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The control systems at each end operate 
independently. The hilltop controller runs 
the electrolyser whenever the battery is 
fully charged and the pipeline pressure 
is below 4 barg (gauge pressure). The 
woolshed controller starts the fuel cell 
when the pipeline pressure reaches a 
high set point and delivers power to the 
electrical network (which is “net-billed” 
by the energy retailer) until the pipeline 
pressure drops to a lower set point. The 
fuel cell then goes back into standby 
mode until the upper threshold is again 
reached.

Monitoring systems at both the hilltop 
site and at the woolshed log and report 
basic system operating parameters, such 
as wind speed, power flows, battery 

status, hydrogen production, and pressure, 
electrolyser temperatures, water level, etc. 
The data is telemetered from the hilltop 
via the cellular General Packet Radio 
Service network and automatically sent to 
an Internet mailbox. 

Accomplishments and 
Lessons Learned
The project successfully demonstrated 
the feasibility of producing and using 
hydrogen from wind remotely using 
existing technology. It is anticipated that 
as hydrogen conversion technologies 
mature and become proven, larger 
community scale hydrogen network 
systems that take advantage of the 
economies of scale for wind turbines will 

be the most cost effective.

The system performed well, although 
less wind energy was collected than 
anticipated due to the small size of the 
300W wind turbine and the turbulent and 
gusty wind conditions. At high wind and 
turbulent sites, wind turbine generators 
with power-limiting settings should be 
used under high wind conditions rather 
than going to power-shutdown mode.

Hydrogen storage within a low pressure 
pipeline is useful as a low cost, supply-
demand power matching buffer that 
becomes more substantial the further 
away the wind generator is located. The 
storage capacity is easily increased by 
using a larger pipe. At practical power 
flow rates, pipeline hydrogen diffusion 
losses are negligible. 

Cost analysis of the project showed that 
the fuel cell and the electrolyser represent 
significant portions of the cost and are 
good opportunities for cost reduction 
(see below). Pipeline laying represented 
a significant cost to the project, because 
regulations required the pipeline to be 
buried. However, this was much lower 
than the cost of a medium voltage 
electrical circuit, which in New Zealand 
in this terrain costs about $30,000/km. 

Future Plans
Having successfully developed the 
concepts, IRL’s objective is to reduce 
the cost of the hydrogen technologies at 
each end, while maintaining the safety 
and the inherent reliability. In particular, 
the electrolyser and gas management 
have been identified as areas for further 
development.

IRL is planning to use the HyLink 
technology demonstrated in this project 
on Matiu/Somes Island in Wellington 
Harbour as part of a project to use 
renewable energy to replace diesel 
generation, and are also investigating 
the possibility of using such systems to 
power remote villages in India.

Geographical layout of the HyLink system including other renewable technologies at the site.

Demonstration system 
hardware cost breakdown



IPHE Renewable Hydrogen Report

The Cluster Pilot Project for the Integration 
of Renewable Energy Sources into European 
Energy Sectors Using Hydrogen, known 
as RES2H2, involves the integration of 
wind energy with hydrogen technologies—
electrolyser, storage, and fuel cells—and 
water desalination by reverse osmosis. The 
project, financed by the Fifth Framework 
Programme of the European Commission, 
has installed two demonstration prototypes 
at test sites in Greece and Spain. The 
prototypes are self-sufficient energy systems 
driven by wind energy, capable of producing 
“green” hydrogen for energy storage and for 
supplying electricity and fresh water.

Objectives
The RES2H2 project is focused on the 
following goals:

•	 Increasing the penetration of wind 
energy in weak electricity grids.

•	 Optimizing integrated systems of wind 
energy and hydrogen.

•	 Advancing the technical and economic 
feasibility of the production of 
hydrogen from wind energy on a 
commercial scale.

Approach
Greek Test Site
At the Greek test site, the plant was 
designed to study hydrogen production 
and storage integrated with wind energy. 
The prototype system is composed of a 25 
kW water electrolyser, six metal hydride 
tanks filled with a LaNi5-type alloy with a 
3.6 kg hydrogen capacity, and a hydrogen 

Project Overview
What

RES2H2 Project: Cluster Pilot Project 
for the Integration of Renewable 
Energy Sources into European Energy 
Sectors Using Hydrogen
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Instituto Tecnológico de Canarias, S.A., 
Spain

When

Started:  February 2002
Completed:  October 2007

Participants

Lead Countries
Greece, Spain

Partner Countries
Cyprus, Germany, Switzerland

Renewable Technology

This project demonstrates hydrogen 
produced from wind electrolysis.

Application

Vehicles and renewable energy storage

Website

http://www.res2h2.com

Contacts

Salvador Suárez García
Head of Renewable Energies 
Department
Instituto Tecnológico de Canarias, S.A.
Tel. +34 928 727574
ssuarez@itccanarias.org

Elli Varkaraki
Project Manager
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Tel. +30 2106603397
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RES2H2 Project
Keratea, Greece & Pozo Izquierdo, Spain

Test site in Pozo Izquierdo, Spain

compressor for filling hydrogen cylinders, 
all powered by a 500 kW synchronous wind 
turbine. The advanced alkaline electrolyser 
produces a maximum of 0.45 kg of hydrogen 
per hour directly at 20 bar pressure, which 
is compressed up to 220 bar in a single 
stage with an additional 10% energy loss. 
A 7.5 kW proton exchange membrane 
(PEM) fuel cell was recently integrated. The 
hydrogen was initially used only to supply 
experimental hydrogen vehicles but was 
later also used to fuel the PEM fuel cell in 
periods of low wind. Activities at the Greek 
test site are supported by a national project 
called Excellency and are also integrated 
with the national Renewable Energy Park 
project, which includes educational displays 
of different renewable energy technologies.

Spanish Test Site
The prototype installed in Spain was 
designed to satisfy the electricity and water 
needs of a theoretical isolated village. 
During the initial testing phase, the system 
was connected to the grid. The performance 
data collected during this phase defined the 
appropriate wind turbine system capable 
of satisfying the demands of the project in 
stand-alone mode operation.

The grid-connected system has been 
in operation since 2007 at the Instituto 
Tecnológico de Canarias, S.A. (ITC) facilities in 
Pozo Izquierdo, Gran Canaria, Spain. This 
location is exposed to the trade winds and 
creates an excellent testing environment. 
When electricity supply exceeds the 
theoretical demand, an alkaline electrolyser 
uses excess electricity to produce 0.99 kg 
of hydrogen per hour at 25 bar (5,500 Nm3, 
or normal cubic meters, of storage) and the 
reverse osmosis plant also uses this excess 
electricity to produce a maximum of 110 
m3 per day of desalinated water. When 
power from the wind turbine does not cover 
demand from the electrical loads connected 
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to the system, the stored hydrogen is used 
in six 5 kW PEM fuel cells to produce 
electricity.

Accomplishments
Greek Test Site
The performance of the electrolyser, 
compressor, and metal hydride tanks was 
assessed under different operating strategies, 
and the optimum conditions of integrated 
operation were determined. The power 
supply to the electrolyser varies in a range 
of 20 to 100% of its nominal power, but 
the compressor operates only in an on-off 
mode. By filling in cascade the modular 
high pressure section, the energy loss 
for compression is drastically decreased. 
Electrolytic hydrogen without purification 
is stored in three of the six metal hydride 
tanks, in order to avoid a 5 to 8% hydrogen 
loss in the purification section and to study 
the effect of oxygen and humidity impurities 
on the cycling capability. The results show 
that the efficiency of the system, from wind 
power to the high heating value of hydrogen 
stored, varies from 50 to 70%.

Spanish Test Site
At the Spanish test site, dynamic and 
stationary testing of all components has been 
performed to obtain the efficiency, range 
of operation, power consumption, transient 
response, and the operation curve of the 
fuel cells and electrolyser. The response 
of the components to typical wind power 
variations and their interactions with the rest 
of the system have been analyzed. A plan for 
converting from the current grid-connected 

system to a stand-alone system has been 
developed, and an initial topology of the 
stand alone system has been designed.

Lessons Learned
The main conclusion regarding both sites 
is that the potential for optimization of the 
electrical interfaces among the individual 
components is very important. More R&D 
is necessary in the field of power electronics 
for the integration of the wind turbine and 
the hydrogen system (i.e., electrolyser, fuel 
cells). This would address, in particular, the 
harmonics distortion generation that creates 
electrical instabilities and malfunction in 
the electrical system of the stand-alone 
solution. Also, in remote locations, the 
plant should not only be protected against 
a direct lightning surge, but also from 
secondary lightning currents. (The computer 
in the control room of the Greek site was 
destroyed by such a current). Concerning 
specifications for fuel cells, the impurities 
present in electrolytic hydrogen should also 
be addressed: a small amount of oxygen and 
humidity content should be tolerated to avoid 
the cost and losses of a purification section.
 
At the Spanish site, it was concluded that 
careful integration of the SCADA system 
with the main control system is important 
to synchronize each component’s control 
strategies with an intermittent wind energy 
source.

At the Greek site, metal hydride tanks 
presented some benefits: during intermittent 
operation, they may be charged almost 

completely without external cooling with 
a concomitant savings in cooling energy. 
Also, they can be charged with electrolytic 
hydrogen that by-passes the purification 
section, which represents some 30% of the 
total cost for alkaline electrolysers and a 5 to 
8% hydrogen loss for all electrolysers. The 
effect of the oxygen and humidity content 
of the hydrogen on the cycling capability 
of the metal hydride tanks is still under 
investigation, but the eventual regeneration 
of the tanks toward their end-of-life may 
be a more cost-effective solution than 
the installation of a deoxidizer and drier. 
However, the inertia of the system, that is, 
the time and energy required to heat up the 
whole mass of the tank, makes them difficult 
to incorporate in a fully automatic system. 
This is because the response of the system 
largely depends on the state-of-charge and 
the ambient temperature for external storage.

Future Plans
At the Greek site, the cogeneration 
capability of the fuel cell will be used to 
supply heat to the metal hydride tanks in 
order to avoid the use of an electrical boiler 
and further increase the efficiency of the 
integrated system. Other plans include the 
modification of a gasoline vehicle to run on 
hydrogen, the revamping of the electrolyser 
by installing a more potent power supply, 
and the upgrade of the compressor to 350 
bar or higher.

Test site in Keratea, Greece Test site in Pozo Izquierdo, Spain



IPHE Renewable Hydrogen Report

The trade winds that blow along the Atlantic 
coast from Morocco to Senegal represent 
one of the largest, most productive wind 
potentials available on Earth. The same 
region currently suffers from a limited, 
decentralized grid infrastructure in need 
of stabilization. The Sahara Trade Winds 
to Hydrogen Project aims to utilize these 
Saharan winds to produce hydrogen in order 
to enhance the access and integration of 
wind electricity in Morocco and Mauritania.  
The project uses a phased approach, 
beginning with demonstrations in academic 
settings to build capacity and knowledge 
and later moving on to larger projects in 
industrial settings.

Coordinated by Morocco’s Sahara Wind 
Inc., this project began in the second half 
of 2007 and is expected to last four to five 
years.   Its team is composed of 10 partners 
from Morocco, eight from Mauritania, and 
four co-directors from the United States, 
Germany, Turkey, and France.

Objectives
The erratic nature of the trade winds 
resource means that wind energy cannot 
provide a sustainable source to the region’s 
weak infrastructure, prohibiting any 
conventional approach of a continuous feed 
into smaller local electricity markets. The 
size of Morocco’s grid is also relatively 

small (approximately 5,000 MW) and 
cannot handle large amounts of wind-
generated electricity before encountering 
grid stability problems, such as generation 
intermittency and power margins. These 
problems escalate further south in 
Mauritania where the grid capacity is less 
than 120 MW. 

Therefore, the project team believes that 
the most beneficial approach is to use wind 
electrolysis as a means of grid stabilization 
within integrated applications utilizing 
electrolysis by-products such as hydrogen 
for power storage restitution/backup, or as a 
fuel or feedstock for specific uses in remote 
locations.

The Sahara Wind-Hydrogen Project has led 
to a NATO Science for Peace and Security 
(SfP-982620) contract aiming to accomplish 
the following goals:

•	 Use electrolysers as a stabilizer in weak 
electricity grids.

•	 Co-develop wind-electrolyser systems 
for local conditions.

•	 Map regional wind resource potential.
•	 Build “Green Campus Concepts” with 

hydrogen storage.
•	 Develop integrated wind electrolysis 

applications within the region’s 
industries and load centers.

Project Overview
What

Sahara Wind-Hydrogen Project

Who

Sahara Wind Inc.

When

Started: 2007
Duration: 4-5 years

Participants

Lead Country
Morocco

Partner Countries
Mauritania, U.S., Germany, Turkey and 
France

Renewable Technology

This project will demonstrate hydrogen 
production from wind electricity 
along with hydrogen storage used as 
a feedstock for specific industries and 
hydrogen shipping via pipeline.

Application

Renewable energy storage

Website

www.saharawind.com

Contact

Project Director:   
Mr. Khalid Benhamou 
Sahara Wind Inc.
kb@saharawind.com

Sahara Wind-Hydrogen  
Development Project
Morocco and Mauritania 

Trade wind 
resource 
assessment 
using telecom 
tower 
infrastructures 



Sahara Wind-Hydrogen Development Project

International Partnership
for Hydrogen and Fuel Cells

in the Economy

March 2011

Approach
The initial phase of the project is being 
carried out through applied research 
programs in academic settings to develop 
local expertise in the technologies. This is 
being done through the deployment of wind 
electrolysis systems within “Green Campus 
Concepts” programs at several universities in 
Morocco and Mauritania for demonstration 
and training purposes. The systems use a 
series of small, 5 kW wind turbines that 
simultaneously provide power to the grid and 
to a 30 kW pressurized alkaline electrolyser. 
The electrolyser produces hydrogen that is 
then stored in cylinders at a pressure of 12 
bar and used in a 1.2 kW fuel cell to produce 
electricity and stabilize the grid at times of 
low wind speed.

After being initiated at the universities, the 
technology will gradually be extended to 
the region’s industries. Current plans are to 
install demonstration systems followed by 
larger pilot projects at Morocco’s water and 
electric utility’s corporate headquarters and 
main water treatment plant, as well as at the 
Tarfaya desalination plant. These systems 
will consist of small wind turbines powering 
hypochlorite (membrane) electrolysers. The 
hydrogen is stored and used in a fuel cell 
and internal combustion engine generator for 
back-up power, as well as being used as fuel 
for electro-mobility applications. A similar 
project using alkaline electrolysers and wind 
turbines will be put in place at Mauritania’s 
iron ore company in the city of Nouadhibou.

Accomplishments
Small wind turbine industrial engineering 
programs have been established at several 
universities, enabling development of the 
technological expertise that will be needed to 
support the planned and future demonstration 
projects.

The project has also allowed for a wind 
monitoring infrastructure to be deployed 
in both Morocco and Mauritania with 
the help of the project’s industrial 
partners. Both of the telecom operators 
in Morocco and Mauritania have made 
their telecommunication mast tower 
infrastructures available for this project, 
enabling the establishment of a regional 
wind mapping network. Atmospheric 
parameters such as pressure, temperature, 
and humidity are being recorded in 
addition to wind direction and speed on 
International Measuring Network of Wind 
Energy Institutes (MEASNET)-calibrated 
instruments at several tower heights. The 
wind mapping network is expected to 
facilitate future utilization of the area’s 
trade wind resources by providing specific 
information about the quality of the resource 
over large geographical areas. This means 
projects involving utilization of hydrogen 
can be deployed as part of a large-scale, 
integrated system using high voltage direct 
current (HVDC), local use of hydrogen, and 
hydrogen pipelines for export.

The wind and electrolyser equipment for 
training and applied research purposes was 
put into operation in early November 2010 at 
the Al Akhawayn University of Morocco and 
the University of Nouakchott in Mauritania. 

These systems will be gradually updated to 
increase their wind generation capacities 
with a goal of providing system stabilization 
of up to 30% of the base load.

Other small, wind-turbine test benches 
were delivered to the Ecole Nationale 
Supérieure d’Arts et Métiers (ENSAM) 
School of Engineering in Meknes, Morocco, 
and were installed in late 2010. The 
technical economic analysis for end-user 
pilot project applications has already been 
completed, including technical equipment 
configurations. 

Future Plans
In the future, the project team plans 
to partner with the region’s industries 
representing the main local energy loads 
to build an integrated energy system 
complementary to Sahara Wind’s High 
Voltage DC Transmission project. This 
system will use hydrogen storage and 
hydrogen shipping via a pipeline. By 
enhancing the local ownership of wind 
resources on a regional basis and supporting 
industrial use of local mining resources using 
cleaner and more sustainable processes, 
such a system could potentially serve as a 
secondary power source to both North Africa 
and Europe.

Ultimately, project participants would like 
to see enhancements to the integration of an 
end-user-driven, comprehensive, sustainable, 
applied research program. This is likely to 
lead to the adoption of a holistic, integrated 
approach to renewable energy technologies 
in North Africa.

Map showing the locations of 
two of the university projects 
(left).  Schematic of Sahara 
Wind wind-hydrogen system 
(right).
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In 2004, the small windswept island of 
Utsira, Norway, became home to the world’s 
first, full-scale combined wind power and 
hydrogen plant.

In this pilot project, 10 households 
were supplied exclusively by the energy 
generated from wind turbines. In windy 
weather, the turbine powers the houses 
directly. When the wind power production 
exceeds the households’ demand, the excess 
power is used to produce hydrogen in an 
electrolyser. The hydrogen is compressed 
and stored, and when the winds are either 
too mild or too strong to generate enough 
energy from the turbine, a hydrogen engine 
and a fuel cell uses stored hydrogen to 
produce the necessary electricity. This 
system ensures a continuous and reliable 
energy supply to the homes for up to three 
days when wind power is not available.  

Objectives
By developing and testing a full-scale, 
wind-hydrogen energy system, this project 
aimed to demonstrate how renewable energy 
can provide a safe, continuous, and efficient 
energy supply to remote areas.

With this project, owned by Statoil ASA and 
operated in collaboration with German wind 
turbine manufacturer Enercon, the two firms 
want to ensure that the installed components 
in the system worked together—to deliver 
power to the customers with the expected 
quality; to reduce costs and optimize the 
technical solutions of the project; and to 
commercialize and market the production 
method.

Approach
The frequent wind at Utsira made the island 
an ideal location for wind power production. 
Two Enercon E40 wind turbines were 
installed at Utsira, each with a capacity of 

Project Overview
What

Utsira Wind Power & Hydrogen Plant

Who

Statoil ASA & Enercon GmbH

When

2004-2008

Participants

Norway, Germany

Renewable Technology

This project demonstrates hydrogen 
production through wind electrolysis.

Application

Renewable energy storage

Website

http://www.statoil.com/en/NewsAnd-
Media/Multimedia/features/Pages/
HydrogenSociety.aspx

Utsira Wind Power and 
Hydrogen Plant
Utsira Island, Norway

600 kW. One turbine produces electricity 
for the external grid only, while the other 
is connected to the stand-alone system and 
is pitched down to approximately 150 kW 
to better match demand. To stabilize the 
intermittent renewable energy, a flywheel 
with a 5 kWh capacity and a 100 kVA 
master synchronous machine are installed to 
balance and control voltage and frequency. 
In order to store the surplus energy, a 10 
Nm3/h  Hydrogen Technologies electrolyser 
with a peak load of 48 kW, a 5 kW Hofer 
compressor and a 2,400 Nm3, 200 bar 
hydrogen storage pressure vessel are 
installed. To generate power when there is 
no wind, or too much wind, a 55 kW MAN 
hydrogen internal combustion engine and a 
10 kW IRD fuel cell were installed.

Project leader Torgeir Nakken, from Statoil’s R&D 
center in Porsgrunn
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Accomplishments
Utsira is practically offshore—one hour 
with the local ferry from the nearest town 
running three times a day – and weather 
conditions are often severe. This has 
required solid engineering and meticulous 
project execution. The wind turbines had to 
be installed before the autumn storms, and 
roads and a small port were constructed for 
equipment transportation. After start-up, 
the facility was remotely operated from an 
inland power plant control center.

The project was operated continuously for 
four years, with more than 50% of the time 
in stand-alone mode. The power quality 
was very good, and, with no complaints 
reported, the customers seemed to be 
satisfied. The project also had a public 
education aspect including involvement 
in local activities, good media coverage, 
articles in several publications, and a 
number of presentations at conferences 
and at industry fairs. In 2004, the Utsira 
project won the prestigious Platts award for 
“Renewables Project of the Year” in New 
York City.

Lessons Learned
Despite the successful demonstration and 
operation of the system, several challenges 
were identified. In this project, the wind 
energy utilization was only 20%, revealing 
a need for the development of more 
efficient electrolysers, as well as improved 
hydrogen-electricity conversion efficiency. 
The fuel cell experienced some technical 
problems that did not allow it to be fully 
integrated into the system, including 
leaking of the coolant fluid, damage to the 
voltage monitoring system during assembly, 
and frequent false grid failure alarms. In 

addition, the fuel cell experienced very 
rapid degradation even when idle and 
was operated for less than 100 hours over 
the duration of the project. These issues, 
combined with the low efficiency of the 
hydrogen engine and increased electricity 
use by customers over time, heightened the 
probability that hydrogen would run out 
during windless periods. The contingency 
plan was to connect the customers back to 
the grid if this happened so that they would 
not be without power.   

The hydrogen engine provided more 
than three years of reliable service but  
eventually experienced some technical 
problems and had to be replaced. Although 
the engine was seen as a good, near-term 
solution, project leaders concluded that the 
cost and durability of the fuel cell would 
have to be improved to make this type of 
project commercially viable. They also 
recommended that future projects include 
more than one renewable energy source (i.e., 
wind, solar, and/or bioenergy).

The following points were identified as the 
most important considerations in planning, 
building, and operating such a project: 

•	 Having a well-defined design basis 
and operational philosophy focusing 

on climatic conditions, signal quality, 
communication (control and regulation), 
and key component interfaces.

•	 Keeping safety, health, and environment 
in mind—it is important to use 
equipment with a high degree of fail-
safe and remote operation capability.

•	 Selecting an appropriate location with 
good wind conditions but that is not too 
remote; a small but representative load; 
a back-up system in place; a supportive 
community, and access to service 
personnel.

Future Plans
The success of the Utsira project in 
demonstrating the feasibility of combining 
renewable energy and hydrogen in remote 
locations opens new opportunities for the 
application of electrolysers in future energy 
systems. One goal of the Utsira project was 
to see if the wind-hydrogen concept could 
be made commercially feasible. Though 
much tweaking will have to be done to 
achieve this goal, the time frame to be 
competitive with conventional remote-site 
power supplies—diesel or combined wind 
and diesel generators—has been estimated 
to be about five to 10 years. 

Utsira wind/hydrogen demonstration plant
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The U.S. National Renewable Energy 
Laboratory (NREL) and Xcel Energy 
launched a demonstration wind-to-hydrogen 
(Wind2H2) project that uses electricity from 
wind turbines and photovoltaic (PV) panels 
to produce and store hydrogen. Located at 
NREL’s National Wind Technology Center, 
the new facility closely links wind turbine 
and PV electricity to electrolyser stacks using 
NREL-designed, built, and tested power 
electronic converters. The power converters 
track the maximum power point of the wind 
turbine and PV sources in order to extract the 
maximum amount of energy and then pass 
the electricity through water to split the liquid 
into hydrogen and oxygen. The hydrogen is 
compressed, stored, and used later to generate 
electricity from an internal combustion 
engine (ICE) generator or fuel cell, or further 
compressed to refuel a fuel cell vehicle.

Objectives
NREL’s Wind2H2 Project aims to improve 
the system efficiency and reduce the capital 
costs of producing hydrogen from the 
renewable resources of wind and solar in 
quantities large enough and at costs low 
enough to compete with traditional energy 
sources such as coal, oil, and natural gas. 
Their further goals include:

•	 Exploring system-level integration and 
optimization opportunities for renewable 
energy-based electrolysis production 
facilities.

•	 Quantifying system-level efficiency 
improvements and cost reductions 
achieved by designing and building 

integrated power electronics to closely 
couple wind turbines and PV arrays to 
the electrolyser stacks. 

•	 Gaining operational experience of a 
hydrogen production facility, evaluating 
appropriate safety systems and system 
controls for safe operation, and 
identifying areas for cost and efficiency 
improvements.

•	 Evaluating the ability to integrate 
renewable energy from variable-output 
wind turbines and PV arrays and 
exploring the potential of using hydrogen 
as an energy storage mechanism.

•	 Determining the system impacts, 
efficiency, and ability of each 
electrolyser technology to accommodate 
the varying energy input from wind 
turbines and photovoltaics.

•	 Producing fuel cell-grade hydrogen 
while minimizing the production of 
greenhouse gases or other harmful by-
products.

•	 Compressing and storing hydrogen for 
use during peak demand.

Approach
NREL is examining the issues related to the 
integration of these technologies as well as 
the operation and response of commercially 
available electrolysers being supplied varying 
stack current from the NREL-designed 
power converters. Two 7-kW HOGEN 
40RE proton exchange membrane (PEM) 
electrolysers (2.25 kilograms per day) from 
Proton Energy Systems, and one Teledyne 
HMXT-100 alkaline electrolyser (12 kg/day) 

Project Overview
What

Wind2H2 Project

Who

U.S. National Renewable Energy  
Laboratory (NREL) & Xcel Energy

When

Started: 2007
Completed: 2010

Participants

United States

Renewable Technology

This project demonstrates hydrogen 
production from wind and solar-
generated electricity.

Application

Renewable energy storage and 
vehicles

Website

http://www.nrel.gov/hydrogen/
proj_wind_hydrogen.html

Wind-to-Hydrogen (Wind2H2) 
Project
Boulder, Colorado, USA

Energy transfer improvements 
from the 10-kW wind turbine 
tested by NREL; the graph shows 
continued improvement, including 
the latest preliminary third 
generation improvement in the 
green-shaded area
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produce hydrogen and oxygen from water at 
pressures from 150 to 200 psi (10 to 13 bar). 
Once produced, compressed, and stored, the 
hydrogen gas can be converted to electricity 
and fed back to the grid using the 60 kW 
ICE generator from the Hydrogen Engine 
Center. The electricity will be routed into 
the utility grid during peak demand hours. 
The Wind2H2 system also includes a second 
compressor, higher pressure storage tanks, 
and a hydrogen dispenser to allow fueling of 
hydrogen fuel cell or ICE vehicles. 

The Wind2H2 project uses two wind turbine 
technologies: a Northern Power Systems 
100-kW wind turbine and a Bergey 10-kW 
wind turbine. Both have variable speed 
options; the blade speed varies with wind 
speed, producing alternating current (AC) 
that varies in magnitude and frequency 
(known as wild AC) as the wind speed 
changes. The energy from the 10-kW wind 
turbine is converted from its wild AC form 
to direct current (DC) and is then used by 
the electrolyser stack to produce hydrogen 
from water. The 10-kW PV array is 
configurable to produce DC voltage between 
60 and 240 V. Since this voltage is too 
high for the electrolyser stacks, NREL has 
designed, built, and tested maximum power 
point tracking (MPPT) power electronics to 
make the DC-DC conversion. Currently, the 
AC power output signal from the 100-kW 
wind turbine is monitored at the Wind2H2 
Control Building and conditioned to directly 
drive the stack current of the 33-kW alkaline 
electrolyser stack.

Accomplishments

Energy transfer optimization: 
•	 NREL engineers are investigating how 

to maximize renewable energy use 
and optimize energy transfer within 
the Wind2H2 system by designing 

and incorporating dedicated power 
electronics packages. 

•	 NREL also investigated energy transfer 
from the 10-kW solar PV array, 
comparing a direct-connect from the 
PV array to the electrolyser stack with 
a connection through an MPPT power 
electronics package designed and built 
at NREL. The measurements showed 
that, in all cases, the system employing 
MPPT electronics captured 10 to 20% 
more energy than the direct-connect 
configuration.

•	 To improve energy transfer within 
wind-turbine-based renewable energy 
systems, NREL has designed and 
continues to test improved AC-DC 
power electronics systems for a 10-
kW wind turbine connected to a PEM 
electrolyser stack. The test results, 
shown in the graph on the previous 
page, indicates continued improvement 
from the Gen1 to the Gen3 design 
(based on Gen 3 preliminary data).

Reduced Cost: 
•	 Based on investigations, NREL 

engineers estimated that optimizing 
power electronics in large-scale, 
wind-based renewable electrolysis 
systems could reduce the cost of wind-
to-hydrogen production by 7%, from 
$6.25/kg to $5.83/kg. System-level 
integration of renewable energy sources 
and electrolyser stacks can improve 
energy transfer within the system, 
increasing system efficiency and 
lowering overall cost of production.

Efficiency Measurements: 
•	 The Wind2H2 Project found PEM 

electrolysers to be more efficient 

than alkaline electrolysers, contrary 
to expectations. At full stack current, 
the PEM electrolyser had a system 
efficiency of 57% HHV. At the rated 
stack current, the alkaline system had a 
system efficiency of 41% HHV. Worthy 
of note, the measured hydrogen flow 
from the alkaline electrolyser was 
20% lower than the manufacturer’s 
specifications. If the full hydrogen flow 
was measured, the alkaline system 
efficiency would have reached 50% 
HHV (HHV = 39.4 kWh/kg).

Lessons Learned
•	 System Integration: More research and 

engineering design related to renewable 
electrolysis system integration would 
improve energy transfer and overall 
system efficiency and would reduce 
system complexity and capital costs. 
The development of optimized power 
electronics packages is a promising area 
for system-level improvements.

•	 System Communication: Creating 
renewable electrolysis systems requires 
that equipment from a wide range 
of manufacturers work together as 
a single system. Future renewable 
electrolysis systems would benefit 
from an open-architecture approach 
to component development, including 
the development of consistent 
communications protocols.

•	 Codes and Standards: Developing clear 
and consistent codes and standards will 
expedite implementation and reduce the 
cost of renewable electrolysis projects.
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