3 was focused on the enhanced 

H2 production in the N2-fixing cyanobacterium Anabaena siamensis TISTR 8012, a novel strain from a 

rice paddy field in Thailand. The maximum H2 production rate was 32 mol H2 mg Chl a-1 h-1 and was 

likely caused by a higher nitrogenase activity. Detailed studies were also performed on the regulation by 

the AbrB-like protein, a novel DNA binding protein that was re-named CalA and the results of induced 

over-production of the CyAbrB transcription factor CalA in Nostoc sp. PCC 7120. Findings indicate that 

CalA is involved in regulation of cellular responses in which FeSOD has an important and specific 

function in the filamentous cyanobacterium Nostoc sp. PCC 7120. In a recent development molecular 

tools were designed, developed and characterised for a synthetic biology approach towards developing 

cyanobacteria biotechnology. These novel molecular tools are currently used to introduce foreign 

hydrogenases into cyanobacteria. 

2) COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA) 

Partner 2: works in work package 1, 2 and 3 with labs in Saclay, Orsay and Cadarache. In work package 

1, (Saclay and Orsay), bioinspired molecular assemblies were synthesized to obtain new catalysts and 

photocatalysts for both H2 production and water oxidation. These were characterised by 

electrochemistry, molecular calculations and a range of spectroscopies. In work package 2 (Saclay). 

ongoing projects include: 

I. molecular enzymology on the water oxidising enzyme using the modified (e.g. Ca2+/Sr2+ 

exchange) enzyme; 

II. PSII photochemistry electron transfer and its regulation; 

III. ferredoxin-mediated light-driven electron transfer from PSI to other enzymes (e.g. 

hydrogenase); 

IV. algal Fe-Fe hydrogenase. 
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In work package 3 (Cadarache) the aim was to identify electron transport carriers involved in the H2 

production process of microalgae and further identify regulatory mechanisms involved in the in vivo 

control of H2 production. By using forward and reverse genetic approaches in the model unicellular alga 

Chlamydomonas reinhardtii, Nda2 was first identified as the chloroplast enzyme involved both in 

plastoquinone reduction and in the indirect pathway of H2 production in Chlamydomonas. Then, a 

Chlamydomonas mutant (pgrl1) was isolated, affected in cyclic electron flow (CEF) around PSI, which 

showed a strongly enhanced capacity of H2 production. Based on the effect of uncoupling agents, it was 

concluded that the proton gradient generated by CEF strongly limits hydrogen production in the wild-type 

algae. The control of the proton gradient through pgrl1 expression opens new perspectives towards the 

genetic optimization of H2 production by microalgae. 

3) MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 

Partner 3 is participating in work packages 1, 2, and 3. The work focuses on spectroscopic (EPR, 

Mossbauer, FTIR) and spectro-electrochemical studies of intermediate states in the reaction cycles of 

hydrogenases and water oxidase leading to a mechanistic understanding of these enzymes. Recently, 

also protein film electrochemistry (PFE) has been introduced as a tool to study hydrogenases and their 

catalytic behaviour. In work package 1, model systems for the FeFe hydrogenase (cooperation with 

partner 1) and for the NiFe hydrogenase have been studied to better understand their geometric and 

electronic structure and their function. Furthermore, studies have been started to look at water splitting 

catalysts (cooperation with partner 2). In work package 2, particular emphases was placed on 

understanding the mechanism of [FeFe] and [NiFe] hydrogenases. For both enzymes, the electronic 

structure of the active site in various redox and inhibited states was studied with spectroscopic and 

electrochemical methods. In many cases also structural information could be obtained from these 

studies. The information thus obtained of various [NiFe] hydrogenases was carefully compared in order 

to identify possible structural features responsible for the oxygen tolerance of a special class of [NiFe] 

hydrogenases. In the field of the water splitting complex in photosystem II, focus was put on elucidating 

the Mn-cluster topology (S2 state) though a detailed analysis of its spectroscopic parameters and a 

theoretical approach to calculate both its structural and spectroscopic parameters (cooperation F. 

Neese). This long term project finally resulted in the identification of a Mn topology consistent with all 

available data to date. In work package 3, the cooperation with partner 7 was focussed on the 

characterisation of algal [FeFe] hydrogenases (mainly from Chlamydomonas rheinhardtii ) and their 

maturation factors using EPR, FTIR and spectroelectrochemistry. 

4) FUNDACIO PRIVADA INSTITUT CATALA D'INVESTIGACIO QUIMICA (ICIQ) 

Partner 4 is involved in work Package 1. The family of water oxidation catalysts was extended to 

mononuclear mono-aqua, Ru-OH2, ruthenium complexes and have thoroughly characterised their 

electrochemical and spectroscopic properties. It was further undertaken a kinetics study in order to 

understand the reaction mechanism by trough which these catalysts are capable of oxidizing water to 

molecular oxygen. Additionally, a thorough mechanistic work has also been carried out involving the 

mononuclear di-aqua, Ru(H2O)2, ruthenium complex. For this particular case, labelled H2O18 was used 

as solvent and analysing the different isotopes of dioxygen generated. Further, systems where water 

oxidation to dioxygen is carried out photochemically have been successfully developed. For this 

purpose, a Ru-bpy complex was used as photosensitiser and a Co(III) salt as a sacrificial electron 

acceptor in combination with light and the Ru catalysts. 
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5) UNIVERSITY OF TURKU 

Partner 5 participates in work packages 2 and 3. Focus was put on light harvesting, photoprotection and 

modulation of the entire electron transfer route from water to terminal sinks in order to direct the 

electrons maximally to the hydrogenase enzyme. Investigation of the dynamic changes in the proteome 

of Synechocystis cells using the iTRAQ technique, demonstrated an importance of the Flavodiiron (Flv) 

proteins in photosynthetic electron transfer of cyanobacteria. It was shown that a considerable amount of 

electrons in the Flv1 and Flv3 mutants of Synechocystis is directed to photorespiration under severe Ci-

deprivation conditions. Investigation of the Flv4-2 operon, composed of the Flv4, Sll0218 and Flv2 

proteins, provided a novel photoprotection mechanism for PSII, demonstrating the involvement of the 

Flv2 and Flv4 proteins in dynamic interaction between phycobilisomes and PSII. In this interaction the 

Sll0218 protein functions in stabilization of the PSII dimer. Moreover, the flv4-2 operon was shown to be 

strictly regulated by antisense RNAs of the flv4-2 operon, indicating a strict regulation for induction of the 

operon. UTUR has also completed the screening of the UHCC (University of Helsinki Cyanobacterial 

Culture collection) and thereafter has focused on the characterisation of the 10 best H2 producers in 

order to further enhance their capacity for H2 production. A new technique, immobilisation of filamentous 

cyanobacteria within a thin aliginate film, has been applied to 'superior' strains in order to achieve long-

term H2 production. 

6) FREIE UNIVERSITAET BERLIN 

Partner 6 participates in work packages 1, 2 and 3. WP1 addressed structure-function relations for an 

extended set of potential water-oxidation catalysts (on Mn, Co and Ru basis, synthesized by partner 1 

and 4) by advanced X-ray spectroscopy, inter alia at the European Synchrotron Radiation Facility 

(ESRF, Grenoble) and the facility in Berlin (BESSY). WP2 made further progress towards understanding 

O2 tolerance and metal-site assembly in [NiFe]-hydrogenases. Similar research lines on [FeFe] 

hydrogenases (partner 7) were supported by X-ray spectroscopy. Bridging the gap from biological water 

oxidation in photosynthesis to synthetic catalysts, it was possible to identify a Ca-Mn oxide as the closest 

functional and structural mimic of the biological catalyst found so far. It was also possible to nail down 

the molecular mechanism of O2 tolerance in certain [NiFe]-hydrogenases. Obviously, these enzymes 

remove detrimental O2 from the active in a catalytical manner. The electrons for the reductive removal of 

O2 are delivered by an electron transport that has been adapted to the demand for sufficient electrons at 

fairly high potential. In work package 3, further progress has been made in the endeavour to introduce all 

the genes required for synthesis of a functional O2-tolerant [NiFe]-hydrogenase into the heterologous 

host E. coli, representing an important step towards the final objective of transferring an O2-tolerant 

hydrogenase to a cyanobacterium for H2 production from sunlight and water. Auxiliary proteins 

specifically involved in the assembly of the metal cofactors involved in H2 catalysis under oxic conditions 

were also identified. These results are crucial for the efforts in WP3, namely the heterologous synthesis 

of functional, O2-tolerant [NiFe]-hydrogenases. In fact, the production of the catalytically active NAD-

reducing/NADH-oxidizing [NiFe]-hydrogenase in various hosts was successful. This achievement 

represents an important step towards an efficient biological system for H2 production from sunlight and 

water. 

7) RUHR-UNIVERSITAET BOCHUM 

Partner 7 is involved in work packages 2, 3 and 4. WP3 established and optimised two heterologous 

expression systems for FeFe-hydrogenases. It is possible now to isolate 2-3 mg of fully active FeFe-

hydrogenases from 1 L of Clostridium culture. These hydrogenase preparations have been analysed in 

WP2 by EPR, XAS and H2-exchange analyses in cooperation with partners 2, 3 and 6. A combination of 
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protein film electrochemistry and EXAFS studies allowed partner 7 and his cooperation partners to 

identify the targets of oxygen sensitivity in the Chlamydomonas hydrogenase HydA1. It was established 

efficient purification protocols both from heterologous and native hosts to isolate components of the 

photosynthetic electron transport chain which are involved in H2 production in algal and cyanobacterial 

strains (plastocyanine, photosystem I, ferredoxin isoforms, ferredoxin-NADP-reductase). Using this 

system, it was possible to reconstitute the native system in vitro which allows studying specific 

interactions and pathways competitive to H2-production. Both this semi-in vivo and in vitro assays 

allowed partner 7 to analyse HydA1 and PetF (ferredoxin) interactions on the molecular level and to 

identify the amino acids involved in HydA1-PetF-interactions. The findings will help to optimise in vivo 

electron transport pathways in a designed cyanobacterium, partially re-directing photosynthetic electron 

flux to hydrogenase. Results have strong impacts on the design of optimized H2-producing algal or 

cyanobacterial strains, indicating that a combination of inducible down-regulation of PSII and/or 

phycobilisome antenna pigments, partial uncoupling of the proton gradient across the thylakoid 

membrane and either down-regulated Calvin cycle activity or genetically improved interaction of 

ferredoxin and hydrogenase can lead to a continuous and high H2-production in the engineered 

strain(s). In work package 4, partner 7 develops new kinds of flat panel bioreactors for optimal and 

controlled growth of photosynthetic organisms. 

8) MAGYAR TUDOMANYOS AKADEMIA SZEGEDI BIOLOGIAI KOZPONTJA 

Partner 8 participates in work packages 2 and 3. WP2 analysed the role of different D1 protein copies in 

photoprotection in the cyanobacterium Thermosynechoccus elongatus. Data shows that the high light 

inducible PsbA3 protein provides protection against light induced damage of the Photosystem II complex 

due to a higher probability of harmless dissipation of excitation energy. WP3 studied the regulatory 

factors of hox gene expression in three different cyanobacteria (Synechocystis 6803, Synechococcus 

7942, and Acaryochloris marina). Data shows that the regulation and functioning of the hox hydrogenase 

can be very different in various cyanobacterial strains, and also that besides the elevated enzyme level, 

the other key factor for hydrogen production is the availability of reduced equivalents that are accessible 

for the hydrogenase. The three functional NiFe hydrogenases that were previously characterized in 

Thiocapsa roseopersicina BBS were also studied, two of them are attached to the periplasmic 

membrane (HynSL and HupSL), one is localized in the cytoplasm (HoxEFUYH). The ongoing genome 

sequencing project revealed the presence of genes coding for another soluble Hox-type hydrogenase 

enzyme (hox2FUYH). Hox2 is a heterotetrameric enzyme, no indication for additional subunit was found. 

Detailed comparative in vivo, in vitro activity and expression analyses of the HoxEFUYH (Hox1) and the 

newly discovered Hox2 enzyme were performed. Functional differences between the two soluble NiFe 

hydrogenases were disclosed; Hox1 seems to be connected to both sulphur metabolism and dark / 

photofermentative processes, the bidirectional Hox2 hydrogenase was shown to be metabolically active 

under specific conditions; in the presence of glucose at low sodium thiosulphate concentration. 

9) UNIVERSITE DE GENEVE 

Partner 9 has used two distinct approaches for studying the regulation of photosynthetic electron flow 

which plays a key role in hydrogen production in Chlamydomonas. First, it was developed a repressible 

nuclear and chloroplast gene expression system which allows repressing photosystem II and hence 

oxygen production either through the copper sensitive Cyc6 promoter or the vitamin B12 and thiamine 

pyrophosphate repressible riboswitch. Moreover, this system was used to repress the Calvin cycle by 

inhibition of the expression of phosphoribulose kinase. In this way, it is possible to abolish a major 

electron sink when the cells are evolving hydrogen under anaerobic conditions. Second, a mutant 
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deficient in the regulation of state transitions was characterised, which is a process that acts as a switch 

between linear and cyclic electron flow. 

10) UNIVERSITAET BIELEFELD 

Partner 10, UNIBI continued their projects on the role of light harvesting for improved sun to hydrogen 

conversion and the screening for new non-GMO high biomass and hydrogen production strains. In order 

to obtain a more detailed picture of the process of hydrogen production, data from time course 

microarray analyses to monitor the H2-production process was used. As a result, it was shown that in 

contrast to all other light-harvesting proteins LHCBM9 shows a strong up-regulation during H2 

production. Therefore the role of this subunit was investigated in more detail. UNIBI succeeded to 

generate microRNA lines with reduced LHCBM9 levels. Currently experiments are carried out to analyse 

the effects of the knockdown on photoautotrophic growth and hydrogen production. Preliminary results 

indicate a possible photo-protective function of this subunit. For the identification of new non-GMO H2 

production strains, UNIBI performed UV mutagenesis experiments. UNIBI selected three new strains, 

which are investigated regarding their ability to produce H2 under high light. 

11) WAGENINGEN UNIVERSITEIT 

Partner 11 participates in work package 4 'Characterisation, modelling and optimisation of 

photobioreactor systems for biohydrogen gas production by photosynthetic microorganisms'. The overall 

goal for partner 11 is to model the biological response of microalgae in photobioreactors to dynamic light 

regimes. The dynamic light regime studied was in the range of 1 Hz - 100 Hz which was simulated by 

square-wave light flashes in a lab-scale photobioreactor illuminated by tunable light emitting diodes. This 

frequency range includes the maximal frequency of mixing-induced light fluctuations in short light-path 

outdoor photobioreactors. The microalga Chlamydomonas reinhardtii was used as a model organism. In 

the first 18 months of this study, experiments were performed showing that 100 Hz flashing results in 

biomass yields on light energy similar to that observed under continuous light of the same time-averaged 

intensity, a phenomenon called light integration. These data were treated further and it was clearly 

shown that during the light flash the rate of linear electron transport is running more than six times faster 

than under maximal growth under continuous light. Even under 5 Hz flashing this rate was still 2.5 times 

higher and this must be related to the existence of a storage pool for reducing equivalents (electrons) 

within, or close to, the photosynthetic electron transport chain. In a new series of experiments applying 

different illumination conditions and biomass densities (resulting in a real light gradient) the same effect 

was found showing that it could play an important role in microalgae cultivation in photobioreactors. A 

new experimental set-up was developed to be able to vary light regime and will be used to provide the 

necessary data to model this phenomenon. 

12) CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (CNRS) 

Partner 12 participates in work package 4 'Characterisation, modelling and optimisation of 

photobioreactor systems for biohydrogen gas production by photosynthetic microorganisms'. The partner 

12 was involved in four subtasks. The first one corresponds to the development of an experimental set-

up aiming to investigate H2 production under fully controlled and monitored conditions. The set-up 

combines a torus photobioreactor, allowing a high control of culture conditions, including light and 

mixing. Three studies have been performed: 

I. investigation of the combined effects of acetate and photobioreactor illuminated fraction in the 

induction of anoxia for hydrogen production; 
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II. study of the effect of prolonged hypoxia in autotrophic conditions for the hydrogen production 

by the green microalga Chlamydomonas reinhardtii; 

III. kinetic modelling of light limitation and sulphur deprivation effects in the induction of hydrogen 

production with C. reinhardtii. 

For the second subtask, development of models H2 production, a set of controllers have been defined 

for culture in turbidostat and lumostat modes (livrable 4.5). It has been used successfully in the first 

subtask to optimize hydrogen producing protocols in photobioreactor. The third subtask corresponds to 

the light regime optimisation in photobioreactors. A first study was conducted to set-up and validate 

theoretical models (radiative and growth kinetics models) for the systematic optimisation of biomass 

productivity in photobioreactors. A second study was dedicated to the optimization of light / dark cycles 

effect as induced by cells displacement along the light gradient. A Lagrangian formulation was proposed 

to calculate light regimes encountered by algae as a result of both hydrodynamics and radiative transfer 

conditions under non-ideal mixing conditions. A set of experiments was also conducted on 

Chlamydomonas reinhardtii to investigate the increase in biomass productivity due to light / dark cycles 

(growth measurement under controlled light regimes). The fourth subtask is related to the development 

of a constraint-based modelling approach aiming to investigate the metabolic response of the eukaryotic 

microalgae C. reinhardtii under photoautotrophic conditions. The model explicitly includes 

thermodynamic and energetic constraints on the functioning metabolism. The metabolic network was 

built up with 280 reactions, of which 10 are transport reactions, and 278 metabolites. The proposed 

method was shown to give useful information in the way that respiratory pathway and photosynthesis 

interact in microalgae with changes in the incident photon flux density under maximal growth rate 

conditions in light limitation. 

D) Potential Impact 

The potential impact can be summarised in three points: 

 Contribution to the development of the knowledge base necessary to advance towards the design, 

synthesis and characterisation of bio-mimetic compounds able to convert solar radiation into a 

usable fuel like hydrogen. 

 Development of a bio-mimetic complex based on a Ru-centre as photo-active system and a Mn-

ensemble as redox-active catalyst to mimic solar radiation capture and photosynthetic water 

oxidation, and an iron based hydrogenase mimic to achieve hydrogen generation. 

 Demonstrate photobiological hydrogen production by cyanobacteria and green algae in medium 

scale laboratory bio-reactors and further improve the best suited organisms using molecular 

biology and metabolic engineering techniques. 
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3.4. HYCYCLES - MATERIALS AND COMPONENTS FOR HYDROGEN PRODUCTION BY 
SULPHUR BASED THERMOCHEMICAL CYCLES [75] 

HycycleS, a project funded under the 7th Framework Programme of the European Commission, is a 

cooperation of nine European partners and further non-European partners and aims at the qualification 

and enhancement of materials and components for key steps of solar and nuclear powered 

thermochemical cycles for hydrogen generation from water. The focus of HycycleS is the decomposition 

of sulphuric acid which is the central step of the sulphur-based family of those processes, especially the 

hybrid sulphur cycle and the sulphur-iodine cycle. Emphasis is put on materials and components for 

sulphuric acid evaporation, decomposition, and sulphur dioxide separation. The suitability of materials 

and components is demonstrated by decomposing sulphuric acid and separating its decomposition 

products in scalable prototypes. 

The key components, necessary for the high temperature part of the process, are a ceramic compact 

heat exchanger for solar or nuclear SO 3 decomposition, a receiver-reactor for solar H 2 SO 4 

evaporation and SO 3 decomposition and an oxygen separator that will on one hand separate the 

reaction products (i.e. SO 2 and O 2 ) and on the other hand will act as a promoter for SO 3 

decomposition. One aspect essential for sufficient reaction rates is the development of dedicated catalyst 

systems, which is also part of HycycleS. The final aim is to bring thermochemical water splitting closer to 

realization by improving the efficiency, practicability and costs of the key components involved and by 

elaborating detailed engineering solutions. 

A) Project Partners 

 Deutsches Zentrum für Luft- und Raumfahrt e.V. - DLR (Germany) [76] 

DLR is the national aeronautics and space research centre of the Federal Republic of Germany. Its 

extensive research and development work in aeronautics, space, energy, transport and security is 

integrated into national and international cooperative ventures. In addition to its own research, as 

Germany's space agency, DLR has been given responsibility by the federal government for the planning 

and implementation of the German space programme. DLR is also the umbrella organisation for the 

nation’s largest project management agency. 

DLR has approximately 8000 employees at 16 locations in Germany: Cologne (headquarters), Augsburg, 

Berlin, Bonn, Braunschweig, Bremen, Goettingen, Hamburg, Juelich, Lampoldshausen, Neustrelitz, 

Oberpfaffenhofen, Stade, Stuttgart, Trauen, and Weilheim. DLR also has offices in Brussels, Paris, 

Tokyo and Washington D.C. 

DLR's mission comprises the exploration of Earth and the Solar System and research for protecting the 

environment. This includes the development of environment-friendly technologies for energy supply and 

future mobility, as well as for communications and security. DLR's research portfolio ranges from 

fundamental research to the development of products for tomorrow. In this way, DLR contributes the 

scientific and technical expertise that it has acquired to the enhancement of Germany as a location for 

industry and technology. DLR operates major research facilities for its own projects and as a service for 

clients and partners. It also fosters the development of the next generation of researchers, provides 

expert advisory services to government and is a driving force in the regions where its facilities are 

located.  
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 CEA-GREThE (France) 

CEA is the French Alternative Energies and Atomic Energy Commission (Commissariat à l'énergie 

atomique et aux énergies alternatives). It is a public body established in October 1945 by General de 

Gaulle. A leader in research, development and innovation, the CEA mission statement has two main 

objectives: to become the leading technological research organization in Europe and to ensure that the 

nuclear deterrent remains effective in the future. 

CEA is active in four main areas: low-carbon energies, defence and security, information technologies 

and health technologies. In each of these fields, the CEA maintains a cross-disciplinary culture of 

engineers and researchers, building on the synergies between fundamental and technological research. 

The total CEA workforce consisted of 15 838 employees. Across the whole of the CEA (including both 

civilian and military research), there were 1556 PhD students and 293 post-docs.  

 

 THE UNIVERSITY OF SHEFFIELD (United Kingdom) [77] 

The University of Sheffield is among the top ten in the Russell Group, the association of leading UK 

research-intensive universities, according to the results of the independent 2008 Research Assessment 

Exercise (RAE). 

Sheffield's quality, breadth and volume of research activity is further demonstrated by the fact that 

research carried out by 93% of the University’s academic staff submitted is internationally recognised 

and in many cases world-leading. The University is also among one of only ten universities in the country 

that submitted more than 40 units of assessment, with over 90% of eligible staff included in the RAE. 

 

 CENTRE FOR RESEARCH AND TECHNOLOGY HELLAS (Greece) [78] 

The Centre for Research and Technology-Hellas (CERTH) is the only research centre in Northern 

Greece and one of the largest in the country and it was founded in 2000. 

Legal Form 

It is a legal entity governed by private law with non-profit status, supervised by the General Secretariat 

for Research and Technology (GSRT) of the Greek Ministry of Education and Religious Affairs.  

Research Areas 

CERTH has important scientific and technological achievements in many areas including: Energy, 

Environment, Industry, Mechatronics, Information & Communication, Transportation & Sustainable 

Mobility, Health, Agro-biotechnology, Smart farming, Safety & Security, as well as several cross-

disciplinary scientific areas. 

Institutes 

Today CERTH includes the following five institutes with indicated major fields of research: 

o Chemical Process & Energy Resources Institute (CPERI) 

o Sustainable & Clean Energy, Environmental Technologies, Chemical & Biochemical Processes, 

Advanced Functional Materials  

o Information Technologies Institute (ITI) 

o Informatics, Telematics and Telecommunication Technologies 

o Hellenic Institute of Transport (HIT) 

o Land, Sea and Air Transportation as well as Sustainable Mobility services 

o Institute of Applied Biosciences (INAB) 

o Agri-biotechnology, Health Translational Research, Informatics for big bio-data 
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o Institute for Research & Technology of Thessaly (IRETETH) 

o Agrotechnology, Mechatronics, Biomedicine and Kinesiology 

Financing 

CERTH is essentially a self-supported Research Centre generating an average annual turnover of ~ € 22 

Million coming from: 

o >30% from bilateral industrial research contracts  

o >60% from competitive research projects and  

o <10% as government institutional funding  

Activity 

More than 600 people work at CERTH with the majority being scientists. 

CERTH has received numerous awards and distinctions such as the European Descartes Prize, the 

European Research Council (ERC) Advanced Grant, Microsoft International Contest Prize, the Trading 

Agents Competition Award and many more and is listed among the Top-20 of the EU’s Research 

Centres with the highest participation in FP7 competitive research grants. 

CERTH has participated successfully in more than 1.000 competitive research projects  (with a total 

budget exceeding 423 M€ and involving more than 1.100 international partner organizations) financed by 

the European Union (EU), leading industries from USA, Japan and Europe and the Greek Government 

via the General Secretariat of Research and Technology (GSRT). 

Four spin off companies have been already launched through CERTH research activities. 

 

 JRC - JOINT RESEARCH CENTRE- EUROPEAN COMMISSION (Belgium) [79] 

As the Commission's in-house science service, the Joint Research Centre's mission is to provide EU 

policies with independent, evidence-based scientific and technical support throughout the whole policy 

cycle. Its work has a direct impact on the lives of citizens by contributing with its research outcomes to a 

healthy and safe environment, secure energy supplies, sustainable mobility and consumer health and 

safety. 

The JRC draws on over 50 years of scientific work experience and continually builds its expertise based 

on its seven scientific institutes, which host specialist laboratories and unique research facilities. They 

are located in Belgium (Brussels and Geel), Germany, Italy, the Netherlands and Spain. 

While most of the scientific work serves the policy Directorates-General of the European Commission, 

JRC addresses key societal challenges while stimulating innovation and developing new methods, tools 

and standards. JRC shares know-how with the Member States, the scientific community and 

international partners. The JRC collaborates with over a thousand organisations worldwide whose 

scientists have access to many JRC facilities through various collaboration agreements. 

The JRC is a key player in supporting successful investment in knowledge and innovation foreseen by 

the Horizon 2020 Work Programme, the EU’s programme for research and innovation. 

Horizon 2020 sets out the overall objective for the JRC non-nuclear work as follows: to provide 

customer-driven scientific and technical support to Union policies, while flexibly responding to new policy 

demands. The JRC contributes to the overall objective of Horizon 2020 with its long-standing scientific 

expertise, modelling capacity, foresight studies; work on standards, infrastructure and e-infrastructures. 

The JRC's nuclear work, funded by the EURATOM Research and Training Programme, has as its 

objective the pursuit of research, knowledge management and training activities with an emphasis on 

nuclear safety and security; thus JRC contributes to the transition to a carbon-free economy in a safe, 

efficient and secure way. 
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 EMPRESARIOS AGRUPADOS INTERNACIONAL SA (Spain) [80] 

EA is an engineering organisation committed to quality and the environment. The main objectives are 

customer satisfaction, leadership and integrity in the company’s actions, the creation of value and the 

fostering of reliance on innovation. 

EMPRESARIOS AGRUPADOS (EA), created in 1971, is a leader in its fields, and has broad 

international experience and diversified interests in the following areas: 

o Electric power generation 

o Energy Innovative Projects 

o Aerospace 

o Large Telescopes 

o Systems Simulation 

International projection 

EMPRESARIOS AGRUPADOS provides engineering and consulting services in more than 37 countries. 

EA is ranked by the U.S. trade journal Engineering News Record (ENR) among the Top 200 International 

Design Firms. 

EA is qualified as a supplier for engineering services by major corporations and institutions such as GEH 

(USA), SEC and SWCC (Saudi Arabia), Samsung (Korea), MHI (Japan), … as well as by main electric 

utilities and EPC contractors (see references under Projects), in accordance with the strictest standards. 

A team of highly-qualified professionals 

EA employs a permanent staff of some 1000, of whom more than 65% hold university degrees. This staff 

covers the full spectrum of engineering disciplines, carrying out projects and providing services for the 

range of industrial sectors and business activity areas which EA serves. 

Partner companies 

EA’s partner companies are: GHESA Ingeniería y Tecnología, S.A. (34.4%), Técnicas Reunidas, S.A. 

(43%), Iberdrola Ingeniería y Construcción, S.A.U. (11.3%), and Gas Natural Fenosa Engineering S.L.U. 

(11.3%). 

The overall management of EA’s activities is performed through an economic interest grouping, 

Empresarios Agrupados, A.I.E. Work abroad is carried out by Empresarios Agrupados Internacional, 

S.A. 

In 2013, EA’s partner companies had a combined turnover of more than 3500 million euros, profits in 

excess of 215 million, and a total of 9000 employees. 

EA counts on both financial and manpower support from partner companies on a project by project 

basis. 

 

 BOOSTEC SA (France) [81] 

Boostec is a Mersen Group unit specializing in the development of innovative products in sintered silicon 

carbide.  

For some applications, the silicon carbide can receive a CVD (chemical vapour deposition) coating to 

give a completely non-porous high-purity SiC surface.  

A BROAD SPECTRUM OF APPLICATIONS: 

o optical and scientific instrumentation (space or ground optics, stable structures, large scientific 

instruments, etc.) 

o chemical and pharma-chemical apparatus (continuous-flow reactors, heat exchangers, etc.) 

o mechanical applications (mechanical seals, bearings, thrust bearings, etc.) 
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o mirrors for industrial laser systems 

o equipment for the semiconductor industry 

Boostec is also involved in several cooperative projects, such as Sicsol, an innovative alternative energy 

project on concentrated solar power.  

Prior to the actual ceramic manufacturing process, Boostec also advises and assists customers in the 

design of silicon carbide parts.  

AN ADVANCED CERAMIC WITH MANY KEY ADVANTAGES 

o high purity composition, with no secondary phase 

o isotropic physical properties 

o low density 

o very high mechanical strength and rigidity (420 GPa) 

o insensitivity to mechanical fatigue 

o high thermal conductivity (180 W/m/K) 

o low expansion coefficient 

o exceptional resistance to corrosive and abrasive environments.  

Mersen has held an 85% stake of Boostec since 2010, and Boostec's main partner, Airbus Defence and 

Space (ex-Astrium), holds 15%.  

Boostec's unique know-how in the design and manufacture of silicon carbide parts extends the Mersen 

group's range of equipment and solutions for extreme environments. 

 

 AGENZIA NAZIONALE PER LE NUOVE TECNOLOGIE, L'ENERGIA E LO SVILUPPO 

ECONOMICO SOSTENIBILE (Italy) [82] 

ENEA is the name for Italian National Agency for New Technologies, Energy and Sustainable Economic 

Development. It is the second major Italian research organization, with around 2700 staff employees 

distributed in its 11 research centres all over the national territory. The Agency’s activities are mainly 

focused on Energy Efficiency, Renewable Energy Sources, Nuclear Energy, Climate and the 

Environment, Safety and Health, New Technologies, Electric System Research. 

ENEA’s multidisciplinary competences and great expertise in managing complex research projects are 

put at the disposal of the Country system. Specifically, its activities are devoted to: basic, mission-

oriented, and industrial research exploiting wide-ranging expertise as well as experimental facilities, 

specialized laboratories, advanced equipment. ENEA also: develops new technologies and advanced 

applications; provides public and private bodies with high-tech services, studies, measurements, tests 

and assessments; delivers training and information activities aimed at providing greater public 

knowledge and awareness on the Agency’s fields of competence, and a higher level of dissemination 

and transfer of research results, thus promoting their exploitation for production purposes. 

 

 EIDGENÖSSISCHE TECHNISCHE HOCHSCHULE ZÜRICH (Switzerland) [83] 

ETH Zurich is one of the leading international universities for technology and the natural sciences. It is 

well known for its excellent education, ground-breaking fundamental research and for implementing its 

results directly into practice. 

Founded in 1855, ETH Zurich today has more than 18,000 students from over 110 countries, including 

3,900 doctoral students. To researchers, it offers an inspiring working environment, to students, a 

comprehensive education. 
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Twenty-one Nobel Laureates have studied, taught or conducted research at ETH Zurich, underlining the 

excellent reputation of the university. 

B) Project results 

1) Materials and catalysts 

Firstly, candidate materials for the construction of the targeted key components of sulphur-based 

thermochemical cycles as well as for possible and promising catalyst/substrate combinations for the 

catalytic high temperature reduction of SO 3 have been reviewed. 

As a consequence of this review, HycycleS’ main development route was based on ceramic materials 

from the SiC family. Such materials seem to fulfil all necessary requirements for the solar absorbers of 

the planned receiver reactor, the plates of the planned compact heat exchanger and for the catalyst 

support. As base material for the SO 2 -O 2 separation membranes Yttria-Stabilised Zirconia (YSZ) has 

been identified and selected. 

A first phase of the long-term exposure of samples concerning different corrosive environments has 

already been carried out and completed. One kind of treatment are corrosion tests of samples facing 

temperatures above 800 °C and a chemical environment typical for SO 3 reduction applying a gaseous 

feed. A second kind of treatment is applied to investigate the stability of samples facing boiling 

concentrated H 2 SO 4 . Several of the examined materials and samples, in particular the SiC based 

materials, withstand the conditions and keep their structural integrity over a substantial period of time 

(1000 hrs). 

Promising catalyst “families” have been identified exhibiting high and stable catalytic activity. Catalysts 

based on mixed metal oxides with substantially higher initial activity than the reference oxide material 

(i.e. Fe 2 O 3 ) have been identified. A number of mixed oxides were synthesized and tested in the 

decomposition of sulphuric acid for the production of SO 2 and O 2 . Materials such as Fe-Cr, Cu-Al, Cu-

Fe and Cu-Fe-Al mixed oxides showed initial activity comparable to that of Pt/Al 2 O 3 , which is 

considered the most efficient material for this reaction so far. This indicates that such materials could 

provide promising alternatives to the precious-metal-based state-of-the-art catalysts. The reaction over 

these catalysts most likely proceeds via the formation of intermediate sulphate species and this requires 

that the temperature is sufficiently high in order to facilitate the rapid decomposition of these species. 

An empirical kinetic law has been derived from experiments which enabled the refinement of reactor 

design and prototype development. The first order kinetics probably indicates that the adsorption of the 

reactant on the catalyst is the rate limiting step of the reaction mechanism. 

Experimental tests carried out at pressure higher than 1 atm (up to 4 bar) indicated that SO 3 

decomposition kinetics is relatively unaffected by operating pressure in the 1-4 atm range. Absorber 

monoliths coated with Fe 2 O 3 and CuO catalyst were exposed to typical reaction environment for 100 

hours without significant reduction of catalytic activity and therefore qualified as the reference catalyst 

systems of choice for the first experimental campaigns with the solar receiver-reactor. Other catalysts 

with even higher initial activity were developed and qualified and exhibited a stability comparable to that 

of Fe 2 O 3 or even better. Based on the systematic studies on the quantitative evaluation of the catalytic 

activity, durability and stability of the candidate catalysts investigated as well as on the conclusions 

drawn from the ex-situ post-characterization activities, it was concluded that a Cr-Fe mixed oxide (Fe 0.7 

Cr 1.3 O 3 ) is the most promising material among the ones examined. 
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Fig. 85 – Comparison between experimental data and the proposed kinetic model for a SiSiC substrate coated with 
Fe0.5Cu0.5AlOx [84] 

2) Heat exchanger reactor 

The development and use of high temperature heat exchangers are essential for the accomplishment of 

hydrogen production by high temperature processes powered by concentrating solar systems or high 

temperature nuclear reactors. 

Those heat exchangers have to withstand high temperature and, at the same time, have to operate as 

reactors. In the case of the present sulphur based thermochemical cycles they, therefore, have to resist 

in very corrosive environment. Only ceramics can match these specifications. A shell-and-tube concept 

of SiC heat exchangers does not achieve the compactness required to reach the thermal efficiency 

aimed at. Therefore, a decision to develop a compact SiC plate heat exchanger was made. 

The assembly of a plates stack is a key technological point for such a component. The heat exchanger 

will exhibit a large number of joints and some of them will have a large surface but at the same time all 

requirements related to tightness, corrosion and mechanical resistance must be satisfied. In terms of 

achieving an efficient assembly of the plates, brazing was regarded as the most promising solution. 

The development and construction of a heat exchanger prototype has to take into consideration the 

possibilities and limitations of the specific fabrication process and therefore it was supported by 

modelling of different design options as well as by the fabrication and testing of manufacturability, 

tightness and structural integrity of smaller mock-ups representing crucial parts of the prototype. 

The final aim of this development was the qualification of a pilot-scale heat exchanger as H2SO4 

decomposition reactor. The main research challenge is to implement a large scale plate heat exchanger 

with a thermal efficiency of more than 85%. 

From the beginning of the project, an optimized design has been proposed (about 800mm x 300mm x 

200mm) taking into account kinetic and thermo-hydraulic correlations, chemical engineering approach 

for the modelling and possibility to braze the final prototype. For the hot source plates, wavy channels 

(so-called herringbone pattern, Fig. 86 - left) were used to improve the local heat transfer coefficient and 

ensure turbulent flow regime compared to straight channels. For the reaction plates, large straight 

channels filled with catalyst and meandering inside plates are used to ensure satisfactory reaction 

efficiency with a sufficient residence time for the reactive fluid (Fig. 86 - right). The main characteristic of 

this so-called “catalyst bed” exchanger-reactor design is that it consists of permanent thermal exchange 

and chemical reaction areas. 
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Fig. 86 – SiC channelled plates of the prototype: heat source plates (left) and a reaction plate with one large meandering 
channel (right) [84] 

The full-size prototype has been manufactured, which is probably one of the largest SiC heat exchanger 

ever made in the world (Fig. 87). It was successfully tested in the first months of 2011. 

 

Fig. 87 – SiC prototype on the thermal test rig (before being thermally insulated) [84] 

3) Solar receiver-reactor 

As a concept for a direct coupling of concentrated solar radiation into the process, a multi-chamber 

reactor was chosen which allows adaptation of each part of the reactor to the requirements of both 

evaporation and decomposition reactions so that these two sub-processes are performed separately. In 

particular, such a concept is advantageous when considering a future up-scaling for a solar tower 

application. On the receiver of a solar tower, there are typically regions with high heat flux in the centre 

while significantly less solar radiation reaches the outer part of the receiver. Consequently, a multi-

chamber reactor with two different temperature levels can exploit the energy input on a solar tower more 

efficiently than a single-chamber requiring a more uniform heat flux distribution. 

The reactions in the two chambers have different reaction enthalpies and require different operating 

temperatures: 

 

Consequently, the conditions needed for the evaporator and the decomposer differ considerably. 

Therefore, the reactor design for a prototype solar receiver-reactor includes two different chambers 

operating at different conditions: one for the evaporation of the acid, the second for the SO3 reduction. 
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Fig. 88 – Front (left) and rear view (right) of the HycycleS multi-chamber solar reactor: focus 1 – evaporator; focus 2 – 
decomposer [84] 

Evaporator 

The solar radiation enters the reaction chamber through a quartz window held by a flange construction. 

The vaporization of the sulphuric acid is carried out in a cylindrical absorber made of SiSiC foam. The 

acid is fed to the interior of the foam by tubes. The product gases, primarily consisting of sulphur trioxide, 

water vapour and the carrier gas nitrogen, leave the reaction chamber through an exhaust pipe and are 

subsequently directed to the second chamber for the decomposition of SO3. 

Decomposer 

The decomposer is powered by focus 2. The flange construction supporting the quartz window is the 

same as in the case of the evaporator. The inlet gas coming from the evaporator enters the decomposer 

through three inlets in the flange. The splitting of sulphur trioxide takes place on a SiSiC honeycomb 

structure coated by the catalyst material. Product gases of the decomposer are sulphur dioxide, 

unreacted sulphur trioxide, oxygen, water vapour and carrier gas. After leaving the second chamber, the 

gas is spectrometrically analysed at the reactor outlet and subsequently neutralised in a gas washing 

unit. 

The reactor has been constructed and installed at DLR’s solar furnace in Cologne (see Fig. 89). Several 

series have already been carried out. The tests proved the practicability and suitability of all reactor 

components. Moreover, sulphuric acid was successfully decomposed to provide the required SO2 

product with yields of up to 90 % of the respective thermodynamic value and with reactor efficiencies of 

up to 40 %. 

 

Fig. 89 – Solar H2SO4 decomposer receiver-reaction in operation in a solar furnace [84] 
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Design activities and experimental series are accompanied and supported by different methods of 

reactor and process simulation: on the one hand the high temperature chamber for SO3 decomposition 

was modelled and simulated, on the other hand the SiC foam used for the evaporation chamber was 

analysed in depth. The accurate knowledge of its effective heat/mass transport properties is crucial for 

the optimal design and operation of the solar reactor. Structure and dimensions of the foam must allow 

for an efficient evaporation while avoiding reduced heat transfer at the Leidenfrost point. 

The heat and mass transfer properties of the foam were determined. Computer tomography in 

conjunction with numerical techniques were used to determine the morphological characteristics and the 

effective transport properties of the foam, namely: extinction coefficient, scattering phase function, 

thermal conductivity, interfacial heat transfer coefficient, permeability, Dupuit-Forchheimer coefficient, 

tortuosity and residence time distributions as well as the dispersion tensor. These effective transport 

properties have been incorporated in a continuum reactor model developed by spatial averaging the 

governing equation in the fluid and solid phases. This allowed for treating the distinct phases as 

interpenetrating continuum, where the effective properties account for the complex pore-level structure 

(Fig. 90, left). 

The two model applied were used to provide recommendations on properties of the porous ceramics 

(porosity, size, inlet of the liquid acid) optimised with respect to the performance of the evaporation and 

decomposition process. The dynamic behaviour of the decomposer was simulated to develop control 

strategies for the operation of the solar reactor (Fig. 90, right). 

 

Fig. 90 – left: simulated stream lines starting at the acid inlets in the ceramic foam. The colour indicates the velocity magnitude 
in m/s. right: simulation of SO3 conversion during/after reduction of insulated power to the ceramic honeycomb [84] 

4) SO2-O2 separation 

The decomposition of SO3 to SO2 is thermodynamically favoured at temperatures above 800°C in order 

to produce a sensible equilibrium conversion. Le Chatelier’s principle suggests that oxygen removal will 

shift the equilibrium in favour of increased decomposition. Identifying suitable methods for carrying out 

this separation is complicated by the lack of membrane materials able to withstand the severe process 

conditions involved. Therefore dense oxygen transport membranes, made from novel and complex 

ceramics, are investigated to evaluate their stability and suitability to the H2SO4 decomposition section. 

This may enable a highly pure oxygen product stream to be produced without the need for a further 

oxygen separation step in the process. Alternatively, such a membrane could be used to reduce the 

maximum temperature required, enabling the use of a wider range of heat sources for the 

thermochemical cycle. 

Calculations were performed to evaluate the process stability of candidate materials. As a result, YSZ is 

considered to be a good candidate material and is being investigated further. Experimental stability and 

permeation testing of the membranes is carried out using a high temperature membrane cell held within 

a furnace. It was found that at an operating temperature of 850 °C, the oxygen flux through the 
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membrane reaches a pseudo-steady state of approximately 20% of the original flux after eight hours of 

exposure to SO2/O2 mixtures. Work has been concentrated on maximising the flux during that pseudo 

steady state. 

Like shown in Fig. 91, YSZ conducts O2 in the presence of SO2 at 800-900 °C, however a degradation 

in performance is observed when SO2 is introduced into the feed stream. This degradation mechanism 

has been identified as adsorption of SO2 on to platinum electrodes which reduces the oxygen flux. 

Variation of the applied voltage only partially regenerates the performance. Fluxes through the 

membranes tested are low for practical purposes and thinner membranes are required. The technology 

has promise, however improved performance is required and this relies on improved production 

processes. 

 

Fig. 91 – Current and oxygen concentration changes using the YSZ tube at 850 °C [84] 

In order to make commercial progress in the near future, it will be necessary to proceed with a detailed 

design of a conventional oxygen separator. The necessary materials information, in terms of reliable 

thermodynamic data on the equilibrium between oxygen and the solutions of SO3 and SO2 downstream 

of the decomposition reactor, do not exist in the literature and yet represent a major obstacle to the 

immediate design of an operating cycle. Thus, multi-component equilibrium data for SO2, oxygen and 

water are being measured and models to allow prediction of the relevant properties are being developed. 

The data are being measured using a separate and independent apparatus which already exists in 

prototype form. 

E.g. thermodynamic modelling of the binary SO2-H2O and multi-component SO2-H2O-O2 systems has 

already been accomplished. Equations to describe the vapour liquid equilibrium of sulphur dioxide in 

water have been developed. These equations were then solved and the results were compared with own 

experimental data and with data from the literature. The resulting average error between the calculated 

and experimental solubility at the range of temperatures studied was in the region of ± 1.5 %. 
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An experimental apparatus was designed to provide data points to verify the thermodynamic models 

created. A photo of the apparatus, shown without insulation for illustration, is given in Fig. 92 a). 

 

Fig. 92 – a) photo of the equilibrium still; b) Comparison of values for sulphur dioxide solubility at 40 °C  [84] 

Results obtained for the SO2-H2O system show very good agreement with both the model and the 

literature data, as shown in Fig. 92 b). The deviation is generally lower than 5%. This finding was taken 

as strong indication that equilibrium can be measured using the apparatus. Another test rig has been 

developed and was used to measure the oxygen solubility in multi-component mixtures. 

5) Techno-economics 

The main parameters that crucially influence the investment costs of a high temperature hydrogen 

production plant are the components costs mainly based on the obligatory choice of quite expensive 

materials. In the majority of cases, these are the only ones which are able to withstand the extreme 

conditions of the sulphur-based thermochemical cycles. HycycleS evaluates the impact of the key 

alternatives concerning the choice of materials, manufacturability, reliability etc. both on investment cost 

and on the production cost of hydrogen. An analysis is carried out in order to assess the critical aspects 

regarding component costs, reliability, maintenance that greatly influence the hydrogen production cost. 

A general calculation method and a procedure of assessing the process have been developed. Data 

from the experimental parts of the project including choice of materials, plant and components design 

and sizing, efficiencies and chemical yields were used to be fed into the model to calculate investment 

costs, operation and maintenance costs and consequently hydrogen production costs. For a nuclear 

powered HyS process hydrogen production cost of 6.3 €/kg have been determined. Sensitivity studies 

revealed a potential range between 3.5 and 13 €/kg. For a HyS plant integrated in a solar tower system 

the base case hydrogen production cost were calculated to be 7.8 €/kg. 

A solar powered hybrid sulphur cycle process could well be an attractive route to convert solar power 

into chemical energy. Further reductions in conceptual hydrogen production costs would be needed for 

the process scheme to find widespread acceptance. Ultimately, if shown to be a viable option for solar 

energy conversion, the solar hybrid sulphur cycle could eventually even be explored as a process route 

for the generation of clean hydrogen as a fuel source of the future. A demonstration scenario has been 

depicted which foresees the multiplication of individual receiver-modules in an area-wide arrangement 

and the integration of the main parts and of most components of a HyS chemical hydrogen production 

plant into the housing of dedicated solar tower system (see Fig. 93). 



 184 

PROJETO APOIO AOS DIÁLOGOS SETORIAIS UNIÃO EUROPEIA - BRASIL  

 

Fig. 93 – Unit operations of solar HyS process integrated into tower the structure of a solar tower system [84] 

C) Conclusions 

The project HycycleS identified potential construction and catalyst materials for the targeted key 

components of solar and nuclear powered sulphur based thermo-chemical cycles and for the catalytic 

high temperature reduction of SO3 as one of the crucial steps of those processes. 

HycycleS’ main development route was based on ceramic materials from the SiC family – to be used as 

construction materials for sulphuric acid decomposers of two different configurations: on the one hand a 

solar receiver reactor and on the other hand a compact heat exchanger. The base material to be 

employed as O2 separation membrane from the SO3 decomposer reactor outlet mixture is YSZ. SiC 

turned out as the material of choice for those components of the process facing the highest temperatures 

and most corrosive environments. Specific oxides were qualified as catalyst for the SO3 decomposition 

with significantly higher activity and higher stability than the reference materials. 

Mock-ups of sub-units and prototypes of the mentioned decomposers have been developed and tested. 

Laboratory test rigs for different purposes such as corrosion tests, catalyst development, catalyst stability 

tests and selectivity of separation membranes - have been built and used to qualify materials and to 

prepare and accompany the prototypes’ test operation. E.g., one of the largest SiC heat exchanger ever 

made could be realized. The solar receiver-reactor turned out practicable and suitable for scale-up 

purpose by multiplying the module on top of a solar central receiver system. The experimental data from 

lab testing and prototype testing have been used to refine models of components, process units, and of 

the process as a whole to enable the evaluation of plant and hydrogen production costs and to enable 

the elaboration of potential scale-up scenarios. 
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3.5. SOLHYCARB - HYDROGEN FROM SOLAR THERMAL ENERGY: HIGH 
TEMPERATURE SOLAR CHEMICAL REACTOR FOR CO-PRODUCTION OF HYDROGEN 
AND CARBON BLACK FROM NATURAL GAS CRACKING [85] 

The SOLHYCARB project addresses the development of a nonconventional route for potentially cost-

effective hydrogen production and carbon nanomaterial synthesis by concentrated solar energy. The 

novel process thermally decomposes natural gas (NG) in a high temperature solar chemical reactor. Two 

products are obtained: a H2-rich gas and a high-value nano-material, Carbon Black (CB). 

Therefore H2 and marketable CB are produced by renewable energy. The project aims at designing, 

constructing, and testing innovative solar reactors at different scales (5 to 10 kWth and 50 kWth) for 

operating conditions at 1500-2300 K and 1 bar. 

This experimental work is highly combined with advanced reactor modelling, study of separation unit 

operations, industrial uses of the produced gas, and determination of CB properties for applications to 

batteries and polymers. 

The design of decentralized and centralized commercial solar chemical plants (and hybrid plants) -

50/100 kWth and 10/30 MWth respectively- closes the project. 

The main scientific and technical challenges are: design and operation of high temperature solar 

chemical reactors (10 kWth and 50 kWth) containing nano-size particulates, production of two valuable 

products (hydrogen and carbon black) in the same reactor, proposition of a methodology for solar reactor 

scaling-up based on modelling and experimental validation. The reactor will operate in the 1500K-2300K 

temperature range that causes severe material issues. The production of both hydrogen-rich gas and 

carbon black with desirable end-use properties is also a big challenge because the operating conditions 

satisfying both specifications are probably narrow. 

A) Project Partners 

 CNRS-PROMES (France) [86] 

PROMES is a Research Unit of CNRS (UPR 8521) belonging to the Institute for Engineering and 

Systems Sciences ( (INSIS) under contract with the University of Perpignan (UPVD). The laboratory is 

located in three sites: Odeillo-Font Romeu (1 MW CNRS Solar furnace), Targasonne (Themis site, 5 MW 

central receiver solar facility, a site of "Pyrénées Orientales" Council) and Perpignan, Tecnosud. CNRS 

and UPVD have created the IN’SOL Unit devoted to solar innovations that is supported by PROMES in 

Tecnosud site that develops the Solar test platform of Perpignan (CESP). PROMES is the leader of the 

laboratory of excellence SOLSTICE (Solar Energy: Science, Technology and Innovation for Energy 

Conversion). 

The laboratory staff is composed of 150 persons from CNRS and UPVD working together on a common 

subject, solar energy development on all levels. PROMES is then naturally a founding member of the 

CNRS research federation on solar energy, FédéSol. 

PROMES is organized in 8 research groups and 6 departments. The main research fields are “materials 

under extreme conditions” and “conversion, storage and transport of solar energy”. 

One of the original missions of PROMES is to develop researches with the large scale concentrating 

facilities of CNRS in Font Romeu (particularly solar furnaces) and of “Pyrénées Orientales” Council in 

Targasonne (Themis central receiver plant). These researches may be carried up to the demonstrator 

level as done for the PEGASE project. Moreover, the laboratory is in charge of the development of the 

National Platform on concentrated solar energy thanks to the “equipment of excellence” SOCRATE 

http://www.cnrs.fr/
http://www.cnrs.fr/insis/
http://www.univ-perp.fr/en/index.html
http://cesp.univ-perp.fr/
http://www.promes.cnrs.fr/index.php?page=labex-solstice-en
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project (Concentrated solar energy, advanced researches and energy technologies). It is also very active 

in the management of the DERBI competitiveness cluster. PROMES leads the laboratory of excellence 

SOLSTICE. 

Access to the PROMES unique facilities for the European research community is open thanks to the 

European project SFERA. More generally, the laboratory is strongly connected to the European research 

thanks to SOLLAB and projects such as CSP2 and OPTS. 

 

 ETH-Zurich (Switzerland) [83] 

ETH Zurich is one of the leading international universities for technology and the natural sciences. It is 

well known for its excellent education, ground-breaking fundamental research and for implementing its 

results directly into practice. 

Founded in 1855, ETH Zurich today has more than 18,000 students from over 110 countries, including 

3,900 doctoral students. To researchers, it offers an inspiring working environment, to students, a 

comprehensive education. 

Twenty-one Nobel Laureates have studied, taught or conducted research at ETH Zurich, underlining the 

excellent reputation of the university. 

 

 PSI (Switzerland) [87] 

The Paul Scherrer Institute PSI is the largest research centre for natural and engineering sciences in 

Switzerland, conducting cutting-edge research in three main fields: matter and materials, energy and 

environment and human health. PSI develops, builds and operates complex large-scale research 

facilities. Every year, more than 2200 scientists from Switzerland and around the world come to PSI to 

use the unique facilities to carry out experiments that are not possible anywhere else. PSI is committed 

to the training of future generations. Therefore about one quarter of the staff are apprentices, post-

graduates or post-docs. For pupils it offers the school laboratory iLab. 

PSI employs 1900 people, with an annual budget of approximately CHF 350 million, and is primarily 

financed by the Swiss Confederation. PSI is part of the ETH Domain, with the other members being the 

two Swiss Federal Institutes of Technology, ETH Zurich and EPFL Lausanne, as well as Eawag (Swiss 

Federal Institute of Aquatic Science and Technology), Empa (Swiss Federal Laboratories for Materials 

Science & Technology) and WSL (Swiss Federal Institute for Forest, Snow and Landscape Research). 

The Paul Scherrer Institute is located in the Canton of Aargau, in the municipal areas of Villigen and 

Würenlingen on both sides of the River Aare. 

Main areas of research 

Researchers in the area of Matter and Materials study the internal structure of a wide range of different 

materials. Results contribute towards a better understanding of processes occurring in nature and 

provide starting points in the development of new materials for technical applications. 

The goal of activities in the Energy and Environment area is to develop new technologies to facilitate the 

creation of a sustainable and secure supply of energy, as well as an uncontaminated environment. 

In the Health area, researchers are searching for the causes of illnesses, and exploring potential 

treatment methods. Their basic research activities also include the clarification of generic processes in 

living organisms. 

Large research facilities 

PSI operates large scientific research facilities, such as the SINQ neutron source, the Swiss Light 

Source (SLS) and the SμS muon source, which offer out-of-the-ordinary insights into the processes 

taking place in the interior of different substances and materials. These are the only such facilities within 

Switzerland, and some are the only ones in the world. 
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User laboratory 

PSI provides access to their large research facilities via a User Service to researchers from universities, 

other research centres and industry. Since the demand for access normally far exceeds the time 

available, a committee comprising experts from a number of different countries selects the best 

applications. Every year, PSI registers more than 5000 visits of scientists from around the world, 

performing their experiments at approximately 40 measuring stations. 

Proton therapy 

In addition to its research activities, the Institute operates Switzerland's sole facility for the treatment of 

specific malignant tumours using protons. This particularly sensitive procedure allows tumours to be 

destroyed in a targeted manner, leaving the surrounding tissue largely undamaged. 

Education and training 

As a research institution oriented towards the natural sciences, with a requirement to undertake first-rate 

research at the highest level, PSI depends on the availability of an innovative infrastructure and sufficient 

funding. Ultimately, however, the employees – the brains behind the machines – are the major strength, 

as PSI's most crucial capital resource is the outstanding competence, experience and motivation of its 

employees. PSI therefore regards education and training as extremely important and consequently 

undertakes the training of school children, people in various professions, students and academics. 

 

 WIS (Israel) [88] 

The Weizmann Institute of Science is one of the world’s leading multidisciplinary research institutions. 

Hundreds of scientists, laboratory technicians and research students working on its lushly landscaped 

campus embark daily on fascinating journeys into the unknown, seeking to improve understanding of 

nature and our place within it. 

Guiding these scientists is the spirit of inquiry so characteristic of the human race. It is this spirit that 

propelled humans upward along the evolutionary ladder, helping them reach their utmost heights. 

It prompted humankind to pursue agriculture, learn to build lodgings, invent writing, harness electricity to 

power emerging technologies, observe distant galaxies, design drugs to combat various diseases, 

develop new materials and decipher the genetic code embedded in all the plants and animals on Earth. 

The quest to maintain this increasing momentum compels Weizmann Institute scientists to seek out 

places that have not yet been reached by the human mind. What awaits us in these places? No one has 

the answer to this question. But one thing is certain – the journey fired by curiosity will lead onward to a 

better future. 

 

 APTL-CERTH/CPERI (Greece) [89] 

The Aerosol and Particle Technology Laboratory (APTL) was established in 1996 within CPERI/CERTH 

with the rationale that the solution of many environmental, health, energy, materials and process industry 

related issues relies on understanding and exploiting the science of fine particles and their suspensions 

in various media. 

Recognizing the opportunities offered by this diverse, yet based on common grounds, set of applications, 

the objectives are to conduct basic and applied research as well as to develop new technological 

products in these niche areas, responding to well acknowledged market needs in the areas of clean 

transport, clean energy and in-situ process monitoring. 

 

 Deutsches Zentrum für Luft- und Raumfahrt e.V. - DLR (Germany) [10] 

DLR is the national aeronautics and space research centre of the Federal Republic of Germany. Its 

extensive research and development work in aeronautics, space, energy, transport and security is 

integrated into national and international cooperative ventures. In addition to its own research, as 

Germany's space agency, DLR has been given responsibility by the federal government for the planning 
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and implementation of the German space programme. DLR is also the umbrella organisation for the 

nation’s largest project management agency. 

DLR has approximately 8000 employees at 16 locations in Germany: Cologne (headquarters), Augsburg, 

Berlin, Bonn, Braunschweig, Bremen, Goettingen, Hamburg, Juelich, Lampoldshausen, Neustrelitz, 

Oberpfaffenhofen, Stade, Stuttgart, Trauen, and Weilheim. DLR also has offices in Brussels, Paris, 

Tokyo and Washington D.C. 

DLR's mission comprises the exploration of Earth and the Solar System and research for protecting the 

environment. This includes the development of environment-friendly technologies for energy supply and 

future mobility, as well as for communications and security. DLR's research portfolio ranges from 

fundamental research to the development of products for tomorrow. In this way, DLR contributes the 

scientific and technical expertise that it has acquired to the enhancement of Germany as a location for 

industry and technology. DLR operates major research facilities for its own projects and as a service for 

clients and partners. It also fosters the development of the next generation of researchers, provides 

expert advisory services to government and is a driving force in the regions where its facilities are 

located.  

 

 TIMCAL (Belgium) [90] 

TIMCAL Graphite & Carbon’s long history of carbon manufacturing reaches back almost 100 years, 

when the founding company Officine del Gottardo was established in 1908 in the Swiss region of 

TICINO. 

TIMCAL's vision is to be recognized as a worldwide leader in meeting challenging problems from 

customers and solving these by using special carbons. Today, TIMCAL produces a diversified range of 

carbons that enable realizing and solve these challenges in numerous end applications. 

TIMCAL Graphite & Carbon is committed to IMERY'S Sustainable Development Charter where high 

standards in terms of social and environmental behaviour are essential in the management of its 

activities. 

 

 Abengoa Solar (Spain) [4] 

Abengoa Solar is a specialized company working in the development of solar technologies and the 

promotion of solar power plants. It was formed based on the traditional solar activity of Abengoa that 

began in the early 80´s.  

Since then Abengoa Solar has been involved in many R&D projects aimed to improve the processes and 

components required to produce electricity from solar energy. Abengoa Solar therefore has extensive 

experience in solar thermal installations, including central receiver systems, parabolic troughs and 

parabolic dishes. With its investment in Europe’s most modern solar test facility, the Plataforma Solar de 

Sanlúcar la Mayor (PSSM) near Seville (Spain), Abengoa Solar NT can offer a unique test facility, adding 

a worth of several million Euro to the project, making a big effort to go on developing and improving new 

technologies. 

 

 Centre de Recherches pour l’Environnement, l’Énergie et le Déchet (CREED) (France) [91] 

Based in (Limay (78), CREED is the Veolia Environnement research centre dedicated to Energy and 

Waste. About seventy degree programs are conducted annually and cover several technical issues. 

Clean vehicles logistics and waste sorting and recycling, storage optimization and incineration, new 

modes of treatment, health and environmental impact, renewable energy. 

The CREED has several research units dedicated to the various regions, such as Northern Europe, 

Australia and America, ensuring a transfer from the local results of research and development. The 

CREED also relies on a network of external expertise of academics, institutions and researchers. 
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 N-GHY (France) [92] 

N-GHY, a French company based in Albi and Paris, is widely recognized in Europe and the Middle East 

as a specialist in Hydrogen Technology and Engineering. Together with its Engineering and Consulting 

Services in the field of Hydrogen Generation, Storage and Conversion into Electricity, N-GHY provides a 

wide range of Components, Products and Solutions using reformers, electrolysers, pressurized or metal 

hydride storage and low and high temperature fuel cells, for industrial applications. N-GHY founded in 

2002 by a team specialized in hydrogen reforming has accumulated more than 110 man-years of 

expertise in its field, generated more than 30 publications and owns 5 patents. 

B) Project Structure 

The project includes five main tasks. 

1) Solar reactor design and modelling 

Solar heating of natural gas cannot be achieved directly because hydrocarbons poorly absorb radiation 

in the visible spectrum. Thus, solar reactor concepts must involve either (1) opaque heat transfer walls 

that absorb solar radiation and then heat up the gas by gas-solid convection (indirect heating), or (2) a 

transparent window that permits direct heating of particulate material by solar radiation (particulate 

material can be CB). The indirect heating concept avoids particle deposition on the window, but it 

requires high temperature material specifications. Both concepts will be studied, in particular with respect 

to thermal resistance of materials (up to 2300 K) and to particle deposition on the optical window. At 

month 24, the solar reactor design to be modelled must be selected. 

2) Solar reactor testing and qualification 

Solar reactor testing will be achieved using the partners' solar facilities. First, various designs of 

receiver/reactor will be tested at small-scale (∼10 kWth). two different prototype-scale (5 kWth and 10 

kWth) reactors based on the direct and the indirect heating concepts will be developed. These reactors 

(in operation at month 10) will be tested, and the experimental results will be critically analysed in order 

to define at month 24 the solar reactor concept that leads to the highest performances with respect to 

reactor thermal efficiency and maximal conversion of CH4 to H2. 

This analysis will be strongly connected with the heat transfer modelling and the fluid dynamic analysis 

related to the carbon deposition problem. Based on the solar reactor concept retained at month 24, the 

2nd step of the project will consist in designing, constructing and testing a 50 kWth pilot reactor (SR50). 

The 2 key milestones of the project are: 

o (1) month 24: choice of the concept for SR50 

o (2) month 30: SR50 ready for operation and RTD activities focusing on SR50 

Performance evaluation will include: 

o heat and mass balance (resulting in reactor thermal efficiency) in the 1500-2300 K operating 

temperature range 

o determination of conversion (80% CH4 conversion is targeted) 

o measurement of produced gas composition (H2 and CxHy) 

o CB characteristics vs. operating temperature 
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o comparison with model predictions 

3) Product separation and process safety 

The separation of both the carbon nano-particles from the gas-solid flow and of hydrogen from the 

hydrogen-rich gas is a major issue that determines the uses of the produced gas (fuel cells, low emission 

combustion or injection in the NG network) and the associated safety problems. Adapted filtering media 

will be defined and installed at the test facilities. Gas separation routes will be studied as an associated 

unit operation. The device for filtering the gas-CB mixture and for separating H2 will be proposed at 

month 18. 

4) Characteristics and properties of produced carbon black 

A key point of the cracking process economics is the added value of the produced CB. The selling price 

depends on the product nano-structure and may vary from 0,6 €/kg for standard CB (used in tires) to 2 

€/kg and even up to 30 €/kg for high grade conductive CB. Thus, the determination of CB properties is a 

very important issue of the project. It will include standard tests (specific surface area, particle size, 

chemical analysis, etc.), and application tests in the fields of polymer composites (rubber, plastics) and 

primary and secondary batteries. 

5) Industrial solar plant design and prospect 

An industrial scale solar plant will be designed on the basis of the reactor prototypes and the results of 

product testing, reactor modelling, separation unit operation, in addition to the existing tools for the 

design of solar concentrating systems. Typical industrial solar plant sizes of 50 kWth (decentralized 

units) and 10/30 MWth are targeted. The solar process economics will be assessed as a function of the 

uses of both products: hydrogen-rich gas and CB. 

C) Main Achievements 

1) Solar reactor design and modelling 

Three solar reactors (SR) have been designed and manufactured: a 10 kW direct heating tornado solar 

reactor (SR10W) and two indirect heating tubular reactors 10 kW (SR10C) and 50 kW (SR50, pilot 

scale). 

Concerning reactor modelling works have addressed 5 main points: (1) methane decomposition reaction 

kinetics (experimental and simulation works); (2) comparison of a kinetic model (simulation tool) with 

experimental results obtained with SR10C; (3) development of a model for carbon particle formation and 

growth; (4) complete model development including radiation heat transfer, heat and fluid flow and 

chemical reaction in solar reactor prototypes and (5) comparison of the complete model with 

experimental results obtained at 10 kW scale. Finally, the validated complete model was used as a 

scaling-up tool for designing the industrial process. 

2) Solar reactors testing and qualification 

This part was the key target of the project. 
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Solar reactor SR10W  

SR10W tornado solar reactor operates successfully. The obtained methane conversion was ranging 

from 88% to 100% with a 9.7 sl/mn CH4 flowrate without particle seeding. The flowrate of tornado and 

auxiliary flows (He and N2) was varied.  

Solar reactor SR10C 

Reaction temperature varied between 1670K and 2070K, the CH4 flow-rate in the feed varied between 

0.8 and 12 sl/min with a CH4 mole fraction between 10 and 100%. The gas space time ranged from 10 

ms to more than 100 ms. The influence of temperature was clearly demonstrated: the higher the 

temperature, the higher the conversion for a given space time. For a 11 ms space time, CH4 conversion 

is 62%, 79%, 93%, and 100% at 1740 K, 1823 K, 1973 K, and 2073K, respectively. The methane 

conversion is total for temperatures higher than 1823 K and space times higher than 25 ms. Concerning 

C2H2 mole fraction in the offgas, it was more affected by space time than by temperature. A space time 

of 70 ms was needed in order to reach an off-gas C2H2 mole fraction lower than 0.5% and 

consequently, 95% H2-yield and 90% C-yield were reached. 

Solar reactor SR50 

Solar thermal dissociation of methane was investigated with SR50 pilot solar reactor for mean incident 

solar irradiation at the aperture in the range 2-2.7 MW/m2; nine experiments have been done. Two 

series were carried out: the first one with 10.5 sl/mn CH4 and 31.5 sl/mn Ar for temperatures between 

1608K and 1928K and the second one with 21 sl/mn CH4 and 49 sl/mn Ar for temperatures ranging from 

1698K to 1808K. About 100 g of carbon black sample was recovered after each run and was available 

for analysis and characterization. For the investigated experimental conditions, CH4 conversions 

between 72% and 100% and H2 yields in the range 57%-88% were reached. Anyway, the carbon yield 

never exceeded 63% due to the production of significant amounts of C2H2. Thermochemical and 

thermal efficiencies up to 13.5% and 15.2% were achieved respectively. Representative quantities of 

carbon black were recovered for further characterisation with respect to industrial product. 

3) Product separation and process safety 

Product separation issues are related to particle filtering and off-gas purification to obtain hydrogen. Bag 

filter was design and tested successfully during experimental campaign. PSA was chosen among the 

different purification process to get pure hydrogen. Concerning safety, two main issues have been 

examined: hydrogen safety (production process) and hazardous molecule (PAH) formation during the 

decomposition. It was shown experimentally and by simulation that a residence time of about 100 ms is 

needed in order to avoid PAH formation (and adsorption on the carbon nanoparticles). Moreover 

nanoparticles handling was made using gloves and respiratory protection during the project. 

4) Product Characteristics and properties of produced carbon black 

The filter materials, carbon black, have values of BET surface area in the range of 64 to 100 m²/g that 

correspond very well to that of commercial conducting carbon blacks. These values may be associated 

to diameters of the elementary particle from 30 to 45 nm. The highest temperatures reached in the final 

trials lead to the highest crystalline level of the carbon particles. This fact is confirmed by the mechanical 

compression energy necessary to compact the carbon black to a given density. Compared to an 

industrial conductive carbon black, the carbon blacks obtained by the solar route are still bellow in terms 

of electrical conductivity, charge carrier concentration and mobility but they are approaching seriously the 
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performances of industrial CB. As a conclusion it can be affirmed that an enormous progress has been 

obtained by the up-scaling of the solar reactor, by the improvement of the conditions of the reaction. 

Obtained carbon materials are strongly approaching the level of performances of the industrial one for 

applications in the fields of polymer composites (rubber, plastics) and primary and secondary batteries. 

5) Industrial solar plant design and prospect 

First evaluation showed that the small scale process will never be beneficial; consequently the efforts 

have been focused on a 10 MWth plant. The solar reactor design was based on the validated simulation 

model. 

Design of the Plant 

Heliostat field: In consideration of all losses, the total heliostat surface is about 20,000 m². Because high 

concentration is needed (about 3 MW/m2) CPC are used at the entry of the solar receiver this choice 

induces a special design of the field/receiver assembly. As a result it was attempted to build three fields 

of heliostats so that the acceptance angle of the CPC’s is no more than 30°. The field obtained in this 

concept, for a tower with 80 m height, has the rear row at about 205 m distance. 

Receiver: Three absorber cavities on a tower receiver are planned. The efficiency of the receiver is 

assumed to be 90%. The aperture of each absorber cavity is composed of a cluster of 7 CPC with the 

following dimensions: entrance area, 0.636 m² and exit area, 0.159 m² and length, 1.17 m. 

Flow sheeting: A flow sheet of the complete solar process has been prepared. It includes the solar 

reactor operating at 1600°C and 1 atm., a heat exchanger that recovers the heat of the off-gas to 

preheat the reactants, a filter (particle separation), a compressor and a PSA separator (H2 separation). 

The off-gas is supposed to contain 90% H2. The heat recovery saves nearly 2 MW thermal. Finally, the 

products of the solar process are either hydrogen and carbon or electricity and carbon. At the design 

point, the solar reactor is fed by 2,912 kg/h methane and it produces 623 kg/h Hydrogen and 1,786 kg/h 

Carbon. 

Life cycle assessment: energy payback time (EPT) is 1 year. 

Economics: The profitability of the solar process depends mainly on the solar reactor performances, on 

the quality of the produced carbon black and on the hypothesis of the cost estimation. The solar process 

gets beneficial for CB and H2 selling price of 0.73 €/kg CB and 0.2 €/sm3 H2 in the best case (optimistic 

hypothesis) and respectively 1.2 €/kg CB and 0.2 €/sm3 H2 in a more realistic case. 

D) Intentions for uses and impact 

The future industrial uses of the results should be envisioned providing the demonstration of the two 

following components: (1) a 400 kWth solar reactor that is the mean power delivered by one CPC of the 

10 MWth solar reactor; (2) a high temperature heat exchanger aiming at heat recovery at the solar 

reactor outlet. 
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3.6. NESSHY - NOVEL EFFICIENT SOLID STORAGE FOR HYDROGEN [93] 

Integrated Project NESSHY, partly funded by the European Commission in the context of the 6th 

Framework Programme for Research (6FP), is coordinated by the Environmental Research Laboratory 

of the National Research Centre “Demokritos” (EL) and aspires to comprise the major European initiative 

in the field of Hydrogen Storage in Solids. The project started officially on January 1, 2006, with a 

contractual duration of five years. 

Objectives 

NESSHY aims at developing novel materials, storage methods and fabrication processes that provide 

the energy density and the charge/discharge, storage/restitution rates necessary for mobile applications 

with spin-offs in stationary systems. The final aim of the project is to identify the most promising solid 

storage solutions for such applications. The envisaged objectives cover porous storage systems, 

regenerative hydrogen stores (such as the borohydrides) and solid hydrides having reversible hydrogen 

storage and improved gravimetric storage performance. Initially, two categories of reversible stores will 

be investigated – light/complex hydrides, such as alanates and imides, and intermetallic systems 

involving magnesium, although further categories may be included later. In all cases, the performance of 

different systems will be compared by a standards laboratory (working in collaboration with the US DoE 

standardisation activity). Further, efforts will be made to understand the mechanisms involved by 

innovative modelling activities. When promising new materials are identified, industrial and R&D 

collaborators will be brought in to upscale the material production, develop appropriate demonstration 

storage tanks and test out the prototype stores in practical conditions. 

Approach and innovation 

NESSHY addresses key issues related to hydrogen storage in solid materials such as new materials, 

novel analytical and characterisation tools and measurement techniques, storage methods and 

fabrication processes, ab initio and phenomenological modelling. Special attention is paid to the 

enhancement of energy efficiency, storage kinetics, operating conditions and safety aspects of produced 

materials and to the tank design.  

The overall S&T workplan involves mainly two different types of activities. The vertical type includes four 

“material development” work packages, focusing on respective classes of candidate solid stores. For 

transport applications, both “reversible on-board storage” based on porous solids and metal hydrides, 

and “regenerative off-board storage”, based mainly on chemical hydrides, are addressed. The horizontal 

activities include the development and application of ab initio numerical simulation techniques for the 

prediction of the actual behaviour of real storage materials and the numerical optimisation of storage 

systems, the use of novel analytical and characterisation tools and combinatorial techniques to better 

understand the physico-chemical mechanisms of hydrogen storage in the novel materials investigated, 

the development of test protocols, evaluation facilities, safety and certification aspects in the framework 

of the Virtual Laboratory, upscaling, tank development and testing, and Dissemination/Training. 

A) Project Partners 

 NATIONAL CENTER FOR SCIENTIFIC RESEARCH "DEMOKRITOS" (Greece) [94] 

PROMES is a Research Unit of CNRS (UPR 8521) belonging to the Institute for Engineering and 

Systems Sciences (INSIS) under contract with the University of Perpignan (UPVD). The laboratory is 

located in three sites: Odeillo-Font Romeu (1 MW CNRS Solar furnace), Targasonne (Themis site, 5 MW 

http://www.cnrs.fr/
http://www.cnrs.fr/insis/
http://www.univ-perp.fr/en/index.html
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central receiver solar facility, a site of "Pyrénées Orientales" Council) and Perpignan, Tecnosud. CNRS 

and UPVD have created the IN’SOL Unit devoted to solar innovations that is supported by PROMES in 

Tecnosud site that develops the Solar test platform of Perpignan (CESP). PROMES is the leader of the 

laboratory of excellence SOLSTICE (Solar Energy: Science, Technology and Innovation for Energy 

Conversion). 

 

 UNIVERSITY OF SALFORD (United Kingdom) [95] 

Salford is an ambitious University, with 20,000 students contributing enormously to the local economy 

and to the expertise transforming individuals and communities through excellent teaching, research, 

innovation and engagement. 

University of Salford is leading in several areas, including health, energy, media and the built 

environment and has completed impressive work with business and industry partners. 

 

 L'AIR LIQUIDE S.A (France) [96] 

Air Liquide is the world leader in gases, technologies and services for Industry and Health. 

The company’s ambition is to be the leader in the market, delivering long-term performance while acting 

responsibly. 

Air Liquide ideas create value over the long term.  

Air Liquide is the world leader in gases, technologies and services for Industry and Health. 

The strategy is to deliver profitable growth over the long term. To achieve this, Air Liquide relies on 

competitiveness in the company’s operations, targeted investments in growing markets, and innovation 

to create new markets and opportunities. 

 

 COMMISSION OF THE EUROPEAN COMMUNITIES - DIRECTORATE GENERAL JOINT 

RESEARCH CENTRE (Belgium) [79] 

As the Commission's in-house science service, the Joint Research Centre's mission is to provide EU 

policies with independent, evidence-based scientific and technical support throughout the whole policy 

cycle. Its work has a direct impact on the lives of citizens by contributing with its research outcomes to a 

healthy and safe environment, secure energy supplies, sustainable mobility and consumer health and 

safety. 

The JRC draws on over 50 years of scientific work experience and continually builds its expertise based 

on its seven scientific institutes, which host specialist laboratories and unique research facilities. They 

are located in Belgium (Brussels and Geel), Germany, Italy, the Netherlands and Spain. 

While most of the scientific work serves the policy Directorates-General of the European Commission, 

JRC addresses key societal challenges while stimulating innovation and developing new methods, tools 

and standards. JRC shares know-how with the Member States, the scientific community and 

international partners. The JRC collaborates with over a thousand organisations worldwide whose 

scientists have access to many JRC facilities through various collaboration agreements. 

The JRC is a key player in supporting successful investment in knowledge and innovation foreseen by 

the Horizon 2020 Work Programme, the EU’s programme for research and innovation. 

Horizon 2020 sets out the overall objective for the JRC non-nuclear work as follows: to provide 

customer-driven scientific and technical support to Union policies, while flexibly responding to new policy 

demands. The JRC contributes to the overall objective of Horizon 2020 with its long-standing scientific 

expertise, modelling capacity, foresight studies; work on standards, infrastructure and e-infrastructures. 

The JRC's nuclear work, funded by the EURATOM Research and Training Programme, has as its 

objective the pursuit of research, knowledge management and training activities with an emphasis on 

nuclear safety and security; thus JRC contributes to the transition to a carbon-free economy in a safe, 

efficient and secure way. 

http://cesp.univ-perp.fr/
http://www.promes.cnrs.fr/index.php?page=labex-solstice-en
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 STOCKHOLMS UNIVERSITET (Sweden) [97] 

Since 1878 Stockholm University has been characterised by openness and innovation. A modern 

university with a multicultural environment, Stockholm University is one of the world’s top 100 higher 

education institutes. Here more than 70,000 students, 1,800 doctoral students and 5,000 staff are active 

within science, the humanities and the social sciences. 

Education and research at Stockholm University make a difference. The University contributes to 

individual and social change through top quality education and outstanding research. The University 

researchers contribute to the development of public policy and political decision making, and participate 

in Nobel Prize Committees and international expert bodies. 

Stockholm is a cultural hub and economic centre, with many green areas and surrounded by water, 

making it an ideal place in which to enjoy a relaxed and exciting student life. 

 

 INSTITUTT FOR ENERGITEKNIKK (Norway) [48] 

IFE is an international research foundation for energy and nuclear technology. IFE’s mandate is to 

undertake research and development, on an ideal basis and for the benefit of society, within the energy 

and petroleum sector, and to carry out assignments in the field of nuclear technology for the nation. The 

Institute strives for a more climate friendly energy system based on renewable and CO2-free energy 

sources.  

The Institute was founded in 1948, and is today an independent foundation. The annual turnover is 

approximately NOK 850 million, and IFE has about 600 employees. IFE’s vision is to be an 

internationally leading energy research institute. 

IFE’s main tasks: 

o Develop profitable, safe and environmental friendly technology within renewable energy, petroleum 

extraction and CO2 management 

o Maintain and further develop national expertise within reactor safety, radiation protection and 

nuclear technology based on the Halden and JEEP II reactors 

o Utilise the Institute’s unique nuclear reactor safety expertise in other spheres of society 

o Conduct basic research in physics based on the JEEP II reactor at Kjeller 

 

 UNIVERSITE DE FRIBOURG (Switzerland) [98] 

The University of Fribourg, Switzerland, is committed to excellence in research and teaching and take 

pride in the truly interdisciplinary spirit of the University. It continues to further develop the international 

focus and above all it puts humanity at the centre of the endeavours. 

The University of Fribourg places scientific research that is closely linked to academic teaching at the 

heart of its activities. With an array of centres of scientific excellence as well as research programmes 

across the entire disciplinary spectrum, it aims to extend the frontiers of scientific knowledge to help 

solve mankind’s current and future challenges. 

 

 UNIVERSITY OF BIRMINGHAM (United Kingdom) [99] 

Birmingham has been challenging and developing great minds for more than a century. Characterised by 

a tradition of innovation, research at the University has broken new ground, pushed forward the 

boundaries of knowledge and made an impact on people’s lives.  

It continues this tradition today and has ambitions for a future that will embed the work and recognition of 

the Birmingham name on the international stage.  
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Universities are never complete. They develop as new challenges and opportunities occur. Birmingham 

innovates, push the frontiers of understanding; ask new research questions, turn theory through 

experiment into practice – because that’s what great universities do. 

 

 CENTRE NATIONAL DE LA RECHERCHE SCIENTIFIQUE (CNRS) (France) [74] 

The Centre National de la Recherche Scientifique (National Centre for Scientific Research) is a public 

organization under the responsibility of the French Ministry of Education and Research. 

As the largest fundamental research organization in Europe, CNRS carried out research in all fields of 

knowledge, through its ten institutes: 

o Institute of Biological Sciences (INSB) 

o Institute of Chemistry (INC) 

o Institute of Ecology and Environment (INEE) 

o Institute for Humanities and Social Sciences (INSHS) 

o Institute for Information Sciences and Technologies (INS2I) 

o Institute for Engineering and Systems Sciences (INSIS) 

o Institute of Physics (INP) 

o National Institute for Mathematical Sciences (INSMI) 

o National Institute of Nuclear and Particle Physics (IN2P3)  

o National Institute for Earth Sciences and Astronomy (INSU) 

CNRS encourages collaboration between specialists from different disciplines in particular with the 

university thus opening up new fields of enquiry to meet social and economic needs. CNRS has 

developed interdisciplinary programs which bring together various CNRS departments as well as other 

research institutions and industry.  

Interdisciplinary research is undertaken in the following domains: 

o Life and its social implications  

o Information, communication and knowledge  

o Environment, energy and sustainable development  

o Nanosciences, nanotechnologies, materials  

o Astroparticles: from particles to the Universe 

CNRS laboratories (or research units) are located throughout France, and employ a large body of 

tenured researchers, engineers, and support staff.  

Laboratories are all on renewable four-year contracts, with bi-annual evaluation by the National Centre 

for Scientific Research. There are two types of labs: 

o CNRS intramural labs: fully funded and managed by CNRS (called UPR, or unités propres de 

recherche, in French)  

o Joint labs: partnered with universities, other research organizations, or industry (called UMR, or 

unités mixtes de recherche, in French) 
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 DAIMLER AG (Germany) [100] 

Daimler is one of the world’s most successful automotive companies. With its divisions Mercedes-Benz 

Cars, Daimler Trucks, Mercedes-Benz Vans, Daimler Buses and Daimler Financial Services, the Daimler 

Group is one of the biggest producers of premium cars and the world’s biggest manufacturer of 

commercial vehicles with a global reach. Daimler Financial Services provides financing, leasing, fleet 

management, insurance and innovative mobility services. 

The company’s founders, Gottlieb Daimler and Carl Benz, made history with the invention of the 

automobile in the year 1886. As a pioneer of automotive engineering, Daimler continues to shape the 

future of mobility today: The focus is on innovative and green technologies as well as on safe and 

superior automobiles that appeal to and fascinate the customers. For many years now, Daimler has been 

investing continually in the development of alternative drive systems with the goal of making emission-

free driving possible in the long term. So in addition to vehicles with hybrid drive, Daimler now has the 

broadest range of locally emission-free electric vehicles powered by batteries and fuel cells. This is just 

one example of how Daimler willingly accepts the challenge of meeting the company’s responsibility 

towards society and the environment. 

Daimler sells its vehicles and services in nearly all the countries of the world and has production facilities 

on five continents. Its current brand portfolio includes, in addition to the world’s most valuable premium 

automotive brand, Mercedes-Benz, the brands smart, Freightliner, Western Star, BharatBenz, Fuso, 

Setra and Thomas Built Buses. The company is listed on the stock exchanges of Frankfurt and Stuttgart 

(stock exchange symbol DAI). In 2013, the Group sold 2.3 million vehicles and employed a workforce of 

275,000 people; revenue totalled €118 billion and EBIT amounted to €10.8 billion. 

 

 Helmholtz-Zentrum Geesthacht (Germany) [101] 

The Helmholtz-Zentrum Geesthacht is a non-profit making research institute with limited liability. Its 

shareholders are the Federal Republic of Germany, the federal states (Länder) of Brandenburg, 

Hamburg, Lower Saxony and Schleswig-Holstein, the Gesellschaft zur Förderung des Helmholtz-

Zentrums Geesthacht e.V. (Society for the Promotion of the Helmholtz-Zentrum Geesthacht) as well as a 

number of renowned companies. The centre is based in Geesthacht, Germany. In 1992, the Working 

Group Teltow became a part of it. The Helmholtz-Zentrum Geesthacht is a member of the Helmholtz 

Association of German Research Centres. 

 

 SCIENCE INSTITUTE - UNIVERSITY OF ICELAND (Iceland) [102] 

The Institute of Earth Sciences, an independent part of the University’s Science Institute, is the main site 

of academic research in earth sciences in Iceland. The Institute provides research facilities for the about 

30 teaching and research faculty members, 5-6 Nordic research fellows, several postdoctoral fellows and 

about 50 graduate students. Research within the Institute is organised into three broadly defined themes: 

Understanding volcanoes, Environment and climate, and Crustal processes. 

The Institute was established on July 1st, 2004 when the Nordic Volcanological Institute and the geology 

and geophysics sections of the Science Institute, University of Iceland merged. The Institute runs the 

Nordic Volcanological Centre, funded jointly by the Icelandic state and the Nordic Council of Ministers. 

Research 

Being the largest subaerial part of the mid-ocean rift system and an arctic gateway Iceland provides a 

unique setting for research spanning many fields of the geosciences. Integrated crust-mantle processes, 

plume upwelling and rifting within the North-Atlantic make Iceland a target for various research, related to 

the formation and evolution of oceanic rift systems, plume-ridge interactions and magmatic 

geochemistry. Climatic conditions, topographical features and its glaciers make Iceland an attractive 

study-site for glacial processes and products, past and present. 
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Extensive volcanism within the Iceland region is reflected in structurally and geochemically more 

complicated volcanic systems than along the oceanic ridge system. Moreover, volcanic eruptions occur 

under highly variable environmental conditions, including subaerial, submarine, subaqueous and 

subglacial settings. Monitoring of crustal deformation and seismic activity within recently active volcanic 

systems along the rift axes and near the centre of the Iceland hot spot has greatly advanced the 

understanding of how volcanoes work. Modern day monitoring and surveying techniques draw on 

experience gained during seismic and volcanic crises in the last three decades. At the same time the 

Icelandic nation is vulnerable to these natural hazards. The potential to disrupt aviation in Europe has 

been demonstrated during recent explosive eruptions in Iceland, leading to intense research into better 

understanding and prediction of such events. High-temperature geothermal energy, one of the prime 

resources of Iceland, is maintained by migration of magma forming shallow intrusions or crustal magma 

chambers within central volcano complexes. Magma in the crust, its eruption to the surface, mechanisms 

of eruption, effects on the environment and society is studied under the research theme of 

Understanding volcanoes while the formation of the crust and its structure belong to the theme of  

Crustal processes. 

The greenhouse effect is caused by the use of fossil fuel and calls for increased understanding of global 

climate change. This is the broad aim of the research theme Environment and climate. Iceland's location 

in the North Atlantic is ideal for various studies aimed at reconstructing the dynamics of past 

environmental and climatic variability. Such studies are essential to understand interactions between 

components of the global system. Iceland's glaciers are indicators of the response of the cryosphere to 

higher atmospheric temperatures, and ideal for the combined approach of field studies and numerical 

modelling of the response of glaciers to climate change. The glaciers are also important analogues to 

warm-based Pleistocene ice sheets. Sedimentary and volcanic rock sequences on land contain a 

detailed record of palaeoenvironments during the last 15 million years, including glaciation and 

vegetation history. Integration of records from Icelandic glaciers, lake and marine sediments and 

palaeontology can be used to reconstruct past environmental changes and to identify and understand 

processes that may affect climate on Earth in the coming decades. High resolution paleoclimate records 

from lake and marine sediments provide information regarding natural climatic variability during the 

Quaternary. Whereas major eruptions in the past have had a temporary influence on global climate, their 

tephra layers, preserved in sediments and glaciers, provide age control on sedimentation rates. 

 

 JOHNSON MATTHEY PLC (United Kingdom) [103] 

Johnson Matthey is a leader in sustainable technologies. Many of the group’s products enhance the 

quality of life of millions through their beneficial impact on the environment, human health and wellbeing 

It focus on clean air, clean energy and low carbon technologies and are experts in the application and 

recycling of precious metals. 

Johnson Matthey has operations in over 30 countries and employs around 12,000 people. The 

company’s products and services are sold across the world to a wide range of advanced technology 

industries. 

 

 KARLSRUHER INSTITUT FUER TECHNOLOGIE (Germany) [104] 

With more than 9,000 employees and an annual budget of about EUR 785 million, KIT is one of the 

biggest research and education institutions worldwide and has the potential of reaching a top position in 

selected research areas on an international level. The objective is to turn KIT into an institution of top 

research, excellent scientific education, and a prominent location of academic life, life-long learning, 

comprehensive advanced training, unrestricted exchange of know-how, and sustainable innovation 

culture. 
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The KIT combines the tasks of a university of the state of Baden-Württemberg with those of a research 

centre of the Helmholtz Association in research, teaching, and innovation. 

Science Organization 

The scientific disciplines of the Karlsruhe Institute of Technology (KIT) are organized in five divisions: 

o Division I – Biology, Chemistry, and Process Engineering 

o Division II – Informatics, Economics, and Society 

o Division III – Mechanical and Electrical Engineering 

o Division IV – Natural and Built Environment 

o Division V – Physics and Mathematics 

These five Divisions are essentially based on the KIT institutes executing research, teaching, and 

innovation work. Program-oriented research of the Divisions is organized in Helmholtz programmes. The 

KIT Departments are responsible for university education. At the KIT Centres, scientists are working on 

division-overlapping research and innovation topics. In this way, interdisciplinary cooperation is 

supported at the KIT. The KIT Service Units render efficient services to support the actors in research, 

education, and innovation in fulfilling their key tasks. The KIT Service Units support both the staff and the 

organization and conceive development strategies in both areas. 

 

 MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 

(Germany) [65] 

The Max Planck Society is Germany's most successful research organization. Since its establishment in 

1948, no fewer than 18 Nobel laureates have emerged from the ranks of its scientists, putting it on a par 

with the best and most prestigious research institutions worldwide. The more than 15,000 publications 

each year in internationally renowned scientific journals are proof of the outstanding research work 

conducted at Max Planck Institutes – and many of those articles are among the most-cited publications 

in the relevant field. 

What is the basis of this success? The scientific attractiveness of the Max Planck Society is based on its 

understanding of research: Max Planck Institutes are built up solely around the world's leading 

researchers. They themselves define their research subjects and are given the best working conditions, 

as well as free reign in selecting their staff. This is the core of the Harnack principle, which dates back to 

Adolph von Harnack, the first president of the Kaiser Wilhelm Society, which was established in 1911. 

This principle has been successfully applied for nearly one hundred years. The Max Planck Society 

continues the tradition of its predecessor institution with this structural principle of the person-centred 

research organization. 

The currently 82 Max Planck Institutes conduct basic research in the service of the general public in the 

natural sciences, life sciences, social sciences, and the humanities. Max Planck Institutes focus on 

research fields that are particularly innovative, or that are especially demanding in terms of funding or 

time requirements. And their research spectrum is continually evolving: new institutes are established to 

find answers to seminal, forward-looking scientific questions, while others are closed when, for example, 

their research field has been widely established at universities. This continuous renewal preserves the 

scope the Max Planck Society needs to react quickly to pioneering scientific developments. 

 

 DANMARKS TEKNISKE UNIVERSITET (Denmark) [105] 

For almost two centuries DTU, Technical University of Denmark, has been dedicated to fulfilling the 

vision of H.C. Ørsted – the father of electromagnetism – who founded the university in 1829 to develop 

and create value using the natural sciences and the technical sciences to benefit society. 
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Today, DTU is ranked as one of the foremost technical universities in Europe, continues to set new 

records in the number of publications, and persistently increase and develop partnerships with industry, 

and assignments accomplished by DTU’s public sector consultancy. 

The number of student enrolment is higher than ever and, for the eleventh consecutive year, DTU has 

received a record-breaking number of applications from students who want to pursue a degree from a 

technical elite university with a global outlook. 

The international dimension is of vital importance to DTU. In 2013, DTU welcomed 474 international 

students into MSc programmes, half of the PhD students are recruited from abroad, and more than one 

third of the scientific staff are highly qualified researchers of international backgrounds. In addition, the 

extent and intensity of the collaborations with other leading technical universities around the world 

continue to grow. 

DTU has international educational exchange programmes with over 200 universities around the globe, 

and enjoys close research collaborations with its partners in addition to building research and 

educational programmes in Nordic Five Tech, the Euro Tech Universities - Excellence in Science and 

Technology, as well as with Rensselaer in the U.S., Nanyang in Singapore, and KAIST in South Korea. 

 

 ORTA DOGU TEKNIK UNIVERSITESI (Turkey) [106] 

Middle East Technical University (commonly referred to as METU; in Turkish, Orta Doğu Teknik 

Üniversitesi ODTÜ) is a public technical university located in Ankara, Turkey. The university puts special 

emphasis on research and education in engineering and natural sciences, offering about 40 

undergraduate programs within 5 faculties, and 97 masters and 62 doctorate programs within 5 graduate 

schools. The main campus of METU spans an area of 11,100 acres (4,500 ha), comprising, in addition to 

academic and auxiliary facilities, a forest area of 7,500 acres (3,000 ha), and the natural lake Eymir. 

METU has more than 95,000 alumni worldwide. The official language of instruction at METU is English. 

Over one third of the 1,000 highest scoring students in the national university entrance examination 

choose to enrol in METU; and most of its departments accept the top 0.1% of the nearly 1.5 million 

applicants. METU had the greatest share in national research funding by the Scientific and Technological 

Research Council of Turkey (TÜBİTAK) in the last five years, and it is the leading university in Turkey in 

terms of the number of European Union Framework Programme (FP) projects participation. Over 40% of 

METU's undergraduate alumni choose to pursue graduate studies. 

 

 INSTITUTO NACIONAL DE ENGENHARIA, TECNOLOGIA E INOVACAO (Portugal) [107] 

LNEG is an R&D institution oriented to respond to the needs of society and enterprises.  

Side by side with what´s best done internationally, LNEG guarantees to have in its areas of competence 

an adequate response to the needs of the business sector. LNEG does Science in energy and geology 

with a view to its application in advanced solutions for leveraging the economy. 

This portal aims to present to the visitor the competencies that LNEG provides so that they can be 

exploited in the technological development of the country while also promoting the establishment of new 

national and international partnerships. I highlight in this showcase the industry partners, administration 

and other institutions of the national and international scientific system. 

 

 LEIBNIZ-INSTITUT FUER FESTKOERPER- UND WERKSTOFFFORSCHUNG DRESDEN E.V. 

(Germany) [108] 

The Leibniz Institute for Solid State and Materials Research in Dresden (German: Leibniz-Institut für 

Festkörper- und Werkstoffforschung Dresden) – in short IFW Dresden – is a non-university research 

institute and a member of the Gottfried Wilhelm Leibniz Scientific Community. It is concerned with 

modern materials science and combines explorative research in physics, chemistry and materials 

science with technological development of new materials and products. 
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The IFW’s research program is jointly set up and implemented by scientists of the different IFW 

institutes. It comprises the following five research areas: 

o Superconductivity & superconductors 

o Magnetism and magnetic materials 

o Molecular Nanostructures and Molecular solids 

o Metastable alloys 

o Stress-driven architectures and phenomena 

 

 TECHNISCHE UNIVERSITEIT DELFT (Netherlands) [58] 

TU Delft cooperates with many other educational and research institutions, both in the Netherlands and 

abroad. The high quality of research and teaching is renowned. TU Delft has numerous contacts with 

governments, trade associations, consultancies, industry and small and medium-sized companies. 

 

 SOUTHWEST RESEARCH INSTITUTE (United States) [109] 

Southwest Research Institute (SwRI) is an independent, non-profit applied research and development 

organization. The staff of more than 2,800 specializes in the creation and transfer of technology in 

engineering and the physical sciences. Ten technical divisions offer a wide range of technical expertise 

and services in such areas as engine design and development, emissions certification testing, fuels and 

lubricants evaluation, chemistry, space science, non-destructive evaluation, automation, mechanical 

engineering, electronics, and more. 

 

 EIDGENOESSISCHE MATERIALPRUEFUNGS- UND FORSCHUNGSANSTALT (Switzerland) 

[61] 

Empa is an interdisciplinary research and services institution for material sciences and technology 

development within the ETH Domain. Empa’s research and development activities are oriented to meet 

the requirements of industry and the needs of society, and link together applications-oriented research 

and the practical implementation of new ideas, science and industry, and science and society. 

Thanks to its years of experience in the field, Empa is able to offer its industrial partners solutions 

tailored to meet their specific needs. This encourages companies to think and act in innovative ways and 

at the same time helps to improve the quality of life for all of us. Safety, reliability and sustainability of 

materials and systems – these are the watchwords which form a common thread running through all 

Empa activities. In this respect the institution plays a key role in the Swiss educational, research and 

innovation scene. 

Empa comes into its own in its efforts to disseminate its hard won know-how at various levels of teaching 

and technology transfer activities. In doing so it makes a significant contribution to the process of 

creating marketable products from innovative developments. The Empa Portal is THE contact point for 

clients and partners who are seeking innovative solutions to specific problems or who wish to undertake 

research projects in cooperation with Empa. 

B) Major Achievements 

1) Material Development 

On the material side, nanoporous media, light/complex hydrides and Mg alloys and intermetallics have 

been investigated. An improved understanding of mechanisms and effects of additives in these 
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compounds was also pursued. Although none of the materials studied so far fulfils all major targets set 

by the automotive industry, substantial progress has been achieved in several fronts as highlighted 

below. 

Sorption properties of nanocomposites of the Mg-Li-N-H system with different Mg:Li ratios (1:2, 3:8 and 

1:1) have been studied in detail. Several crystal structures have been determined including LiND2, 

Mg(ND2)2 and intermediate phases. Reabsorption is obtained at 200 °C and 100 bar for the 3:8 system 

while LiBH4 has been found to be an effective catalyst with respect to dehydrogenation kinetics in the 

1:1 system. Extensive cycling tests with upscale samples of the 1:2 and 3:8 systems have been 

performed. In particular, for the 1:2 system, samples of mass >15 g with LiBH4 and KH additives were 

cycled more than 20 times, with reabsorption at 60 bar and 180°C. In both cases the reversible hydrogen 

capacity was 2-2.5 wt% hydrogen. The most promising case is made by the 1:1 system which is found to 

be practically reversible and delivers 6-6.5wt% at 225°C. It is thus considered as a potential candidate 

for inclusion and testing in a small tank. 

For the first time it has been shown by NESSHY partners that the stability of complex hydrides can be 

modified by anion substitution via the formation of Na3AlH6-xFx (x = 4). In such mixed fluorine/hydrogen 

alanates, the equilibrium plateau pressure is significantly changed. This novel idea which permits to 

change thermodynamics in a rather simple manner is currently further exploited in other running projects 

(FP7 FLYHY). 

Novel borohydrides have been extensively studied in NESSHY and important knowledge about new 

synthesis routes for LiBH4, Ca(BH4)2 and Mg(BH4) has been gained. In addition, the crystal structures 

of different polymorphs of Ca(BH4)2 have been determined and significant information has been 

obtained about intermediate phases in the Mg(BH4)2 and Ca(BH4)2 systems - for the latter the 

intermediates CaB2Hx and Ca3(BH4)3(BO3) have been identified. Ca3(BH4)3(BO3) is the very example 

of a compound with both B-H and B-O bonds. This also illustrates the challenge with oxygen impurities in 

these compounds. Reversibility has also been demonstrated for Ca(BH4)2, but the mechanisms are still 

unclear. It has been shown that Li2B12H12 is generated during the formation of LiBH4 and thus not as 

an intermediate phase during decomposition. The role of diborane (B2H6) has been studied in detail, 

and it is clear that controlling the diborane cycling during formation and decomposition of borohydrides 

might be the key for reversibility under moderate conditions. 

Work contributing to the understanding of the Al-H bonding in alanates has been carried out by 

synthesizing and systematically studying novel Zintl phase hydrides like BaAlSiH, SrAlSiH and CaAlSiH. 

Moreover, for the first time NaAlH4 has been prepared as a thin film. Detailed studies of the effect of Ti in 

the films have been performed, but unfortunately without any clear answer about how Ti works as a 

catalyst in the alanates. 

A family of new metastable magnesium-transition metal hydrides have been synthesized at high 

pressures with a total storage capacity above 6 wt%. Typical compositions are (Mg7TM.)H16, where TM 

= Ti, V, Hf, Nb, Ta and Zr. A significantly enhanced understanding of how such alloys behave in films 

and bulk conditions has been achieved via a combination of experiments and theoretical approaches. If 

the hydrides are fully dehydrogenated, the metal atoms will separate making it impossible to rehydrate 

the systems. But if the transition hydrogen bond is stronger than the magnesium hydrogen bond, the 

hydrides can be discharged in two steps and the metastable metal atom framework can be stopped from 

segregating making it possible to reversibly cycle these hydrides that are based on non-alloying metals. 

This means that the reversibly available hydrogen is less than the total stored amount and further efforts 

are necessary to improve this aspect. However, this available reversible content may be significantly 

more compared to that in conventional rutile MgH2. Indeed, the storage capacity is around 1500-1700 
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mAh/g, which is about 5 times higher than conventional NiMH battery alloys. The discharge pressure is 

too low for practical gaseous storage but the hydrogen diffusion is rapid and that is more important for 

battery applications. A low gas pressure is also beneficial to avoid pressure build up in battery cells, if 

they are accidentally overheated. Magnesium addition is known to increase the capacity of the hydrogen 

storage alloy but it also induces a reduction of battery alloy corrosion. The mechanism for this is still not 

fully understood, but the consequence is that the amount of costly cobalt added to the battery alloy to 

reduce corrosion can be almost eliminated. If this effect can be transferred to the NESSHY developed 

systems, a leap forward for the NiMH battery technology will result. It was also identified another 

structure of a family of similar hydrides with the composition MgTM2H6 (TM= Zr, Hf and Nb). This 

indicates that there might be a large number of related hydrides to be discovered. 

The synthesis of novel Pd-based/carbon foam composites has been realized to take advantage of the 

elusive and poorly understood spillover effect. H2 uptakes of 2-5 wt% were measured at 300 K and 

moderate pressures (up to 60 bar). However, the extended kinetic induction period and rather long 

equilibration times exhibited, do not support the applicability of such materials in mobile H-storage 

systems. Nevertheless, these experimental results constitute a framework that deserves further 

theoretical and experimental investigation. Calculations investigating the spillover mechanism, have 

included both the splitting of H2 in significant amounts and the thermodynamic stability and release 

temperature of hydrogen following chemi-absorption. The studies show that the presence of oxygen on 

the surface can significantly enhance the mechanism (but it may also lead to water formation). In 

addition it is demonstrated how release temperature can be tuned through the: design of materials with 

optimized surface areas and pore size distributions; and the section of appropriate linkers. Further 

theoretical studies show how the absorption of H2 can be enhanced in MOFs through linkers containing 

Li and other functional groups. 

The sII structure hydrogen clathrate has been stabilized at even lower pressures, by using a new dopant 

instead of THF. However, the H2 content is still ~1 wt%. A new sH structure has been successfully 

stabilized using a number of dopants, including DHC. Molecular simulations indicate the expected 

occupancies (and hydrogen uptakes) under various conditions. In NESSHY, the potential hydrogen 

capacities of the various clathrate structures have been assessed leading to suggestions for the 

applicability of such materials in hydrogen storage systems. A theoretical search was conducted to 

identify conditions under which multiple hydrogen occupancies in specific cages could be obtained 

leading to increased capacities. It has been found for instance that with helium enclathration such 

multiple occupancies can indeed be realized albeit at high pressures. 

Finally, it is worth noting that the whole supply chain of H2 via regenerative chemical hydrides has been 

addressed, focusing on the hydrolysis of sodium borohydride NaBH4. The final aim was twofold: (a) to 

achieve a stationary NaBH4 supplied generator of H2, with a final targeted flow rate of about 1 Nm3/h , 

and (b) to develop a cost effective scheme of synthesis of NaBH4 from the by-product NaBO2. 

The stationary generator of 1 Nm3/h of H2 was demonstrated by Air Liquide. However, the cost 

estimations of the new synthesis scheme of NaBH4, whose feasibility was demonstrated at lab scale, 

showed that it was not likely to bring any significant regeneration cost reduction for NaBH4. 

2) Upscaling and storage tank development 

As the success of the project has been based to a great extent on its ability to produce pilot scale 

improved storage systems, major NESSHY objectives included (a) upscaling of promising material 

production processes and (b) the design and development of operational prototype storage tanks. Such 

activities were pursued in NESSHY along two main directions: (i) Mg-based systems and (ii) complex 
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hydride tanks with the aim of producing storage systems with the best performances at least at 

European level.  

(i) NESSHY possesses unique expertise on the upscaled production of improved Mg hydride and the 

construction and testing of corresponding tanks at large scale. Grain sizes and morphology of both 

magnesium and additives as well as an even distribution of additives are important for rapid and 

reversible hydrating/dehydrating. New manufacturing methods (e.g. cheaper and larger scale production 

realized with ECAP) to produce upscaled quantities of these materials have been patented by CNRS. 

The development and testing of Mg-based tanks in NESSHY is indeed an extraordinary effort to 

understand and predict H2 storage scale up issues. A very important enhancement of the thermal 

conductivity of Mg hydride has been achieved by compaction with Expanded Natural Graphite (ENG) 

leading to significant increases of the system volumetric and gravimetric capacities and making it 

particularly suitable for the targeted stationary applications. Specifically, it is aimed to connect such tanks 

to high temperature fuel cells (SOFC) and recover the exhaust heat (for desorption at temperatures of 

the order of 300 oC) realizing a complete system from the electrolyser up to the fuel cell. In that context, 

an advanced 10 kg MgH2 tank (containing about 600 g H2) has been developed and tested based on 

experience and data obtained from the development of smaller scale tanks within NESSHY. The 

planned stationary applications include operation of the tank as buffer for intermittent renewable energy 

sources (solar, wind, etc.). Such systems require storing very large amounts of hydrogen with high 

hydrogen flow rate and long-term stability of the sorption performance. While the gravimetric capacity is 

not the most relevant factor in this case, the goal is to achieve a compact system with very high 

efficiency in terms of thermal exchanges. Cost and availability of the metal hydride are also important 

factors justifying the choice of MgH2. The volumetric capacity for the pilot tank is 42 g/l, a value meets 

the revisited automotive industry target for 2015 (40 g/l). This high capacity results from the density of 

the improved nanocomposite material (MgH2 + ENG). The expected gravimetric capacity is about 2 

wt%, an improvement by a factor 2.5 when compared to the first NESSHY demonstrator (0.8 wt%). 

Increasing the proportion of ENG up to 20 wt% will improve the radial thermal conductivity and lead to 

lower cooling requirements and further capacity improvements. It has to be mentioned that a gravimetric 

capacity of 2 wt% remains below the automotive industry target for 2015 (5.5 wt%). However, the main 

purpose of the work in NESSHY is to analyse and monitor the general behaviour of the tank which is 

heavily instrumented and needs to be regularly opened in order to study the material after cycling. In 

contrast, future tanks will be relieved from such requirements leading to a noticeable additional increase 

of the system capacity. 

(ii) Hydrogen storage tanks operating at temperatures below 220–250°C are, at present, based on 

doped sodium alanate, which offers the hitherto best blend of properties: 4 wt % demonstrated reversible 

material capacity, ~ 160 °C maximum temperature, 100 bar loading pressure, as well as sufficiently quick 

kinetics and manageable thermodynamics. These characteristics, although offering a good balance of 

properties in a well-known material, fall short of the automotive industry targets. At the moment, 

however, few high-capacity materials, with the possible exception of the amide/imide system, work at 

these modest temperatures. The complex hydride tank built in NESSHY takes full advantage of the 

experience gained in the completed Integrated Project StorHy. In fact, this tank is expected to show the 

best achievable solution of a complex hydride storage system for automotive application in a vehicle 

powered with a PEM fuel cell. Following the advice of the industrial partners (Daimler, JM), sodium 

alanate was selected for use in the pilot tank after considerable improvements concerning the thermal 

properties, the compaction and the kinetic behaviour of the initial powder. The tank, before further cycling 

to improve its behaviour, exhibits an initial capacity of 1.3 wt %, expected to increase to 2.4 wt % when 

the full capacity of the material is reached after further cycling and simple design improvements are 
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adopted (use of a high-strength steel alloy for the hull, double torispherical ends instead of a flange 

head). In terms of volumetric capacity, the value achieved reaches 3.3 kg H2/100 l exceeding current 

Daimler targets (2.7 kg H2/100 l) as well as DoE targets for 2010 (2.8 kg H2/100 l). In summary, the 

NESSHY sodium alanate tank exhibits significantly improved characteristics with respect to the original 

StorHy tank (0.865 wt %, 21 kg H2/m3). Given the fact that currently complex hydrides are not yet 

mature enough for automotive applications, other end uses have also been considered for the tank. 

These are stationary applications (distributed energy applications, hydrogen generators, tanks for 

refuelling stations) as well as heavy duty transport: seaborne and rail traffic. It is intended to explore the 

field of hydrogen storage in the medium to large scale (1 to several kg, even up to the hundreds of kg of 

hydrogen) in order to ascertain the economic viability of using metal hydrides for storage instead of other 

alternatives. The scenarios for integrating alanate tanks into FC systems run from the relatively small 

scale of distributed energy applications (FC in the basement together with a metal hydride buffer that 

could absorb the FC’s waste heat and – through a heat management system- release it when needed on 

recharging so that hot water for heating can be provided at all times) to the larger naval applications (at 

first as APU, but in the long run also for propulsion). 

3) Supporting activities 

Valuable support to the material and system developing efforts is provided through advanced 

characterization techniques and modelling approaches that amongst others offer possibilities for much 

needed understanding of mechanisms and theoretical design of promising materials. 

In that respect, several advanced characterization techniques have been further developed and 

exploited in NESSHY, a fact that plays important roles in the development of practical hydrogen stores. 

The data obtained are, in turn compared with parameters derived from ab initio and other simulation 

methods. The process of discovering new useful hydride phases was tackled using two advanced 

combinatorial methods. The first of these, known as “hydrogenography” involves the deposition of thin 

films of a combination of two or three elements on a flat surface. The technique is being adopted by 

more and more researchers worldwide as it offers the potential for relatively fast and reliable 

identification of promising compositions at least in thin film configurations. An interesting finding relates to 

the storage potential of the compound Mg69Ni26Ti5 shown to have a ΔH of -40 kJ/mol H2 in films. 

Efforts were made to produce such hydrides and also hydrides with approximately this composition. The 

second combinatorial method involves the mixing of elemental metal powders and deforming and 

annealing the mixture to produce all possible phases. Hydride phases can be identified from changes in 

XRD pattern on exposure to hydrogen. 

Furthermore, neutron scattering techniques were employed to analyse the behaviour of hydrogen in 

solids. In particular, inelastic scattering from hydrides yields the amplitude-weighted density of scattering 

states for comparison with ab initio calculations or the binding of atomic hydrogen produced by spillover 

catalysis. 

The supporting activities also involve the application and further development of state of the art 

computational modelling methods to the accurate prediction of enthalpy of formation, kinetics and 

hydrogen storage capacity for all classes of materials in NESSHY. The spillover effect has been 

investigated by considering atomic hydrogen absorption in carbon based structures and MOFs. On the 

other hand, the prediction of inelastic neutron spectra associated with atomic H binding in MOFs 

indicates this experimental method to be a potentially important tool to establish the atomistic character 

of the spillover mechanism. The study of a range of complex hydrides has been facilitated by the 

development of efficient structural optimization algorithms and a new method rapidly calculating phonon 
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frequencies and free energies. The effect of nanostructuring in Mg and Al systems is found to be an 

elevation in the release temperature of hydrogen. While this is not useful for Mg based systems, the 

predictions on Al nanoclusters show that the release temperature can be brought into the ideal range. 

A very useful outcome of such modelling activities is the possibility to design materials with desired 

properties or predict the performance of newly proposed materials on the basis of multi-scale theoretical 

considerations and simulations. A number of ideas have been put forward by NESSHY theoreticians and 

the challenges to produce them in the lab are considered by the experimentalists (e.g. pillared graphene, 

Li-doped nanostructured materials). On the other hand, a specific three-dimensional covalent organic 

framework (COF-108) is predicted to reach a gravimetric uptake of 21 wt% at 77 K, and 4.5 wt% at room 

temperature (at 100 bar). 

Moreover, standardisation issues and associated protocols, safety aspects as well as the development 

of a reference laboratory for solid storage measurements in Europe are addressed in NESSHY. Three 

international, formal Round Robin Tests (RRT) on physisorption and chemisorption have been carried 

out. Thirteen laboratories from NESSHY and other European projects provided adsorption 

measurements on a carbon based material. Seven NESSHY laboratories provided absorption 

measurements on a catalysed sodium-alanate material, while fourteen groups from all over the world 

participated to the third RRT on magnesium hydride. The results are presented in dedicated NESSHY 

reports and recommendations and guidelines on best practices in solid hydrogen storage measurements 

have been published, complementing the earlier published state-of-the-art report. Finally, an overview of 

safety issues of interest in the field of hydrogen solid-state storage materials and systems has been 

made publicly available as NESSHY report. The hydrogen solid-state storage laboratory established at 

JRC is at the disposal of the NESSHY partners as well as other organizations for “second opinion” 

measurements and investigations. Complementary to this, a database for the archiving, retrieval and 

comparisons of hydrogen storage material performance data has been developed and is available to the 

international community. Upon request of the DG RTD and the Fuel Cells and Hydrogen Joint 

Undertaking, it will be used to build a historical recipient for the achievements of other projects in the 

field. 

C) Overall Assessment 

Despite the fact that no material has been found among the various investigated systems that satisfies 

all stringent targets set by the automotive industry, considerable progress has been achieved in 

understanding mechanisms, roles of additives, differences in bulk vs. film hydride behaviour, cycling 

effects and improving kinetic and thermal properties of a series of materials. On the other hand, as 

originally planned, the project has managed to develop and demonstrate two pilot scale storage systems 

(tanks) with interesting improved features compared to the state-of-the-art. They are not fulfilling all strict 

requirements for vehicular applications but offer prospects for other types of applications and create 

valuable experience in Europe in relation to potential larger scale developments. An important positive 

issue that should be stressed relates to the very high scientific productivity of the consortium in the five 

years of the project. A summary of the major outcome of the project in terms of the main storage 

parameters is presented in Table 12. 
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Table 12 - Major outcomes of the NESSHY project 

 

Currently, solid storage is not considered mature enough for automotive applications as none of the 

investigated materials shows a sufficient performance. However, considering the physical limitations of 

CH2 and LH2 storage, it seems as the only option to reach automotive density requirements in the long 

term. Fundamental R&D is needed on material level and should be accompanied by system engineering. 

The thermal management of solid storage systems is quite complex, not only in operation but also during 

filling. The H2 infrastructure for solid storage systems will therefore require a powerful heat management 

system, which may have an important impact on the total fuel and infrastructure costs. From the point of 

view of cost and materials performance, sodium alanate and the imides/amides are the most advanced 

cases at the moment. From the point of view of weight related capacity, best performers today are again 

the imides/amides and maybe borohydrides (if reversibility issues are resolved). Other types of materials 

(e.g. porous, metal hydrides) also present advantages when different aspects are considered. It is quite 

possible that first applications of sodium alanate and also the well-known room (or high) temperature 

hydrides could be in the market in ca. 4-8 years, i.e. by 2015 - 2020. Therefore, procedures of tank 

safety testing but also for tank transportation are needed and PNR activities should start as early as 

possible. 

In the medium to long term, the aim should be to develop optimised 2nd generation hydrogen storage 

technology, suitable for stationary and mobile applications. R&D should be conducted on low-pressure, 

materials-based technologies, and will also explore advanced, conformable and low-cost tank 

technologies for hydrogen storage systems to meet performance targets. Research is also needed to 

improve filling and discharge rates, pressure and temperature management, and cost-effective 

packaging into integrated systems for stationary and mobile applications. Additional research is needed 

for larger-scale material production and handling methods. Hybrid solutions (combining high pressure 

and solid storage materials) are also a promising way forward that deserves further attention. 
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3.7. SOLAR-H - LINKING MOLECULAR GENETICS AND BIO-MIMETIC CHEMISTRY - A 
MULTIDISCIPLINARY APPROACH TO ACHIEVE RENEWABLE HYDROGEN 
PRODUCTION [110] 

SOLAR-H brings together world-leading laboratories to carry out integrated, basic research on the 

common goal of hydrogen production from renewable resources. The multidisciplinary expertise spans 

from molecular biology, via bio-physics to organometallic and physical chemistry. The vision is to 

develop novel, today non-existing routes for H2 production from solar energy and water. In a unique 

effort the project integrates, for the first time, two frontline topics: artificial photosynthesis in man-made 

systems, and photo-biological H2 production in living organisms. Hydrogen production by these methods 

is still distant, but has a vast potential and is of utmost importance for the European economy. The 

scientific risk is high - the research is very demanding. Thus, the objective now is to explore, integrate 

and carry out the basic science necessary to develop these novel routes. Along one track, the 

knowledge gained from biophysical studies will be exploited by organometallic synthetic chemists for 

synthesis of bio-mimetic compounds. The design of these is based on molecular knowledge about 

natural photosynthesis (natural solar energy conversion), and hydrogenases (enzymes that form H2). 

Along a second track, research on the genetic level to increase the understanding of critical steps in 

photosynthetic alga and cyanobacteria was performed. Detailed knowledge about the enzymes involved, 

is crucial for the synthetic chemists. These studies are also directly aimed at improvement of the H2 

producing capability of the organisms, using genetic and metabolic engineering. The project intends to 

link the fragmented European research, and provide the critical mass of expertise that is necessary to 

challenge the USA in this competitive area with its large future implications. 

A) Project Partners 

 UPPSALA UNIVERSITET (Sweden) [21] 

Uppsala University is the oldest university in the Nordic countries, with a living cultural environment and 

fantastic student life. There are 40,000 students here, and they are seen, heard, and noticed 

everywhere. World-class research and high quality education pursued here benefit society and business 

on a global level. The University is characterized by diversity and breadth, with international frontline 

research at nine faculties and limitless educational offerings at Bachelor’s and Master’s levels. 

 

 BIOLOGICAL RESEARCH CENTER OF THE HUNGARIAN ACADEMY OF SCIENCES 

(Hungary) [70] 

The Biological Research Centre (BRC), Hungarian Academy of Sciences, Szeged is an outstanding 

institution of the internationally acknowledged Hungarian biological research. The Biological Research 

Centre was founded in 1971. The 4 institutes of BRC - the Institutes of Biophysics, Biochemistry, 

Genetics and Plant Biology - employ about 260 scientists whose work is hall-marked by highly 

appreciated international scientific publications and patents. The research topics include several fields of 

molecular and cell biology from the industrial utilization of bacteria through controlled improvement of 

cultivated plants to the problems of human health and environmental protection. BRC is mainly a 

scientific basic research centre, but scientists of BRC play an initiative role in the foundation and 

promotion of biotechnological companies, as well as in educational duties. The successful activity and 

high-level scientific research pursued in BRC were also acknowledged by the European Molecular 

Biological Organization (EMBO) and in 2000 the European Union awarded the title of “Centre of 

Excellence“ to BRC. 
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 COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA) (France) [64] 

The CEA is the French Alternative Energies and Atomic Energy Commission (Commissariat à l'énergie 

atomique et aux énergies alternatives). It is a public body established in October 1945 by General de 

Gaulle. A leader in research, development and innovation, the CEA mission statement has two main 

objectives: To become the leading technological research organization in Europe and to ensure that the 

nuclear deterrent remains effective in the future. 

The CEA is active in four main areas: low-carbon energies, defence and security, information 

technologies and health technologies. In each of these fields, the CEA maintains a cross-disciplinary 

culture of engineers and researchers, building on the synergies between fundamental and technological 

research. 

 

 MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 

(Germany) [65] 

The Max Planck Society is Germany's most successful research organization. Since its establishment in 

1948, no fewer than 18 Nobel laureates have emerged from the ranks of its scientists, putting it on a par 

with the best and most prestigious research institutions worldwide. The more than 15,000 publications 

each year in internationally renowned scientific journals are proof of the outstanding research work 

conducted at Max Planck Institutes – and many of those articles are among the most-cited publications 

in the relevant field. 

What is the basis of this success? The scientific attractiveness of the Max Planck Society is based on its 

understanding of research: Max Planck Institutes are built up solely around the world's leading 

researchers. They themselves define their research subjects and are given the best working conditions, 

as well as free reign in selecting their staff. This is the core of the Harnack principle, which dates back to 

Adolph von Harnack, the first president of the Kaiser Wilhelm Society, which was established in 1911. 

This principle has been successfully applied for nearly one hundred years. The Max Planck Society 

continues the tradition of its predecessor institution with this structural principle of the person-centred 

research organization. 

The currently 82 Max Planck Institutes conduct basic research in the service of the general public in the 

natural sciences, life sciences, social sciences, and the humanities. Max Planck Institutes focus on 

research fields that are particularly innovative, or that are especially demanding in terms of funding or 

time requirements. And their research spectrum is continually evolving: new institutes are established to 

find answers to seminal, forward-looking scientific questions, while others are closed when, for example, 

their research field has been widely established at universities. This continuous renewal preserves the 

scope the Max Planck Society needs to react quickly to pioneering scientific developments. 

 

 RUHR-UNIVERSITAET BOCHUM (Germany) [69] 

Located in the midst of the dynamic, hospitable metropolitan area of the Ruhr, in the heart of Europe, the 

Ruhr-Universität Bochum (RUB) with its 20 faculties, RUB’s disciplinary institutional units, is home to 

5,600 employees and over 41,000 students from 130 countries. All the great scientific disciplines are 

united on one compact campus. 

The RUB is on its way to becoming one of the leading European universities of the 21st Century. Almost 

all courses are offered as Bachelor and Master degree programmes. The University excellence 

programmes have made themselves an international name: The Research School is an international 

college for structured doctoral research in the life sciences, natural sciences, engineering, the humanities 

and social sciences. Interfaculty and interdisciplinary Research Departments, which are mutually, 

nationally and internationally networked, sharpen the profile of the RUB. Added to this is an unsurpassed 

programme for the promotion of Early Career Researchers, and an excellent infrastructure.  
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What makes it all come alive is the people who meet on campus with their thirst for knowledge, their 

curiosity, and their commitment. They help shape the RUB and their open-mindedness makes the RUB 

an attractive place for people from around the world. 

 

 UNIVERSITE DE GENEVE (Switzerland) [71] 

Founded in 1559 by Jean Calvin, the University of Geneva (UNIGE) is dedicated to thinking, teaching, 

dialogue and research. With 16’000 students of more than 140 different nationalities, it is Switzerland’s 

second largest university. 

UNIGE offers more than 280 types of degrees and more than 250 Continuing Education programmes 

covering an extremely wide variety of fields: exact sciences, medicine and humanities. Its domains of 

excellence in research include life sciences (molecular biology, bio-informatics), physics of elementary 

particles, and astrophysics. UNIGE is also host and co-host to six National Centres of Competence in 

Research: Frontiers in Genetics, Materials with Novel Electronic Properties (MaNEP), Chemical Biology, 

Affective Sciences, Synaptic Bases of Mental Diseases and LIVES-Overcoming vulnerabilities in a life 

course perspective.  

Just like the city of Geneva itself, the university enjoys a strong international reputation, both for the 

quality of its research (it ranks among the top institutions among the League of European Research 

Universities) and the excellence of its education. This acclaim has been won in part due to its strong ties 

to many national and international Geneva-based organizations, such as the World Health Organization, 

the International Telecommunications Union, the International Committee of the Red Cross, and the 

European Organization for Nuclear Research. 

 

 UNIVERSITÉ PARIS-SUD XI (France) [111] 

Paris-Sud is particularly recognized for the high level of its basic research, most notably in mathematics 

and physics. In Health Sciences, its research has had rich and fruitful results in therapeutic innovation in 

a large number of medical fields. Its Law, Economics and Management teams carry out highly original 

research in fields such as new technologies and innovation. Finally, a large number of interdisciplinary 

research projects are also being carried out in fields such as sport and human motricity, for example. All 

this research activity takes place in laboratories which are shared for the most part with major research 

organizations including CNRS, Inserm and CEA, whose involvement has considerably enhanced the 

international reputation enjoyed by the research facilities. 

Paris-Sud University is renowned not only for its research but also for the extent and variety of its 

courses and programmes, both in academic disciplines at Bachelor, Master’s, and PhD levels, and in 

technical training. Multidisciplinary curricula with teaching supported by cutting-edge research combine 

with innovative teaching to accommodate a wide variety of students from newcomers in their first year to 

those undertaking lifelong learning. Programmes focus on the needs of society and, even at doctoral 

level, on training students to enter the job market. The University's exceptional living and working 

environment provides students and young scientists with the best possible conditions for acquiring state-

of-the-art knowledge and skills and enjoying student life. 

 

 WAGENINGEN UNIVERSITEIT (Netherlands) [73] 

Besides being declared the 'Best University for full-time education in The Netherlands', Wageningen 

University also saw all its study programmes get good reviews. Out of the 19 bachelor programmes, 14 

were qualified as 'Top-quality programme' by the Keuzegids, which was published on 28 October 2014. 

In the whole of The Netherlands, 61 programmes have been qualified as 'Top-quality programmes', so 

that means almost a quarter of them are in Wageningen. Top-quality means that they were given a score 

of 76 or higher (out of 100). All programmes were rated by education experts and students. The two 
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courses with the highest scores in the Netherlands are the Wageningen University bachelor programmes 

Plant Sciences and International Land and Water Management (both with a score of 94 out of 100). 
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