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ABSTRACT

It is common that areas with a good wind resource
are remote and the available electricity grid is too
weak to be able to transport magjor quantities of
electricity to consumption centres without major
transmission line refurbishment or extension. Wind
park developers thus have to wait for new lines to be
built to be able to obtain installation permits and erect
wind parks. The possibility of producing a different
product altogether — Hydrogen — that would be
transported through alternative means — road network
— and fed to the existing Hydrogen market as an
industrial gas or the future Hydrogen market as an
energy carrier is hereby investigated.

A wind-hydrogen system will be developed at the
wind park of the Center for Renewable Energy
Sources (CRES), near Athens, in Greece
Congtruction is planned to start in the second half of
2003. A 25 kW electrolysis unit operating at a
pressure of up to 2 MPa will be connected to a 500
kW gearless, synchronous, multipole Enercon E40
wind turbine. The electrolysis unit will operate at
variable power input, according to the available wind,
in a "peak-shaving" mode. Excess energy will be fed
to the grid. The electrolytic hydrogen will be purified
prior to entering into a buffer tank. Part of the
produced hydrogen will be stored in novel meta
hydride tanks of approximately 50 Nm® H, capacity.
The rest of the produced hydrogen will be
compressed to approximately 22 MPa and fed to
cylinders at afilling station.
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INTRODUCTION

Hydrogen and Electricity will be the prominent
energy carriers of the future. In the medium term,
Hydrogen will be produced from Hydrocarbons but
in the long term it is foreseen that hydrogen will
come from RES and nuclear power technologies.
Hydrogen is the ideal medium for the storage of
excess RES electricity through electrolysis with fuel
cells used for re-electrification. Adequate hydrogen
storage capacity would allow for the seasonal storage
of this energy. Hydrogen produced in this way can be
used as a replacement of liquid fuels for heating and
transportation purposes.

Over the last years, wind power has established itself
as an economic grid-connected electricity generating
technology, but its use in stand-alone power systems
has been limited, because of the lack of suitable and
economically viable energy storage technology.
Hydrogen produced via water electrolysis could be
such a storage medium in the near future, especially
in isolated remote areas, where the cost of electricity
is high. While a lot of research effort has
concentrated on utilizing photovoltaic systems to
generate hydrogen through water electrolysis, the
possibility of connecting electrolysers to wind
turbines has received less attention, since wind
turbines deliver more irregular power compared to a
solar photovoltaic power module. Nevertheless, a



number of demonstration wind electrolysis units have
already been installed.

Such a unit is the demonstration wind-powered
hydrogen production plant in Italy. The wind
hydrogen plant consisted of a wind turbine, an
electrolyser, a DC-DC converter and a battery storage
system. This project was concentrated on the
production of hydrogen and not on the large scale
storage or utilization, thus the product gases were
being released to the atmosphere. The plant is
schematically presented in Figure 1.

For the purposes of this project a 5,2 kW wind
turbine was used. The electrolyser had the following
main features. a nomina power of 2,25 kW, a
nominal voltage of 50 V, and pressurized operation at
2 MPa. It dso featured fully automatic operation
(with the exception of an electric current limitation of
less than 20 A during start-up, to be implemented

separately).

During the wind hydrogen plant operation, specific
problems were observed. Regarding the electrolysis
unit, most of the problems were due to high impurity
levels of hydrogen in oxygen during operation at low
current levels and high impurity levels of oxygen in
hydrogen after some hours of stand-by operation,
both conditions lead to alarms and automatic plant
shutdown. On the wind turbine side, it has been
proven that a variable wind speed turbine, equipped
with a synchronous generator, the decoupling
provided by the AC-DC(/AC) interface removed the
resonant mode of the direct grid coupling and the
power fluctuations due to tower shadow and
rotational sampling of wind shear over the turbine
rotor. The power smoothing was typically effective
on time scales of up to 20 seconds (Schucan (1),
Dutton et a (2)).

Another wind-hydrogen system has been installed in
Canada. This system really operated in stand-alone
mode (Agbossou et a (3)). The system consisted of
the following components:

* A wind turbine that was able to deliver a
maximum output power of 10 kW. The wind
turbine was coupled to a PV array with a
maximum output power of 1 kW. A set of
batteries connected in a seriedparallé
configuration acted as a buffer between the load
and the power sources.

* A 5 KW éectrolyser, which was able to deliver
up to 1 m¥h of hydrogen, subsequently purified,
dried and compressed at 0,7 MPa (a).

*  The hydrogen was further compressed to 1 MPa,
and directed to a storage tank with a capacity of
3,8 m® (water capacity).

* A 5kW-24 Vpc proton exchange membrane fuel
cell stack, with an effective voltage output of 19-
35V.

e 48 V deep-discharge batteries for voltage
stabilization, of 42.24 kWh storage capacity.

According to Agbossou et a (3), the electrolyser
efficiencies without compressor are 65% at ambient
temperature around 23 °C and 71% at 55 °C. Thereis
a decrease of 5% in these efficiencies when hydrogen
is compressed. Assessing the experimental results, it
was estimated that for an average wind speed at the
test site of 6 m/s which trandates in an average wind
turbine power of approximately 2 kW, the hydrogen
production rate was about 0,4 Nm*h. The efficiency
of the fuel cell system in converting hydrogen into
electricity is approximately 45% when delivering a
power of 4 kW. This system is proposed for
providing  stabilized  electricdl  power  for
communication stations.
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Figure 1. Basic scheme for demonstration wind-powered hydrogen generation plant (Dutton et a (2)).

Another interesting wind-electrolysis system has
been studied in Germany (Menzl et al (4)). The wind
turbine is a two-speed asynchronous generator with a
nominal power output of 100 kW. The alkaline
electrolyser delivers hydrogen at up to 2,5 MPaand a
hydrogen compressor can be used to increase the
pressure up to 30 MPa. Upon exiting the electrolyser,
the hydrogen is purified and dried. The hydrogen
storage tank has a geometrical volume of 8 m® and
contains 200 Nm® H, at 2,5 MPa. It is filled in 50
hours at nominal electrolyser capacity (4 Nm®h H,).
The reported efficiency of the electrolyser is very low
(approximately 56%) (Menzl et a (4)). The
electrolyser has also been tested under a controlled
operating regime, probably through a simulator of
variable power input. According to the related
publications Menzl et a (4) and Lehmann et a (5)
there has been no direct connection between the wind
turbine and the electrolyser.

The objective of this paper is to give a briefing about
the first steps in Hydrogen production from wind

energy in Greece. The main features of a major
installation related to hydrogen production from wind
energy that is being erected in Greece by CRES, the
Greek National co-ordination centre for Renewables
and Rational Use of Energy will be described with
reference to the previoudy mentioned similar
installations. This, new installation is related to the
production of “green” Hydrogen from wind energy,
as apotential alternative product to electricity.

SYSTEM OUTLINE

The wind-hydrogen system under development at
CRES wind park in Lavrion, Greece consists of a
pressurised CASALE Chemicals electrolyser with a
25 kW / 5 Nm*hr production capacity operating at
1,5 MPa that is connected to a commercia variable
speed  pitch-regulated wind turbine, model
ENERCON E40 powering the whole plant. Through
appropriate  control  dtrategies, major  power
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Figure 2. Preliminary process flowsheet of the hydrogen plant at the wind-park of CRES

fluctuations are fed to the electrolyser and the
remaining “more uniform” energy is fed to the
electricity grid. Hydrogen is stored in a metal hydride
tank (50 Nm® capacity) and is compressed in
cylinders at 20 MPa pressure. The produced high
purity (99.999%) Hydrogen will be fed to the existing
Greek Hydrogen market that is non-energy related, as
a way to investigate alternative commercia paths for
wind park developers. The wind turbine used is grid
connected.

SYSTEM DESIGN

The water electrolysis unit is connected to a 500 kW
gearless, synchronous, multipole wind turbine, model
ENERCON E40. The hydrogen produced by
electrolysis is purified and then flows into a small,
conventional buffer tank. From the buffer tank, there
are two different pathways available for the
hydrogen. One is to flow into a metal hydride tank of
50 Nm® H, capacity and the other is to flow to a
compressor and subsequently to a filling station, to
fill hydrogen cylinders at 20-22 MPa. When the

electrolyser is not in operation, the hydrogen stored
in the metal hydride tank can be used to supply the
compressor and fill the cylinders. The materials of
construction for the piping and al the vessels must
not be subject to hydrogen embrittlement. The
materials suitable for hydrogen service are stainless
steel, carbon steel, aluminum and copper. A process
flowsheet of the plant is presented in Figure 2.

COMPONENTS OF THE HYDROGEN
PRODUCTION PLANT

The hydrogen production plant comprises a water
electrolyser with a hydrogen purification unit, a
compressed hydrogen buffer tank, a metal hydride
tank, a hydrogen compressor, a cylinder filling
station and a control and power-conditioning unit.
The operational characteristics of each component are
described below.

Water electrolyser
The water electrolyser is a key element for the wind-
hydrogen plant, because its technical characteristics



and delivery conditions have an important impact on
the following subsystems. Two different electrolyser
technologies have been investigated as possible
options within the available budget. The first option
is to install a conventional alkaline electrolyser of 10
Nm?*h H, capacity, consuming approximately 55 kW
of electrical power and delivering hydrogen at 0,5
MPa(g) pressure. The second option is to instal an
advanced alkaine electrolyser of 5 Nm¥h H,
capacity, consuming approximately 25 kW of power
and delivering hydrogen at 1,5 MPa(g) pressure. In
both cases, the oxygen produced will be vented,
because no use of oxygen has been foreseen.

The detailed analysis of these two options showed
that the choice of an advanced akaline electrolyser
presents several advantages. Advanced, pressurized
electrolysers are safer, more reliable and more
efficient than conventional electrolysers. In addition,
the delivery of hydrogen at higher pressures (1-2
MPa(g)) adds a precious versatility to the global
plant.

Conventional electrolysers are cheaper, so they offer
the advantage of installing a unit of higher capacity
for the same budget, but they have never been tested
in intermittent operation, and they are not designed
for part load operation, as advanced electrolysers do.
The purity of the hydrogen coming out of an alkaline
electrolyser varies from 99,5% for a conventional one
to 99,9% for advanced ones. This purity is generally
attained at full load operation and decreases upon part
load operation. The electrolytically produced
hydrogen contains small quantities of oxygen, which
is dissolved in the electrolyte at the operating
temperature and diffuses from the oxygen to the
hydrogen compartment. In addition, the hydrogen
flow is saturated with water vapour at the delivery
pressure and temperature.

The hydrogen coming out of the electrolyser must be
purified to circa 99,999% vol., because such a high
purity is generally required for the metal hydride

tanks. Hydrogen containing large quantities of water
vapour may also cause water condensation problems
inside the hydrogen compressor. Thus, a hydrogen
purification unit must be added to the system.

Hydrogen buffer tank

A small hydrogen buffer tank is necessary after the
electrolyser and purification section, in order for the
plant to operate smoothly. The role of the buffer is to
absorb the eventual pressure variations at the outlet of
the electrolysis and purification section. In addition,
if the electrolyser is tripped out for any reason
(absence of wind, emergency shut-down), the buffer
tank gives to the system more time for a regular
shutdown.

Metal hydride tank

Hydrogen will be mainly stored in a metal hydride
tank. Some ABstype materials, with the
compositions La;.RNis,M,, where R= Nd, M=Co,
Fe, Cu and x=0-0.2, y=0-1 and the AB,type
materias, with the compositions ZrggTigo(NixMngg.
Vo1 x=04, 05, 06, 0.7, 0.8, have been
homogenised and characterised in terms of phases
present and hydrogen absorption. New alloys with
compositions LaNisAly, where x=0-0.25 have aso
been prepared for studying. The goa of achieving
hydrogen capacities of more that 0,1 m¥kg of
material has been achieved easily. Most of the
materials tested show a capacity of more that 0,150
m*/kg at room temperature and low pressures (<1
MPa). A 5 Nm® hydrogen storage prototype has been
designed and constructed. Preliminary results indicate
very good hydrogen response characteristics which
go beyond the desired one (5 Nm*h). The response
characteristics of the 5 Nm® hydrogen storage
prototype will be further investigated at different
temperatures.

The capacity of the metal hydride tank will be 50
Nm?® H,, for a charging pressure of 0,5 MPa and a
discharging pressure of 0,3-0,5 MPa The above
mentioned pressure conditions may be modified



according to the characteristics of the electrolysis
unit. The response time of the storage system is
actualy under study. At this stage, considering a
discharge rate of 5 Nm¥h H,, the start-up and shut-
down time of the metal hydride tank is approximately
5 minutes each.

Hydrogen compr essor

Centrifugal compressors are suitable for very high
capacities. For the capacity range envisaged here,
only reciprocating compressors are suitable. There
are two types of reciprocating compressors, namely
piston compressors and diaphragm (or membrane)
compressors. The cheapest piston compressors are
oil-lubricated, but the compressed hydrogen is
contaminated with oil, so the more expensive non-
lubricated piston compressors should be preferred.
Diaphragm or membrane compressors are even more
expensive, but they prevent contamination of the
compressed gas and are more suitable for hydrogen
service. Metal hydride compressors are an interesting
alternative, but they are still in their R&D phase and
actualy, they are more expensive than diaphragm
compressors. In addition, for similar larger systems,
the cost of the metal hydride compressors does not
decline much with increasing capacity, as is the case
for conventional compressors.

Basic design considerations imply that the capacity of
the compressor should be smaller or equal to the
capacity of the electrolyser, because there is no
reason for compressing hydrogen at a rate higher than
its production. The input pressure of the compressor
also depends on the delivery pressure of the
electrolyser and the minimum storage pressure in the
buffer tank.

The compressor module is basically composed of 6
major pieces or groups of equipment: the compressor,
the motor, the terminal box and panel, the control
cabinet, the sensors and controls and the aftercooler.
Interstage cooling with a condensate separator after
the cooling stage may aso be required, but will be

decided later during the design of the compressor.
Purging with an inert gas (i.e. nitrogen) is generally
foreseen and strongly recommended. A frequency
controlled motor may be used, in order to be able to
vary the input power to the compressor. The
operation with a frequency controller is generally
limited to the range 50-100% of capacity.

Following the preliminary design of the plant, the
hydrogen compressor should have a capacity of 5-10
Nm?h, for a suction pressure of 0,3-0,7 MPa and a
delivery pressure of 22 MPa. The final pressure in the
cylinders would be 20 MPa at the ambient
temperature of 25°C, assuming that the temperature
of the hydrogen compressed at 22 MPa at the outlet
of the aftercooler would be circa 60°C.

Cylinder filling station

Cylinders represent a convenient supply source for
applications with gas requirements up to 5000 m* per
month. The cylinders may be made of auminum,
stedl, light aloy or composite materials. They can be
supplied individually or in sets of 9 or 18 bundled
together and emptied as a unit.

The filling station that will be constructed at the wind
park of CRES will probably be designed so as to be
able to fill two or three 9-cylinder bundles
simultaneously. Assuming a cylinder capacity of
0,050 m®, the storage volume at the filling station
with two bundles can be estimated around 0,900 m®,
which corresponds to a capacity of circa 165 Nm® H,
at 20 MPa and 25°C. The filling station should be
placed at least 6-10 metres away from the compressor
and preferably separated by a short wall.

Control and Power Conditioning unit

The Power Conditioning Unit (PCU) is mainly a
power distribution board, taking power from the wind
turbine and distributing to the various users. The
power characteristics of the main electricity users,
namely the electrolyser, compressor, electrical heater
for the metal hydride tank, water refrigerating and



pumping unit, are 400 V, 50 Hz, 3 phase. The power
characteristics of the Central Control Unit have not
yet been defined.

When the plant is operating, the PCU must supply the
necessary power to the appropriate users. According
to the possible modes of operation of the plant, not all
the electricity users may operate simultaneously. The
simultaneous operation of the electrolyser,
compressor and metal hydride tank heater is
excluded. However, the Central Control and Cooling
Water units will always need some power when the
system is operating. The maximum total power
consumption of the plant in operation is
approximately 40 kW.

The PCU will beinstalled in a non-hazardous zone of
the plant. A minimum distance of 5 meters is
foreseen from the zones with possible presence of
inflammable gases, according to the available codes
of practice.
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