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1. PUBLISHABLE FINAL REPORT 

1.1 EXECUTIVE PUBLISHABLE SUMMARY 
RES2H2 Project: “Cluster Pilot Project for the Integration of renewable Energy 

Sources into European Energy Sectors using Hydrogen” 
 

1. RES2H2 PROJECT 
The RES2H2 Project (Cluster Pilot Project for the integration of 
renewable Energy Sources into European Energy Sectors using 
Hydrogen) aims for the integration of wind energy with 
technologies of storage of hydrogen, fuel cells and desalination 
by inverse osmosis, within the Fifth Framework Programme of 
research of the European Union. This project has been 
development at two principal test sites: one in Greece and the 
other in Spain 
This will be done by designing self-sufficient energy systems 
driven by wind energy, capable of producing "Green" hydrogen 
and of generating electricity and fresh water, making use of the 
features of hydrogen both as fuel and as storage medium as well 
as energy vector.  
2. GREEK TEST SITE 
At the Greek Centre for Renewable Energy Sources (CRES), 
situated Keratea Attikis, near Lavrion, the hydrogen plant is 
composed of a water electrolysis unit of 25 kW with a nominal 
capacity of 0’45 kg/h hydrogen, metal hydride tanks for long 
term storage at high efficiency and a hydrogen compressor for 
filling high pressure cylinders. All electricity users are supplied 
by the central power board, which is connected to an Enercon 
E40 wind turbine. The system is controlled by a Programmable 
Logic Controller (PLC) and monitored on a personal computer, 
with data acquisition. 
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Fig.1: Block diagram of the hydrogen process plant at the wind farm 

of CRES in Keratea 
The block diagram of the hydrogen process plant, shown in 
Figure 1, is mainly composed of the following components: 
1. the water electrolyzer 
2. the metal hydride tanks (MHT) 
3. the buffer 
4. the compressor 
5. the filling station 
The plant also comprises some auxiliary components, which are 
necessary for the correct operation of the plant: 
6. the cooling water unit and tank 

7. the instrument air compressor 
8. the hot water boiler for the metal hydride tanks 
9. the demineraliser 
3. SPANISH TEST SITE 
The object of the STS prototype is supply of energy and water to 
a system isolated from the network by making use of wind 
energy, for which purpose the energy generated by a wind 
generator, given the fluctuating nature of this energy source, is 
stored in the form of hydrogen when it cannot be consumed.  In 
this way, a greater availability of energy in the absence of wind 
is achieved, with which it is intended to supply an isolated 
community with electricity, using fuel cells powered by 
hydrogen, and with water, with an inverse osmosis plant. 
The system described is at the facilities of the ITC in Pozo 
Izquierdo, Gran Canaria, Spain. This location has medium wind 
speeds, making it possible to test systems based on wind energy. 

 
Fig.2: Gen. view of the Res2H2 system at the Spanish test site 

The Elements of the system are: 
1. Three variable dumping loads of 10 kW each, for a total of 

30 kW, which simulate dynamically, the electrical power 
consumption of the village. 

2. Medium power wind generator. Initially Vestas V27 of 225 
kW. 

3. A desalination plant by inverse osmosis with a maximum 
power of 30 kW with a production running from 7 to 115 
m3/d of desalinated water. 

4. An electrolyzer with a nominal power of 55 kW and 
maximum production of hydrogen of 11 Nm3/h, 

5. A tank for the storage of hydrogen with a capacity of 500 
Nm3H2

 at a pressure of 25 bars 
6. 6 fuel cells of 5 kW each, with a total power of 30 kW 
7. 6 single phase inverters  
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1.2 PUBLISHABLE SYNTHESIS REPORT 
The Part 2 of this document; the Detailed Final Report, doesn’t contained any confidential information, so all the 
document is publishable. 

2. DETAILED FINAL REPORT 

2.1 OBJECTIVES AND STRATEGIC ASPECTS 
The European Union has both an external energy dependence problem and environmental problem both in terms 
of air quality and in order to comply with the Kyoto commitments. For the first, as this project will enhance the 
use of potentially idle renewable energies potential it will contribute to the reinforcement of the energy self-
dependence and, at the same time, contribute to the achievement of the limitation of Greenhouse gases 
emissions. 

The RES2H2 Project (Cluster Pilot Project for the integration of renewable Energy Sources into European 
Energy Sectors using Hydrogen) aims for the integration of wind energy with technologies of storage of 
hydrogen, fuel cells and desalination by inverse osmosis, within the Fifth Framework Programme of research of 
the European Union. 

The main objective is the integration of RES and hydrogen technologies. This will be done by designing self-
sufficient energy systems driven by wind energy, capable of producing "Green" hydrogen and of generating 
electricity and fresh water, making use of the features of hydrogen both as fuel and as storage medium as well as 
energy vector. The direct applications of this project are: 

a) Stand-Alone system for water and electricity: To provide continuous electricity and water from wind 
turbines for a remote community; 

b) Stand-Alone system for Green hydrogen: To produce "Green" hydrogen from wind energy and store and 
compress the hydrogen that could be fed to the existing hydrogen markets. 

Four initially separate renewable-to-hydrogen projects have been integrated into one European-wide project with 
two principal test sites: one in Greece and the other in Spain. 

In these projects the objectives will be reached by developing actions related to: 

• Numerical Simulation Systems; 
• Two Different Electrolyzers; 
• Two Different Hydrogen Storage Systems; 
• A High Power Fuel cell System; 
• An Integrated Water Desalination System; 
• Power and Control Units for Global Systems; 
• Two Wind-Hydrogen Integrated Installations. 

The objective of the Project has been achieved with the integration of the different components in a system 
capable of producing hydrogen from wind energy. 

Our main objective is to test the stand alone system and record enough real data to calculate the efficiency and to 
evaluate the system functionality over a long term testing period. Different configurations will be tested to 
optimise the system. 
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The valuation of other different aspects such us maintenance, safety in operation, economics of operation and 
life time of components will be study. 

Industrial developments: New activities linked to the production of the different necessary equipments 
(pressurised tanks, electrolyzers, etc), the transport sector (adaptation of existing or new engines) and the 
maintenance of these equipments. 

Standards, regulations and norms: Although not special outcomes are expected in this field, actually all the 
equipment has to comply with existing norms and regulations, it is expected that the new opportunities that the 
project will bring could serve to technologically update the existing norms to the new realities open by the 
project. 

Environment: Optimise the potential use of renewable energies as to produce another clean fuel such as 
hydrogen and opening the way of an increased use of this fuel in the heavy polluting transport sector. It is not 
expected in the other hand any special repercussion, either positive or negative in the health and working 
conditions field. 

Employment and economic benefits: As a result of the industrial possibilities is possible to create some 
thousands of new employment in the short term and notably in areas more sensible to unemployment situations. 
But, at the same time it will require supportive training programs in these new technologies. So, as a whole the 
global social positive effects could be considered as positive and important. 

2.2 SCIENTIFIC AND TECHNICAL DESCRIPTION OF THE 
RESULTS 

It has been achieve to design, install and test technologies for hydrogen production, storage and use in two 
existing wind parks, one in Greece and the other in Spain: 

For the case of the Greek Test Site (GTS), at the experimental wind park of the Centre for Renewable Energy 
Sources (CRES), situated in Keratea Attikis, near Lavrion, the hydrogen plant is composed of a water 
electrolysis unit of 25 kW with a nominal capacity of 0.45 kg/h hydrogen, metal hydride tanks for long term 
storage at high efficiency and a hydrogen compressor for filling high pressure cylinders. All electricity users are 
supplied by the central power board, which is connected to an Enercon E40 wind turbine. The system is 
controlled by a Programmable Logic Controller (PLC) and monitored on a personal computer, with data 
acquisition. 
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Fig. 1: Greek Test Site 

For the case of the Spanish Test Site (STS), the RES2H2 Project is within the facilities of the ITC, S.A. in 
Playa de Pozo Izquierdo, in the Municipal District of Santa Lucía, Gran Canaria. The hydrogen and water is 
produced and stored, through the direct connection of a Vestas 27 (225 kW) wind turbine to an electrolyzer, with 
a nominal capacity of production of 11 Nm³/h at 25 bars, and a reverse osmosis unit, respectively. Hydrogen is 
going to be used for the production of electricity through fuel cells. Actually, the power supply is simulated from 
the wind turbine data, and the equipments are connecting to the grid. 

 

 
Fig. 2: Spanish Test Site 



 

 

 
EUROPEAN COMMISSION EESD 
Contract N°: ENK5-CT-2001-00536 

 

 

RES2H2 
 
Page:8 of  80                                    Cluster Pilot Project for the Integration of RES into European Energy Sectors using Hydrogen 
 

 
RES2H2 REFERENCE: RES2H2 02 01 FR  06/11/2008 

16:21 
Res2H2_FR_1.doc 

Internal partner reference:  Res2h2-002 Issued by: WP Doc. Type: Order N°: Date: Name: 
 

 

2.2.1 STATE OF THE ART 
First, it is necessary to emphasize, that for the correct exposition and later development of the project it was 
necessary to make, previously, a research in depth of the existing state-of-the-art in the technologies of 
Hydrogen and equipment. In particular, the information search was focused in the types of existing electrolyzers, 
storage systems and different technologies from fuel cells. 

During last years, several studies have been carried outdealing with integration of renewable energies and 
suitable form of energies that can be stored. Hydrogen satisfy such criteria of been “storable” and has been 
focused in a lot of papers, experiences, feasibility studies and pilot plans to solve the planet global warming and 
energy rational use problems. 

Currently the development of the technologies of hydrogen is being given a great boost due above all to the fears 
caused by climate change, greater public awareness and the rapid increase in oil prices.   

For these reasons, around the world the technologies of hydrogen and fuel cells are being developed and 
optimised for stationary applications as well as portable ones and for transport.   

Little by little, the hydrogen economy is taking the first steps with examples in large cities such as Berlin which 
currently has two hydrogen generators and 17 hydrogen vehicles. Another example might be California with 24 
hydrogen generators, 128 vehicles and 8 hydrogen buses.  

Demonstration projects are being carried out all over the world. The RES2H2 Project (Cluster Pilot Project for 
the integration of renewable Energy Sources into European Energy Sectors using Hydrogen) aims for the 
integration of wind energy with technologies of storage of hydrogen, fuel cells and desalination by inverse 
osmosis, within the Fifth Framework Programme of research of the European Union. 

Regarding the projects related with hydrogen and fuel cells in Spain (http://www.roads2hy.com/), the following 
table shows the projects which are being carried out on each matter according to the European Commission: 

Subjects dealt with Number of projects 
Hydrogen and Fuel cells 16 
Systems of production of H2 44 
Systems of distribution of H2  0 
Hydrogen filling station 3 
Systems of demonstration 10 
Communities with potential use of H2 3 

Some others examples of the production of hydrogen with renewable energies are these: 

1. Utsira: Project for energy self-sufficiency of this island located in the south of Norway, which has two wind 
generators of 600 kW each, an electrolyzer with a production of 10 Nm3/N, a storage capacity of 2,400 Nm3 
at a pressure of 200 bars, and a fuel cell of 55 kW. 

2. HARI: (Integration of hydrogen with renewables). Carried out by CREST (Centre for Renewable Energy 
Systems Technology), Loughborough University, United Kingdom. Demonstration project for the design, 
implementation and operation of a system for energy storage in the form of hydrogen by means of renewable 
energies. 

3. Wind2H2: Project carried out by NREL [1] on the hydrogen economy using electrolyzers powered by wind 
energy, in relation to a planned demo-project on a Norwegian island. It is shown that the size of the 
hydrogen storage unit is very dependent on the WECS size and the operation mode of the system. In stand-
alone operation the storage unit contributes significantly to the investment costs. According to the 
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preliminary economical analysis of the study, the wind/H2 stand-alone system has an investment cost four 
times higher than a comparable wind/diesel-system.  

4. Hydrohybrid: At the ITC, in the Canary Islands, a demonstration project of hydrogen production using 
renewable energies has recently been opened. It’s a hybrid wind-photovoltaic demonstration project for the 
production of hydrogen on a small scale. The energy comes from a photovoltaic field of 3 kWp of power and 
a wind generator of 10 kW. It has a polymeric electrolyzer of 10 kVA and a compressor which helps to store 
the hydrogen at 200 bars. The hydrogen produced will be used to power small vehicles with hydrogen cells. 

5. SWB is a facility well-integrated. During design phase, and operation, coupling issues investigated were: 
The electricity produced by the photovoltaic field was distributed and/or distributed according to 
downstream needs. Surplus of electricity from PV was injected into the grid and vice versa when required. 
Direct coupling of solar generator and electrolyzer was possible. 
Generation, treatment and storage of hydrogen were adjusted as a function of its final use. 
Control system philosophy consisted of a local control level by a PLC for each subsystem, an open bus-
system and a central control and monitoring system. 
Main characteristics are high availability by self-diagnostic, high transmission-safety via message protection, 
redundant archiving of data and automatic reprints to guarantee updated documentation. 

6. At the Stuart Energy Renewable test site matching of the components and control of the plant were the most 
significant aspect for the integration. 
In this case, was studied the matching way between electrolyzer and PV field (limiting the voltage or the 
current). 
Control of the system was affected by mechanical construction of electrolyzer. System control related to 
water level is manual and pressure is balanced using a water seal. Securities valves were provided to enable 
a safe and reliable operation of the system. 
Optimization analysis and system studies with different plant configurations were carried out at PHOEBUS 
facility to improve integration of components. 
Stability and controllability of direct coupling between PV field, batteries, electrolyzer and fuel cell was 
investigated. Main conclusion was that, if possible, DC/DC should be omitted and net energetic efficiency of 
the system can be improve up to 20 % ( from 54 to 65%) and overall cost could decreased significantly. 

7. The Schatz Solar Hydrogen Project took the decision of a direct coupling between electrolyzer and PV field 
after an in deep analysis of electrolyzer and PV characteristics curves. 
The control system implements action to supervise the safety of the system. A control algorithm enables a 
proper energy management of the system. 
Integration aspect started during the design phase of the INTA Project. At that stage, the I-V characteristic 
curves of the electrolyzer were used to try to get an adequate topology of the PV field trying to obtain a 
superposition of PV maximum power line and I-V characteristic of electrolyzer. This objective was only 
partially obtained and a new improvement of the system was done: in automatic way, electrolyzer can 
modify number of active cell, to produce a new I-V characteristic curve that can match maximum power of 
PV field. 

8. The Clean Air Now Project ensured all project partner felt safe with the hydrogen technologies to be 
implemented. The facility was designed using industrial standards, namely: 
 NFPA 50 A, Standard for Gaseous Hydrogen Systems at Consumer Sites. 
 NFPA 52, Standard for compressed Natural Gas. 
 NFPA 70, National Electric Code. 
 ASME/ANSI B31.3-1993, Code for Chemical Plant and Petroleum Refinery Piping. 
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 ASME Boiler and Pressure Vessel Code. 
9. Main improvement concerning the integration of components in the SAPHYS Project was the development 

and implementation of an algorithm to energy management between components, namely: PV field, 
electrolyzer, batteries and fuel cell. 

10. At Hydrogen generation from stand-alone Wind-powered Electrolysis systems at Enea´s Casaccia centre 
main question related integration were the options to supply energy to electrolyzer from Wind turbine 
generator. Two options were analyzed: 
a. Introduction of a voltage transformer at the WTG output, with direct connection of the electrolyzer and a 

section of the battery pack to the common 50 V bus. Connection of the electrolyzer through a DC-DC 
controllable converter. 

b. The second option was choose due that enables changes in electrolyzer current. Wind energy and 
hydrogen energy systems. 
The existence of wind resources in remote places and the high costs of supplying electricity and fuel to 
communities in those places suggest that they could be the first to benefit from a switch to a hydrogen-
based fuel economy. The use of wind power to produce hydrogen through the electrolysis of water, in 
particular the problem of matching the fluctuating power output from a wind turbine to the smoother 
input requirements of a standard electrolyzer, has been explored in several works [2]. 

11. A 100 kW windmill and a 20 kW alkaline pressure electrolyzer have been operated in Complex Laboratory 
at the University Stralsund for several years. This electrolyzer has been developed and is maintained by 
ELWATEC GmbH Grimma. The background for operating the electrolyzer is the use of hydrogen as an 
energy carrier. The hydrogen storage tank has a geometrical volume of 8 m3. Since the system works without 
a compressor, the tank is only used to the maximum pressure of the electrolyzer. Under 25 bars the tank 
contains 200 Nm³ hydrogen and is filled within 50 hours. A two stage compressor with an output pressure of 
300 bars is available for filling up tanks or bottles [3].  

12. A wind energy conversion system and a hydrogen system consisting of an electrolyzer, a hydrogen storage, 
and a fuel cell integrated into an existing diesel engine generator system has been analyzed [4] [5]. The 
purpose of work was to design a realistic system that minimizes the diesel fuel consumption and maximizes 
the renewable energy penetration, using an integrated hydrogen energy system. The methodology selected 
was to simulate and analyze a number of system configurations. The key design and control parameters for 
the diesel engine gen set, electrolyzer, hydrogen storage, and fuel cell was investigated, and near-optimal 
system designs were proposed. Recommendations on how a set of cost functions can be incorporated into a 
generic optimization program was given. 

2.2.2 SYSTEM LAY OUT 
The preliminary design has been based on engineering considerations, taking into account the eventual budget 
limitations. The system layouts of the Spanish and Greek demonstration sites have been established, according to 
the information available on the particular subsystems. The two layouts present several differences, due to the 
incorporation of distinct subsystems. The main common feature lies in the integration of the wind turbine with 
an electrolysis unit. 

At the Greek test-site, a water electrolysis unit of 25 kW (5 Nm3/h H2 capacity) is connected to the 400 V line 
of the 500 kW synchronous Enercon E40 wind turbine. The pure hydrogen produced by electrolysis at 19 bar is 
further purified and either stored in a metal hydride tank of 42 Nm3 H2 capacity, or compressed and stored in 
hydrogen cylinders at 200-220 bar. A small conventional buffer tank on the medium pressure line (nominal 19 
bar) moderates the pressure and flow variations. When the electrolyzer is not in operation, the hydrogen stored in 
the metal hydride tank can be used to supply the compressor and fill the hydrogen cylinders. The block diagram 
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of the hydrogen process plant is shown in Figure 3. The hydrogen plant is mainly composed of the following 
components: 

1. the water electrolyzer 
2. the metal hydride tanks (MHT) 
3. the buffer 
4. the compressor 
5. the filling station 

The plant also comprises some auxiliary components, which are necessary for the correct operation of the plant: 

6. the cooling water unit and tank 
7. the instrument air compressor 
8. the hot water boiler for the metal hydride tanks 
9. the demineraliser 
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Fig. 3: Block diagram of the hydrogen process plant at the wind farm of CRES in Keratea 

The Spanish prototype is located at the facilities of the ITC at Pozo Izquierdo, Gran Canaria, Spain. This 
location is at sea level with medium wind speeds, making it possible to test systems based on wind energy.  

The elements of the system are: 

1. Medium power wind generator. Initially, Vestas V27 of 225 kW. 
2. Three variable dumping loads of 10 kW each, for a total of 30 kW, which simulate dynamically, the 

electrical power consumption of the village. 
3. A desalination plant designed to supply the drinking water needs of the small community, and which is a 

significant electricity consumer of the system. The seawater desalination plant by inverse osmosis with a 
maximum power of 30 kW, permits flexible operation with partial loads, with a production running from 7 
to 115 m3/d of desalinated water. A small part of this production will be extracted to feed the electrolyzer 
(maximum consumption of 0’09 m3/h) and the rest for the consumption of the location.   

4. An electrolyzer with a nominal power of 55 kW and maximum production of hydrogen of 11 Nm3/h, capable 
of reducing its production so as to adapt it to the available energy supply. 
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5. A tank for the storage of hydrogen with a capacity of 500 Nm3H2 at a pressure of 25 bars, with which there is 
a reserve of energy of some 650 kWhe for the moments when wind power is not sufficient to supply the  
electricity consumption of the community. 

6. 6 fuel cells of 5 kW each, with a total power of 30 kW, which make it possible to transform the chemical 
energy stored in the hydrogen, into electrical energy. Each cell has a consumption of hydrogen at nominal 
power of some 4 Nm3H2/h at a pressure of 5 bars.  

7. 6 single phase inverters which transform the energy generated by the cells in the form of direct current 
(48VDC) into alternating current. The installation has six inverters which are each connected to one cell, 
with a nominal power of 5 kW which are connected to generate a three-phase electricity network. These 
inverters are capable of being synchronised with an existing electricity network or alternatively of generating 
an isolated electricity network.   

In the following diagram, figure 4, the main pieces of equipment are shown together with their layout. Likewise, 
the main interconnections of electrical energy, hydrogen and water are included: 

 
Fig. 4: Layout of the system at the Spanish test site 

The stand-alone operation requires the correct energy distribution. For this reason certain criteria have to be 
established, as well as and priorities related to the energy consumption and generation, depending on 
circumstances. 
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2.2.3 CHARACTERISATION ON WIND ENERGY SYSTEM 

2.2.3.1 GREEK TEST SITE 

At the Greek Test Site, CRES has commissioned in April 2001 an ENERCON E-40 wind turbine at its wind 
park in Keratea, near Lavrion, Greece. This wind turbine was chosen to the other types of wind turbines 
available at the park, due to the fact that it is a synchronous machine, capable of matching the loads connected to 
it and is thus more suitable for stand alone operation – which is one of the aspects this project wishes to 
investigate. There are more than one year’s data, consisting of: 

• 10-minute average, minimum and peak wind velocity (m/s) 
• 10-minute average, minimum and peak power (kW) 
• 10-minute average, minimum and peak rotational speed (rpm) 
• Standard deviation of power and rotational speed 

The data acquisition rate is approximately one set of measurements every 1.5 seconds, and this rate can be 
applied whenever necessary. In general, data are processed by the wind turbine’s control and monitoring system 
and recorded for 10-minute intervals. 

Real time data of the power produced by the Enercon E-40 and other wind turbines installed in the park of CRES 
can be found in the web at the following site: http://www.creswindfarm.gr/site1/index.htm At this site, the top 
graph shows the power produced during the last 10 minutes with a 1.5 second time step, while the lower graph 
shows the production during the last 48 hours with a 10 minute step. The graphs are updated every 10 minutes. 

 
Fig. 5: Power production in kW from the wind park of CRES 

 for a period of 10 minutes and 1.5 sec resolution 

An example of real time data that can be accessed at the site mentioned above is presented in figure 5. The 
yellow line shows the production of the Enercon E-40 while the red line shows the production of the NEG-
Micon 750 kW wind turbine. The top green line shows the total power produced by the wind park, which 
includes a Vestas 660kW wind turbine. Rates of increase or decrease of power output of the order of 80 and even 
100 kW/sec have been observed when processing the 1.5-sec data. Figure 6 shows the production of the park in 
48 hours, displaying 10-minute average data. 
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Fig. 6: Power production in kW from the wind park of CRES 

for a period of 48 hours and a 10 minute resolution 

2.2.3.2 SPANISH TEST SITE 

At the Spanish Test Site, initially, we studied the possibility to implement the hydrogen production project with 
two options: 

1. Use one of the two ENERCON (model E-30, 230 kW) wind turbines installed in the ITC facilities of Pozo 
Izquierdo (Gran Canaria Island) close to the shore; they have been operating since August 1998. The wind 
mills were working in grid connection along the first year; in August 1999 a technical equipment of 
ENERCON installed the rest of components of the wind energy system (flywheel, UPS, control parts) and 
performed the first off grid tests. The wind turbines were in operation along the following years without 
serious failures, nevertheless a continuous maintenance has been carried out by ENERCON staff due to the 
high corrosion environment, caused by dust in the wind and salt from the sea. 

2. Use one of the two Vestas wind turbines (model V-27, 225 kW) installed in the ITC facilities of Pozo 
Izquierdo (Gran Canaria Island) are part of a wind farm located about 300 m behind the two Enercon wind 
mills (in the south direction); they have been operating since April 1999. The windmills have been always 
working in grid connection. The wind turbines were in operation along the following years without serious 
failures, nevertheless a continuous maintenance has been carried out by ACSA staff due to the high 
corrosion environment, caused by dust in the wind and salt from the sea. 

There are two types of wind generators technologies in the project: Vestas and Enercon. Vestas has a fixed speed 
turbine, with variable pitch and an induction generator, directly connected to the grid. The generator has two 
coils in the stator, one of 8 and one of 6 poles. Enercon has a variable speed turbine, with variable pitch and a 
synchronous generator with permanent magnets. The stator is connected to a converter that has a stage of 
rectification and a stage of inversion for grid connection. 

The current variations depend on the wind variations and on the wind generator control. The permitted intervals 
of variations of voltage and frequency are the same that the legislation allows to other generators. In Spain, those 
variations are from +/- 4% in voltage and from +/- 1% in frequency. 
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The voltage and frequency variations depend on the control of the wind turbine and on the characteristics of the 
grid in which the generators are connected. Gran Canaria electricity system is an insulated system, but it can be 
considered as an infinite power system (700 MW) in comparison with a 225 or a 230 kW wind turbine. The final 
objective is that the equipment, in Gran Canaria, must compose a system not connected to the grid, so the control 
of the system has to do a load regulation to control the frequency variations. A voltage control has to be 
implemented too, because the control of the two types of generators depends on the frequency and voltage that 
the generators see in the insulated grid. 

During the initial tests, the system has a connection to the electricity network through the insulation transformer 
of the project. With this initial data taken phase for the behaviour of the system it will be possible to define the 
appropriate wind generator capable of satisfying the demands of the project in the isolated system. Currently, the 
data of a Vestas ACSA-V27 225 kW wind generator which is close to the project are available. Thanks to this, 
the installations only consume the power generated by the wind generator. The signals are sent thanks to a 
wireless connection from the transformation centre of the wind farm to the project control shed. 

2.2.4 ELECTROLYZER FOR OPTIMISED INTEGRATION 

2.2.4.1 GREEK TEST SITE 

The 25 kW, 5 Nm3/h pressurised water electrolysis unit supplied by Casale Chemicals, Switzerland, is composed 
of three main items: 

• the process unit, including the electrolysis cell stack, all the equipment necessary to feed the demineralised 
water to the electrolysis process and separate the gaseous products as well as the hydrogen purification 
section; 

• the electric power converter, transforming and rectifying the alternate current and providing the direct 
current flow powering the electrolysis cells; 

• the control cabinet, housing the centralised monitoring and control instruments, which supervise 
automatically the electrolytic process, and carrying the control panel with related operator interface. 

The total power input of 25 kW refers to the AC electrical consumption of the whole plant, including 
electrolysis, hydrogen purification, electrical power supply and control panel. 

The electrolysis stack is made up of several bipolar cells between two end covers. Each cell comprises a cathodic 
electrode compartment where hydrogen is generated and an anodic electrode compartment, where oxygen is 
generated. The two gases are kept separated by a membrane permeable to electric charges and delivered to the 
respective collecting channels. 

The frames enclosing the cell compartments are made in composite material based on a techno-polymeric 
matrix, fiber-reinforced. They are electrically non-conductive and thermally insulating, with no external surfaces 
under potential, minimizing the parasitic currents inside the cell assembly, conserving the heat during 
electrolysis cut off and simple O-ring gaskets for preventing fluid leakage. The frames for high pressure 
operation are realized in two different composite materials: an internal one to withstand the chemical attack of 
the electrolyte, and an external one, filament-wound, providing the necessary mechanical strength. The metallic 
end covers of the stack and all other metallic plant items are grounded at zero potential, an important fact for 
accidents prevention. 
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 Fig. 7: Electrolyzer at the Greek Test Site  

The detailed technical specifications of the electrolyzer are presented in the following table: 

Technical Specifications of the water electrolyzer 
Nominal production capacity of purified hydrogen 
Capacity controllable in the range 
Operating temperature 
Design temperature 
Operating pressure (minimum) 
Operating pressure (maximum) 
Design pressure 
Hydrogen purity before purification (dry gas, full load) 
Oxygen content in hydrogen before purification 
Hydrogen delivery temperature 
Hydrogen purity after purification (wet gas) 
Oxygen content in hydrogen after purification 
Atmospheric dew point after purification 
Drier operating mode 
Electrolyte type 
Electrolyte concentration 
Electrolyte quantity 
Total power consumption at full load 
Specific power consumption of the stack at full load 
Specific power consumption of the purifier at full load 
Installation 
Materials of construction 
    for structure, vessels, valves, piping 
    for cell frames 

5 Nm3/h (0.45 kg/h) 
15-100 % 
80ºC 
90ºC 
10 bar 
20 bar 
22 bar 
99’8 % vol 
0’2 % vol 
≤ 40ºC 
≥ 99’98 %vol 
≤ 10 ppm 
≤ -40ºC 
Continuous, pressure swing type 
KOH solution 
25-30 %w 
120 liters 
25 kW 
4’5 kWh/Nm3  
0’01 kWh/Nm3 
indoor or under shed 
 
stainless steel 
reinforced polysulphone 
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Technical Specifications of the water electrolyzer 
    for conductive cell internals 
    for the diaphragms 
Demineralised water conductivity required 
Demineralised water flow (average, full load) 
Cooling water (20ºC) flow at full load 
Cooling water (20ºC) flow for purification 
Valve actuation  
Electrical power supply (voltage, frequency, phases) 
Total installed power 
Range of DC flow output 
Range of DC voltage 
Dimensions of the process part (length/width/height) 
Dimensions of the control cabinet (l/w/h) 
Dimensions of the power supply cabinet (l/w/h) 
Weight of the process part 
Weight of the electrical power supply cabinet 
Max. ambient air temperature for cooling power supply 

nickel 
polysulphone 
≤  5  µS/cm 
4’1  l /h 
0’37 m3/h 
0’02  m3/h 
pneumatic 
380-400V, 50 Hz, 3 
45 kVA 
0-300 ADC 
0-120 VDC 
2200 / 1100 / 2300  mm 
1000 / 600 / 2000  mm 
1000 / 600 / 2000  mm 
2750  kg 
750 kg 
35°C 

Hydrogen and oxygen from the electrolysis stack reach the hydrogen and oxygen vessel respectively (HV and 
OV), where they are separated from the entrained electrolyte. The separated liquid phase is returned back to the 
electrolysis stack by gravity flow. The bottom sections of these vessels are connected by a pipe to equalize the 
pressure of the two gases, avoiding any possible overpressure reflecting on the electrolysis cells membranes. The 
excess heat generated by the electrolysis is removed, in order to control the electrolyte temperature, by cooling in 
the lower part of HV and OV. The electrolyte level in OV is kept constant automatically, by the intermittent 
release of oxygen through the oxygen delivery valve. The level in HV is automatically controlled by feeding the 
demineralised water in the system through the pump WP. The liquid levels in OV and HV must guarantee the 
hydraulic separation between oxygen and hydrogen gas. Appropriate level switches limit the possible excursion 
of the liquid levels. The loss of level causes the electrolysis operation to be tripped up. 

Hydrogen and oxygen are cooled at the top of HV and OV, where most of the entrained water vapour is 
condensed, and reach the respective filters HF and OF. In the filters, the misty particles entrained coalesce into 
larger liquid drops, which are separated and automatically recovered. A small stream of the filtered gases is 
expanded and analyzed, regarding the vol. % O2 in H2 and vol. % H2 in O2. The gas composition varies with 
load, and the vol. % O2 in H2 is connected to an alarm for safety reasons, ensuring that oxygen concentration 
does not approach the low explosivity limit of the gas mixture. 

After analysis, oxygen is entirely and safely vented to the atmosphere, through an atmospheric pressure 
separator, where entrained liquid is recovered, while hydrogen proceeds to the hydrogen purification section. 

2.2.4.1.1 HYDROGEN PURIFICATION SECTION 

At the exit of the electrolyzer and prior to the purification unit, hydrogen is delivered saturated with water at the 
operating pressure and temperature (i.e. at 20 bar, 30ºC, humidity = 1’6 g/Nm3). The hydrogen contains also 
some oxygen (approximately 0’2% vol. O2 in H2 at full load) at increasing quantities with decreasing load. This 
hydrogen purity is generally acceptable for supplying a fuel cell, but the oxygen and humidity are too high for 
filling a metal hydride tank. 
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The purification unit is composed of a hydrogen deoxidiser unit, based on a catalytic reactor, and a drier. In the 
deoxidiser, the oxygen content in the hydrogen flow is reduced to the ppm level for any load change of the 
electrolyzer. The water produced by deoxidation reaction is condensed in a cooler, separated and removed from 
the process by a condensate trap. 

In the drier, hydrogen crosses a fixed bed of granules adsorbing humidity, and the humidity content in the 
hydrogen flow is reduced at least down to 0’1 g/Nm3, or 126 ppmv, which corresponds to an atmospheric dew 
point of –40ºC. The drying section includes two drying vessels in parallel, in order to maintain the continuity of 
the process. While the first vessel is drying in-line the de-oxidated hydrogen stream, the second one is 
undergoing regeneration off-line. The vessel under regeneration is first depressurised (blow-down phase), then 
crossed by a small stream of dry hydrogen (purging phase), and re-pressurised with hydrogen (pressurisation 
phase), ready to be restored in-line. A three-way valve (HPV) allows to deliver hydrogen as such, or to pass it 
through the purification section. In both cases, hydrogen finally reaches the hydrogen drum, a buffer vessel, 
wherefrom it is delivered to the final user. 

A backpressure controller on the hydrogen delivery line keeps constant the operating pressure of the electrolysis 
and purification section, despite possible pressure fluctuations in the downstream gas handling facilities. 

There are two manually-operated plug valves to vent the system, for instance during electrolyte loading or 
unloading, but they must never be used with the plant under pressure. 

The electrolyzer contains a stainless steel tank for demineralised water, with sufficient autonomy for 30 hours of 
operation. Demineralised water is automatically transferred to the electrolysis process by the pump WP. 

2.2.4.1.2 UTILITIES 

Cooling water is considered available at 20ºC, at minimum 2 bar pressure. CRES has installed a closed water 
circuit, comprising a refrigeration unit, a cold water reservoir and a recirculation pump for the whole plant. 
Water is therefore available at a lower temperature of 12°C, which presented the disadvantage of overcooling the 
electrolyte, due to the excess exchange surface available. The electrolysis temperature varied between 70°C and 
80°C at steady state, instead of remaining closer to 80°C. Recently, this effect was minimized, by reducing the 
cooling water flow to the electrolyser, with the help of a valve. 

Nitrogen, provided by CRES in high pressure cylinders, and distributed at low pressure (5-7 bar) is used for  

• process unit inertisation whenever necessary,  
• pneumatic control valve actuation, which represents an estimated consumption of 15 Nm3/24 hours at full 

load 
• regeneration of the drying unit (unless hydrogen is chosen to replace nitrogen) 

An instrument air compressor was finally installed, in order to avoid the high nitrogen consumption for the 
pneumatic valve actuation. 

Demineralised water for electrolysis, is obtained by a simple ion-exchange resin column installed at the inlet of 
tap water, because the purity required is not very high (5 µS conductivity). 

2.2.4.1.3 POWER SUPPLY AND CONTROL SECTION 

The power supply and control cabinet is installed indoor, separately from the process section, in a ‘non-
hazardous’ zone. 

The main technical characteristics of the power supply and control cabinets are presented in the following table: 
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Technical Characteristics of the EPS and control cabinet 
Electrical power supply (voltage, frequency, phases) 
Total installed power 
Range of DC flow output 
Range of DC voltage 
Length of the electrical power supply cabinet (EPS) 
Width of the electrical power supply cabinet 
Height of the electrical power supply cabinet 
Weight of the electrical power supply cabinet 
Max. temperature of ambient air for cooling the EPS 
Length of the control cabinet 
Width of the control cabinet 
Height of the control cabinet 

380-400V, 50 Hz, 3 
45 kVA 
0-300 ADC 
0-120 VDC 
1600 mm 
600 mm 
2000 mm 
750 kg 
35ºC 
1600 mm 
600 mm 
2000 mm 

 

The electrolyser is controlled through its own Programmable Logic Controller (PLC), a Simatic S5 system by 
Siemens. The PLC of the electrolyser controls and monitors more than 50 different valves and signals, but most 
of them are not very useful to the final user. So, in order to simplify the central control of the integrated plant, 
only 8 digital signals, related to the status of the electrolyser, and 8 analog signals from measured variables were 
sent to the central PLC. 

2.2.4.1.4 SAFETY ISSUES 

The electrolyzer engineering design complies with all safety provisions in line with ISO TC 197 n 228 
(09.05.2002) “Basic Considerations for the Safety of Hydrogen Systems”, and all applicable Directives, Codes 
and Standards. 

The system design is of the fail-safe type, which means that for any component failure, the system gets 
automatically in safe conditions. A fully safe operation is guaranteed by a special shut-down procedure, 
actuating a balanced pressure release, and reverting the electrolysis unit into stand-by conditions. This automatic 
procedure is of the hard-wired type, transparent to the PLC, according to the safety regulations. In case of lack of 
energy, the control system is powered by a back-up battery and the electrolyzer automatically shuts-down when 
the battery charge is low. 

The automatic control system takes into consideration the prescriptions regarding the reliability of the system 
(i.e. DIN V 19 250 and EN 61069-5) in relation to its components. Process actuators (automatic control valves) 
are of pneumatic type, in order to minimize the electric equipment items on field. 

The electric plant engineering and execution are in accordance with the relevant European regulations regarding 
zones with potential hazards due to the presence of flammable gases. In particular, the process section is realised 
as equipment placed in Zone 2 (EN 60079-10, areas with potential, non-systematic presence of hydrogen). The 
determined Zone 2 area extends by only 0.25 m outside the three open sides of the process structure and 0.6 m 
above the same structure. The selected materials and components are classified following the proper European 
regulations (EN 60079-14), in execution pertinent to Zone 2 IIC T1. The power supply and control cabinet shall 
be installed indoor, separately from the process section, in a ‘non-hazardous’ zone. 

Pressure vessels are designed following pressure vessels’ codes in force, and are protected against overpressures 
by spring-loaded safety valves. 
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2.2.4.2 SPANISH TEST SITE 

The unit, supplied by AccaGen SA, Model P-1107-TN11-01, includes all the equipment for the safe production 
of pressurised hydrogen by means of alkaline electrolysis of water. It has a nominal capacity of production of 11 
Nm³/h at 25 bars. The quality of hydrogen produced is of 99’999% after purification. 

The electrolyzer is equipped with electrodes especially developed for applications in which the energy is 
generated in a discontinuous manner by means of a renewable source. 

The unit is installed in a container designed for a maritime environment; it’s equipped with the proper ventilation 
to maintain the internal temperature within the operating conditions of the plant, provided that the external 
temperature is within the established range. The hydrogen sensors installed in the container continuously check 
the internal atmosphere for the presence of hydrogen. In the case of a hydrogen leak, the plant is closed down 
and is inerted automatically with nitrogen. 

The container is divided into two areas, one in which the hydrogen generation and distribution system is located, 
which is classified as the ATEX area; and another in which the systems of electrical power, control, purification 
de water, refrigeration and auxiliary equipment are located. 

The area of the container where the generation and the processing of the gas are located is installed following the 
ATEX safety regulations. The lighting and ventilation of this area are in accordance with ATEX. The system is 
designed to function in areas with maritime environmental conditions.  Therefore, all the electrical equipment is 
selected following the applicable Directives and Codes (EEx d IIC T1 “explosion-proof components” and EEX 
ia IIC T1 (“intrinsic safety components”). 

There are sensors for the detection of hydrogen in both areas to detect any leak of hydrogen, in which case the 
alarm would be activated and the plant would be put in a safe condition.  

Each area has its own independent access from the exterior. 

The container is made up of the following subsystems:  

1. Alkaline electrolyzer for the production of hydrogen with controlled pressure and flow. It has a nominal 
production of 11 Nm3/h at a pressure of 25 bars. However, the generation fluctuates reaching levels of 15 
Nm3/h. The electrolyzer is powered from the direct current generated by the rectifier, which enters the stack 
of the cell, where the electrolysis takes place generating the hydrogen and oxygen from water. For this to 
happen, the stack has to be powered with a flow of de-ionized water, the raw material for electrolysis. The 
two gases are physically produced in the electrolysis cells, separated one from the other: the hydrogen is 
created at the cathode and the oxygen at the anode of the two electrodes located in each cell. The separation 
of the gases is ensured by the presence of a special diaphragm fixed between the two electrodes, based on a 
synthetic asbestos-free material. The resources required for the operativity of the electrolyzer are: de-ionised 
water, direct electrical current, refrigerant for the reactor and nitrogen as the inert gas.  

2. These flows of gases mixed with the electrolyte in the interior of the stack will be separate, filtered and 
dried. The hydrogen will be stored and subsequently distributed to the system of fuel cells in order to again 
generate electricity; the oxygen generated will be vented to the exterior.  

3. The electrolyzer has two safety valves for reducing pressure located on each of the internal tanks of 
electrolyzer where the hydrogen and oxygen are generated. The tare pressure of the valves is of 29 bars. 

4. The electrolyzer has a nominal production of 11 Nm3/h at a pressure of 25 bars. However, the generation 
fluctuates reaching levels of 15 Nm3/h. 

5. Supposing continuous generation at nominal power of the electrolyzer, the time required to fill the 500 Nm3 
tank up to the 25 bars of pressure. The source of power is based on an AC/DC rectifier, from which the 
direct current required for the process of electrolysis flows. This source is on a power board with the 
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corresponding protections. The power source is automatically regulated by the PLC so as to obtain 
maximum efficiency and maximum operational safety. The rectifier is protected against overloading and is 
capable of detecting faults in any of the phases.  

6. Control cabinet, centralising the monitoring equipment and the control instrumentation, based on a PLC with 
operator terminal and a screen, which manages, monitors and supervises all the parameters of the process. 
The plant is designed based on the principle of redundancy, in such a manner that the critical malfunctions 
can be detected by at least two different sensors. 

7. Power source based on a rectifier for connection to the network. 
8. Closed circuit refrigeration based on a water cooler. The cooling of the plant is carried out on the basis of a 

system of closed circuit refrigeration. The refrigerator has a refrigeration capacity of 4:1 with regard to 
energy consumption and therefore it is optimised for a minimum consumption of electrical energy. The heat 
exchanger of the refrigerator is designed for maritime environments. 

9. Water purifier by inverse osmosis. The plant is equipped with a water purification system, accepting the 
entry of water from the mains network or alternatively from the inverse osmosis plant. The system of 
purification has a sensor, which indicates whether the demineralised water produced has too much 
conductivity. In this case, the plant stops until the demineralised water is again of the quality required. 

10. The demineralised water constitutes the raw material of the electrolytic process. It is supplied from the 
purified water tank, which is an integral part of the plant, and is the reserve for several hours of self-supply. 
The water is supplied automatically to the electrolysis cells, in the quantity required by the pump. The 
demineralised water consumption is of 0’9 litres per Nm3 of H2. 

 
Fig. 8: Electrolyzer at the Spanish test site 

11. Hydrogen purifier, with system for monitoring the quality of the H2 gas with a sensor with resolution ppm 
and measuring of the dew point.  

12. Internal system of distribution of H2 for filling the hydrogen storage tank and powering the fuel cells. 
13. System of automatic inerting with pressurised nitrogen.  
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Technical Characteristics : hydrogen generation unit 
Hydrogen (dry gas) 11 Nm3/h 
Range of operation 15…100  % 
Pressure of operation 25 bar 
Electrolyte: 

Type Solution 30%  KOH  
Quantity Loaded 380 litres 

H2 purity before purification (dry gas) >99’9 % vol 
H2 purity (dry gas) >99’999 % vol 
Construction materials:  
 Containers and couplings Stainless steel 

 Cabling in the electrolytic 
cells  Resistant to corrosion  

 Structure Stainless Steel  
Consumptions at full load:  
 Power of electrolysis <55 kW 

 Demineralised water  for 
electrolysis 10 l/h (2-6 bar) 

 Nitrogen 800 l/purged (5-7 bar) 
Electricity consumption per volume generated <5.2 kWh/Nm3 (all included) 
Consumption of demineralised water per volume 
generated 0’9 l/Nm3 of H2 

Power installed (400V/3III/50Hz) 70 kVA 

2.2.4.2.1 HYDROGEN PURIFICATION SECTION 

This system is located at the exit of the electrolyzer and starts with two separating containers of gas/electrolyte 
for each flow (H2 and O2), in such a manner that they return a flow of electrolyte to the reactor. Subsequently 
there are two filters which separate the final remains of electrolyte from the gas flow. From here on, the oxygen 
is vented to the exterior while the hydrogen passes through an analyser, which indicates the purity. Subsequently 
it passes through a filter to eliminate the remains of O2 that the H2 may have and to always keep it within the 
non-explosive margin of the mixture. The following step is drying so as to finally analyse the flow of gas with a 
system of monitoring of the quality of the H2 gas with a sensor with resolution of ppm (measurement of O2 in  
H2) and a measurement of the dew point so as to know the residual humidity. At the exit from this system we 
find a non-return valve which connects with the system of internal distribution of the unit. 

2.2.4.2.2 CONTROL OF DISTRIBUTION OF H2 

For the distribution of hydrogen the system has three electro-valves for the control of the supply of hydrogen to 
the fuel cells or to the hydrogen storage tank. These valves are controlled by means of the PLC of the hydrogen 
generation unit.   

The line which feeds the fuel cells consists of a valve for regulation of pressure, thanks to which the supply 
pressure is adjusted to 5’5 +/-1 bar. 

It is important to point out that the system of supply of hydrogen to the fuel cells has a safety valve against 
excess pressure tared at p= 7 bar  and  vented so as to be able to purge the system.  

The system of inertization with nitrogen is connected to the system of control of distribution, with the result that 
it is possible to carry out the inertization of all the system of distribution through this connection.  
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2.2.4.2.3 SYSTEM OF INERTIZATION 

This is responsible for inertization of the system both in normal operation and in situations of emergency. The 
system is totally automatic and has an alarm for low pressure of nitrogen and can stop the production of the plant 
and take it into a safe mode in the case of a critical pressure level.  

The system of inertizing has two bottles of nitrogen of 200 bar pressure and a capacity of 9’4 Nm3, installed 
inside the container in the area of H2 production. The system has two flexible outlets to connect the bottles as 
well as a three way valve which controls the change of bottle thanks to which the bottle that is desired to be in 
use is selected.  Each bottle also has its pressure indicator, and the system has a valve for regulation of pressure 
which adapts the pressure of the bottles to that which is necessary for the inertization of the plant. 

Technical characteristics: System of inertization 
Number of bottles 2 
Pressure of bottle 200 bar 
Volume of bottle 9’4 Nm3 

 

Properties Nitrogen 
Chemical Formula  N2 
Molecular  weight 28’013 g/mol 
Temperature, boiling point (1 atm.)  -195’8 ºC 
Critical temperature  -146’9 ºC 
Critical pressure  33’9 bar 
Density, gas (20ºC, 1 atm.)  1’161 g/l 
Density, liquid (e.g., 1 atm.)  0’808 g/l 
Specific weight (air=1) 0’967 
Solubility in water (0 ºC, 1 atm.)  2’33 cm3 N2/ 100cm3 H2O 
Latent heat of vaporization  47’44 cal/g 

2.2.4.2.4 SAFETY ISSUES 

This electrolysis plant is built using the most advanced control techniques and has the CE certificate in fulfilment 
of the directives: 

• 97/23/CE (PED) 
• 94/9/CE (ATEX) 

All the electrical equipment is selected following the Directives and Codes applicable (EEx d IIC T1 “explosion-
proof components” and EEX ia IIC T1 (intrinsic safety components”) 

The essential requirements of health and safety are assured by the fulfilment of the following European 
regulations: 

• EN 1127-1:1997 
Explosive Atmospheres – Prevention and protection against explosions. Part 1: Basic concepts and 
methodology. European Standard Organization: CEN 

• EN 50014:1997+A1+A2 
Electrical apparatus for potentially explosive atmospheres. General Requirements. European Standard 
Organization: CENELEC 
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• EN 13463-1:2001 
Non-electrical equipment for potentially explosive atmospheres – Part 1: Basic methods and requirements. 
European Standard Organization: CEN 

The systems of safety and inerting are automatic. The system of automatic safety is capable of taking the plant to 
a safe mode, stopping production and inerting all the system, in case of fault, even in the absence of electricity 
supply thanks to a system of uninterrupted power that it has in the interior. The installation also has the 
corresponding air vents and safety valves which prevent any risk of excess pressure. Another safety measure, in 
this case electrical, is that the whole plant is connected at zero potential with regard to earth. The design of the 
plant fulfils all the safety directives contemplated in the regulation ISO TC 197 N 228 (09.05.2002) “Basic 
Considerations for the Safety of Systems of Hydrogen”, and all the applicable directives, Codes and regulations. 
It is important to indicate that the plant has been designed in such a manner that any fault in the control or power 
circuits does not compromise the safety of the system. 

2.2.5 HYDROGEN STORAGE FOR OPTIMIZED INTEGRATION 

2.2.5.1 GREEK TEST SITE 

The Metal Hydride Tanks (MHT) have been designed by the Frederick Institute of Technology, Cyprus, and 
manufactured by Labtech SA, Bulgaria. The conditions of charging and discharging were fixed by the 
electrolyzer outlet and the compressor inlet respectively. The electrolyzer operates at 20 bar, but the pressure in 
the storage will not exceed 19 bar, due to the pressure drop in the valves and the hydrogen line. On the other 
hand, the pressure at the inlet of the compressor may vary from 10 to 18 bar, but the nominal compressing rate of 
5 Nm3/h H2 refers to 14 bar.  

The metal hydride storage system consists of 6 water-cooled sub-units, containing a metal alloy of the AB5 
family, based on Lanthanum-Nickel (La0.75Ce0.25Ni5). The mass specific hydrogen capacity is 1’28%w for the 
alloy and 0’66%w for the complete metal hydride tanks. 

The metal hydride tanks are water-cooled during the absorption of hydrogen from the electrolyzer, and heated 
with the help of a 4 kW water boiler for hydrogen desorption.There is a closed heating water circuit with an 
electromagnetic valve, supplying water up to 75°C from a boiler. The cooling water circuit is isolated by two 
electromagnetic valves and the water temperature at the inlet and outlet of the metal hydride unit is monitored 
and transmitted to the main data acquisition system. The discharging temperature of the MHT lies in the range 
50-60°C and the hydrogen temperature at the inlet of the compressor should not exceed 40°C. Hydrogen will be 
cooled down from 50-60°C to 40°C by natural air convection in a copper coil at the exit of the MH tanks. 

There is only one pressure and temperature measurement for the entire unit, in the line connecting the sub-units. 
The sub-units operate as one unit, but care should be taken when operating the manual isolation valves of each 
sub-unit. There is no particular control of the temperature or pressure of the MHT. Cooling water should be 
provided to the MHT for the whole duration of charging and for approximately 10 minutes after the end of 
charging, in order to be sure that the temperature of the metal hydride stabilizes and starts to decrease. 

During charging, the pressure in the void space of the MHT is equal to the pressure of the circuit, that is the 
delivery pressure of the electrolyzer minus the pressure drop in the circuit. As long as the MHT is not full, the 
equilibrium pressure of the metal hydride is lower than the pressure in the void space. When these two pressures 
become equal, the metal alloy will not absorb any more hydrogen but this moment cannot easily be foreseen. 
The state of charge of the MHT can be calculated by integration of the flow, measured in a mass flowmeter, with 
time, but this calculation could not be performed reliably, because there is no mass flowmeter with a good 
accuracy under such varying conditions of pressure and flow. 
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For discharging, a start-up time of circa 5 minutes was initially considered necessary, in order to heat up the 
tank. In fact, the heating-up time depends on the ambient temperature, varying from half an hour to three hours 
and is higher during winter, when the whole mass of alloy and tank must attain a temperature of circa 50°C.The 
technical characteristics of the Metal Hydride Tanks for the Greek test site are: 

Technical Characteristics of the Metal Hydride Tanks 
Number of tanks 
Length / External diameter of each tank 
Vessel thickness 
Tank volume / Total volume 
Materials of construction 

for internal tubes filled with alloy 
for cooling jacket 
for fittings 
for the valve 

Metal alloy type 
Weight of alloy charge per tank / Total alloy 
Weight of empty tank / Total weight of 6 empty tanks 
Total weight per tank / Total weight of 6 tanks 
Weight of the red cover for the tanks 
Dimensions of the cover (L x W x H) 
Nominal hydrogen capacity per tank / Total 
Maximum hydrogen capacity per tank / Total 
Maximum hydrogen absorption capacity of alloy 
Mass specific hydrogen capacity of alloy 
Mass specific hydrogen capacity of entire MHT 
Enthalpy of hydride formation (at 14 bar) 
Operating temperature 
Design temperature 
Operating pressure 
Design pressure 
Nominal charging flow  
Nominal discharging flow 
Heat consumption at nominal discharge flow 

6 
1400 / 186 mm 
2 mm 
0’038 m3 / 0’228 m3  
 
Stainless steel (SS 316L) 
Stainless steel (SS 304) 
Stainless steel (SS 316) 
Brass 
La0.75Ce0.25Ni5  
48 kg / 288 kg 
46 kg / 276 kg 
94 kg / 564 kg 
82 kg 
1900 x 700 x 500 mm 
7 Nm3 (0’623 kg)/ 42 Nm3 (3.738 kg) H2 
8 Nm3 (0’712 kg) / 48 Nm3 (4.272 kg) H2 
0’168 m3 H2 / kg alloy 
1’28 %w (alloy) 
0’66 %w (MHT) 
28 kJ/mol H2  
50-60°C 
75°C 
19 bar 
30 bar 
5 Nm3/h H2 (0’445 kg) at 19 bar 
5 Nm3/h H2 (0’445) at 14 bar 
6250 kJ/h (1’74 kW) 

2.2.5.1.1 SAFETY ISSUES 

The metal alloy in the tank is toxic and highly flammable. It may cause cancer by inhalation and sensitization by 
skin contact, so protective equipment is necessary. 

Any contact with air should be avoided. The material may ignite or explode on contact with steam or moist air. 
A toxic metal oxide smoke is released in case of decomposition or fire. Dry sand or earth and special powder for 
metal fires are suitable as extinguishing agents. Water should never be used for fire fighting, neither carbon 
dioxide. 

The MHT should be operated according to the special instructions of the manufacturer, by adequately trained 
personnel. 
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The cost of a hydrogen cylinder stack was lower than the cost of a dedicated conventional tank, so the first 
solution was chosen for the buffer tank. It consists in a rack of 8 standard hydrogen cylinders of 50 L volume 
each, with a capacity of 0’66 kg H2 (7’4 Nm3) at 20 bar and 20°C and a net hydrogen content of 0’3 kg (3’4 
Nm3) between 10 and 19 bar. This content is sufficient for circa 40 minutes of compressor operation. 

The design pressure of the hydrogen cylinders is 220 bar, but their maximum operating pressure will be set to 22 
bar, with the help of a pressure relief valve. The stack operates as one unit, and is equipped with a local 
manometer, a vent valve with flame arrestor on the vent line, a pressure transmitter and a temperature 
transmitter. The buffer is connected to the medium pressure line through a manual isolation ball valve, which 
remains always open during the normal operation of the plant. 

The buffer stack weighs 650 kg and has the following dimensions: 1500 x 900 x 1700 mm (Length x Width x 
Height). 

2.2.5.2 SPANISH TEST SITE 

The tank has as its objective the storage of the hydrogen produced by the electrolyzer and the supply of the 
necessary flow to the fuel cells. 

It’s installed on the surface on two concrete slabs in a horizontal position and supported on two cradles, which 
will be anchored to the concrete slabs. The anchoring on one of the slabs will be carried out so as to permit the 
free dilatation of the tank. The lower generatrix of the tank must be at a minimum distance of 40 cm from the 
ground.  

The free space around the tank must be of at least 1’43 metros.  

The tank has a perimeter wall with the corresponding safety indications. The minimum distance from the tank to 
the buildings belonging to the project and with restricted access is of 4 meters. 

The protection against fire used is a dry chemical powder extinguisher. 

The tank has a pressure indicator (manometer), a safety valve and a temperature sensor connected to the control 
panel. It also has a valve from which the remains of humidity which may have condensed in the tank can be 
eliminated. The tare pressure of the safety valve of the tank will be of 26 bar. 

The tank has a cut-off valve on the supply line from the hydrogen generation unit. It has the following principal 
characteristics: 

Technical characteristics: H2 Storage Tank 
Geometric Volume  20 m3 
Working pressure  25 bar 
Volume of storage of Hydrogen 500 Nm3 
Test Pressure  35’8 bar 
Working Temperature  -10/60ºC 
Weight in vacuum 7450 Kg 
Average nominal flow received from the electrolyzer 11 Nm3/h 
Dimensions φ 2’0 m x 7’1 m 
Material Steel P355NL1/NH 
Anchoring Chemical Anchoring System HIT-RE 500 

(HAS-E M 20x170/48) 
Certification  CE 
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2.2.6 FUEL CELL FOR OPTIMISED INTEGRATION 

2.2.6.1 SPANISH TEST SITE 

The fuel cells are the equipment that consumes hydrogen and generates the electrical energy in the form of direct 
current in the inverse process to the electrolysis. This energy is used by the plant as support for supplying the 
demand that there is at each moment. There are six plug power, model GenCore 5B48, cells of 5 kW nominal 
power. 

The GenCore 5B48 cell has an external aluminium cover, especially suitable for its use outdoors, even in 
maritime environments. It has certifications from NEBS (level 3), UL and FCC (class A/B) and the CE marking, 
fulfilling the mechanical and structural directives as well as that of low voltage, EMC and ATEX. 

It has internal batteries so as to reduce the discontinuity of the direct output signal, supply the auxiliary services 
and keep the voltage in the DC output bus of the cell stabilised. 

The electrical connections of the cell are: 

• Earth line. 
• Two poles (+ and -) for electricity supply to the inverters. 
• Line of measurement of voltage of external batteries. 
• Lines of control and communications with the principal PLC. 

Technical Specifications : cell 5B48 
Net range of power of output1 0-5.000W 
Adjustment of voltage +46 a +56Vdc 
Operative Range of voltage +42 a +60Vdc 
Operative Range of current  0-109 Amps 
Maximum load extracted from the DC Bus  
when the system is on hold 

800W 
Performance 

Nominal load extracted from the DC Bus  
when the system is on hold 

25W 

Supply of gaseous hydrogen6 99’95% dry 
Pressure 5’5bar ±1bar 

36slm at 3,000W 
Fuel 

Consumption of fuel 
64slm at 5,000W 

Environmental temperature -40 a 46ºC 
Relative humidity 0 to 95% without condensing Conditions of 

operation 
Height -60 a 1829 metres 
Dimensions 111’76cm x 66’04cm x 60’96cm 

Physical Aspects2 
Weight 213kg 
Water Maximum 2 l/h 
CO, CO2, NOx, SO2 <1ppm Emissions 
Acoustic 60db to 1m 
Dangerous Gas Detector Standard 
Excess temperature Standard Sensors3 
Excess pressure Standard 
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Technical Specifications : cell 5B48 
Microprocessor Standard 
Panel Standard 
Low fuel alarm4 Standard 

Control 

Communications5 RS232 
1For heights above sea level greater than 305 metres the total power may be diminished by 1’5% for every 305 metres  
2Excluding the storage of fuel 
3Optical sensors of movement, water entry, alteration of the access panel  
4The low level of fuel alarm is a standard characteristic with the hydrogen storage module. 
5The optional communications include a modem and RS422/RS485 (only for the option of multiple systems)  
6CGA 5.3 Type I Grade B 

Requirements of the Hydrogen supply 
Properties Range 
Pressure 4’4 to 6’6 bar 
Flow 64 slm (minimum for 5kW) 
Temperature -40 a 46ºC 
Composition of the gas Range 
Hydrogen 99’95% (minimum) 

CGA 5.3 Type I Grade B 
Water 34ppm (maximum) 
N2 400ppm (maximum) 
O2 10 ppm (maximum) 
THC (total hydrocarbon) 10 ppm (maximum) 
CO 10ppm (maximum) 
Particles – effective diameter  1µm (maximum) 
Particles – effective concentration  0’0005mg/l (maximum) 

The fuel cells have a consumption, according to the manufacturer, of 64 slm (standard litres per minute) at a 
pressure of 5 bars ± 0’1 bar for the maximum generation de 5 kW. The standard American Conditions are 1’013 
bar of pressure and 0 ºC of temperature. This leads to each cell having an approximate consumption of 4 Nm3/h, 
and the six cells at maximum production a total consumption of 24 Nm3/h. 

In order to obtain these results, in the first place it would be necessary to adapt the conditions of pressure and 
temperature from the standard American ones to the normal Spanish conditions. 

Knowing the capacity of the tank and the consumption of the cells, we can state that the theoretical autonomy 
supplied by the tank with the six cells to its maximum consumption is of about 20 hours. However, since the 
pressure of the tank cannot be less than 5 bars (pressure of supply to the cells), that takes away 97’4 Nm3 of 
remaining tank capacity (cannot be used). Therefore the autonomy is finally limited to approximately 17 hours. 

In order to guaranty the correct operation of these fuel cells in the system, the supplier was engaged to a training 
course in operation and maintenance for the technical people at ITC. 
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2.2.7 REVERSE OSMOSIS SYSTEM FOR OPTIMISED INTEGRATION  

2.2.7.1 SPANISH TEST SITE 

The reverse osmosis plant is the element responsible for obtaining desalinated water from a flow of salt water. It 
has a maximum production of 115 m3/d. Part of this flow goes to the 1000 litre capacity tank which supplies the 
electrolyzer and the rest is stored in the 200 m3 capacity water tank on the plot. In this way, the possible demand 
for desalinated water of a possible village is simulated while at the same time a charge is added to the system of 
electricity generation. 

This is a versatile plant, as it can vary the range of working pressures making it possible not to raise the 
conductivity of water produced thanks to the valves, which give great flexibility for the combination of its eight 
membranes depending on the power available at that moment. 

It also has a system for recovery of energy which makes it possible to save up to 35% of the energy consumed by 
the high-pressure pump. 

Technical characteristics: Inverse osmosis 
Production capacity  115m3/day 
Electrical power consumed 30 kW 
Range of working pressures  30-70 bar 
Number of membranes 7 
Type of membranes Koch Fluid systems 2822ss.360 

premium 
Quality water produced < 250 ppm 
System of recovery Danfoss recovery unit 

The following table shows the modes of operation of the inverse osmosis plant according to the production 
capacity: 
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The following characteristic elements should be pointed out in the inverse osmosis plant: 

2.2.7.1.1 HIGH PRESSURE PUMP 

The high pressure pump selected for the plant is a Danfoss centrifugal stainless steel pump, the AISI 316. The 
table of characteristics of the pump is the following: 

 
Fig. 9: Pump characteristics 

A three-phase electric motor with over shaft coupling has been incorporated into the high pressure pump. 

2.2.7.1.2 MEMBRANE MODULE 

A Standard tube of 6 metres’ length with 7 membranes was made up. The membranes proposed for the project 
are made by the company KOCH – FLUID SYSTEMS model TFC 2822-SSpremium in polyamide with spiral 
coiling for the desalinization of seawater and high rejection of salts. Each membrane makes possible a flow of 
permeates of 18.9 m3/day with a rejection of chlorine of 99.8% with each one having an area of 27.9 m2. 

The design and operation specifications are the following: 

Design Specifications 
Typical Pressure of operation: 5520 kPa 
Maximum Pressure of operation: 8275 kPa 
Maximum Temperature of operation: 45ºC 
Maximum Temperature for cleaning: 45ºC 
Maximum Concentration of free chlorine: <0.1 mg/l 
Ph in continuous operation: 4-11 
Ph in cleaning operations: 2.5-11 
Maximum pressure differential per element: 69 kPa 
Maximum pressure differential per tube: 414 kPa 
Maximum turbidity of supply: 1 NTU 
Maximum SDI supply (test of 15 minutes): 5 
Thickness of the spacer : 0.8 mm 
Maximum Recovery per element: 7% 
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The pressure tube is made of glass fibre with epoxy resin and designed for high pressures; depending on the type 
of elements used and their application, the maximum pressure of operation for these pressure tubes is of 45 
Kg/cm2 for salty waters and of 70 Kg/cm2 for seawater. 

2.2.7.1.3 CONTROL VALVE  

The plant will have a system pressure control valve for reject water. 

In the automatic monitoring of the industrial processes the control valve plays a very important role in the 
regulation loop.  The valve is made of special stainless steel for seawater. 

2.2.7.1.4 CONTROL SYSTEM 

The control system acts on the rejection valve and the speed varier, the valve is used to control the pressure and 
the speed variator for the flow. 

In the plant, there will be an industrial PC of the Beckhoff brand, model FC 310X, which will be responsible for 
managing all the signals which are generated on the system. 

The speed variator chosen is made by Telemecanique Altivar, model ATV66D33N4S of 30kW, connection 
software to PC and filter for electrical disturbances. This type of frequency converter is devoted to the control of 
asynchronous three-phase cage motors on a power scale of 0’75 to 220 kW. It is a modular and evolutionary 
variator which adapts itself to industrial environments and to applications of all kinds thanks to a wide range of 
accessories and complements. 

2.2.8 TECHNICAL DOCUMENTATION ON CENTRAL CONTROL AND 
MONITORING UNIT 

2.2.8.1 GREEK TEST SITE 

The power conditioning unit is mainly an Electrical Distribution Board, taking power from the wind turbine and 
distributing it to the various users. It is schematically presented in Figure 10, with the potential electricity users. 
The power characteristics of the main electricity users, namely the electrolyzer, compressor, electrical heater for 
the metal hydride tank, water refrigerating and pumping unit, are 400 V, 50 Hz, 3 phase.  

The central power supply and control unit lie in one panel in the control room. At the bottom of this panel arrives 
the main power cable connecting the installation with the low-voltage side of the Enercon transformer (400V, 3-
phase, 50 Hz). All the electrical power is distributed to the users from that board. At the top of the panel lies the 
Programmable Logic Controller (PLC) for the plant control. The PLC is connected to a PC, where operating data 
are continuously monitored and stored. 

 



 

 

 
EUROPEAN COMMISSION EESD 
Contract N°: ENK5-CT-2001-00536 

 

 

RES2H2 
 
Page:32 of  80                                    Cluster Pilot Project for the Integration of RES into European Energy Sectors using Hydrogen 
 

 
RES2H2 REFERENCE: RES2H2 02 01 FR  06/11/2008 

16:21 
Res2H2_FR_1.doc 

Internal partner reference:  Res2h2-002 Issued by: WP Doc. Type: Order N°: Date: Name: 
 

 

 

Wind 
Generator

20 kV Grid400 V
3 ph.
50 Hz

Electrolyser
Power Supply
Cabinet

Compressor

MHT heater

Cooling Water
Refrigerating
& Pumping Unit

Central
Control
Unit

ELECTRICAL
DISTRIBUTION
BOARD

4 - 25 kW

7 kW

4 kW

6 kW

ca. 1 kW

Instrument Air
Compressor

2.5 kW

 
Fig. 10: A simplified scheme of the Power Conditioning Unit at the Greek Test Site 

 

2.2.8.1.1 POWER SUPPLY UNIT 

The central power supply unit distributes the necessary power to the different electricity users, through 
appropriate conditioning. The electricity users are listed below with their power requirements: 

• Water Electrolyser power supply, 400V-3phase, 4-25 kW 
• Water Electrolyser control cabinet, 400V-3phase, 1 kW 
• Hydrogen Compressor, 400V-3phase, 6 kW 
• Water boiler for the metal hydride tanks, 220V-1phase, 4 kW 
• Hot water pump, 220V-1phase, 0.1 kW 
• Water chiller with cold water pump, 400V-3phase, 5.8 kW 
• Instrument air compressor, 220V-1phase, 2.5 kW 

According to the possible modes of operation of the plant, described in a later chapter, not all the electricity users 
may operate simultaneously. The total power requirement of the plant cannot exceed 45 kW, but the electric 
installation has been designed for 100 kW. A main switch, allows to cut-off the power to the entire plant. 
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2.2.8.1.2 CONTROL AND MONITORING UNIT 

The plant is controlled with the help of a Programmable Logic Controller (PLC) by Siemens, namely the 
SIMATIC S7-300. Measurements from the analytical instruments, Status signals and Valve commands go to the 
PLC, which is connected with the PC, as plant/user interface. The following analog signals are continuously 
monitored and stored: 

N° Tag Meas. Range Location Description 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

PW-00 
PW-01 
PI-01 
TI-01 
TI-10 
TI-11 
AT-01 
AI-02 
II-01 
VI-01 
PW-41 
TI-23 
PI-21 
TI-21 
PI-22 
TI-24 
TI-25 
FT-31 
PW-31 
PI-102 
PI-120 
TT-103 
TT-119 
TT-108 

0-500 kW 
0-29 kW 
0-20 bar 
0-80°C 
0-50°C 
0-150°C 
0-20%v 
0-5%v 
0-300 ADC 
0-120 VDC 
0-5.8 kW 
0-30°C 
0-20 bar 
0-40°C 
0-20 bar 
0-60°C 
0-60°C 
0-5 Nm3/h 
0-5 kW 
0-20 bar 
0-230 bar 
0-40°C 
0-70°C 
0-30°C 

Wind Turbine 
Central power supply 
Electrolyser 
Electrolyser 
Electrolyser 
Electrolyser 
Electrolyser 
Electrolyser 
Electrolyser 
Electrolyser 
Central power supply  
Water Chiller 
Buffer tank 
Buffer tank 
Metal hydride tanks 
Metal hydride tanks 
Metal hydride tanks 
Hydrogen compressor 
Hydrogen compressor 
Hydrogen compressor 
Hydrogen compressor 
Hydrogen compressor 
Hydrogen compressor 
Hydrogen compressor 

Power output from the wind turbine 
AC power to the electrolyser supply cabinet 
Electrolyser pressure 
Electrolyser temperature 
Deoxidiser preheating temperature 
Deoxidiser outlet temperature 
Oxygen-in-hydrogen analysis 
Hydrogen-in-oxygen analysis 
DC flow to electrolyser 
DC voltage at electrolysis stack 
Power to the cooling water unit 
Temperature in the cold water reservoir 
Hydrogen pressure in the buffer 
Hydrogen temperature in the buffer 
Hydrogen pressure in the MHTs 
Inlet water temperature to the MHTs 
Outlet water temperature from MHTs 
Hydrogen flow to the compressor 
AC power to the hydrogen compressor 
Compressor inlet hydrogen pressure 
Compressor outlet hydrogen pressure 
Compressor inlet hydrogen temperature 
Compressor outlet hydrogen temperature 
Outlet water temperature from compressor 

In addition, the status of the boiler (ON/OFF) is monitored under tag PW-21, in order to integrate the power 
consumed by the boiler with time. 

The plant may be operated manually or automatically, according to a strategy simulating a stand-alone system, 
based on the wind turbine output. There are three “Basic modes of plant operation”: 

M1) the electrolyser supplies hydrogen to the metal hydride tank 

M2) the electrolyser supplies hydrogen to the compressor and filling station 

M3) the metal hydride tank supplies hydrogen to the compressor and filling station 
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2.2.8.2 SPANISH TEST SITE 

2.2.8.2.1 DUMPING LOADS AND VARIABLE CHARGE SYSTEM 

The dumping loads simulate the consumption of a village. These charges are three resistance charges of 4’8 Ω 
(approximately 10 kW) each and controlled by a variable charge system. The idea is to simulate the energy 
consumption of a village in order to analyse the system behaviour, so that this system has to control 30 kW 
variable charges. 

In isolated systems, where wind generators are attached to the electricity network, disturbances are caused due to 
the fluctuations of the wind, which can disturb the electrical variables of the system. This makes it necessary to 
have variable charges which force the system to establish a balance between the power of the wind and the 
fundamental electrical charge for proper operation. 

The objective is the design of a three-phase system of variable electrical charge which by means of an external 
order may vary the charge supplied between 0 and 100% and therefore, programme manually or automatically 
the power which it is wished to consume. The designed system can be interpreted as three single-phase systems 
of variable charge and therefore single-phase consumption can be carried out. The dumping loads planned for 
this equipment will be supplied in a single-phase form up to 9’3 kW as a maximum, configured in three phases 
so as to obtain the planned 30kW. The resistances can have an inductive component. 

2.2.8.2.2 INVERTERS. POWER CONDITIONING OF THE FUEL CELLS. 

Four different configurations for the connection between fuel cells and inverters were suggested to implement 
the system. The compatibility between each one of the system’s components, especially between the inverters 
and the fuel cells led to the following final configuration: 

The six inverters used in this project are from the manufacturer, SMA, model Sunny Island 5048, each one of 
which works in association with a cell and a set of batteries. The direct current bus (48 DC) between the fuel 
cells and the inverters requires the installation of 4 12V batteries in series and an LC filter so as to carry out the 
monitoring of the looping in the direct current bus.  

The Sunny Island 5048 is a bi-directional inverter (inverter of battery and battery charger) for isolated systems, 
which is in turn capable of synchronising itself with an existing network.   

The Sunny Island 5048 systems offer maximum flexibility thanks to being able to connect in AC or DC as they 
are easily extendable. What is more, thanks to their innovative technique, it reaches a maximum performance 
coefficient of over 95%. Optimized by operation on partial charge, this inverter is impressive due to its low 
consumption during operation without charge and in stand-by mode. The large capacity of overload and the 
management of integrated power make over-dimensioning of the Sunny Island dispensable. 

Thanks to the operation in parallel of up to four pieces of equipment in a phase connected to a battery or of three 
devices to a three-phase system, the inverter permits the creation of isolated networks with power from 3 kW up 
to 26 kW. 

Through its superb management of the generator, the inverter is capable of monitoring an electricity-generation 
device integrated in an efficient and economic manner. It is also possible to integrate into the public network. 
Furthermore, it can disconnect automatically if the battery does not have sufficient electrical power. 

It especially monitors the most sensitive component of the network, the battery, optimally and takes advantage of 
it to the maximum. The intelligent management of the battery records the state of charge in a very precise way. 
This makes it possible to take greater advantage of its capacity, which allows the use of smaller and more 
economical batteries without loss of performance. 
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In order to prevent premature ageing of the battery due to incorrect charge and frequent total discharge, the 
inverter has intelligent regulation of charge and a secure protection against total discharge. These functions make 
it possible to multiply the useful life of the battery in comparison with other simpler pieces of equipment. 

Despite the complex operation of this battery inverter, the Sunny Island 5048 is easy to configure. All the 
adjustments necessary for the operation are programmed rapidly and without complications. Thanks to the 
central handling, the parametrization of a system/Cluster takes place only in the Master equipment, while the 
other devices take on that configuration automatically.  However, the solution adopted for the RES2H2 Project 
has been independent control of each inverter from the main computer. These single-phase inverters are 
connected in groups of three in such a manner that the three-phase network generated is always balanced. 

The inverter monitors the adjusted limits for voltage and frequency both on the network and in the generator. If 
they are overstepped, the inverter separates itself from the external source without interruption and passes to 
operation as an isolated network. 

Furthermore, it has an integrated AntiIsland procedure to avoid the accidental formation of isolated networks 
when it is connected to the public network. Likewise, if this procedure is activated, the inverter changes 
completely and without interruption to operation on an isolated network. 

The selected inverter can be integrated into different configurations of the system. The solution adopted for the 
RES2H2 Project has been independent control of each inverter from the main computer. These single-phase 
inverters are connected in groups of three in such a manner that the three-phase network generated is always 
balanced. 

 
Fig. 11: Configuration of fuel cells and inverters at the Spanish test site. 
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2.2.8.2.3 SYSTEM INTEGRATION 

The integration work of the fuel cell and the inverters into the system can be divided in several tasks: 

• Designing and installing the electrical installation. Accomplish the maximum ripple voltage required by the 
fuel cell which the inverter was not able to fulfil. 

• Installing and software developing of the control and communication system of the inverter 
•  Installing and software developing of the control and communication system of the fuel cell 

o Communication system to operate and control the fuel cell 
o Communication system to check and to do maintenance in the fuel cell 

In the next figure are represented these subsystems. As is showed, the electrical installation includes an electric 
cabinet, named RES2H2 inverter cabinet, Batteries and lines.  

The lines are designed fulfilling the respective European and Spanish rules. The main lines are the AC and DC 
connections between the inverters and the cabinet and the DC connections between the batteries and the fuel cell 
with the cabinet. DC connections are represented on red and AC connections are represented on black. 

To accomplish the maximum ripple voltage required by the fuel cell, a filter, main based on condensers, is 
designed. According to this, the fuel cell supplier forces us to install a battery bank outside the fuel cell, in 
parallel with the filter, as is showed in the figure.  

By other way, three communication buses are installed and programmed; one of them to take data and to control 
the inverters. Other one is mounted to take data and to control the fuel cells. The third one is not a really bus, but 
are serial communications with each fuel cell. These serial communications allow the maintenance personnel to 
communicate with each fuel cell by a scada programmed by the supplier in order to do the maintenance of each 
fuel cell. The protocol to communicate the fuel cell and the inverters to the control system is done by the ITC. 
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Fig. 12: Unifilar scheme of the Res2H2 inverter cabinet at the Spanish test site. 
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In the next figure is represented the physical distribution of the inverters, the cabinet and the batteries in the 
inverters building. 
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C7L9
C7L8
C7L10
C7L11
C7L12

C4L10

 

 Fig. 13: Inverter building distribution at the Spanish test site. 
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2.2.8.2.4 CONTROL AND COMMUNICATIONS SYSTEM 

The RES2H2 Control Project has 7seven control modules: 

1. Software of Supervision Control and Data Acquisition. 
2. PLC Master. 
3. PLC Slave to control the Electrolyzer.. 
4. PLC Slave to control the Desalination Plant. 
5. Slave Microcomputer to Control de Inverters. 
6. Slave Microcomputer to control the Electrical Grid Analyzers. 
7. Slave Microcomputer to control Fuel Cells. 
The next diagram shows de connections between every module: 

 
Fig. 14: Communications diagram. 

With this modules we have develop an Integration Project to establish full-duplex communications between 
seven modules.  

The PLC Master has the control of every module, for this reason we have installed four field bus connected to 
the PLC Master. We have programmed the control and the alarms of the system in the PLC Master. 

Finally we have programmed the software SCADA (Supervision Control and Data Acquisition) in a personal 
computer. This Software has a web server, so the user can control and visualize the data and alarms of the 
system from a web navigator (Internet Explorer, Mozilla…) with an Internet access. 

The following image shows the SCADA (System of Supervision, Control and Data Acquisition) which can be 
visualized on the control screen, which also permits its visualisation via web server. 
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Fig. 15: System of supervision, control and data acquisition at the Spanish Test Site 

The tasks of the Control Project have been: 

1. Distribution and Control Cabinet where PLC Master has been installed. 
2. Field buses Networks to communicate every modules of the Control System. 

a. Communication Protocol between PLC Master and Electrolyzer. 
b. Communication Protocol between PLC Master and Desalination Plant. 
c. Communication Protocol between PLC Master and the Inverters. 
d. Communication Protocol between PLC Master and Network Analyzers. 
e. Communication Protocol between PLC Master and Fuel Cells. 

3. Programming control software in the PLC Master. 
4. Programming Supervision Control and Data Acquisition Software. 

2.2.9 ENGINEERING AND INSTALLATIONS OF INTEGRATED SYSTEM 
The Engineering of the Integrated System is one of the most important parts in the project. It was based on the 
initial design of the system and is related to several other tasks dedicated to the design and engineering of the 
individual components.  

2.2.9.1 GREEK TEST SITE 

The hydrogen process plant is shown in Figure 16. The hydrogen plant is mainly composed of the following 
components: 

1. the water electrolyzer 
2. the metal hydride tanks (MHT) 
3. the buffer 
4. the compressor 
5. the filling station 

The plant also comprises some auxiliary components, which are necessary for the correct operation of the plant: 

6. the cooling water unit and tank 
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7. the instrument air compressor 
8. the hot water boiler for the metal hydride tanks 
9. the demineraliser 

 
Fig. 16: Hydrogen process plant at the GTS 

The hydrogen plant is composed of a water electrolysis unit of 25 kW with a nominal capacity of 0’45 kg/h 
hydrogen, metal hydride tanks for long term storage at high efficiency and a hydrogen compressor for filling 
high pressure cylinders. Utilities include a nitrogen cylinder for inertisation, a water chiller with closed circuit 
for cooling water and an instrument air compressor. All electricity users are supplied by the central power board, 
which is connected to the low voltage side of the transformer of a 500 kW gearless, synchronous, multipole 
Enercon E40 wind turbine. The system is controlled by a Programmable Logic Controller (PLC) and monitored 
on a personal computer, with data acquisition. 

The 25 kW water electrolyser has a nominal production rate of 0’45 kg/h (5 Nm3/h) hydrogen and has been 
supplied by Casale Chemicals SA, Lugano, Switzerland. It operates under 20 bar pressure and can withstand 
rapid variations of input power (20-100% of nominal capacity in 1 second). The electrolyser is of the alkaline 
type, with a 30%w. KOH solution as electrolyte. Tap water for electrolysis passes through a column with an ion-
exchange resin, to reduce water conductivity down to 5 µS/cm. The demineralised water consumption is 4’1 l/h 
at nominal capacity. Electrolytic hydrogen is purified up to 99.98%v. by passing through a deoxidiser to reduce 
the oxygen content down to 10 ppm and through driers, to reduce the humidity level down to an atmospheric 
dew point of -40°C. The electrolyser is composed of the process part, the control panel and the power supply 
panel with an AC/DC converter for the conditioning of the direct current applied to the electrode-stack, in the 
range 0 – 300 A, 0 – 120 V. 

The hydrogen compressor is a single-stage, triple metal diaphragm compressor by PDC Machines Inc., USA. It 
is designed for an inlet pressure varying in the range 10 – 18 bar, an inlet temperature around 30 – 40°C and an 
outlet pressure of 220 bar. The nominal rate of compression is 0’45 kg/h (5 Nm3/h) hydrogen for an inlet 
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pressure of 14 bar and inlet temperature of 40°C. A small conventional tank, of 0.36 m3 volume, acts as 
hydrogen buffer to smooth the pressure and flow variations at the compressor inlet. The hydrogen filling station 
is actually composed of two high pressure cylinders and one 12-cylinder stack of 0’6 m3 volume, with a total 
hydrogen capacity of 10’7 kg (120 Nm3). 

The metal hydride tanks have been designed by the Frederick Institute of Technology (FIT), Cyprus, and 
manufactured by Labtech SA, Bulgaria. There are six tanks, with a total rated storage capacity of 3’78 kg 
hydrogen (42 Nm3), filled with the metal alloy La0.75Ce0.25Ni5. The mass specific hydrogen capacity is 1’28%w 
for the alloy and 0’66%w for the complete metal hydride tanks. The metal hydride tanks are water-cooled during 
the absorption of hydrogen from the electrolyser, and heated with the help of a 4 kW water boiler for hydrogen 
desorption. 

The system also comprises an air compressor and drier to supply instrument air to the pneumatic valves, a 
nitrogen cylinder for the inertisation of the electrolyser and the process lines whenever required, and a closed 
circuit for cooling water with water chiller, in order to reduce water consumption to a minimum. The mean 
electrical power requirement for the instrument air compressor has been estimated at 0’2 kW and for the water 
chiller at 1’5 kW. The whole system is centrally controlled through a Programmable Logic Controller (PLC) and 
connected to a data monitoring and acquisition unit. A PLC-based control system has been preferred over a PC-
based one, for safety and reliability reasons, although it is less flexible for the implementation of modifications. 

The different items have been commissioned individually, and the operation of the integrated system started in 
October 2005.  

The system may be operated manually, in semi-automatic and in automatic mode. It is generally run in the semi-
automatic mode, in order to assess the performance of each component in the system. The characterisation of the 
electrolyser’s performance is particularly important, because the automatic mode is based on a simplified model 
of the direct current-voltage relation for electrolysis. 

The initial trials have been focused on the performance assessment of each component. The characterisation of 
the electrolyser’s performance is particularly important, because the automatic mode of operation is based on a 
simplified model of the current-voltage relation for water electrolysis. The overall efficiency of the wind-
hydrogen plant, defined as the ratio of the theoretical amount of energy content of the produced hydrogen, 
divided by the total AC power consumed for the production and compression of hydrogen lies in the range 50%-
60%, taking into account the energy consumption of both the main components and the auxiliaries. 

2.2.9.2 SPANISH TEST SITE 

The pieces of equipment of the RES2H2 Project, that have been described in this document, are installed on a 
slab of reinforced concrete measuring 18x17 metros. 

The slab is located next to one of the roadways on the plot which allows access to the slab via a number of three-
metre wide ramps. 

On the outside of the slab and on the opposite side from the road, there is a foundation for the hydrogen tank of 
the installation, surrounded in turn by a wall. In general, the pieces of equipment of the system are installed in 
prefabricated buildings of reinforced concrete, excepting the hydrogen production unit (electrolyzer), which was 
supplied in a metallic container designed by the manufacturer for the climatological conditions of the area. 

To be precise, there are the following structures: 

• Insulation transformer building 
• Control and dumping loads building 
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• Inverter building 
• Desalination building 
• Hydrogen production unit container  

The inverter shed has an annexe which is sufficiently ventilated where the batteries are located.  

Finally, it should be pointed out that the fuel cells are designed to be outdoors and are installed on beds set out 
on the concrete slab. 

The exact location of the buildings and of the remaining principal installations can be seen from the following 
diagram: 

 
Fig. 17: Distributions of the principal structures at the Spanish test site. 

The elements of Spanish prototype are: 

1. Three variable dumping loads of 10 kW each, for a total of 30 kW, which simulate dynamically, the 
electrical power consumption of the village. 

2. Medium power wind generator. Initially Vestas V27 of 225 kW. 
3. A desalination plant designed to supply the drinking water needs of the small community, and which is a 

significant electricity consumer of the system. The seawater desalination plant by inverse osmosis with a 
maximum power of 30 kW, permits flexible operation with partial loads, with a production running from 7 
to 115 m3/d of desalinated water. A small part of this production will be extracted to feed the electrolyzer 
(maximum consumption of 0’09 m3/h) and the rest for the consumption of the location.   

4. An electrolyzer with a nominal power of 55 kW and maximum production of hydrogen of 11 Nm3/h, capable 
of reducing its production so as to adapt it to the available energy supply. 

5. A tank for the storage of hydrogen with a capacity of 500 Nm3H2 at a pressure of 25 bars, with which there is 
a reserve of energy of some 650 kWhe for the moments when wind power is not sufficient to supply the  
electricity consumption of the community. 

6. 6 fuel cells of 5 kW each, with a total power of 30 kW, which make it possible to transform the chemical 
energy stored in the hydrogen, into electrical energy. Each cell has a consumption of hydrogen at nominal 
power of some 4 Nm3H2/h at a pressure of 5 bar.  
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7. 6 single phase inverters which transform the energy generated by the cells in the form of direct current 
(48VDC) into alternating current. The installation has six inverters which are each connected to one cell, with 
a nominal power of 5 kW which are connected to generate a three-phase electricity network. These inverters 
are capable of being synchronised with an existing electricity network or alternatively of generating an 
isolated electricity network.   

2.2.9.2.1 HYDROGEN DISTRIBUTION NETWORK  

The hydrogen distribution network is made up of two lines of pipes, of 12 mm diameter in stainless steel 316L. 
The first line connects the hydrogen generation unit with the H2 storage tank and the second line connects to the 
fuel cells.  

The pipes must fulfil the UNE 19.049 standard for unwelded stainless steel pipes.   

For the joints of the pipes couplings in stainless steel will be used which are especially designed for applications 
with hydrogen. 

The pipes will be visible along the totality of their length and it is necessary to observe the safety distances with 
regard to elements or other installations. They will run through a delimited area within the installations of the 
project. They will be mounted on a metallic structure  created with a beam made of two angular profiles 
(40x40x4 mm) welded and supported by pillars made with square tubing (50x50x2 mm). The material used for 
the support structure will be galvanised structural steel. 

On each of the vents there is a flame extinguisher.  

2.2.9.2.2  DISTRIBUTION TO FUEL CELLS 

The supply to the cells is carried out through a ring-type circuit, which makes it possible for the six cells to 
receive the same pressure of hydrogen. The line commences at the exit of the generation unit at a height of 2’6 
metres and after covering a metre it goes down the first pillar of the metallic structure (which serves as a support 
to all the lines of both distribution to cells and of distribution to the H2 storage tank) and forms a ring of pressure 
in a rectangular shape of 5 metres’ length from which the inlets for supply of the fuel cells start. At the other end 
of the supply, coming from the generation unit there is a purging valve for carrying out the venting of the 
system. 

On the supply line to the ring, there is a cut-off valve for excess flow as a means of safety in the case of a leak 
from the line of the ring, which would cause the closure of the valve. In the same way, there is a pressure 
indicator and a cut-off valve so as to be able to isolate the pressure ring. The entrance to each cell has a cut-off 
valve. 

2.2.9.2.3 DISTRIBUTION TO THE H2 STORAGE TANK   

The line is of a length of approximately 12 metres, which runs at a height of 2’6 metres supported by the metallic 
structure, and connects the tank with the generation unit. 

The supply of the cells can be effected from the tank via the same line which supplies it from the generation unit.  

As has been commented above, in the section where the tank was described, this has a cut-off valve, a pressure 
indicator, a safety valve, a temperature sensor and a vent. 
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Fig. 18: General view of the Res2H2 system at the Spanish test site 

2.2.9.2.4 SYSTEMS OPERATIONS MODES 

The design of the wind and hydrogen integrated plant has to follow a methodology in order to make it easier and 
simplify the industrial implementation of the system. According to the experience acquire by the consortium 
along the development of this project, the proposed phases for that methodology are: 

1. Basic analysis of the system requirements, according to the needs of the population, which are going to 
benefit from the plant. It is also required to consider the data and information related to the site where the 
plant is to be built (mainly climate conditions like temperature, wind data, rain data and others of interest). 

2. Analysis of the regulations applicable to the engineering design and works to be carried out. 
3. Main components characteristics selection and design: 

 Wind mills 
 Electrolyzer 
 Fuel cells 
 Reverse osmosis unit 
 Control unit 
 Hydrogen storage 
 Water storage 
 Gas system (N2) 

4. Engineering: 

a. Civil engineering 

• Design of the engineering earthworks, ground conditioning, vegetal layers elimination. 
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• Design the concrete slab where equipment is assembled. 
• Design of the building where the control unit is installed. 
• Design of the pave and kerb in the perimeter of the prefabricated concrete building and fine gravel in 

the rest of the plant. 
• Design of the channel/installation of the electrical connection for the plant. Works at low/medium 

voltage. 
• Design of the assembly for the auxiliary services panel of the control building and desalination plant, 

and external lighting. 
• Internal lighting, emergency lighting and power of the control building and desalination plant. 
• External lighting of the plant. 
• Design of earth connection. 

b. Hydraulic engineering 

• Design of the water piping between water grid and the plant. 
• Sizing and location of the water storage tank (between ROP and the electrolyzer). 
• Connections design: 

o Brine pipe 
o Salt water connection 
o Connection to fresh water tank 
o Connection to water supply 

c. Engineering of the gas system 

• Design of the gas connection between electrolyzer, fuel cells and hydrogen tank. 
• Sizing and subsystem definition of N2 installation. 

d. Electrical engineering 

• Design of the connection between the plant and the grid, including protections            

e. Operation design 

• The design of the industrial plant operation is very important in order to establish the criteria for 
running the system under the different conditions. 

In a stand alone system, where the energy is provided by a renewable energy (for example with wind energy), 
which are normally difficult to manage and has a great variability. There are several difficulties regarding 
regulation of wind turbines: the regulation of the active and reactive power and the tension and frequency control 
of the generated network. Finally, there is the problem nowadays that AC generators must be connected to a 
network to be able to synchronize with it and to begin to inject energy. 

These problems, mentioned previously, are solved in different ways in the RES2H2 prototype. We have selected 
a 50 Hz and 400 volts alternating generation because it supports common consumptions under these 
characteristics. Otherwise, the inverters of the system should have been overdimension since all the energy 
consumed directly by the loads in AC would have to pass through them. 
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Fig. 19: Working principle for the integrated system 

 

Hereinafter several flow diagrams are presented, that show the components that are to be activated depending on 
the power available. In the following table, there is an explanation of the abbreviations used in those flow 
diagrams. 

 

 

Abbreviation Power 

Po Power own consumption 
Pg Power generated 
Pl Power demanded by load 
Pr Power required by ROP 
Pe Power required by electrolyzer 
Pp Power required by water pump 
Pf Power supplied by fuel cells 
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In the following diagram, it can be seen the operation in the situation 1: 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

In the following diagram, it can be seen the operation in the situation 2: 
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In the following diagram, it can be seen the operation in the situation 3: 

 
In the following diagram, it can be seen the operation in the situation 4: 
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The stand alone operation requires the correct energy distribution. For this reason certain criteria have to be 
established, as well as and priorities related to the energy consumption and generation, depending on 
circumstances. The operating modes would follow the following basic criteria  

In the case of excess energy, the inverter uses this energy (AC bus) to charge the batteries. When the DC bus is 
completely charged, the excess energy can then be consumed by the electrolyzer, and produces H2 that can be 
stored. In case that the electrolyzer does not have the necessary reaction speed, the energy is then consumed by 
the dissipation loads. The same will occur when the H2 storage tank is full to its maximum capacity. 

In case that there is a lack of electricity (due to reduction in the electricity generation from the windmill, or 
increment of energy demand from the loads), it would use the energy stored in the batteries, and supplies this 
way the missing energy to the AC bus. When the voltage in the DC bus is reduced bellow the reference value, 
the fuel cells would supply energy to the bus. According to the computer simulations performed, to guarantee the 
electricity supply to meet 100 % of the demand, it would be necessary a big hydrogen storage capacity, well 
above the current one, or a diesel support to supply energy at the moments when the system runs out of stored 
H2. 

The RO plant would never be supplied energetically from the fuel cells, since a water reservoir big enough has 
been included, which guarantees water supply to meet expected demand. Therefore, the energy from the fuel 
cells will be exclusively used to meet the energy demand from the electric loads which simulate the village 
houses. 

The priority order to meet energy demand would be the following: 

• First priority is to satisfy electricity demand from households 
• Water is desalinated whenever excess energy is produced 
• Production and storage of H2 until hydrogen storage is full 
• Consumption of excess energy in the dissipation loads 

2.2.10 GREEN HYDROGEN MARKET ASSESSMENT 
Although one could divide the hydrogen uses/users in many ways, we will divide them in 4 main categories, as a 
function of their volumes. These categories are as follows: 

• Ammonia production: Hydrogen use for ammonia production is estimated to around 33.000 Nm3/year in the 
Western European countries [7] for year 1997 or 55% of the total hydrogen market within these countries 
and 250.000 Nm3/year internationally [8] or 50% of total international hydrogen production. According to 
another source [9], ammonia production in the 80’s was definitely by far the largest consumer of hydrogen 
consuming more than two thirds of world annual hydrogen production. This drop in hydrogen consumption 
for ammonia production with respect to total hydrogen consumption has probably to do with the fast 
increasing hydrogen requirements within the petroleum refining industry. 

• Petroleum refining: Hydrogen use within oil refineries is estimated to around 17.500 Nm3/year in the 
Western European countries [7] for year 1997 or 30% of the total hydrogen market within these countries. 
Internationally the use of hydrogen within oil refineries is estimated to around 185.000 Nm3/year [8] or 
around 37% of the total annual hydrogen production. 

• Methanol production and Industrial chemicals: Hydrogen use for methanol production is estimated to around 
4.000 Nm3/year in the Western European countries [7] for year 1997 or 7% of the total hydrogen market 
within these countries. Hydrogen use for other industrial chemicals production is estimated to around 2.500 
Nm3/year in the Western European countries [7] for year 1997 or 4% of the total hydrogen market within 
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these countries. Hydrogen requirements for methanol production internationally is estimated around 40.000 
Nm3/year [8] or 8% of total hydrogen production. 

• Commercial (merchant) hydrogen and other hydrogen uses (Hydrogenation of fats and oils, Metallurgy, 
Electrical power, Electronics industry, etc): merchant hydrogen (or rather merchant hydrogen in addition to 
“other hydrogen”) is estimated to around 3.000 Nm3/year in the Western European countries [7] for year 
1997 accounting for 5% of the total hydrogen market within these countries or 20.000 Nm3/year 
internationally [8], including use for chemical production, a 4% of total hydrogen production. 

The bulk of hydrogen production today is based on fossil raw materials. Hydrogen production can be thus 
estimated as follows [10]: 

Origin 
Quantity 

(mil Nm3/year) 
Percentage 

Natural gas 240.000 48% 
Oil 150.000 30% 
Coal 90.000 18% 
Electrolysis 20.000 4% 
Total 500.000 100% 

Today the hydrogen market globally is estimated at 500 billion Nm3/year [8] while the Western European 
hydrogen market was estimated at 55 to 60 billion Nm3/year in 1997 [7]. This amount of hydrogen is equivalent 
to only about 1’5% of world energy consumption and 99% of this (or 96% [10]) is produced from fossil fuels, 
primarily natural gas. 

About half of all the hydrogen produced is used for the manufacture of ammonia, which is itself used in making 
fertilizers. From the remaining most is used in oil refineries for removal of impurities or for upgrading heavier 
oil fractions into lighter. The remaining is used for the production of methanol while a small portion is used for 
other chemical metallurgical and other uses and some is used as fuel for space programs. 

Within the following table we summarise both data for the world [8] and Western Europe [7] as follows: 

CATEGORY 
WORLD 

QUANTITIES 
(MIL NM3/YEAR)

WEST. 
EUROPEAN 

QUANTITIES 
(MIL NM3/YEAR) 

WESTERN 
EUROPEAN 

COMPARED TO 
WORLD (%) 

Ammonia 
Production 

250.000 33.000 13% 

Refineries 185.000 17.500 9% 
Methanol production 40.000 4.000 10% 
Chemicals 2.500 
Merchant hydrogen* 

20.000 
3.000 

27% 

Fuel (space) 5.000 - - 
TOTAL 500.000 60.000 12% 

* merchant hydrogen + other 

It is interesting to note that the Western European market was increasing very slowly in 1997 at a rate between 
1% (for ammonia production) to 4% (for methanol production) with the important exception of hydrogen within 
refineries which was increasing at a rate of 24% [7]. The reason for this is probably the EU directive Autooil, as 
we will see later, that reduces the contents of sulphur within gasoline and diesel fuels first after year 2000 and 
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then furthermore after 2005. This also holds for the US market. As it is stated by Air Products [11], the 
petroleum refining industry is the single largest growth area for tonnage quantities of hydrogen. 

The main conclusions concerning the International and European market are: 

• Total hydrogen production in the world is in the order of 500 billion Nm3/year. 
• Almost all of it is produced from fossil fuels. Only between 1% to 4% is produced by electrolysis. 
• The total hydrogen production would cover only 1’5% of our energy requirements today if it was used as a 

fuel. 
• The main uses of hydrogen today is for production of ammonia, for fertilisers, and within the refineries for 

oil refining, probably the single sector where hydrogen requirements are increasing fast mainly because of 
need for cleaner fuels. 

• Other important uses include production of methanol and industrial chemicals. 
• All other uses of hydrogen do not exceed a 5% of total needs with different applications. Part of this 

hydrogen is commercial and other part is from self-production. 

2.2.10.1 GRAN CANARIA HYDROGEN MARKET 

The uses in Gran Canaria of Hydrogen are very limited. This is mainly focalised in uses of the refrigeration 
system of one of the electric power station, which is located in Jinamar. In Gran Canaria there is only one 
company which supplies Hydrogen which is Carburos Metalicos, this company belong to Air Products. 

The consumption of Hydrogen in Gran Canaria used for the refrigeration system of the electric power station of 
Jinamar is approximately 216 Nm3 per month, this makes 2600 Nm3 per year. Hydrogen is supplied by bottles 
which have a capacity of 8’8 m3 gas at 200 Kg/cm2 (15ºC) pressure. 

Hydrogen is also used in laboratories for analytical purposes and chromatography. It is used by all chemical 
laboratories and maybe by medical as well but quantities are in general negligible. In this term there is an 
average consumption of 2 bottles per year. 

Two LNG plants are planed to be constructed in the Canary Islands; one will be located in Gran Canaria and the 
other in Tenerife. 

In the transport sector, the early niche for fuel cells in transportation will be in bus fleets in modern urban areas 
near fuel cell or car manufacturers, or where air quality is highly valued or a major problem. 

There is a real intention from the Canarian government to support the research on uses of hydrogen for the buses. 
The following figure shows the consumption of Gasoil of the public transport at the main islands (Gran Canaria 
and Tenerife). 

BUS GASOIL FLEET.   2002 YEAR 
 Nº Vehicles M3/Year M3/vehicle year liters/day 
TITSA 550 11.235 20,4 56,0 
GUAGUAS MUNICIPALES 227 6.756 29,8 81,5 
SALAZAR BUS 100 1.283 12,8 35,2 
 
GRAN CANARIA AVERAGE   29,8 81,5 
TENERIFE AVERAGE   16,6 45,6 
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As we can see there is a negligible quantities of consumption of Hydrogen in Gran Canaria, although this can be 
produced and be used for renewable energy production systems, also in a future this can be used in transport, 
specially in buses. 

2.2.10.2 GREEK HYDROGEN MARKET 

Lots of different applications of hydrogen exist within the industry. The largest quantities of hydrogen in Greece, 
by far, are produced and consumed within the petrochemical industry. Most of the remaining hydrogen is 
commercial industrial hydrogen which it seems that today is being produced in only one site in Greece and 
traded mainly by the two large international gas trading companies, that is Linde and Air Liquide. If we exclude 
thus the oil refineries and a motor oil recycle unit, almost all the remaining hydrogen is commercial traded by 
these two large gas traders, since there does not seem to exist any other large producer or self producer of 
hydrogen. 

The main clients/users of the commercial hydrogen is the Public Power Corporation (PPC) for the cooling of 
generators, the edible oil industry for the production of margarines and cooking fats while soap industry can also 
be considered as one of the large clients which require hydrogen only part of the year. Finally the remaining 
commercial hydrogen is consumed for welding, construction of transformers and construction of cutting tools. 
Much lower volumes are also consumed by laboratories. 

In summary, if we exclude the much larger volumes produced and consumed within the refinery industry, in the 
order of tens or hundreds of millions of Nm3/year, we could roughly estimate the commercial hydrogen market 
in Greece today in the order of 1 million Nm3/year as follows: 

Monthly 
consumption 
(th. Nm3/m) 

Uses and Users Seasonality 
Annual 

consumption 
(th. Nm3/y) 

30 to 40 
The Public Power Coorp. (PPC) for the cooling of generators. PPC 
had its own hydrogen production facilities but these started shutting 
off during the 90s. Now PPC buys all the hydrogen they utilise. 

All year long 360 to 480 

10 to 20 Soap production. Olive harvest 
(October to May) 80 to 160 

10 to 20 Hydrogenation of edible oils All year long 120 to 240 

Remaining 
(~10) 

• Welding with special mixtures of H2 – Argon. 
• During the construction of the core of transformers (H2 and N 

mixtures). 
• Production of cutting tools within reducing atmosp. (5% H2 in N) 

All year long (~120) 

50 to 90 TOTAL 680 to 1.000 

To this total of around 0’7 to 1 mil Nm3/year we could add small quantities of extra pure hydrogen (>99’999%) 
in the order of a couple thousand Nm3/year, imported from abroad. 
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2.2.11 LEGISLATION AND SAFETY REGULATIONS SURVEY 

2.2.11.1 SAFETY CONSIDERATIONS FOR THE DESIGN AND ENGINEERING 

As for any chemical process, it is important to decide how much risk reduction is required for the RES2H2 
system, the design the system according to the desired level of risk reduction. Risk reduction is generally 
accomplished by implementing layers of protection, with each layer designed to function independently from the 
others. Safety should be integrated in all the phases of a hydrogen project, including design, construction, 
operation, maintenance, and final disposition of the project. 

The ANSI/ISA S84.01-1996 standard specifies the requirements for the design, installation, operation and 
maintenance of “safety instrumented systems” (SIS), designed to prevent potentially unsafe conditions. The 
safety integrity level (SIL) is related to the average probability of the SIS failing upon process demand. SIL 3 
represents the highest recognised performance and corresponds to a probability to fail upon demand of 0’001-
0’0001. This means that the SIS has a probability of failing 1 in every 1000 to 10000 times that it is needed [6]. 

A first analysis must consider the risks related to the process taking place inside the equipment for the 
generation, separation, compression, storage, distribution or use of hydrogen. These risks are mainly related to 
the accidental formation of hydrogen-oxygen or hydrogen-air flammable mixtures. The formation of such 
mixtures may be due to deviations from the correct operating conditions, to the destruction of internal sealing or 
structures, or to the inadequacy of the control system. The system must also be designed in such a way as to 
prevent the firing of possibly formed inflammable mixtures and to minimize the damages of a possible 
explosion. Such a practice is also dictated by the European Directive Nº 1999/92/CE. 

Hydrogen systems shall be installed so that they are readily accessible to fire fighting services. They shall not be 
located beneath high voltage power lines. Care shall be taken with regard to their location relative to sources of 
fuel, potential hazardous substances or other processes. 

Where heating is required, it should preferably be by hot water or warm air. Where recirculatory systems are 
used, consideration shall be given to the possibility of hydrogen contamination. Where closed circuit water-
cooling is used, each cooler should be protected against overpressure on the water side, arising from leakage or 
failure of the gas side. 

When starting a hydrogen system, it is important to prevent ingress of air. An adequate circuit for nitrogen 
purging of the system where necessary should be designed. 

2.2.11.2 HAZARD ZONES 

The portions of an installation area where an explosive atmosphere may be formed are defined as ‘hazardous 
zones’. The electric components situated inside such a zone are subject to specific norms. Generally, a 
‘continuous grade’ emission generates a Zone 0, a ‘first grade’ a Zone 1 and a ‘second grade’ a Zone 2. 
However, the quality of the ventilation of the surrounding atmosphere may influence this classification. 

Hydrogen systems shall be surrounded by hazard zones. Pipelines that contain valves, flanges, removable 
connections etc. shall be considered as sources of hydrogen escape only at the points where such connections 
occur. The minimum recommended horizontal safety distance from hydrogen is (EIGA, 1996): 

• 5 meters from open flames and other ignition sources (incl. electrical), as well as from storage cylinders of 
flammable gas or gaseous oxygen; 

• 8 meters from site boundary and areas where people are likely to congregate, wooden buildings or structures 
and stocks of combustible material (e.g. timber). 
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The above mentioned distances may be reduced by the provision of suitable fire resistant barrier walls. 

The extent of the hazard zones shall be indicated by permanent notices, particularly at access points. Only 
authorized personnel, aware of the hazards and the relevant emergency procedures shall be allowed to enter these 
zones. 

2.2.11.3 CODES, STANDARDS AND REGULATIONS 

Codes and Standards already implemented or next to be implemented related to Fuel Cell and Hydrogen 
Technology are presented in the next table: 

Code/ 
Standard 

Organization 
(Committee) 

Summary 

ISO 14687:1999 
& COR 1: 2001 ISO (TC 197) Hydrogen fuel -- Product specification 

ISO/TR 
15916:2004 ISO (TC 197) Basic considerations for the safety of hydrogen systems. 

ISO/DIS 22734 
ISO (TC 197 WG8 
- Under 
development) 

Hydrogen generators using electrolysis process. 

IEC 61779-1 IEC (TC 31) Electrical apparatus for the detection and measurement of flammable gases - 
Part 1: General requirements and test methods. 

IEC/TS 62282-1 IEC (TC 105) Fuel cell technologies - Part 1: Terminology. 
IEC 62282-2 & 
Amendment IEC (TC 105) 

Fuel cell technologies - Part 2: Fuel cell modules. 
Adopted by the E.U. as EN 62282-2:2004 

IEC 62282-3-1 IEC (TC 105) 
Fuel cell technologies - Part 3-1: Stationary fuel cell power systems – Safety. 
Adopted by the E.U. as EN 62282-3-1:2007. 

IEC 62282-3-2 IEC (TC 105) Fuel cell technologies - Part 3-2: Stationary fuel cell power systems - 
Performance tests methods. Adopted by the E.U. as EN 62282-3-2:2006. 

IEC 62282-3-3 IEC (TC 105) Fuel cell technologies - Part 3-3: Stationary fuel cell power systems – 
Installation. 

G5 CGA (G) Hydrogen. 
G-5.3 CGA (G) Commodity specifications for hydrogen. 
G-5.4 CGA (G) Standard for hydrogen piping systems at consumers’ locations. 
G-5.5 CGA (G) Hydrogen vent systems. 
S-1.1 CGA (S) Pressure relief device standards - Part 1- Cylinders for compressed gases. 

S-1.3 CGA (S) Pressure relief device standards - Part 3- Stationary storage containers for 
compressed gases. 

V9 CGA (V) Compressed gas association standard for compressed gas cylinder valves. 

NFPA 1 NFPA (UFC-
AAA) Uniform fire code 

NFPA 30 NFPA (FLC-AAC) Flammable and combustible liquids code. 

NFPA 55 NFPA (IMG-
AAA) 

Standard for the Storage, Use, and Handling of Compressed Gases and 
Cryogenic Fluids in Portable and Stationary Containers, Cylinders, and Tanks. 

NFPA 70 NFPA (NEC-
AAC) 

National electrical code.  
      690: Photovoltaic systems. 
      691: Fuel Cells. 
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Code/ 
Standard 

Organization 
(Committee) 

Summary 

      705:.Systems interconnection. 

NFPA 853 NFPA (ECG-
AAA) 

Standard for the design, construction, and installation of stationary fuel cell 
power plants of all sizes 

ANSI/CSA 
AMERICA FC1 
2004 

ANSI/CSA American National Standard for Stationary Fuel Cell Power Systems 

B51 CSA Boiler, pressure vessel, and pressure piping code. 
ANSI/ASME 
PTC 50 ANSI/ASME Test procedures, methods and definition to evaluate performances of Fuel Cells 

based systems. 

IEEE 1547 IEEE (SCC 21) 

IEEE 1547: Standard for Interconnecting Distributed Resources with Electric 
Power Systems 
IEEE 1547.1.: Standard for Conformance Test Procedures for Equipment 
Interconnecting Distributed Resources with Electric Power Systems. 

UL 1741 UL 

Requirements for inverters, converters, charge controllers, and interconnection 
system equipment (ISE) intended for use in stand-alone (not grid-connected) or 
utility-interactive (grid-connected) power systems. Utility-interactive inverters, 
converters, and ISE are intended to be operated in parallel with an electric 
power system (EPS) to supply power to common loads. 

ASTM D7265-06 ASTM Standard specification for hydrogen thermophysical property tables. 

 EIHP Regulation 

EIHP Regulation: Approval of: Specific Components of Motor Vehicles Using 
Compresses Gaseous Hydrogen; and Vehicles with Regard to the Installation 
of  Specific Components for the Use of Compresses Gaseous Hydrogen (Draft) 
The regulation is for Europe. 

2.2.11.3.1 GREEK TEST SITE 

2.2.11.3.1.1 Compliance of Greek Law to EU Directives (Explosive Atmospheres) 

Title – Subject Relative Directives 
& Amendments 

Greek Government 
Journal Number (“FEK”) 

Potentially explosive atmospheres – ATEX (New 
Approach) 94/9/EC 157/B/96 

Minimum safety and health requirements for the use of 
work equipment by workers on work 89/655/EEC 52/A/95 

Low voltage equipment (New Approach) 
73/23/EEC 
93/68/EEC 

78/B/92, 214/B/88, 183/B/85 
922/B/94 

Electromagnetic compatibility (New Approach) 
89/336/EEC 
92/31/EEC 
93/68/EEC 

688/B/94 
‘’ 
‘’ 

Machinery (New Approach) 
98/37/EC 
98/79/EC 

? 
? 

Protection of workers potentially at risk from explosive 
atmospheres 99/92/EC 44/A/03 

Transport of dangerous goods by road 
94/55/EEC 
96/49/EEC 

113/A/99 
√ 
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Title – Subject Relative Directives 
& Amendments 

Greek Government 
Journal Number (“FEK”) 

Personal protective equipment (PPE) 89/686/EEC 187/B/93 
Construction products (CPD) 89/106/EEC √ 

2.2.11.3.1.2 Compliance of Greek Law to EU Directives (Pressure Equipment) 

Title – Subject Relative Directives 
& Amendments 

Greek Government 
Journal Number (“FEK”) 

Pressure equipment (New Approach) 97/23/EC 987/B/99 

Simple pressure vessels (New Approach) 
87/404/EEC 
90/488/EEC 
93/68/EEC 

431/B/91 
‘’ 
977/B/94 

Gas appliances (New Approach) 
90/396/EEC 
93/68/EEC 

487/B/91 
134/B/96 

Pressure vessels and methods for inspecting them 
76/767/EEC 
87/354/EEC 
88/665/EEC 

291/B/87 
? 
? 

Gas cylinders 
84/525/EEC 
84/526/EEC 
84/527/EEC 

624/B/87 
‘’ 
639/B/87 

Transportable pressure equipment 
99/36/EC 
02/50/EC 
01/2/EC 

1626/B/01 
‘’ 
652/B/03 

Transport of dangerous goods by road and rail 
94/55/EEC 
96/49/EC 

113/A/99 
√ 

2.2.11.3.1.3 “Regulations for the establishment and the operation of filling stations for pressurised gases, units 
for acetylene production and regulations for the transportation, storage and inspection of 
respective cylinders” (FEK 370/B/88 with amendment 580/B/88) 

This ministerial decision is supposed to regulate, among others, the installation and operation of establishments 
for the production of gases and filling of cylinders in filling stations.  
Of course some of the issues discussed within this ministerial decision have been modified by later legislation, 
especially in the process of including the EU directives into the national law. 

2.2.11.3.1.4 Definition of measures and constraints for the confrontation of dangers from accidents of large 
scale that are relative to some industrial activities (FEK 126/B/88) 

The reason of this ministerial decision is to provide for measures for the confrontation and avoidance of 
accidents of large scale within industry. 

2.2.11.3.2 SPANISH TEST SITE 

2.2.11.3.2.1 Spanish specific applicable norms and general rules: 

• Reglamento de instalaciones petrolíferas, aprobado por Real Decreto 2085/1994, de 20 de octubre, y las 
instrucciones técnicas complementarias MI-IP03. 
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• Real Decreto 842/2002, de 2 de agosto, por el que se aprueba el Reglamento Electrotécnico para Baja 
Tensión. 

• Ley 34/1998, de 7 de octubre, del sector de hidrocarburos. 
• Reglamento General del Servicio Público de Gases Combustibles, Decreto 2913/1973, de 26 de octubre. 
• Normas Básicas de Instalaciones de Gas. Orden de 29 de marzo de 1974. 
• Reglamento de instalaciones de gas en locales destinados a usos domésticos, colectivos o comerciales. Real 

Decreto 1853/1993, de 22 de octubre. (Sólo para industrias) 
• Reglamento de Redes y Acometidas de Combustibles Gaseosos aprobado por Orden de 18 de noviembre de 

1974 y modificado por Orden de 26 de octubre de 1983. 
• Reglamento sobre Instalaciones de Almacenamiento de GLP en depósitos fijos. Orden de 29 de enero de 

1986. 
• Reglamento de aparatos que utilizan gas como combustible e Instrucciones Técnicas Complementarias. Real 

Decreto 494/1988, de 20 de mayo. 
• Instrucciones Técnicas Complementarias del Reglamento de aparatos que utilizan gas como combustible ITC 

MIE-AG 10, 15, 16, 18 y 20. Orden de 15 de diciembre de 1988. 
• Real Decreto 1428/1992, de 27 de noviembre, por el que se dictan las disposiciones de aplicación de la 

Directiva del Consejo de las Comunidades Europeas 90/396/CEE, sobre aparatos de gas. 
• Reglamento de Actividades Molestas, Nocivas, Insalubres y   Peligrosas. Decreto 2414/1961, de 30 de 

noviembre. 
• Protección del Ambiente Atmosférico. Ley 38/1972, de 22 de diciembre. Decreto 833/1975, de 6 de febrero 

que la desarrolla. Ley 16/2002, de 1 de julio que la modifica. 
• Real Decreto 769/1999, de 7 de mayo, por el que se dictan las disposiciones de aplicación de la Directiva del 

Parlamento Europeo y del Consejo 97/23/CE, relativa a los equipos de presión y se modifica el Real Decreto 
1244/1979, de 4 de abril, que aprobó el Reglamento de aparatos de presión. 

• Reglamento de Almacenamiento de Productos Químicos y sus Instrucciones Técnicas Complementarias 
MIE-APQ-005, Real Decreto 379/2001, de 6 de abril. 

• Real Decreto 2267/2004 de 3 de diciembre, por el que se aprueba el Reglamento de seguridad contra 
incendios en los establecimientos industriales. BOE nº 303 de 17 de diciembre de 2004 

• Real Decreto 1942/1993, de 5 de noviembre, por el que se aprueba el Reglamento de Instalaciones de 
Protección contra Incendios. BOE nº 298 de 14 de diciembre de 1993 

• Real Decreto 16/1987, de 20 de febrero, por el que se dictan normas de seguridad para las instalaciones de 
gases combustibles 

• Real Decreto 681/2003, de 12 de junio, sobre la protección de la salud y la seguridad de los trabajadores 
expuestos a los riesgos derivados de atmósferas explosivas en el lugar de trabajo 

• Real Decreto 400/1996, de 1 de marzo, por el que se dicta las disposiciones de aplicación de la Directiva del 
Parlamento Europeo y del Consejo 94/9/CE, relativa a los aparatos y sistemas de protección para uso en 
atmósferas potencialmente explosivas. BOE nº 85 de 08 de abril de 1996. 

• Nota Técnica de Prevención NTP-50 Almacenamiento de hidrógeno. 
• Ley 31/1995, de 8 de noviembre, de Prevención de Riesgos Laborales. 
• Real Decreto 486/1997, de 14 de abril, por el que se establecen las disposiciones mínimas de seguridad y 

salud en los lugares de trabajo. 
• Real Decreto 1627/1997, de 24 de octubre, por el que se establecen disposiciones mínimas de seguridad y de 

salud en las obras de construcción. 

mailto:legis@iespana.es?subject=solicitud%20n�%20161
mailto:legis@iespana.es?subject=solicitud%20n�%20161
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• UNE 109501 IN, “Instalación de tanques de acero aéreos, o en fosa, para almacenamiento de carburantes y 
combustibles líquidos”. 

• UNE 62351-1, 2, 3 y 4 sobre tanques de almacenamiento de carburantes y combustibles líquidos de hasta 
3.000 l de capacidad. 

• UNE 19.045.93. Tubos de acero soldados roscables. 
• UNE 19.046.93. Tubos de acero sin soldadura roscables. 
• UNE 19.049.84. Tubos de acero inoxidable. 
• UNE 19.679.75. Llaves para combustibles gaseosos. 
• UNE 60.302.72. Canalizaciones para combustibles gaseosos, emplazamiento. 
• UNE 60.490.84. Centralización de contadores. 

2.2.11.3.2.2 Local specific applicable norms: 

• Ley 1/1998, de 8 de enero, de Régimen Jurídico de los Espectáculos Públicos y Actividades Clasificadas 
(BOC nº 6 de 14/01/98). 

• Normas de seguridad para las instalaciones de gases combustibles. Decreto 16/1987, de 20 de febrero.  
• Decreto 154/2001, de 23 de julio, por el que establece el procedimiento para la puesta en funcionamiento de 

industrias e instalaciones industriales (BOC nº 97 de 01/08/01). 

2.2.12 DISSEMINATION AND EXPLOITATION 
This section presents a list of all the publications and dissemination actions.  

Topic/WP/Title Partner 
Congress/Publication/ 

Presentation/Media 
(Other-specify) 

“Cluster Pilot Project for the Integration of RES into European Energy Sectors” ULPGC Congress 
“Cluster Pilot Project for the Integration of RES into European Energy Sectors” ULPGC Congress 
“Cluster Pilot Project for the Integration of RES into European Energy Sectors” ULPGC Congress 
“Cluster Pilot Project for the Integration of RES into European Energy Sectors” ULPGC Congress 

Integration of RES into European Energy Sectors. RES2H2 ULPGC Congress 
Hidrógeno, il nostro futuro ULPGC Conference 

“Cluster Pilot Project for the Integration of RES into European Energy Sectors” ULPGC Conference 
Cogeneración de Agua y Energía usando el Hidrógeno como Vector ULPGC Conference 

Integración de EERR en los Sectores de Energía Europeos. Proyecto RES2H2 ULPGC Conference 
Sistemas energéticos sostenibles : El Hidrógeno como vector ULPGC Course 

El Hidrógeno : Combustible Siglo XXI ULPGC Course 
Energía y Medio Ambiente : Hidrógeno El Combustible del Futuro ULPGC Course 

Integration of Renewable Energy Systems into European Energy Sectors ULPGC Symposium 
EL Hidrógeno como Vector Energético para el aprovechamiento de las EERR ULPGC Symposium 

Integration of RES into European Energy Sectors. RES2H2 ULPGC Symposium 
RES2H2 ITC Workshop 
RES2H2 ITC Conference 

RES2H2 as an important milestone on H2 activity in European islands ITC Meeting 
Results of the RES2H2 Greek prototype, and the advances to finish the 

Spanish prototype ITC Meeting 
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Topic/WP/Title Partner 
Congress/Publication/ 

Presentation/Media 
(Other-specify) 

RES2H2 ITC Seminar 
RES2H2 ITC Meeting 
RES2H2 ITC Meeting 

The challenge of deploying hydrogen technologies in islands. ITC Seminar 
 ITC Seminar 

Experiences from the operation of a wind-hydrogen pilot unit CRES Conference 
Integrated Wind-Hydrogen Systems for Wind Parks CRES Conference 

 CRES Article 
 CRES Article 
 CRES Article 
 CRES Article 
 CRES Article 
 CRES Article 

Integration of Intermittent Renewable Energy Sources using Hydrogen: System 
Development and Market Opportunities. PLANET Congress 

Usage of Hydrogen: Present and Future Markets. PLANET Symposium 
Wasserstoff als Medium zur Integration erneuerbarer Energiequellen: Das 

Projekt RES2H2. PLANET Symposium 

 

2.3 ASSESSMENT OF RESULTS AND CONCLUSIONS. 

2.3.1 GREEK TEST SITE 
The system may be operated manually, in semi-automatic and in automatic mode. It is generally run in the semi-
automatic mode, in order to assess the performance of each component in the system. The characterisation of the 
electrolyzer’s performance is particularly important, because the automatic mode is based on a simplified model 
of the direct current-voltage relation for electrolysis. 

The initial trials have been focused on the performance assessment of each component. The characterisation of 
the electrolyzer’s performance is particularly important, because the automatic mode of operation is based on a 
simplified model of the current-voltage relation for water electrolysis. The overall efficiency of the wind-
hydrogen plant, defined as the ratio of the theoretical amount of energy content of the produced hydrogen, 
divided by the total AC power consumed for the production and compression of hydrogen lies in the range 50%-
60%, taking into account the energy consumption of both the main components and the auxiliaries. 

Typical operating data of the electrolyzer are shown in Figure 20. Electrolysis current was kept stable during 
most of the time of the experiment at 200 A, 250 A and 270 A (nominal value), but intermittent operation was 
applied at different intervals. The corresponding voltage values vary in the range 85 – 100 V. The wind turbine 
output power, as well as, the AC power consumed by the electrolyzer are also shown on the same figure.  
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Fig. 20: Typical operating data of the electrolyzer 

Typical data of the electrolyser operation under variable power input are shown in Figure 21. Direct current 
values were manually varied, according to the reading of the power turbine output. The data acquisition 
frequency is one measurement per second, which is similar to the response time of the electrolyser. The delay 
between the power and current values is of the order of a few seconds, due to the manual introduction of the 
values. 
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Fig. 21: Electrolyser operation under variable power input 
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Generally, when an electrolyser is not in operation, a protective polarisation current should be applied, in order 
to protect the electrodes from corrosion. The polarisation current is very small, and the corresponding power 
requirement is not significant, when the electrolyser operates continuously through the year. In the case of 
intermittent operation however, the energy loss due to the application of such a “protective” current cannot be 
neglected. The current, voltage and AC power of the electrolyser during “protective polarisation” are shown in 
Figure 22. A DC current of 2’5 A is applied, with a corresponding DC voltage of 61V, consuming 0’15 kW of 
DC power and 0’35 kW of AC power. The protective polarisation current was applied after the start-up of the 
plant for some tests, but has never been applied since. The non-application of a protective current to the 
electrolyser is a major innovation in the operation of such hydrogen plants. Assuming an optimistic capacity 
factor of 0’5 through the year, which means that protective polarisation, would have been applied for 
approximately 27 weeks, the amount of energy saved is approximately 1’6 MWh. This is possible thanks to the 
use of corrosion-resistant activated electrodes in the stack.  
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Fig. 22: Data during the application of protective  
polarisation applied to the electrolyser 

Some typical current-voltage relations of the electrolyser operation are shown in Figure 23, for two different 
temperatures, namely 45°C and 70°C. The AC power requirement of the electrolyser as a function of applied 
current, for the same temperatures, is also reported on the same figure. The DC efficiency of the electrolyser 
increases with temperature, thanks to a reduction of the voltage with increasing temperature at the same current. 
Note, that the DC efficiency increase with temperature is not reproduced for the AC power requirement. This is 
due to the fact that an important part of AC power losses are due to the AC/DC conversion, which is independent 
of the electrolyser temperature. 
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Fig. 23: Current-Voltage relations of the electrolyser at 45°C and 70°C. 

According to the results obtained until now, the stack efficiency, defined as the ratio of the theoretical amount of 
energy content of the produced hydrogen, divided by the DC power consumed for the production of hydrogen 
lies in the range 70-80%, with respect to the high heating value of hydrogen. The DC efficiency depends both on 
temperature and on the applied current. The AC power efficiency, defined as the ratio of the theoretical amount 
of energy content of the produced hydrogen, divided by the AC power consumed for the production of hydrogen 
lies in the range 55-65%, with respect to the high heating value of hydrogen. At present, the energy loss during 
the AC/DC conversion and conditioning of the electrolysis current is very high. The power electronics of the 
electrolyser are actually under investigation, in order to find the reasons of this excessive inefficiency. 

The electrolyser efficiency is shown in Figure 24, as a function of the current density applied, for two different 
temperatures, namely 45°C and 70°C. Under variable power input, the electrolyser temperature generally lies in 
the range 45°C to 70°C, so the electrolyser efficiency varies in the range from 70% to 85%. The efficiency is 
approximately 5 points higher at 70°C than at 45°C, for any current density. 
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Fig. 24: Electrolyser efficiency (HHV) as a function  

of current density and temperature 
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Except for the hydrogen storage in high pressure cylinders, the electrolytic hydrogen can also be stored in the 
metal hydride tanks, in order to compare the two methods of hydrogen storage. The performance of the metal 
hydride tanks has not been studied in detail yet. When they are filled with hydrogen, a preheating phase is 
necessary, in order to increase the pressure inside the tanks at the desired level and sustain the desired hydrogen 
delivery rate. Some results, regarding the non-optimised preheating phase of the metal hydride tanks during 
winter conditions, are shown in Figure 25. The 4 kW boiler was in operation during the first 2 hours of the 
experiment, and the pressure of the metal hydride tanks increased from circa 8 bar to 18 bar. The temperature of 
the water supplied to heat up the tanks is measured at the inlet and outlet of the metal hydride tanks. Note that 
equilibrium conditions have not been reached during the experiment. According to the preliminary results, it 
seems that the electrical energy consumed by the metal hydride tanks for the release of the stored hydrogen is 
higher than the energy consumption by the compressor for the filling of high pressure cylinders. 

The overall efficiency of the wind-hydrogen plant, defined as the ratio of the theoretical amount of energy 
content of the produced hydrogen, divided by the total AC power consumed for the production and compression 
of hydrogen is approximately 50%, taking into account the energy consumption of both the main components 
and the auxiliaries. The electrolyser is by far the most inefficient component of the system. 
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Fig. 25: Operating data during the preheating phase  
of the metal hydride tanks 

It is very difficult to estimate the state of charge, which can only be calculated through a continuous mass 
balance. The pressure of the metal hydride tanks depends on the temperature and, since they are installed 
outdoors, it varies with ambient temperature. So, care must be taken to avoid emptying them in summer, leaving 
them at a pressure slightly higher than atmospheric, because in winter, when the ambient temperature decreases, 
the pressure inside the metal hydride tanks may drop below the atmospheric pressure. Note that equilibrium 
conditions for the metal hydride are never reached during normal operation. 

In order to study the hydrogen desorption phase from the metal hydride tanks, hydrogen is transferred from the 
metal hydrides to high pressure cylinders, through the hydrogen compressor. A preheating phase is necessary, in 
order to increase the pressure inside the tanks at the desired level and sustain the desired hydrogen delivery rate. 
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The operating data during the filling of one high pressure cylinder with hydrogen desorbed from the metal 
hydride tanks are shown in Figure 26. The preheating of the metal hydride tanks with hot water from the boiler 
had lasted 70 minutes, prior to the start-up of the compressor. The pressure in the hydrogen buffer and the metal 
hydride tanks had reached 16 bar, the hot water at the inlet of the metal hydride tanks had reached 46ºC and at 
the outlet of the tanks 39ºC. When compression starts, the steep pressure increase at the outlet of the compressor 
from 3 to 16 bar is due to the equilibration between compressor’s inlet and outlet pressure. The rate of 
compression strongly depends on the outlet pressure and decreases gradually as the cylinder is filled.  
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Fig. 26: Operating data during filling of one cylinder  
with hydrogen from the metal hydride tanks 

During hydrogen supply from the metal hydride tanks to the compressor, the pressure in the tanks and the buffer 
tank remain almost equal, except for a 0’5 bar pressure loss in the circuit. The thermostat of the boiler stops 
heating when the temperature reaches 55ºC. On Figure 26, note that the rapid temperature decrease from 55 to 
45ºC is due to the thermostat, but then the boiler was shut off, approximately 15 minutes before the estimated 
end-of-filling. The circulation of hot water in the circuit continued and the temperature at the outlet of the tanks 
remains stable for a long time, due to the inertia of the metal hydride tanks. At the end of compression, the 
cylinder had been filled at 225 bar, while the pressure in the metal hydride tanks and the buffer had dropped to 
11 bar. 

Assuming that hydrogen is a perfect gas, the content in the buffer and the high pressure cylinder may be 
calculated according to the perfect gas law. In the experiment of Figure 27, the cylinder was filled with 10’4 
Nm3 H2, of which 9’1 Nm3 were supplied by the metal hydride tanks, and the rest was supplemented from the 
buffer tank. The filling lasted 81 minutes, so the mean hydrogen compression rate was 7’7 Nm3/h and the mean 
hydrogen desorption rate from the metal hydride tanks was 6’7 Nm3/h, much higher than the nominal rates. 

The operating data during the subsequent filling of one high pressure cylinder with hydrogen from the metal 
hydride tanks are shown in Figure 27. The preheating of the metal hydride tanks with hot water from the boiler 
had lasted 210 minutes, prior to the start-up of the compressor. The pressure in the hydrogen buffer and the metal 
hydride tanks had hardly reached 11 bar, although the hot water at the inlet of the metal hydride tanks was 53ºC 
and at the outlet of the tanks 45ºC. The pressure at the inlet of the compressor should not drop below 10 bar, but 
the compressor does not stop operation unless the inlet pressure drops below 7 bar. In the experiment of Figure 
22, the cylinder was again filled with 10’4 Nm3 H2, of which 9’7 Nm3 were supplied by the metal hydride tanks. 
The filling lasted 130 minutes, with a mean hydrogen compression rate of 4’7 Nm3/h and a desorption rate from 
the metal hydride tanks of 4’4 Nm3/h, which are lower than the nominal rates. 
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Fig. 27: Operating data during filling of one cylinder 
 with hydrogen from the metal hydride tanks 

During the experiment, the temperature of water flowing from the boiler to the metal hydride tanks (Tw in) 
varies between 47 and 54ºC, while the temperature of water coming out from the metal hydride tanks (Tw out) 
varies slightly around 45ºC. The buffer temperature is measured in the unique inlet/outlet line connecting it to 
the hydrogen line from the metal hydrides to the compressor, and generally lies below 30ºC. The hydrogen 
temperature at the inlet of the compressor is relatively stable at around 23ºC. Finally, the hydrogen temperature 
at the outlet of the compressor (Tout cmp) remains always under 20ºC, and presents fluctuations according to the 
periodical opening of the compressor’s cooling water valve. 

At the end of the experiment, the metal hydride tanks are allowed to cool down slowly through thermal losses to 
the environment. It takes more than 10 hours for the temperature to drop down to ambient temperature. When the 
metal hydride tanks had returned to an ambient temperature of circa 25ºC, their pressure had dropped down to 
circa 5’5 bar after the experiment of Figure 26 and 3’5 bar after the experiment of Figure 27. According to the 
results obtained so far, the electrical energy spent in the boiler, to heat up the metal hydride tanks and sustain the 
hydrogen desorption, represents circa 30% of the theoretical energy content of the hydrogen delivered (with 
respect to HHV). These losses, partially due to the bad insulation of the numerous water tubes supplying water to 
the six tanks, are extremely high and render prohibitive the use of an electrical water heater for the desorption of 
hydrogen stored in metal hydride tanks. In the future, the operating conditions should be optimised. 

The current-voltage characteristics of the electrolyser, under the same temperature and pressure conditions, of 
the initial experiments in fall 2005 with the most recent ones in spring 2007, were identical, so it is clear that no 
deactivation of the stack has occurred until now. This fact is particularly important, because the protective 
polarization, which is generally required according to the electrolyser manufacturers, in order to avoid the 
corrosion of activated electrodes when idle for long periods of time, has not been applied to the electrolyser of 
this plant. This decision has been taken, because the energy loss associated with the protective polarization 
(generally not taken into account in the calculation of the overall efficiency of a plant) is very important in 
applications involving renewable energy sources, due to the low capacity factor of the electrolyser. Without the 
application of a protective current, the electrode life is expected to be lower, but it is worth studying this long-
term effect, in order to learn if the life cycle of the electrodes is more important than the polarization losses. 

Some typical electrolyzer data are shown in the next table. The data have been taken from different days of 
experiment over the last year, in order to discuss the temperature and pressure effects on the electrolyzer 
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efficiency. The hydrogen production is calculated from the electrolysis current by applying the Faraday law. The 
stack efficiency is calculated with respect to the high heating value of hydrogen (HHV = 141.9 MJ/kg or 3’5 
kWh/Nm3 H2). Except for the power applied to the stack, calculated by multiplying the electrolysis current by 
the voltage, the AC power supplied to the power supply cabinet of the electrolyzer prior to rectification and 
conditioning is also measured with the help of a power-meter. The AC power measurements are very sensitive 
and difficult to take into account, but they have been cross-checked a few times with independent power quality 
measurements and seem reliable. The concomitant electrolyzer AC efficiency is also calculated based on the 
HHV of hydrogen and is reported in the table. 

The electrolyzer nominal production rate is 5 Nm3/h, but it may operate up to 110% of its capacity. The 
efficiency of the electrolyzer with respect to the AC power consumed cannot be calculated for the maximum 
production rate of 5’5 Nm3/h, because the relative measurement exceeds the measuring range of the power-
meter. From the values in Table 1, it is clear that the efficiency increases at low current densities and hydrogen 
production rates, although the effect is slightly less important for the AC efficiency than for the stack efficiency. 
The effect of electrolysis temperature is also significant on the efficiency, while there is no measurable influence 
of the electrolysis pressure. For example, for a current density of 2050 A/m2, at 25°C and 0.77 MPa the stack 
efficiency is 73’1 %, while at 71°C and 1.14 MPa the stack efficiency is 79’1%. The efficiency has increased 
with temperature, although the pressure increased as well. 

Current 
density 
(A/m2) 

Temperature 
(°C) 

Pressure 
(MPa) 

H2 
production 

(Nm3/h) 

Stack 
efficiency 
HHV (%) 

Electrolyzer 
AC efficiency 

HHV (%) 
2050 
2050 
2050 
2050 
2050 
2050 
3500 
3500 
3500 
4700 
4700 

25 
39 
43 
60 
71 
80 
27 
40 
60 
75 
81 

0’77 
0’94 
0’89 
1’15 
1’14 
0’98 
0’76 
0’83 
1’22 
1’36 
1’80 

2’4 
2’4 
2’4 
2’4 
2’4 
2’4 
4’2 
4’2 
4’2 
5’5 
5’5 

73’1 
74’7 
75’5 
78’1 
79’1 
80’0 
69’5 
71’6 
74’7 
74’6 
78 

59’3 
60’7 
61’0 
62’7 
63’8 
64’1 
57’6 
59’2 
61’0 

 

An example of data related to the operation of metal hydride tanks (MHTs) is shown in Figure 28. In this 
experiment, only three of the six tanks were used, with a nominal storage capacity of 1’87 kg H2 (21 Nm3). The 
tanks were initially “full”, starting from a pressure of 1’44 MPa (14’4 bar) at around 15°C. The 4 kW water 
boiler had been in operation for 1’5 hours (5400s) before the experiment shown, when hot water was allowed to 
circulate in the MHTs. The water temperature at the inlet of the MHTs increases quickly up to 64°C, while the 
water temperature at the outlet decreases initially, until the water in the jacket of the tanks is completely replaced 
by hot water. The hydrogen pressure in the MHTs also rose, reaching a value of around 25°C. The hot water 
circulation was then stopped for a while, in order to avoid a further increase of pressure in the MHTs. The 
pressure remained stable, until the outlet valve was opened and hydrogen started flowing to the buffer. The 
pressure decrease in the MHTs was very sharp, from 2’5 MPa (25 bar) to 1 MPa (10 bar), with a concomitant 
increase of the buffer pressure. The hot water circulation was also restarted, in order to sustain the hydrogen 
flow. The pressure in the buffer and MHT increased simultaneously, until around 10’000 seconds, when the 
hydrogen compressor was started, in order to enhance the rate of hydrogen supply from the MHTs. At around 
16200 seconds, the compressor and water boiler were stopped. 
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Fig. 28: Operational data of the metal hydride tanks  
during hydrogen discharge. 

In the experiment shown in Figure 28, a total of 1’72 kg hydrogen (19’35 Nm3) were withdrawn, which means 
that the tanks were almost empty at the end of the experiment. Indeed, when allowed to cool down, their pressure 
at ambient temperature dropped to 0’2 MPa. The use of an electrical water boiler should be avoided, because, if 
the MHTs are half full, the energy spent to heat them up is almost equal to the energy content of the desorbed 
hydrogen. 

The metal hydride tanks had been charged with hydrogen from the electrolyser without purification in the 
deoxidizer and drier. The oxygen content in the electrolytic hydrogen varied from 0.1 to 0.2%v. Since oxygen is 
not absorbed readily by the metal hydrides, it tends to remain in the gas phase and may be removed by venting 
the metal hydride tanks for a few seconds when they are filled. The oxygen in hydrogen content of the desorbed 
hydrogen was measured by a precise oxygen analyzer at regular intervals, and was found to vary in the range 5 
to 20 ppm. Before making the analysis, the sample must be purged for one-two minutes, and, during this period 
of time, oxygen-enriched hydrogen is apparently removed. The purification capabilities of the metal hydride 
tanks proved impressive, but this issue needs further investigation, because the oxygen-enriched-hydrogen phase 
formed in the void fraction of the metal hydride tank may reach the flammable limits. 

Regarding the realisation of the wind-hydrogen plant, it has been constructed with commercial components, to 
the extent possible. The interfacing of the components with respect to hydrogen and information flow was 
treated with care from the beginning of the design phase, because it is crucial for the smooth operation of the 
plant. The buffer volume has been minimised, in order to reduce the cost of the plant, and its small volume 
proved sufficient for the operation of the wind-hydrogen plant, avoiding the frequent interruptions of the 
compressor. The design and integration of the auxiliaries, which are vital for the safe operation of the hydrogen 
system, have also been studied with special care. During the design and construction phase of the plant, several 
lessons were learned regarding transportation and installation issues, particularly important for plants to be 
erected in remote or poorly accessible areas. 

 

 

 



 

 

 
EUROPEAN COMMISSION EESD 
Contract N°: ENK5-CT-2001-00536 

 

 

RES2H2 
 
Page:69 of  80                                    Cluster Pilot Project for the Integration of RES into European Energy Sectors using Hydrogen 
 

 
RES2H2 REFERENCE: RES2H2 02 01 FR  06/11/2008 

16:21 
Res2H2_FR_1.doc 

Internal partner reference:  Res2h2-002 Issued by: WP Doc. Type: Order N°: Date: Name: 
 

 

2.3.1.1 TECHNICAL CHALLENGES 

During the two-years’ operation of the plant, a certain number of technical problems arose, mainly regarding the 
alkaline electrolyser, and in particular related to the hydrogen purification section. 

In general, the hydrogen purity is measured prior to the purification section for safety reasons, in order to control 
the good separation of the two gases, hydrogen and oxygen. After the deoxidiser, the oxygen content is supposed 
to be very low, below 10 ppm, and a precise analyser of such low concentrations is relatively expensive. In a 
similar way, the dew point, or humidity content of the hydrogen stream is not generally measured. During the 
start-up of the electrolyser, when the purification section was first “switched on” for testing, the temperature of 
the deoxidiser did not increase as expected, so it was switched off again, until the problem is solved. It was 
found, that a thermocouple was missing for the control of the deoxidiser heater, which was supplied and 
connected later. The deoxidiser temperature was not increasing still, and we found that the controller of the 
deoxidiser heater, situated in the Control Cabinet of the electrolyser, did not communicate well due to some 
internal, inactive code. The controller was completely disconnected, and the manufacturer changed the PLC 
programming, in order to control the heater through the software. By the time the heater started operating 
“properly”, approximately one year after the initial start-up, the oxygen content in the hydrogen was checked 
with a portable analyser and was found to remain invariably at around 0.1 – 0.2 %, whether the purification was 
switched on or off. The conclusion was that probably the deoxidiser catalyst had been deactivated, but the reason 
is not yet clear, because the catalyst had hardly operated for a few hours. It is important to understand first why 
the catalyst was deactivated, in order to avoid a similar problem when the catalyst charge will be replaced. One 
possible cause for the deactivation is the accidental introduction of electrolyte in the deoxidiser. This may have 
happened once, during a rapid depressurisation of the system and loss of electrolyte levels. 

Another problem arose in 2006, when, suddenly, the power supply cabinet of the electrolyser went completely 
off during an experiment. A possible explanation is that, following a loss of one phase, the controller of the 
phases did not operate, the floating neutral was grounded, and some transformers were burned by receiving 380 
V instead of 220 V. The damage was repaired by the manufacturer. The two burned transformers were replaced, 
and a “real” neutral cable was connected from the central power supply to the power supply cabinet of the 
electrolyser. 

On some occasion, the electrolyte level in the vessel of the hydrogen filter was found to lie higher than the 
switch which should open the corresponding control valve for evacuation and recycling of the filtered 
electrolyte. This was an indication that the control valve did not open, and indeed, some electrolyte was found 
inside the tubing of the pneumatic air connection. This was due to the degradation of an O-ring inside the control 
valve, which was not made of an appropriate material. The O-ring was replaced by another one, resistant to 
alkali and the tubing was cleaned. The electrolyte level was so high, that electrolyte had even entered inside the 
hydrogen drum, the buffer volume prior to hydrogen delivery. 

Twice in two years, electrolyte entered also in the guard drier prior to the analysis, which is filled with silica gel. 
The valve regulating the opening to the analysis section was found in open position, but it is not known, who 
opened the valve and when. The electrolyte reacted with the silica gel, producing a violet mass, which was very 
difficult to clean mechanically. The drying charge was changed. 

Another problem was related to the analog input signal interpretation for the setting of the current. The current 
values introduced through the human-machine interface and the PLC to the electrolyser did not correspond to the 
ones foreseen. So, by introducing a value of 230 A, the electrolyser applied more than 300 A, because of an 
internal regulation problem, which induced a trip for high current. The range 4-20 mA, supposed to be set as 50-
300 A had to be changed, and the manufacturer sent a technician to change the regulation. However, after the 
visit, the range had been limited excessively, and now, it is impossible to apply a current higher than 240 A, 
although the nominal current is 265 A. This means that the electrolyser operates in a range 16-90% of its 
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nominal capacity. In the early experiments, the electrolyser had operated in the range 16-112%. Although this 
problem has been repeatedly signalised to the manufacturer, the indications that they have sent through email 
have not been sufficient to adapt the range. 

Some problems also arose with other pieces of equipment. A small hydrogen leak was found in the hydrogen 
circuit supplied with the MHTs, close to the pressure indicator, which is fixed in a way that does not allow to 
tight the joint. Another hydrogen leak in the inlet circuitry of the hydrogen compressor was also difficult to 
repair, due to the mounting of the tubes on a rigid framework. A hydrogen leak through the stem of a high 
pressure manual valve was repaired by changing an internal seal. The pressure regulator for the controlled 
venting of the high pressure section was not performing well during the initial trials, so it was dismounted and 
cleaned. A few months later, however, it was blocked again. It was dismantled and remounted, but the problem 
appeared again after some time. It should be replaced. 

During the first trials with the MHTs, the water temperature would not raise after an hour of heating. It was due 
to the fact that the boiler had been installed the wrong way, with the heating resistance on the top, and a low 
water level in the boiler. After filling it with water, it heated up well, but the problem was there again on the next 
day. It was finally discovered, that water leaked through an electromagnetic cooling water valve of the MHT, 
towards the reservoir of the water chiller, which has a lower level. The problem was solved by closing the 
manual valves of the cooling water circuit. 

In the absence of a protection against secondary lighting currents, the central switch is turned off when the 
system is not in operation and in case of bad weather. The installation lies on a hill with high probability of 
lightning strikes, which have occasionally provoked serious problems to the wind turbines, although the latter are 
protected with appropriate equipment. The telephone lines running in the ground, however, are not correctly 
protected. So, secondary currents have occasionally damaged the modems and electrical boards in the wind park. 
Once, in 2006, the computer for the control and monitoring of the plant was burned through the modem, and the 
software for the communication with the PLC had to be reinstalled. No data were lost, because they are saved on 
another support at the end of each experiment. 

The electrical cables enter in the control room through the floor and, during the construction phase of the plant, 
mice entered in the control room and electrical boards through the holes. A nest of mice was even discovered 
inside the control cabinet of the electrolyser, and it took a few months before the access of mice was definitely 
obstructed. Fortunately, only a thermocouple cable for the measuring of the ambient temperature was destroyed 
by mice. 

The replacement of a simple 2A fuse in the power supply cabinet of the compressor, which burned for unknown 
reasons proved a tedious task. According to the drawings supplied with the compressor, it should have been a 5A 
fuse in the first place, but the main problem was to find a fuse of the appropriate dimensions in the Greek 
market. It proved impossible, so, the housing had to be replaced and several cables re-arranged, in order to fit it 
in the panel. 

2.3.2 SPANISH TEST SITE 
The RES2H2 Project, located in the facilities of the ITC in Pozo Izquierdo, Gran Canaria will make it possible to 
have a system capable of carrying out experiments and obtaining results for:  

• Increasing the penetration of wind energy in weak electricity networks.  
• Optimising integrated systems of wind energy and hydrogen. 
• Proving the technical and economic viability of the production of hydrogen from wind energy on a 

commercial scale. 



 

 

 
EUROPEAN COMMISSION EESD 
Contract N°: ENK5-CT-2001-00536 

 

 

RES2H2 
 
Page:71 of  80                                    Cluster Pilot Project for the Integration of RES into European Energy Sectors using Hydrogen 
 

 
RES2H2 REFERENCE: RES2H2 02 01 FR  06/11/2008 

16:21 
Res2H2_FR_1.doc 

Internal partner reference:  Res2h2-002 Issued by: WP Doc. Type: Order N°: Date: Name: 
 

 

• Achieving an improvement of the efficiency of the components of the system. 

For this purpose, tests have been done and others are going to be carried out, firstly with a connection to the 
network, and later with the system in isolation. The list of the tests to be carried out will be as follows: 

1. Study of the installation components: 
a. The principle of operation of each component (alkaline electrolyser, PEM fuel cells, inverters, RO 

desalination unit, dumping loads, etc); chemical and electrical behaviour, auxiliary systems and modes 
of operations has been learned 

b. The interaction of each component with other components has been analyzed. 
c. The way of interacting has been learned and the required adjustments have been made.  

2. Study of the project objectives and analysis of the process: 
a. The study of the steps to reach the isolated system from the grid connected system has been developed.  

3. Draft procedures: 
a. The procedures of operation have been written, as well as the check lists have been generated.  
b. On the other hand, maintenance and the safety procedures of the equipments have been prepared.  

4. System simulation in stationary mode: 
a. The behaviour of the system in stationary mode will be checked to adjust the variables and range of 

operation.  

5. Define the parameters of the components: 
a. The test to obtain the parameters has been defined. (Performance, delayed time, range of operation, so 

on).  
b. The operation curve will be determined.  
c. Data will be obtained from test and check it with previous simulations. 
d. The dynamic behaviour of the equipments will be analyzed. 

6. Dynamic system behaviour: 
a. The response of the components to power variation typical from wind energy resources will be analyzed.  

7. System simulation in dynamic mode: 
a. Simulations to check the behaviour of the system will be done.  

8. Development of the control system: 
a. The basic control system and SCADA have been developed and it will be improved during the test of the 

system.  
b. The control operation mode of the system will be developed and implemented depending on the state of 

the primary energy resource, the demand of energy and water and the hydrogen storage.  

9. System behaviour analysis: 
a. An analysis of the system behaviour will be done. This will allow checking the correct operation of the 

system and comparing it with previous simulations.  

By means of these tests, it will be possible finally to simulate the behaviour of the system in isolation, so as to 
finally verify the real behaviour of the system in isolation. 

The hydrogen production unit is mounted inside a container that was installed in the concrete slab of the project. 
The outlets were design to match the connections so no special problems were encounter with this installation.  
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All the control valves were integrated in the unit so only some manuals valves were installed in the inlet to the 
storage tank and to the fuel cells. An excess flow valve is recommended in the line connection the fuel cells to 
prevent a massive leak, because this line is close to the ground and more exposed to be damaged. 

Special protective gear was required to fill the reactor with the electrolyte. The electrolyte used is Hydroxide 
potassium (KOH) solution that is extremely corrosive. This type of electrolyser have a potential KOH 
contamination risk of the piping, this system has a special water overpressure system around the reactor that 
should prevent this problem. If the plant is in a stand-by mode during a long period (more than 10-20 days) it 
should be checked that the conductivity of the water inside this overpressure system is lower than 200mS. It 
should never reach a level where it could conduct electricity because this will produce severe damage to the 
reactor due to short-circuit with the electrodes. 

Balanced pressure between the oxygen/electrolyte and hydrogen/electrolyte vessels complicates function of the 
electrolyser, mainly during long stand-by periods it can results in problems with the pressure balance within the 
oxygen/hydrogen production during start up. We had to control this balance during production and adjusted it 
especially after the plant has been stopped for a long period. 

For a Stand Alone system as the RES2H2, it has to be taken in considerations these issues, because in long 
periods of lack of wind and where no hydrogen is produced it will be necessary to check the electrolyser before 
the production of hydrogen can be re-started. 

We run the electrolyser during some hours every week and with different levels of production. No special 
problems were noticed and it has been reached a pressure of 10 bar in the hydrogen storage. So there is enough 
hydrogen to test the fuel cell system. 

During production of demi water for the electrolyser is necessary to check regularly that the water supply from 
the Reverse Osmosis plant to the purification system complies with the quality specified. The water supply 
pressure must be higher than 4 bar for the purification unit to start. So it’s necessary that the pump that supplies 
the water from the Reverse Osmosis water storage works properly. There were some problems during start up of 
the system which produce a low pressure in the water supply to the purification unit, so no demi water was 
produced during stand-by of the system, although the electrolyser demanded demi water needed for the 
overpressure system. This produced and alarm in the electrolyser. 

Another important issue to take in considerations, mainly for the STS location is the climate factor. The location 
has a high humidity and dusty condition all year around with extreme wind conditions during the summer, and 
because it is located close to the sea (which winds normally blowing from this direction) it creates favourable 
conditions for corrosion. Maintenance of the plant is needed already after few months due to corrosion of the 
metallic structures. The chiller needs to be protected during stand-by because the wind blows directly to the air 
outlet. 

Although extreme conditions were reached in the summer time during start up of the systems with temperatures 
reaching 43ºC, the hydrogen production was normal. 

These temperatures can produce other problems especially with storage of the hydrogen, which can produce an 
increase in pressure of the hydrogen and could reach the set pressures in the safety valves. If this occurs, this can 
produce some release of hydrogen from the storage. There are two safety valves installed in the storage system, a 
high flow safety valve that is necessary if a high pressure increase occurred, for example due to heat produced by 
a fire, this will release almost all the hydrogen storage. The other safety valve will release small amounts of 
hydrogen produced by process problems or small increase of pressure in pipes due to solar heating. 

Others considerations that have been taking in account is the venting and purging of the system. All hydrogen 
vents has been provided with flame arrester, protected from rain and oriented to the lee side of the main wind 
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direction. The system can be purged from the two nitrogen bottles (50 litres) installed in the hydrogen production 
unit. A bypass was installed to allow the inertization of the connection lines to the storage and fuel cells.  

The purging of the electrolyser is controlled automatically by the plant, during shut down of the production all 
the hydrogen is venting and the system is inertized. 

A small flow of nitrogen is used during standby to prevent saturation of the O2 sensors with air. If the nitrogen 
supply fails during standby and the sensor gets saturated with air it could take some hours in the start up process 
before it reaches the normal ppm levels. This will disable the supply of the hydrogen produced because the 
sensors are reading a false high level of O2 in H2 that no complies with the quality of hydrogen specified by the 
fuels cells. 

Some electrical problems related to the rectifier installed in the hydrogen production unit were encountered. The 
problem with this equipment is that the rectifier included is prepared for a conventional use where the electrical 
grid can absorb the harmonic distortion produced by the power electronic.  In a weak grid frequency and voltage 
are very dependents on the load characteristics. In the RES2H2 project the stand alone grid has to be prepared 
for the use of several power electronic equipments like electrolyser converter, RO unit variable frequency drives 
and inverters; so a specific study has to be made to control possible problems and to adopt adequate solutions. 

Due to the fuel cells and inverters integration, the system is able to provide active and reactive power to a 
threephasic electric power system as it is demanded. The system is flexible enough to be connected to an 
insulated or a continental power system. Additionally, it could be easily adapted to a monophasic system. The 
integration is flexible enough to test different strategies in order to know how the fuel cells could participate in 
the control of the voltage, frequency, active and reactive power of the electrical system. 
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3. MANAGEMENT FINAL REPORT 

3.1 LIST OF DELIVERABLES 
Deliv. 
No. Deliverable title Resp. Others Partners 

Involved Sub. Comments 

D1.1m First year Six-Month report INAB ULPGC    
D1.1y First year Annual report INAB ULPGC    
D1.2m Second year Six-Month report INAB ULPGC    
D1.2y Second year Annual report INAB ULPGC    
D1.3m Third year Six-Month report INAB ULPGC    
preTIP Preliminary Technical 

Implementation Plan 
INAB ULPGC 

 
  

D1.3y Third year Annual report INAB ULPGC    
MTR Mid-Term Report ULPGC      
MTIP Mid-Term Technical Implementation 

Plan 
ULPGC   

 
  

D1.4m Fourth year Six-Month report ULPGC      
D1.4y Fourth year Annual report ULPGC      
D1.5m Fifth year Six-Month report ITC ULPGC/ INAB    
D1.5y Fifth year Annual report ITC ULPGC/ INAB    
D1.6m Sixth year Six-Month report ITC ULPGC/ INAB    
D1.6y Sixth year Annual report ITC ULPGC/ INAB    
FR Final report ITC ULPGC/ INAB    
FPR Final Publishable report  ITC ULPGC/ INAB    
TIP Final Technical Implementation 

Plan 
ITC ULPGC/ INAB 

 
  

D2.1 Document on electrolyzers 
technologies 

INTA CRES/ FIT 
 

  

D2.2 Document on hydrogen storage 
technologies 

INTA CRES/ FIT 
 

  

D2.3 Document on fuel cells technologies INTA CRES/ FIT 
 

  

D2.4 Document on integrated renewable 
energies technologies 

INTA CRES/ FIT 
 

  

D3.1 Document on systems layout CRES INTA/ ITC/ 
ROKAS/ PLANET  

  

D3.2 Document on simulation results CRES INTA/ ITC/ 
ROKAS/ PLANET  

  

D4.1 Document on wind turbine 
characteristics 

ITC CRES/ EAC 
 

  

D4.2 Document on performance 
simulations 

ITC CRES/ EAC 
 

  

D4.3 List of revisable components ITC CRES/ EAC    
D5.1s Technical Specifications                     OWK SOL  Work done by ITC 
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Deliv. 
No. Deliverable title Resp. Others Partners 

Involved Sub. Comments 

D5.2s  Operation and safety manual and 
test results  

OWK SOL 
 

Work done by ITC 

D5.3s  Hydrogen production Unit OWK SOL  Work done by ITC 
D5.1g Technical documentation of 

hydrogen production unit 
CRES   

 
  

D5.2g Electrolyzer Unit CRES      
D6.1s  Technical Specifications of 

Hydrogen Storage Unit 
OWK   

 
  

D6.2s  Operation and safety manuals for 
Hydrogen Storage System 

OWK   
 

  

D6.3s  Complete Hydrogen Storage 
System 

OWK   
 

  

D6.1g Hydrogen Storage Alloys FIT CRES    
D6.2g Complete Hydrogen Storage 

System 
FIT CRES 

 
  

D7.1s  Technical Specifications for FC 
System 

ITC SOL/ ULPGC 
 

Work done by ITC 

D7.2s  Installation, Operation and safety 
manual for FC System 

ITC SOL/ ULPGC 
 

Work done by ITC 

D7.3s  Fuel Cell ITC SOL/ ULPGC  Work done by ITC 
D8.1s Report on the feasibility of the 

integration 
ULPGC ITC 

 
  

D8.2s Technical Specifications for RO 
system 

ULPGC ITC 
 

  

D8.3s Operation and safety manual for RO 
system 

ULPGC ITC 
 

  

D8.4s RO plant ULPGC ITC    
D9.1s Power conditioning system 

document 
IDS   

 
Work done by ITC 

D9.2s Software for control system IDS    Work done by ITC 
D9.3s Control and Power Conditioning 

Unit 
IDS   

 
Work done by ITC 

D9.1g Technical documentation with 
detailed description of  CPCU 

CRES   
 

  

D9.2g CPCU and data monitoring system 
installed at Greek site 

CRES   
 

  

D10.1 Report on Hydrogen Market ROKAS UNE/ GAS/ 
PLANET  

  

D11.1 Report on safety issues and 
available codes of practice 

INTA CRES/ EAC/ 
ROKAS  

  

D11.2 Comparative study of safety and 
environment 

INTA CRES/ EAC/ 
ROKAS  

  

D11.3 Report on European and national 
regulations 

INTA CRES/ EAC/ 
ROKAS  
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Deliv. 
No. Deliverable title Resp. Others Partners 

Involved Sub. Comments 

D11.4 Codes and standards list document INTA CRES/ EAC/ 
ROKAS  

  

D12.1 Report on interfaces specifications 
(case s, case g) 

INAB ITC/ CRES/ 
ROKAS  

  

D12.2 Engineering project for installations 
(case s, case g) 

INAB ITC/ CRES/ 
ROKAS  

  

D13.1 Environmental and Social Analysis  INTA FIT 
 

  

D13.2 Document on environmental and 
social benefits 

INTA FIT 
  

 

D14.1s Manual for installation of the system 
and auxiliaries 

INAB SOL/ OWK/ 
ULPGC/ ITC/ IDS  

  

D14.2s Installed system INAB SOL/ OWK/ 
ULPGC/ ITC/ IDS  

  

D14.3s Start up test Results INAB SOL/ OWK/ 
ULPGC/ ITC/ IDS  

  

D14.1g Hydrogen compressor and filling 
station 

CRES ROKAS 
 

  

D14.2g Hydrogen buffer tank CRES ROKAS    
D14.3g Report on the test-run of the 

integrated system and planning of 
the system operation  

CRES ROKAS 
 

  

D15.1 Complete list of operation results 
(case s, case g) 

ITC ULPGC/ INTA/ 
CRES/ FIT/ 

ROKAS/ PLANET 
  

 

D15.2 Suggestions on component 
modifications for optimised 
integrated operation (case s) 

ITC ULPGC/ INTA/ 
CRES/ FIT/ 

ROKAS/ PLANET 
 

  

D15.3 Documentation on the numerical 
system model and final results 
(case s, case g) 

ITC ULPGC/ INTA/ 
CRES/ FIT/ 

ROKAS/ PLANET 
 

  

D16.1 Document: Industrial Design of 
Wind and Hydrogen Integrated 
Systems  

INAB ULPGC/ CRES/ 
ITC  

  

D17.1 Detailed list of all the publications 
and dissemination actions  

INTA GAS/ ITC/ ULPGC/ 
UNE/ CRES  
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3.2 COMPARISON OF INITIALLY PLANNED ACTIVITIES AND 
WORK ACTUALLY ACCOMPLISHED 

It is important to keep in perspective the work performed in the framework of the RES2H2 project, and 
differentiate the work done at the Greek Test Site (GTS) from the one carried out at the Spanish Test Site (STS). 
At the GTS all task were performed according to initial plan, and all system components were included into the 
integrated system, as foreseen in the initial proposal. At the STS unfortunately some important problems 
aroused, induced by difficulties by some project partners involved with the work at the STS, which complicated 
the work, and that risked several times the continuation of entire project. The problems at the STS were the 
reasons for the 10 months project extension granted by the EU.  

The first critical situation came up when the scientific project coordinator, ULPGC, proposed a change of site for 
the Spanish prototype from ITC premises in Pozo Izquierdo, to UNELCO-ENDESA premises in Juan Grande 
(both sites located in the southeast of Gran Canaria). The change in location was responsible for a two year delay 
in the project activity at the STS. Anyway, the dual co-ordination (Administrative/Technical) never seemed to 
work properly and, the whole project, particularly the activities of the Spanish site suffered from this. 

Another important problem came up when SOLANTIS, who was responsible for supplying the electrolyzer and 
fuel cell to the STS system, declared that it was not able to deliver these two main components. After a change of 
coordination, where ITC had to assume the scientific and administrative coordination of the project (originally a 
responsibility of ULPGC and INABENSA), ITC had also to assume the responsibility of supplying the 
electrolyzer and fuel cell. Given that ITC had to purchase off-the-shelve components, the original 100 kW 
electrolyzer which SOLANTIS was supposed to have built and delivered to the STS, had to be downgraded to 55 
kW given the budget restrictions of ITC. As for the fuel cells, which originally where supposed to have been 
build and delivered also by SOLANTIS, for the same reason it had to be scaled down from 50 kWe to 30 kWe. 

The new configuration of the system implied necessary changes in the electrical power and control installation, 
water supply and hydrogen piping. First, the new distribution of the fuel cells involves a new electrical 
distribution of the power supply lines to the main control cabinet. The previous design proposed by the supplier 
included 6 FC of 5 kW each, with 2 inverters of 2’5 kW per FC. A strong effort was made to reach a simpler 
design where 6 lines of FC-Inverter could be controlled from the main PLC. 

The distribution of the 6 FC lines required the design of a new electrical, hydrogen piping and drainage circuit 
that permitted a complete control of the power production and hydrogen demand with minimum losses. The six 
independent circuits allow the prototype to guarantee a continuous power supply according to the hydrogen 
storage. 

On the other hand, the change of site supposed too, an important redefinition of the power supply system. The 
ITC provide one of the existing wind turbines at Pozo Izquierdo, but the adjustment in the power production 
should be made, as the nominal power was 225 kW (bigger than the required for the defined prototype).  

On top of that, there are a number of aspects that also negatively affected the normal development of the project: 

• Conflicting views between industrial and research partners. 

• Unclear description of key WPs. 

• Lack of knowledge of EC contractual procedures. 

• Financial situation of the SME providing critical components.  

• Concerns of commercial partners due to presence of 2 subsidiaries of Inabensa (Greencell and Hynergreen) 
within the project, etc.  
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In general, objectives at both test sites were accomplished, but with 10 months delay at the Spanish Test Site, 
which was the reason for asking for the project extension. 

3.3 MANAGEMENT AND COORDINATION ASPECTS 
Along the lifespan of the RES2H2 project there were two Amendments to the Contract. Originally the project 
foresaw two distinct Coordinators, a Scientific Coordinator, ULPGC, and an Administrative Coordinator, 
INABENSA. After the first Contract Amendment (CA), both responsibilities were assumed by a unique 
Coordinator, ULPGC. Some budgetary modifications were also included in this CA that affected mainly ITC, 
given the change of site of the Spanish prototype from ITC facilities at Pozo Izquierdo to UNELCO-ENDESA 
premises in Juan Grande, and the reduction of its responsibilities.  

Nevertheless new problems came up after the first CA, mainly with SOLANTIS, which declared that was not 
able to deliver the main system components (electrolyzer and fuel cells) to the STS, inactivity at the Juan Grande 
site. A decision by all project partners to support a change of the Coordination from ULPGC to ITC, and a return 
to the original site for the Spanish prototype, in Pozo Izquierdo. A second Amendment to the Contract was 
signed, following the signature of a Consortium Agreement. This CA included budget transfers from 
SOLANTIS to ITC, since ITC assumed the responsibility to buy off-the-shelf the electrolyzer and fuel cells for 
the STS prototype, and an increase of ITC budget given that it also assume the responsibilities of having the 
prototype installed at its facilities, and also the project coordination. 

Work at the STS suffered several delays, mainly due to the unfortunate decision made in the second year of the 
project, related to a change in the initial project site, and to problems to the mayor industrial partner, 
SOLANTIS, which was to initially deliver the electrolyzer and fuel cell units. The delays were not solved until 
the forth year of the five year project, when a decision to go back to the initial test site at ITC facilities in Pozo 
Izquierdo was made; when ITC assumed to purchase the components which SOLANTIS was not able to deliver; 
an extension of 10 months in the initial deadline of the project was granted by the EC; and a change in the 
project coordination was made, in which ITC assumed the new coordination. Work at the STS kick-started after 
the second Contract Amendment was signed in January 2006.  

The delays affected all project tasks, specially the ones included in WP 9 “Control and Power Conditioning 
Unit”, for which IDS was work package Leader, and supposedly responsible for coordinating the work of all 
project partners involved in this work package. IDS acted irresponsibly when assuming the role of work package 
leader, and also by assembling in the second year of the five year project, the control and power conditioning 
unit, without knowing the technical specifications of the components it was supposed to control. 

ITC, as project partners, not only accepted the project coordination, but also had to assume the task initially 
assigned to another partner, of delivering the electrolyzer and fuel cell. This change, supposed that the call of 
tender for the supply of the main components started by June 2006. The definition of the final components and 
the negotiations with the suppliers designated ends by January 2007, after having redefined preliminary designs. 
Once the system was completely defined, the ITC started contacts with IDS to supply the power conditioning 
unit. Finally, ITC had also to assume the work which was supposed to have been carried out by IDS when this 
partner refuse to rebuilt the already assembled cabinet due to the lack of money and time. All equipments were 
commissioned and administrative procedures made during the first part of 2007. ITC had to subcontract several 
local companies required to install and put into service each component and the whole integration of the system. 
This way of working supposed the delay in the finalization of the project since for every subcontractor a specific 
public contract was needed. 

A 10 months project extension was granted by the European Commission, basically to help the partners working 
at the STS to finish their work. Thanks to the extension, and all modifications in the 2nd CA, work at the STS 
was finished, and all the objectives of the project were achieved satisfactorily. 
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Regarding work at the Greek Test Site, there was no problems created by the partners involved in work at the 
GTS prototype, and the planning went as original foreseen, with the prototype in operation well before the initial 
five year period for the project duration had expired. 

 

GTS CONTAC: STS CONTAC: 
Centre for Renewable Energy Sources     www.cres.gr 
Dr. Elli Varkaraki                                   evarkara@cres.gr 
RES & Hydrogen Technologies  
19th km. Marathonos Av. 
19009 Pikermi 
tel: + 30 210 6603 397 
fax: + 30 210 6603 301 

Instituto Tecnológico de Canarias  www.itccanarias.org 
Salvador Suárez García                ssuarez@itccanarias.org 
Head of Departament 
Playa de Pozo Izquierdo, s/n                                  
35119 – Santa Lucía, Las Palmas                    
Tel: +34 928 7275747 
Fax: +34 928 727590 
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