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La Maddalena Municipality - P. Serra, Major

Atena - G. Lombardi, President (see Annex 1)

ENEA - G. Gaudiosi, Div. of Renewable energies, Direction Assistant

OWEMES Offshore Wind Energy in Mediterranean and other European Seas - European Seminar - 10/11 April 1997 - La Maddalena

8



INDEX

Presentation

SESSION I
"WIND RESOURCES"

I a) WIND CHARACTERISTICS

Heistrup and Cesari, chairmen

* The effect of atmospheric stability on the temporal and spatial
variability of offshore wind resources
Barthelmie RJ. - Ris0 National Laboratory

* Effect of the proximity of land on wind farm performance for offshore
f low
Crespo A., Gomez-Elvira R. - Univ. de Madrid

* Use of a UHF radio link to a city laboratory to enable detailed analysis of
data from fast response anemometers and other sensor at a remote site
Dawber K.R. - Univ. of Otago

* Comparing wind speed on the North Sea coast and offshore
Coelingh J.P.*, van Wijk C.°, Holtslag A.A.M. **- E-Connection*, Utrecht Univ.°,
IMAU Utrecht Univ.**

* Measured wind data on a Sardinian harbour site (Porto Rotondo)
Battistella P. °, Borea d'Olmo 0o, Cesari F.°, Ji D. *, Pampaloni G. °- Univ. of Bologna0,
ENEA Casaccia*, P. Rotondo Harbour00

I b) RESOURCE ASSESSMENT

Crespo and Coelingh, chairmen

• Wind resources in the Baltic sea
H0jstrup J.*, Bumke K.°, Adrian G.°°, Smedman A.**, Tammelin B.A - Ris0 Lab.*, Kiel
Univ.0, Karlsruhe Univ.00, Upsala Univ.**, FMIA

• The wind climatology of the Adriatic Sea ( # )
Cavaleri L.*, Bertotti L.*, Tescaro N.° - ISDGM/CNR*, Univ. di Genova0

• W i n d a t l a s f o r t h e n o r t h e r n c o a s t o f L i b y a ( # )
El-Osta W.*, Muntaser M.°, Kalifa Y.* - CSER of Libya*, EEF°

• Wind resources in the Mediterranean Area
Andolina C, Magri S. - Conphoebus

• Coastal wind profiles in stable conditions
Di Sabatino S.*, Tammelin B.°, Tampieri F.**, Trombetti F.°° - ISIAtA/CNR*, FMI-
Finland0, IMGA/CNR**, FISBAT-CNR00

• The estimation of the wind energy in the area of La Maddalena Islands
Tocci B., Ji D. - ENEA

(#) no oral presentation

OWEMES Offshore Wind Energy in Mediterranean and other European Seas - European Seminar - 10/11 April 1997 - La Maddalena

9



SESSION II
"EUROPEAN RTD PROJECTS"

Lemming and Dalen, chairmen

* Structural and economic optimization of offshore wind energy
converters (Opti-OWECS)
Kvihn M.*, Bierbooms W.*, Cockerill T.T.°, Ferguson M.**, Goransson B.°°, Vugts
J.H.** - IWE Delft Univ.*, Univ. Sunderland0, Kvaerner O&G Ltd.**, KTAB°°, WOT Delft
Univ. **

* Cost-optimization of large-scale offshore windfarms
Olsen F.A., Svenson J. - Elkraft v/SEAS

* Danish investigations and plan of action for offshore wind power
Lemming J., Trong M.D. - Danish Energy Agency

* Status of wind energy utilisation and prospects of offshore wind energy
utilisation in Germany
Stump N. - Julich Research Centre

* Off-shore wind energy in the Italian context
degli Espinosa P.*, Falchetta M.°- LegAmbiente*, ENEA°

SESSION HI
"DESIGN"

Olsen and Comand, chairmen

* Optimisation of the design of support structures for offshore wind
energy converters using advanced offshore engineering technology
Vugts J.H., Harland L.A.- Delft Univ. of Technology

* Offshore foundation in practice
Birck C. , Gormsen C. - NN&R A/S Cons. Eng.

» Structural and economic optimisation of OWEC support structures
Ferguson M. - Kvaerner Oil and Gas Ltd.

* The calculation of design loads for offshore wind turbines
Quarton D.C. - Garrad Hassan and P. Ltd

* Change in fatigue and extreme loading when moving wind farms
offshore
Frandsen S., Thomsen K. - Ris0 National Lab.

* Dynamics of off-shore wind energy converters
Kuhn M. - IWE Delft Univ.

* Offshore wind turbine foundations in ice infested waters
Haapanen E.°, Maattanen M.°°, Koskinen P.*- E. Haapanen Eng. Off.0, Helsinki
Univ.00, VTT*

OWEMES Offshore Wind Energy in Mediterranean and other European Seas - European Seminar - 10/11 April 1997 - La Maddalena

10



SESSION IV
"APPLICATION AND TECHNICAL DEVELOPMENT"

Snel and De Bruijnes, chairmen

• Evaluation of protective coatings for wind power generators
Rossi S.*, Bonora P.L.*, Deflorian F.*, Fedrizzi L.*, Comand D.°, Giorgini L.° - Univ. of
Trento*, Riva Calzoni0

• Adaption of a wind turbine for offshore siting
Goransson B. - Kvaerner Turbin AB

• Wind farm "Lely" - First off-shore project in the Netherlands
van de Sande L. - NedWind

• The world's first offshore wind farm - a manufacturer's experience
Stiesdal H., Kelter-Wesenberg C, Sorensen A. - Bonus Energy A/S

• Wind feasibility on off-shore oil platforms on the Caspian sea
Pallabazzer R, - Univ. of Trento

• Bockstigen Valar 2,5 MW offshore wind farms
Niklasson G. - Vindcompaniet

• Design of gearless wind generator for off-shore applications
Lo Bianco G., Caricchi F., Crescimbeni F.., Honorati O. - "La Sapienza" Rome Univ.

• Performance analysis of new wind turbine blade profiles
Chiatti G.*, De Pratti G.M.°, Ruscitti R.° - III Univ. of Rome*, "La Sapienza" Rome Univ.

• Optimization of a hybrid stand-alone wind-pv plant for a small
application on the Black-sea coast ( # )
Vilsan M., Nita I., Andreescu F., Pedrescu M. - Res. Inst. for Elect. Eng.

SESSION V „ _ _ _ „ _ _ _
"ECONOMICS, ENVIRONMENT"

Stump and Caputo, c h a i r m e n

• Cost-efficient foundation structures for large offshore wind farms
Juhl H.*, Lorin Rasmussen J.*, Birck C.°, Gormsen C.°, Lyngesen S.** - Ramboll*,
NNR° and LICEng.**

• Analysis of the concepts underlying the design of offshore wind energy
converter systems and their initial comparison using a cost model
Cockerill T.T., Harrison R. - University of Sunderland

• Economic consideration on wind generation application in a small
archipelago (La Maddalena)
Battistella P., Cesari F.P. - Univ. of Bologna

• The visual impact of off-shore wind parks (# )
Lymberopoulos N., Panagiotidis Th., Tryfonopoulos D. - CINAR

(#) no oral presentation

OWEMES Offshore Wind Energy in Mediterranean and other European Seas - European Seminar - 10/11 April 1997 - La Maddalena

11
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PRESENTATION

In the last years (1980-1996) the world wide onshore capacity of grid connected wind

power plants has reached the significant value of 5000 MW with an annual production

of 8TWh. Half of the above values (about 2500 MW and 4 TWh) are referred to the

European and Mediterranean countries.

For onshore well sited plants wind energy costs are now competitive with those of

conventional sources.

Saturation of the best sites leads in a near future to the exploitation of moderate onshore

windy areas with an additional potential of energy at relatively higher cost.

At this point the significant offshore wind energy potential could be exploited with

advantage.

In the last six years (1990-1996) the world wide capacity of grid connected offshore

wind plants, at the prototypical stage, has reached 12 MW at energy costs somewhat

higher than fifty per cent of similar onshore plants. Additional offshore installations

are close to the construction and proposed for some hundreds MW in North European

seas.

The technology of the offshore wind turbines is evolving parallely to that of the

onshore ones.

Sea bed based, or floating platforms for the foundation of the offshore wind turbines

are under design analysis and development activities.

The goal of the Seminar is to make a specific and up to date review of the existing

activities and programs; to promote information and collaboration among European

and Mediterranean countries in this new and promising field of wind energy

application.

The first edition of the OWEMES European Seminar (Rome, February 1994) was a success.

An Action Plan for the offshore wind energy was finalized and presented to DG XVII and

XII of the European Union. The same text of Action Plan has been assumed as working

document for the UNESCO, World Solar Summit.

The second edition OWEMES '97 should enhance the results obtained in 1994.

G. Gaudiosi - OWEMES seminar chairman
ATENA di Roma - Sector EREM (Energie Rinnovabili E Mare)

ENEA - Renewable Energies Div. - Casaccia Center
Ph.: +39-6-3048.3994/4138 - Fax: +39-6-3048.6315/6486

e-mail: colletta@casaccia.enea.it
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THE EFFECT OF ATMOSPHERIC STABILITY ON THE TEMPORAL AND SPATIAL
VARIABILITY OF OFFSHORE WIND RESOURCES

R.J. Barthelmie
Department of Meteorology and Wind Energy,

Rise National Laboratory, 4000 Roskilde, Denmark.
Tel: +45 46 77 50 14. Fax: +45 46 75 56 19. Email: R.Barthelmie@risoe.dk

*Also affiliated to: Climate and Meteorology Program, Dept. Geography, Indiana University,
Bloomington, USA.

TOPIC: RESOURCE ASSESSMENT, SITING
a) wind characteristics

1. INTRODUCTION

In many applications, including wind energy resource and siting research, it is assumed
that atmospheric conditions offshore are close to neutral. This is partly because there are
relatively few data to characterise offshore climates. Assuming conditions both on- and off-shore
are close to neutral, differences between the wind climate on- and off-shore can be ascribed
solely to changes in surface roughness. However, data collected at offshore and coastal
platforms suggest that many offshore areas have stability climates which are frequently non-
neutral and may tend toward either stable or unstable on average [Smedman et al., 1996b], [Van
WijketaL, 1990b].

Stability variations are important because they influence both the horizontal and vertical
modification of wind speeds, particularly in the coastal zone. In stable conditions, wind speeds
may increase very slowly moving away from the coast or even decrease [Bergstrom et al., 1988],
despite the reduction in frictional dissipation caused by the transition from high roughness on land
to lower roughness offshore, in unstable conditions, coupling of the surface layer to higher wind
speeds aloft and the resulting momentum transfer downward may increase offshore wind speeds
significantly in addition to the acceleration caused by the roughness transition.

The modification of atmospheric stability occurs on- and off-shore on different time scales.
The seasonal change in sea surface temperature lags changes in land temperature. Thus in
spring, if winds are directed offshore, the temperature of the air moving over the sea is typically
higher than the sea surface temperature while in autumn the converse is true. Diurnal variability in
temperature is not significant offshore, except in shallow water [Barthelmie et al., 1996b]. The
contrast between on- and off- shore stability conditions together with a change in surface
roughness can cause a diurnal cycle of offshore wind speeds which is inverted with respect to
that at a typical land site [Barthelmie et al., 1996b].

Additionally, the contrast between different temperatures on- and off- shore may produce
phenomena affecting local wind climates such as the sea-breeze [Coelingh et al., 1996] and low
level jets. Analysis of measurements in the Baltic Sea region suggest that low level jets occur
frequently in the lowest 200 m of the atmosphere especially in spring and early summer (e.g.
[Smedman et al., 1996a]; [Kallstrand, 1993])

The aims of this paper are to present the results of previous analyses of data collected at
the Vindeby offshore wind farm in Denmark and to present new research which illustrates the
effect of varying stability conditions on both the temporal and spatial modification of wind speeds
in coastal and offshore areas. Both are presented to summarise knowledge of the offshore wind
climate which is relevant to the requirements of the wind energy industry.

2. HOW DOES STABILTY AFFECT WIND SPEED?

Atmospheric stability plays an important role in local and meso- scale atmospheric
circulation yet in spite of this relatively little is known about the frequency of different stability
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conditions in offshore and coastal areas. There can be marked seasonal and diurnal contrasts
between stability conditions over land and sea. Coastal regions exhibit the largest seasonal
temperature difference [Joffre, 1985] - therefore it is to be expected that the atmospheric flow in
coastal regions is more complex than in far offshore regions, being influenced by;

• air-sea temperature differences,
• orientation of the coastline,
• prevailing wind speed and direction,
• water depth,
• latitude (related to the magnitude of solar radiative forcing), and
• the distance from the coastal discontinuity.

As air flows over the coastal discontinuity two types of physical surface change are generally
experienced; an abrupt change in roughness which affects the momentum flux and a change in
the availability of heat and moisture - as [Kaimal and Finnigan, 1994] describe these active
scalars influence stability and hence turbulent mixing and momentum transfer. Thus these
processes are important in terms of estimating the mean wind speed profile and in determining
the modification of the wind resource with increasing distance from the coast. The effects of the
coastal discontinuity can be propagated over 100's of kilometres [Mulhearn, 1981] depending on
the stability conditions. Thus models which predict climatic variables at meso- to local scales
should incorporate effects introduced by the discontinuity at the coast. This is currently limited by
the lack of information available on temporal and spatial variability of stability conditions offshore.

3. THEORY

3.1 Effects of roughness

The relative impact of roughness and stability changes on wind speed can be considered by
taking each separately. If there is no change in stability or roughness, friction velocity can be
predicted using the geostrophic drag law e.g. [Garratt, 1992]:

where Ug is the geostrophic wind speed,
u- is the friction velocity,
k is the von Karman constant,
zo is the roughness length,
f is the Coriolis force (depends on latitude), and
A and B are constants (~ 1.9 and 4.5 [Deacon, 1973])

The Charnock equation [Chamock, 1955] can be used to relate the friction velocity to the
roughness length offshore:

: . = * - (2)

where a is a constant (-0.015), and
g is acceleration due to gravity.

In near-neutral conditions, the logarithmic wind profile applies and is used to determine near-
surface wind speed, U, at height, z:
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w (3)

Hence for a given geostrophic wind speed, equations 1 and 2 can be solved iteratively to
determine values for the friction velocity and roughness offshore or, assuming a known
roughness length (e.g. typical land values are in the range 0.01 to 1 m [Wieringa, 1993]), a
friction velocity can be determined based solely on equation 1. Wind speed at a given height (e.g.
a typical wind turbine hub-height of 40m) can then be determined from equation 3. Assuming that
height, latitude and the geostrophic wind speed are known, that there is no topographic
enhancement of wind speeds and that the wind flow is in equilibrium with the surface, the
theoretical difference in near-surface wind speed between a specified roughness (e.g. over land)
and offshore wind speeds can be determined.

Figure 1 shows an example of
wind speed differences (offshore
minus onshore) at 40 m height at
55 ° latitude where the geostrophic
wind speed varies between 5 and
24 m/s and the range of
roughness values for land is 0.002
m to 1 m. The x-axis shows the
assumed roughness length minus
the offshore roughness length.
The offshore roughness length
increases only gradually with the
geostrophic wind speed - from
about 0.0002 m at 5 m/s to 0.0006
m at 24 m/s. Thus the value shown
on the x-axis is principally
dependent on the value of
roughness length assumed for
land. Increasing the geostrophic
wind speed at low land roughness
has a comparatively small
influence on the difference
between offshore and onshore
wind speeds. At higher roughness,
the impact of the geostrophic wind
speed is larger. The wind speed
differences shown in Figure 1 are
theoretically derived and assume
equilibrium conditions over both
land and sea. However, the
inference can be drawn that, given
mean geostrophic wind speeds of
between 8 and 13 m/s over
Northern Europe [Troen and
Petersen, 1989], the magnitude of
expected difference between wind
speed offshore and over a land
roughness of 0.1 m is of the order
of 2 m/s.

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0
In (ZOland-zOsea)

Figure 1. The difference between equilibrium offshore and
onshore wind speeds (m/s) for varying geostrophic wind
speed and roughness difference (Zo<iand),0.002 m to 0.1 m,
ẑ sea) .equation 2).
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3.2 Effects of stability

Stability corrections can be calculated based on Monin-Obukhov similarity theory (see e.g.
[Van Wijk et al., 1990b] where the Monin-Obukhov length, L, is given by:

where 9 is the potential temperature, and
w is the vertical velocity.

Incorporating a stability correction into the logarithmic wind speed profile, the wind speed, U at
height, z is calculated by:

where ¥ is the stability correction to the wind speed and is given by:

¥ = -5| — | for stable conditions (L>0) (6)

and

T = 2 lnf 1 + In — ~ ~ I - 2 tan"1 x + — for unstable conditions (L<0) (7)
V A. J v, 2. J 2.

where:

-Mi))* (8)

Thus, the magnitude of stability corrections to a near-neutral wind speed profile depends on
whether conditions are stable or unstable and by how much conditions deviate from near-neutral
(as defined by the Monin-Obukhov length). Figure 2 shows corrections to wind speeds at 40 m
height according to values of the Monin-Obukhov length. As conditions approach neutral, the
Monin-Obukhov length increases, conversely as conditions become more unstable or more stable
the Monin-Obukhov length tends towards zero. Note that corrections are subtracted from the
near-neutral wind speed, hence the net impact is that corrections are negative in unstable
conditions and positive in stable conditions. Also, for the same absolute value of the Monin-
Obukhov length the absolute value of the stability correction is larger if conditions are stable.

3.3 The coastal zone

Assuming that both onshore and offshore wind speeds can be reasonably well predicted, the
problem in the coastal zone is to predict wind flow which is disturbed by the surface discontinuity
when both roughness and stability changes occur. Using internal boundary layer (IBL) layer
theory, it is envisioned that the wind flow close to the surface readjusts to the new surface
properties in a layer (the IBL) which increases in depth as the distance from the discontinuity
(fetch) increases. There are many equations in the literature for predicting the IBL depth (see e.g.
[Garratt, 1990]. As an example [Van Wijketal., 1990a] suggest:
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l l - K M ^ i l l - ^ l =2*2* (9)

where x is the fetch,
Zo is the largest of the upwind and downwind roughesses,
h is the planetary boundary layer height,
hi is the IBL height, and
<t»m is the similarity function for momentum.

As [Van Wijk et a/., 1990a] discuss, if hi«h and for small h/L (i.e. in near-neutral conditions with
a well developed planetary boundary layer) this gives the following:

h1ln\—\=2k2x (10)

The effect of the IBL on wind speed profiles in near-neutral conditions is shown schematically
in Figure 3. The wind speed profile downwind of the discontinuity is assumed to be gradually
coming to equilibrium with the upwind roughness. Thus the wind speed at a particular height is
between the upwind and downwind values (shown as UP1 and UP2) and the magnitude of the
change with fetch is dependent on the height of the IBL. When changes in stability also occur,
both the upwind and downwind profiles are affected in addition to the IBL height.

4 —i
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Figure 2. Magnitude of the stability correction to wind speeds at 40 m height according to the
Monin-Obukhov length (m/s).
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Figure 3. Adjustment of wind speed profiles in a near-neutral internal boundary layer (m/s). UP1 is
the wind speed at hub-height offshore, UP2 is the wind speed at hub-height over land. Thus
according to this simple IBL model, the wind speed at hub-height in the coastal zone is between
UP1 and UP2 depending on the distance from the coastal discontinuity. Wind speed profiles
denoted 9 and • are averages from the land mast and the southern sea mast at Vindeby,
respectively (see section 4).

4. THE VINDEBY PROJECT

Meteorological monitoring of the Vindeby wind farm (located off the north-western coast of the
island of Lolland, Denmark, [Dyre, 1992]) has been conducted since April 1993 using instruments
on three 45 m meteorological masts, one on land (LM) and two offshore (SMS and SMW) (Figure
4). The site and instrumentation are described in [Barthelmie et ai, 1994]. No topographic
enhancement of the wind speed is expected since Lolland is nearly flat and lies close to sea
level. Analysis of Vindeby data undertaken in [Barthelmie et a/., 1996a] suggests that for the
period January to December 1994 inclusive, assumption of near-neutral conditions with a
constant roughness length (0.0002 m offshore and 0.05 m for land) give reasonable predictions
of the wind speed profile to 48 m height (within ±0.4 m/s or ±5 %). Mean wind speed profiles from
LM and SMS shown indicate this reasonable approximation to a logarithmic profile. Data used in
all the analyses presented herein are from the period January to December 1994 inclusive.

4.1 Stability correction at Vindeby

The Monin-Obukhov length is determined using parameterizations given in [Beljaars et al.,
1989] and decribed briefly in section 3.2. All calculations are based on wind speed measured at
20 m height. For the LM, the Monin-Obukhov length is calculated using the temperature
difference between 7 m and 16 m. The parameterization of fluxes at SMS and SMW is based on
sea surface temperatures (SST) and the temperature measured at 7 m height. SST are
measured using a Heimann infra-red radiation pyranometer. During the period of measurements
used here, there were problems with the calibration of this instrument. The calibration has
therefore been calculated based on water temperature measurement at a depth of approximately
3 m (see Figure 5). The definition of stability classes is as given in [Van Wijk et al., 1990b].
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Figure 4. a) Location of the Vindeby site b) position of the masts and wind farm.

The frequency of observations in each stability class calculated using this methodolgy is
shown for the three masts in Table 1. At LM the observations are fairly evenly divided between
stable (40 %), neutral (31%) and unstable (29 %) classes while at the sea masts the majority of
observations are divided between the near-neutral (55-60 %) and unstable (34-40 %) classes
with comparatively few in the stable class (5-6 %). This may be partly a function of the different
parameterizations used for LM and the sea masts since the SST are relatively high. Also shown
in Table 1 are wind speeds at 48 m at each of the three masts where A. are the average
measured wind speeds, 6. are wind speeds predicted using the logarithmic profile and C. are
wind speeds predicted using the logarithmic profile and stability correction. Wind speeds at 20 m
were used as the basis for the predictions.

On average and in near-neutral conditions the logarithmic profile accurately predicts the
wind speeds at 48m. However, in different stability conditions, use of the stability correction
typically improves the predictions except in the unstable class at the sea masts. This suggests
that some of these observations may be wrongly classified and that it may be a more accurate
reflection of stability offshore to use the temperature profile to calculate the Monin-Obukhov
length than the difference between the air temperature measured offshore and SST, particularly
given the calibration problems experienced with the SST measurement.
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Figure 5. Corrected sea surface temperature (°C) based on water temperature.

Table 1. Frequency of observations in different stability classes and average 48 m wind speeds
(m/s) where A is the measured value, B is predicted using the logarithmic profile and C is
predicted using the stability correction.

#

A.
Obs

B.
Pred
Ln
C.

Pred

LM
SMS
SMW
LM

SMS
SMW

LM
SMS
SMW

LM
SMS
SMW

Very Stable
200> L >0

1601
44
59
5.4
4.2
3.9
4.7
3.6
3.3
5.5
3.8
3.5

Stable
1000>L>200

2547
430
523
8.9
7.2
7.0
8.7
6.9
6.6
9.0
7.0
6.7

Near-neutral
-1000>L>1000

3276
5734
6297
10.1
10.6
10.6
10.3
10.3
10.2
10.4
10.3
10.2

Unstable
-200>L>-1000

1823
2944
2544
8.1
7.1
6.7
8.4
7.0
6.6
8.3
6.9
6.5

Very unstable
0> L >-200

1190
1290
1016
5.6
2.8
3.7
5.8
3.5
3.3
5.5
3.4
3.2

All

10437
1C442
10439

8.3
8.6
8.8
8.2
8.4
8.4
8.4
8.3
8.4

As suggested in Table 1, wind speed has a strong influence on stability conditions, and since
the Monin-Obukhov length is proportional to the cube of the friction velocity, it is to be expected
that stability has the greatest impact at low wind speeds which are not significant for wind energy
resources. The percentage of observations in each of the stability classes is shown in Figure 6a
for LM and in Figure 7a for SMS. (Note, the breakdown of stability classes at SMW is similar to
that at SMS so results for SMW are not presented). At low wind speeds (below approximately 4
m/s) unstable classes dominate at SMS whereas at LM observations are evenly divided between
unstable and stable classes. At wind speeds in excess of rated speed (approximately 12 m/s)
virtually all observations at SMS and more than 60 % of observations at LM are in the near-
neutral class. Therefore, stability corrections will be most important for resource assessment
between typical cut-off and rated wind speeds.
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Figure 6. Frequency of different stability conditions at LM a) by wind speed class, b) by direction
c) by month and d) by hour of the day. Stability classes are defined based on the Monin-Obukhov
length as shown in Table 1.
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Figure 7. Frequency of different stability conditions at SMS a) by wind speed class, b) by direction
c) by month and d) by hour of the day. Stability classes are defined based on the Monin-Obukhov
length as shown in Table 1.
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4.1.1 Spatial variability

The influence of wind direction on stability can be seen in Figures 6b and 7b. At LM the
presence of land in the fetch (between 110 and 280 °) is linked to an increase in the number of
very stable and stable observations while the offshore fetch over north contains mainly unstable
and very unstable observations. Note that the longest land fetch (between 120 and 190 °)
produces the highest frequency of observations in the very stable class. At SMS the longest sea
fetch (over north) produces the highest frequency of unstable observations while the land fetch to
the south produces only a small increase in the frequency of stable classes. The highest wind
speeds are found in the south west sector which are associated with an increase in the number of
near-neutral observations at SMS.

4.1.2 Temporal variability

The frequency of distribution of wind speeds and directions influences the month-to-month
variability of the frequency of stability classes (Figures 6c and 7c). Highest mean wind speeds
occurred in January and March associated with increases in the number of near-neutral
observations and lowest wind speeds in July and April associated with decreases in the number
of near-neutral observations at SMS. However, at LM the link with wind speeds is less clear since
the number of observations in the unstable classes increases from January to May and then
decreases. The number of observations in the stable classes also increases from January to
April, is low in May and June, high in July and then decreases. The median monthly direction at
LM is between 200 and 250 ° except in February, April, May and July when it is between 100 and
150 °. Thus it becomes difficult to disentangle cause and effect; are wind speeds low in April and
July because the average fetch is over land hence causing a decrease in the number of near-
neutral observations? The percentage distribution of the fetch frequency in each month is shown
in Figure 8. Apart from a slight increase in the number of observations from the north in summer,
it is difficult to detect a causal link between the frequency of stability classes and the fetch type.

Stability is also an important factor influencing the diurnal cycle of wind speeds. As shown in
Figure 6d and Figure 7d there are major differences between stability at LM and at SMS. As
expected the frequency of unstable classes increases during the day at LM followed by
increasing stability. At SMS, the converse is observed with increasing numbers of stable
observations during the day and maximum numbers of unstable observations during the early
morning. This is in agreement with the hypothesis of [Barthelmie et a/., 1996b] who suggested
that the inversion of diurnal cycles of wind speed observed offshore is due to differences in
stability. In essence, higher wind speeds offshore at night are due to relatively warm water
temperatures compared to air temperatures over land leading to unstable conditions and the
recoupling of near-surface wind speeds with high wind speeds aloft. During the day, water
temperatures are relatively cool causing decoupling of near-surface and elevated layers.

100 1600

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 8. Frequency of different fetch types by month.
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4.2 Wind speed ratios

The primary interest of the wind energy community is in the wind speed and the potential
impact of changing the surface type on wind speed at hub-height As has been discussed
previously this is a function of many factors. On average, the largest differences between wind
speeds measured at the sea masts and LM occur in winter at Vindeby and the smallest
differences in summer (normalised wind speed ratios (USM-ULM)/ULM) are shown in Table 2). The
mean ratios are complicated by the different fetches, roughness changes and the presence of the
wind farm. Using only southerly wind directions such that the fetch is over land to LM and then
over a short sea fetch (1-2km) to the sea masts, the wind speed increase is greatest in summer
and autumn when conditions offshore are more frequently unstable than those on land. Lowest
ratios are found in spring which might be expected if stable conditions offshore are impeding the
increase of wind speed due to lower roughness.

Figure 9 shows the mean wind speed ratio at 48m at Vindeby, R, where R is calculated as the
ratio of the wind speed measured at the sea mast (either SMW or SMS) over the wind speed at
LM. Since the primary reason for the wind speed difference is the change in surface type, the
largest differences are found close to the surface and decrease with increasing height. As
suggested by [Barthelmie, 1996] this relationship appears to be close to logarithmic to 38 m but
does not change between 38 m and 48 m. This is presumably because the IBL lies between
these two heights. The ratios have been classified according to stability class (at LM). Largest
ratios at 7 m occur when conditions are stable at LM and unstable at the sea masts. At 7m, the
ratios are largest in stable conditions, however at the other heights, the largest ratios are in near-
neutral conditions. This appears to be due to a number of confounding influences. First, the wind
speed profiles are different in stable and unstable conditions with a smaller vertical gradient in
unstable conditions. Second, the ratio depends on wind speed, highest wind speeds typically
being associated with near-neutral conditions.

5. MODELLING WIND SPEEDS IN THE COASTAL ZONE

5.1 Statistical modelling

[Barthelmie, 1996] evaluated regression-based methods for predicting ratios between wind
speeds offshore and wind speeds over land using data from the Vindeby project. It was found
that wind speed ratios could be reasonably well predicted using wind speed at LM and height. At
20 m and 38 m this method predicted the average wind speed within 2 % of the observed
average, with a mean absolute error <0.1 and statistically significant correlation coefficients. At 7
m where wind speeds are most strongly correlated with roughness length, multiple linear
regression on temperature, roughness and fetch produced results of similar accuracy for near-
neutral conditions, but no regression-based method could be found which adequately predicted
wind speed ratios at different heights in varying stability conditions.

Table 2. Average and seasonal normalised wind speed ratios (USM-ULM)/ULM) A. calculated using
all observations B. calculated using observations with wind flow over direct land fetch to LM and
1-2 km sea fetch to SMS/SMW.

Average
Winter (DJF)
Spring
Summer
Autumn

A. average wind speed ratios
SMS
1.04
1.06
1.04
1.02
1.03

SMW
1.06
1.08
1.04
1.04
1.06

n
10452
3409
2489
1397
3076

B. wind speed ratios from south
SMS
1.03
1.03
1.01
1.05
1.04

SMW
1.04
1.03
1.00
1.07
1.05

n
875
393
145
67

269
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Figure 9. Mean normalised wind speed ratios (USM-ULM)/ULM) for A - average of all observations, N
- near-neutral conditions, S - stable conditions and U - unstable conditions.

5.2 Physical modelling

Rise's WAsp model [Mortensen et a/., 1993] has been shown to predict wind speeds and wind
speed profiles accurately for offshore areas [Troen and Petersen, 1989], [Petersen, 1992]. Within
WAsp conditions are assumed to be close to neutral. WAsp distinguishes between the heat flux
over land and over sea [Troen and Petersen, 1989] but in practice this does not impact the wind
speed profile greatly [Barthelmie et a/., 1996c]. WAsp has been employed to predict wind speed
changes offshore near Vindeby based on wind speeds observed at LM {Barthelmie et a/., 1996a].
At an 'infinite' distance from the coast (assuming a roughness of 0.0002 m), the maximum wind
speed over sea is approximately 20 % higher than at LM. This could be regarded as the
maximum potential increase in wind speeds, assuming no stability changes and no effects due to
the coastal discontinuity. WAsp gives reasonable predictions of average wind speeds at SMS
and SMW, slightly over-estimating the average increase in wind speeds from land to sea at 48 m
and underestimating wind speeds at 7 m. This is thought to be due to the effect of stability on the
growth of the internal boundary layer. The WAsp model brings the surface layer to equilibrium
within 10km on either side of the coastal discontinuity, thus disregarding any potential effects of
stability. However, [Barthelmie et a/., 1996c] could not substantially improve the predictions by
adjusting parameters within WAsp including the distance over which the coast weighting is
applied.
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The COAST model has been developed to calculate potential power output and the cost of
the power produced at various distances from the coast using coupled meteorological-economic
modules [Barthelmie et a/., 1995]. Work is currently underway to extend this model to take
account of different stability conditions in predicting wind speeds in the coastal zone.

6. SUMMARY

The effects of both roughness changes and stability on equilibrium wind speeds can be
modelled successfully and have been shown to have a significant impact on wind speeds at
typical turbine hub-heights. Measurements from the Vindeby campaign have been analysed to
show that there are differences in stability climates on- and offshore which lead to differences in
wind speed profiles and to differences in seasonal and diumal variability of wind speeds.

If offshore wind energy is to develop successfully, good predictions of offshore and coastal
wind climates are required. Despite the development of wind models which can predict both
offshore and onshore wind speeds reasonable well, it is difficult to predict the modification of wind
speed in the coastal zone due to the effects of roughness and stability which influence both
spatial and temporal variability of wind climates. Placing wind turbines at the maximum distance
from the coast gives the largest average increase in wind speed. However after an initial wind
speed increase which may occur within a few kilometres of the coast, winds may thereafter
increase relatively slowly, depending on wind speed, the air-sea temperature difference and the
orientation of the coast line which influence stability changes. Thus there is a need for both
observational and modelling studies to increase understanding of stability climates offshore and
how these effect wind climates, particularly in the coastal zone.
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EFFECT OF THE PROXIMITY OF LAND ON WIND FARM PERFORMANCE FOR OFFSHORE
FLOW.
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SPAIN

ABSTRACT

A method is presented to calculate the performance of offshore windfarms for cases in which the wind
blows from shore. An internal boundary layer will form starting at the coast line that will grow with
distance to the land. It is expected that the power production will be larger and the unsteady and fatigue
loads will be smaller than if the wind farm were inland; the relevance of this effect depends on whether
the offshore wind farm is partially or totally immersed on the internal boundary layer. Two computational
tools are used: a simple model to calculate the evolution of the intemal boundary layer, and the
UPMPARK code, that calculates wind farm performance, taking into account wake interaction effects
and moderate variations of ambient wind due to orography, or, in this case to the internal boudary layer.
The model for the internal boundary layer gives universal relationships, in non dimesional form, of the
surface roughness of the sea, the turbulent friction velocity, and the intemal boundary layer height, as
functions of the distance to the coast. From the UPMPARK code it is obtained the power production and
the turbulence characteristics in each machine of a given wind farm. In particular, the sensibility of
power production and average turbulence intensity of a model wind farm (same characteristics as
Vindeby) with its distance to the coast, is examined, assuming that the wind farm is moved wholly,
without changing its other characteristics.

KEYWORDS

Wind farms, Turbulence, Models, Boundary Layer

1. INTRODUCTION

It is well known that the winds in sea have higher velocities and smaller turbulence intensities than on land as
a consequence of the smaller surface roughness of the sea, consequently, offshore wind farms will have a
larger power production and smaller fatigue loads than inland wind farms. On the other hand, other factors,
such as cabling and foundations, would make the installation more expensive as the distance to the coast is
increased. A cost analysis and optimization of offshore wind farms has been made by Kuhn et al. (1996), and
they conclude that of special importance are factors such as the distance to the shore, an optimized wind farm
design, and the knowledge of the wind characteristics. In general, it is difficult to provide reliable wind data for
the siting of offshore wind farms. Nevertheless, numerous measurements have been made in the Vindeby
off-shore wind farm, as reported in Frandsen et al. (1996) and Frandsen (1996), and new surface wind speed
measurements of acceptable accuracy are provided by observation satellites, as it is indicated by Gaudiosi et
al. (1996). Other approach is that of Hajstrup et al. (1996), that have investigated the wind resources of the
Baltic Sea; they use ship based measurements and a model to derive the geostrophic wind climatology, then,
they generate regional climatologies, and the local characteristics are obtained using local siting models, such
as WASP.
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A method is presented in this work to calculate the performance of offshore wind farms, for different distances
to the coast, and for winds blowing from shore. A simple model is used to calculate the evolution of the
internal boundary layer that originates at the coast line, then, the flow field obtained is used as input to the
UPMPARK code, that calculates wind farm performance, taking into account the interaction of the wakes of
the different machines that diffuse in the ambient flow created by the internal boundary layer.
The internal boundary layer model is fairly simple, and is based on that of Mikaye, as described by Panofsky
and Dutton (1984), where the thickness of the internal boundary layer is supposed to grow downstream in
proportion to the local turbulence intensity. Logarithmic profiles are assumed both inside and outside the
internal boundary layer, the inner one is in equilibrium with the local surface roughness, that is estimated from
Chamock's equation (1955); and that outside corresponds to the upstream conditions inland. If the upstream
land conditions are considered as data, a single nondimesional parameter, appears in the problem, and the
non-dimensional surface roughness, friction velocity and boundary layer thickness, turn out to be functions of
the nondimensional distance to the land and the above mentioned parameter. This simplified model does not
take into account other important effects such as the atmospheric stability, that implicitly has been assumed to
be neutral, and the fact that the parameter appearing in Chamock's equation is not really constant and may
experience significant variations, as shown by Hojstrup et al. (1996). In Crespo et al. (1996) dimensional
analysis has been used to obtain a modified version of Chamock's equation, that relates the surface
roughness of the sea with the friction velocity, including as an extra parameter the viscosity of the air, the
constants appearing in that equation were obtained by fitting with the experimental results of Hajstrup et al.
(1994); for large enough values of the turbulent friction velocity, that cover most cases of interest, Chamock's
equation is recovered, although with a constant 4.5 times larger. Because of these considerations, it has been
considered convenient to consider in the analysis the possibility of changing this constant. Barthelmie et al.
(1996) has studied the influence of atmospheric stability and find that there is a tendency to over-predict wind
speeds in the zone near the coast if conditions are predominantly stable; this may be due to the smaller
diffusivity in the stable case, and is an effect that could be taken into account with this model by a suitable
modification. Other phenomena such as the low level jets, studied by Smedman et al. (1995), due to the
advection of warmer air from land over the sea that creates a frictional decoupling and initiates an inertial
oscillation, can not be simulated with simplified models, and three dimensional and unsteady effects are
essential to describe their physics.

UPMPARK has been described previously in Crespo et al. (1994,1996); it solves the Navier Stokes equations
for the whole park using the boundary layer assumption, so that the equations are parabolic in the unperturbed
wind direction, although they retain their elliptic character in frontal cross-sections normal to the wind direction,
and uses the k-e method for turbulence closure. The basic atmospheric flow in which the wakes diffuse is
described by means of the friction velocity, the surface roughness of the ground, and the Monin-Obukhov
length associated to the atmospheric stability. In this case, it has been assumed that the atmosphere is stable,
and the Monin-Obukhov length is infinity, although it is not difficult to relax this assumption. In this problem the
water surface roughness is not an independent datum, and it has to be estimated from the wind
characteristics, by means of Chamock's relation or a similar one. in this work we integrate the variations of the
ambient conditions, as given by the internal boundary layer model, in UPMPARK. This integration is facilitated
by the possibility of UPMPARK of considering moderate changes in orography, that, in our case, will
correspond to changes in surface roughness and turbulent friction velocity.

This analysis has been applied to the configuration of the Vindeby Wind Farm, described in Frandsen et al.
(1996), but allowing its distance to the coast to change. The total power of the farm, and the average
turbulence intensity over the farm are represented as functions of the distance to the coast. The increase in
power and decrease in turbulence intensity with distance, are rather moderate.

2. INTERNAL BOUNDARY LAYER

The internal boundary layer model, shown schematically in figure 1, is a very simple one, based on that of
Mikaye (Unpublished MS thesis, University of Washington), as described by Panofsky and Dutton (1984),
where the thickness of the internal boundary layer, h, is obtained from the following equation:

34



dx u 2.5log(h/zo)

where B is a constant approximately equal to 1.3, u* is the turbulent friction velocity and zo is the surface
roughness, both are local values at the place where h is calculated.

Figure 1. Schematic showing the model.

Logarithmic profiles are assumed both inside and outside the intemal boundary layer; the inner one is in
equilibrium with the surface roughness, Zo, and friction velocity, u*. satisfying Chamock's equation:

where A is a constant and g is the acceleration of gravity. The velocity above h is given by the upstream
surface roughness and friction velocity, Zoi and u*-,, respectively; a matching condition is imposed at the
intemal boundary layer interface.

2.5 U 1* log(—) = 2.5 u"log(—) 3

If the upstream conditions in the land are considered as data, a single nondimesional parameter, C, given by .

Au«?
C = 1

0.018 g z
4

01

remains, where subscript 1 means upstream land conditions. In this parameter the constant A has been
included, so that, if a value different from the normal one, 0.018, is used, as indicated in Hejstrup et al. (1996)
and Crespo et al. (1996) and discussed in the introduction, this change can be readily taken into account.
Then, the non-dimensional, internal boundary layer height, h/zoi, surface roughness, Zoteo-i, and friction
velocity u*/u-i*, are functions of the nondimensional distance to the land Bx/(1.3zoi) and that parameter, C:
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In the nondimensional distance the factor (B/1.3) has been included so that if the constant B, defining the
growth rate of the internal boundary layer is changed, because of the atmospheric stability, as indicated in
Barthelmie et al. (1996), or because some other reason, this change can be readily taken into account.
Figures 2, 3 and 4 show the values of non-dimensional height, h/zm, surface roughness, Zo/Zoi, and friction
velocity u*/ui*, as functions of the non-dimensional distance to the coast and different values of the parameter
C. They are universal curves, valid even for arbitrary values of the constants in Chamock's and Mikaye's
equations. It can be seen that the three non-dimensional magnitudes increase with distance and parameter C,
and the height of the internal boundary layer increases almost linearly with distance. The friction velocity and
the surface roughness tend to constant values, that are always smaller than the corresponding ones on land,
this means that turbulence intensity, although increases with distance to land, always remains smaller than
that in land; on the other hand, the velocity below h will be larger than the corresponding value on land at the
same height. Once h, Zo and u* are known the velocity is given by:

z_
r
"0

2.5u*log(—) f o r z < h
z.

u = 2.5ui * log( ) for z < h
z.
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Figure 2. Non-dimensional height, h/zoi, as function of the non-dimensional distance to the coast.

In figure 5 is represented the variation of velocity with distance to the shore for two typical heights and
conditions that can be considered as representative. The wind velocity remains constant until the internal
boundary layer reaches the corresponding height, and then the velocity gradually increases.
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Figure 4. Non-dimensional friction velocity u'/u/, as function of the non-dimensional distance to the coast.
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3. CALCULATION OF THE PERFORMANCES OF AN OFFSHORE WIND FARM, WHEN ITS DISTANCE
TO THE COAST IS CHANGED.

This procedure to evaluate the flow field has been introduced in the UPMPARK code, described in Crespo et
al. (1994), to calculate the basic flow in which the wakes diffuse, so that the combined effect of wakes and
internal boundary layer interaction is evaluated. The code will give, as output, the distribution of the 3 velocity
components, pressure, turbulence intensity, and turbulence dissipation rate, and there is also the possibility of
estimating turbulence spectra, at every grid point of famri. For the case of the model wind farm discussed
below, a total of 88x22x75 points has been used. This is a large amount of infonmation that obviously has to
be gathered and selected. It has been considered as most representative, the total power production of the
wind farm and the average value of the turbulence intensity at hub height; nevertheless, there may be other
magnitudes of interest in offshore wind farm design that has passed unnoticed to the authors.

The code has been applied to a wind farm similar to Vindeby at different distances to the coast, for winds
blowing from shore. The general characteristics of this wind farm can be found in Frandsen et al. (1996).
There are eleven turbines in two rows of 5 and 6 machines respectively, oriented approximately NW (320°
from N), and the winds have been considered to come from SE, aligned with the rows. This direction, besides
giving maximum wake interference, is approximately perpendicular to the line coast. The machines are
BONUS 450, have a diameter of 35 m and a height of 37 m. The nominal power is 450 kw at 14 m/s, and the
cut-in speed 4 m/s. An average wind velocity of 8.3 m/s at 37 m height, that corresponds to a thrust coefficient
of 0.7 in the upstream machine, has been considered.

In figures 6 and 7 are shown respectively the total power production of the wind farm, and the average
turbulence intensity at hub height of all the machines in the wind farm, as functions of the distance of the
leading machine to the coast. In figure 7, besides the average of the turbulence intensity, are also given the
averages of the ambient turbulence intensity and of the added turbulence intensity. The values of these
magnitudes at each position of the hub height, are calculated from the following expressions justified in
Crespo and Hernandez (1995):
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where k and u are the turbulent kinetic energy and wind velocity at hub height, respectively, and are
UPMPARK results, u* and u0 are obtained from the intemal boundary layer model applied at each hub height.
From figure 7 it can be observed that the power increases with distance to the coast, although the rate is
significantly slower as the distance increases, there even seems to be a tendency to reach a constant value.
For the turbulence intensity, there is an important decrease as we pass from the land to the sea, but, then, a
constant value is almost immediately reached. The average ambient turbulence intensity even shows a very
slight tendency to increase, that is a consequence of the increase of u*, appearing in figure 4, this is
compensated by a very slight decrease of the average ambient turbulence, probably due to the higher wind
velocities that cause the thrust coefficient to decrease and the denominator of I in equation (8) to increase.

4. CONCLUSIONS

A simple model has been proposed to simulate the intemal boundary layer evolving from the coast line, that
has been integrated in a code to calculate wind farm performance, taking into account wake interference. An
important draw back of the intemal boundary layer model is that it has not been validated by comparison with
experiments, nevertheless, and although this comparison should be performed in future works, it is expected
that the order of magnitudes and the tendencies of the results presented here will be correct, and could serve
to prepare guidelines for the designer. The boundary layer characteristics are presented in non-dimensional
curves of a very general validity, and they even include the adjustable coefficients of the model. The
calculations of the wind farm indicate that there is a definite advantage in moving the wind farm from land to
the sea, both from the point of view of increasing power production and of reducing turbulence loads,
however, particularly regarding turbulence characteristics, there is a certain distance beyond which no
beneficial effects are obtained or are scarce.
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Figure 6. Power production of a wind farm similar to vindeby at different distances to the coast of the leading
machine. The wind farm moves as a whole when this distance is changed.
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USE OF A UHF RADIO LINK TO A CITY LABORATORY TO ENABLE
DETAILED ANALYSIS OF DATA FROM FAST RESPONSE

ANEMOMETERS AND OTHER SENSORS AT A REMOTE SITE

Keith R Dawber

Department of Physics - University of Otago
Dunedin

NEW ZEALAND

ABSTRACT

Investigations of the wind regimes offshore require monitoring wind and temperature
parameters in a corrosive environment at remote and normally uninhabited sites. Rather
than recording the data from anemometers and thermistors with on-site data loggers, it is
suggested that UHF radio transmission of the data to a city laboratory would have
considerable advantages. Experiences in dealing with a remote atmospheric tower using
such a radio link are described. While this example relates to a land based tower, there
are likely to be similar or even greater advantages in using the same technique for
offshore wind regime investigations, prior to, or concurrently with, wind farming
operations. Some of the wind data analysis discussed in this paper was only possible
with live fine structure data. Other analysis depended on computer hard disk storage of
large quantities of detailed data. Suggestions of methods useful for offshore application
are made, and examples given.

KEYWORDS

Offshore Wind Data, Radio Data Link, Fine Structure Wind Analysis

ROCKLANDS TOWER FACILITIES

Overview

The experiences described here relate to 25 years' work using the remote Rocklands
Atmospheric Tower in an uninhabited region of Otago, New Zealand some distance from
the University of Otago Department of Physics Laboratory in Dunedin. Wind and
temperature data from the Tower were transmitted via an ultra-high frequency (UHF)
radio data link to the Laboratory for storage and analysis. The methods used have proved
very successful in providing an accurate picture of the wind regime at the site, which has
no inhabitants or standard electric power source within 5 km. The principal feature of the
system is that the data rate for recording and analysis is not limited by the memory size of
on-site data loggers, but determined only by the type of propellers used on the Gill
anemometers. This enables types of analysis to be carried out which would be
impossible with conventional equipment. While the site is an inland one, the same
technology should be able to be applied equally successfully to assess potential offshore
wind turbine sites, to aid in the choice of design parameters for turbines at such sites, and
to continue to monitor the atmospheric conditions once turbines have been installed. In
particular, precise extreme event analysis (extreme shear, extreme turbulence, extreme
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gusts, etc.) is made possible, as well as short term wind shear modelling, stability
classification and equipment icing studies, all of which required large blocks of data from
fast response wind sensors and from temperature sensors.

The UHF Data Link

The UHF data link between the Rocklands Atmospheric Tower and the Department of
Physics in Dunedin was established by the Department of Physics Electronics Workshop
in 1980 using a design suggested by P. J. Edwards. The Tower site is 45 km from the
Physics Laboratory and the line of sight is blocked by Swampy Summit, a rounded hill of
742 m height, so a repeater unit is required on the top of Mt Cargill, a fairly sharply
peaked hill 696 m in height where many TV and radio broadcasting antennas and dishes
are located, and which is in view of the Physics Laboratory. The carrier frequencies used
are 414.5 MHz and 419.8 MHz respectively for the two stages of the link. Unfortunately
the Mt Cargill receiver is in the diffraction pattern of the carrier from Rocklands caused by
Swampy Summit. However, this layout was the only two stage choice available as the
rounded shape of Swampy Summit prevented the location of translator sites for a simple
two stage link between Rocklands and the Laboratory directly over that hill. Provided the
transmitters were set for maximum efficiency, the diffraction presented no problem. A
diagram of the layout is shown in Figure 1. Details of the techniques are reviewed in a
New Zealand Energy Research and Development Committee (NZERDC) report
(Edwards, P. J., Neilson, G. D. and Dawber, K. R. 1988). A map is shown in Figure
2.

The original equipment was entirely Department of Physics Electronics Workshop built,
but recent modifications have used some commercially obtained components. The current
methodology was developed by D. W. Coppell using a frequency-shift keying (FSK)
system. The electronics was modified recently by G. M. Drinkwater incorporating
modern components. A schematic diagram is shown in Figure 3. The transmitter is of
quite low power, the measured output UHF power at the antenna being 0.6 watt. Eight
data channels are able to be accommodated within the available bandwidth. Each reading
is transmitted three times and checked for reliability. At the Laboratory end of the link,
the decoded raw data can be logged onto a computer hard disk for processing. Some real-
time processing can also be carried out. For one of the experiments described later, the
eight channels turned out to be insufficient for all the data required so some slower
measurements such as temperature had to be logged on site. Full details are contained in
a number of University of Otago publications (Coppell, D. W. 1988, Croot M. 1989,
Drinkwater G. M. 1996).

The Tower

The Rocklands Atmospheric Tower was built with NZERDC and New Zealand Electricity
Department funding in 1980. It consists of a modified free-standing lattice-type power
pylon with an attached climbing system, top platform and extra cross arms. The basic
tower structure is similar to the pylons used for the adjacent Roxburgh to Dunedin 220
kV high tension grid line. This allowed for easy supply and erection using readily
available equipment and expertise. There is no nearby domestic level (230 V) AC supply
available so on-site electric power is provided by wind. At present a 24 V New Zealand
Soma 1 kW wind turbine funded by ECNZ in 1994 is used. It is supported on a low pole
sited about 250 metres from the Tower to avoid interference with the Tower wind
measurements. Prior work was carried out using an Australian Dunlite 2 kW turbine of
1960 vintage, provided by the Marine Department of the NZ Ministry of Transport. A
small hut, 4.0 m x 2.5 m (2 m in height) located at the base of the Tower, serves to house
the turbine generator controls, data processing equipment and UHF radio transmitter, and
furthermore to provide shelter for visiting staff. The large capacity lead acid battery bank
is located in a separate battery box outside the hut.
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Diagram of the ultra-high frequency (UHF) transmission path
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Map showing the location of Rocklands Trig V where the Rocklands Atmospheric Tower
is sited.
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Figure 3

Circuit diagram of Rocklands 8-channel A/D converter and FSK modulator designed by
G M Drinkwater (1996)
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Data Collection System

Wind data is collected using clusters of fixed direction Gill-type propeller anemometers
mounted in 3 mutually perpendicular directions (NW horizontal, SW horizontal and
vertical) at the two heights 10 m and 30 m above the base of the mast. The anemometers
used are Kahlsico type O3AM9OO which are similar to the R. M. Young model 27106.
For some work, the 4-bladed anemometer propellers used have been of lightweight
polystyrene construction with a distance constant of 0.8 m, but for most applications
polypropylene moulded blades with a distance constant of 3.3 m are satisfactory and are
much longer lasting. Power for the A/D converter, thermistors, transmitter and any other
equipment being used comes from the bank of lead-acid batteries, kept charged by the
wind turbine. Occasionally temperature and site battery voltage data have been
transmitted, while on other occasions these parameters have been conventionally logged
on site. The transmitted data stream can be checked at any time directly from the comfort
of the Laboratory so that unless a fault has developed, travel to the Tower is only required
for routine servicing, greatly reducing the amount of time and energy required for visits.
Such a system should have appeal for use with those offshore data collection sites which
are of considerable distance from the analysing laboratory and also those sites subject to
stormy conditions making site visits to service logging equipment at specific times
somewhat difficult or perhaps even impossible.

Data Processing and Storage

In the Rocklands system, the DC voltage magnitude from each Gill anemometer was
converted to a digital signal and the sign to a further signal. Initially the eight channels
were used for wind data, four for the horizontal anemometer voltage magnitudes and four
for the signs. Later, some thermistor data was transmitted instead of a complete set of
horizontal wind data (Dawber K. R. and Jamieson N. J. 1988). Finally, when vertical
anemometers were added, additional channels had to be dedicated to wind speed
magnitudes and on-site methods used for temperature recording due to limited bandwidth
with the UHF licence. The horizontal anemometer signs were inferred from the weather
conditions. The signals were FSK modulated and transmitted to the Department of
Physics Wind Energy Laboratory as indicated above. After demodulation of the UHF
signal on arrival at the Department of Physics, the incoming wind data could either be
stored on computer hard disks for future processing and analysis, or could be subjected
to some live processing before storage. Both methods have been used over recent years,
depending on the type of research contract or academic study for which the data was to be
used. Descriptions of several Rocklands projects follow, showing the flexibility of the
approach available and giving typical results. Following these examples, suggestions for
off-shore application are discussed.

RECENT EXPERIMENTS USING THE ROCKLANDS FACILITY

Extreme Event Analysis

The first significant work on extreme event analysis using Rocklands data was carried out
under an Electricity Corporation of New Zealand (ECNZ) Contract to provide information
on rapid changes in wind velocity, and a record of the maximum wind gust velocities in
the area. Funding for the Contract enabled the appointment to be made of a research
fellow, G. D. Neilson who had previously worked on the final phase of the NZERDC
project referred to earlier. He was able to develop software enabling various forms of live
and future analysis to be performed on the incoming data. While some of the detailed
results are commercially sensitive and remain confidential to the Contractor, the processes
involved have been described briefly in several conference publications (Dawber K. R.
and Neilson G. D. 1992, Dawber K. R., Neilson G. D. and Fraser D. R. A. 1994) and
more details are now able to be given.
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For the purpose of this particular study, a "gust" was defined as an event where the
measured mean wind speed over one second changed by more than a set value, called the
"trigger level". If such a gust were detected, then a detailed set of wind speed records
was logged in the Department of Physics Wind Energy Laboratory Computer
(DOPWELC). Otherwise, the data, which was arriving continuously at a fast sample rate
from each anemometer, was simply converted to 10 minute averages and stored as such.
This method of condensing the total amount of stored data was found to be very suitable
for this particular project. Initially a sample rate of 10 readings per second was used, as
the lightweight polystyrene propeller blades were fitted, but later the sample rate was
changed to 5 samples per second because of the change to the heavier polypropylene
blades on the anemometers.

Normally, a trigger level a little higher than that of ± 2.5 m/s was set. Thus the
DOPWELC averaged the most recent 10 samples and compared these with the previous
10 samples on a continuous basis. If the two sets of 10 samples differed by the trigger
level, then the event was recorded as a gust. The forty samples leading up to the time of
detection of the gust were dumped to disk (i.e saved) and the subsequent 50 samples
following it also saved. A total of nine seconds of data was thus saved for each such
event when wind samples were being taken each 0.1 second, and eighteen seconds of
data when the 5 samples per second sampling rate was used. This process operated on
each separate anemometer signal (remembering that there were initially two and more
recently three perpendicular anemometers at each recording height on the Tower) before
these were converted to a combined speed and direction. For typical south-west cold
front storms passing over the Tower, about one to two thousand events would be
recorded in ten to fifteen hours. Figure 4 shows the results for a typical storm with mean
wind speeds of 20 m/s over a thirteen hour period and a trigger level of 2.7 m/s plotted as
a histogram. The wind data was sampled each 0.2 s for this storm. Figure 5 gives a wind
speed printout of a typical 18 second triggered recording associated with a gust. Here the
recording was triggered by the 30 m height SW anemometer at the 6.6-7.6 second time
period on the abscissa with a deceleration of greater than 2.7 m/s. A second more
extreme event was captured about 3 seconds later, as can be seen in Figure 5 when there
was a 9 m/s increase in wind speed at the 30 m height in 0.2 seconds. The printout for
each level shows the combined horizontal wind speed calculated from the signals from the
two horizontal anemometers pointing in the NW and SW directions.

At this site the winds from the NW were of lower turbulence intensity and the 30 m
height was somewhat less turbulent than the 10 m height for similar storm conditions.
This can be seen in the example shown in Figure 6. Here the extreme event recording
was triggered by the increase in speed occurring with one of the 10 m height
anemometers over the 7 - 8 second time period on the abscissa. Again the horizontal
speeds as calculated by combining the signals from the two fixed direction Gill
anemometers at each level have been plotted in the figure.

The success of this type of monitoring lies in the ability to select just those extreme events
which wind turbine manufacturers would need to plan for. The records allow a wide
variety of statistical studies to be carried out which are associated with particular weather
patterns, or to relate particular extreme events and series of events to particular overall
weather patterns. Utilities are often able to predict expected electricity usage knowing the
general weather patterns in their electricity supply area and relating these to the time of
day. A detailed knowledge of the likely wind generating problems to be expected under
such weather patterns can only come from time specific fine structure wind records such
as can be produced by the methods employed here.

Wind Shear Modelling

Recent work using the system has included the prediction of hub-height winds from 10 m
level wind records, using the method of "short term wind shear studies" reported on at
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SW trigger events
mean wind speed 20 m/s
13 hour recording

300-

avenge one second speed change in m/s

Figure 4

An example of the statistics of South-West (SW) storm "triggered events". This
histogram relates to records from Rocklands Tower during a SW storm during which the
mean wind speed over a 13 hour period was 20 m/s. The solid bars are records from
10 m high anemometers and the shaded bars from 30 m high anemometers.

SW 01:15:50 6/8/1992
20 m/s storm
10 minute mean speed 21.5 m/s
9 m/s change in 0.2s 11 m/s in 0.4s

10 12 14 16 18

time (seconds)

Figure 5

A printout of the recorded wind speed details during a "triggered event" occurring during
the South-West (SW) storm referred to in Figure 4.
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NW 13:50:38 7/8/1992
10.7 m/s change at 10 m
10 minute mean speed 22 m/s
sd 10 m 2.2 m/s sd 30 m 2.0 m/s
10 minute mean shear 1.01

tim« (seconds)

Figure 6

A further example of the type of printout shown in Figure 5, this segment relating to a
"triggered event" during a North-West (NW) storm of 20 m/s average wind speed.

the 1996 EU Wind Energy Conference, (Diettrich J. C. and Dawber K. R. <a> 1996).
The method was developed by J. C. Diettrich (1995) as part of his studies for the degree
of Master of Science at the University of Otago, and used both data from Rocklands and
also from Ovelgonne in Schleswig-Holstein, northern Germany. A more detailed report
of this work has been published in Wind Engineering, (Diettrich J. C and Dawber K. R.
<b> 1996).

Again the methodology here depends on the availability of large banks of short term wind
speed data stored on computer hard disks. Three mutually perpendicular Gill anemometer
clusters were again mounted on the Rocklands Tower at 30 m and at 10 m heights. The
data from each anemometer was transmitted over the UHF data link and all data was
logged onto hard disks in the Department of Physics, along with the atmospheric
temperature at the two heights, originally logged at the site. Various frequencies of data
logging were tried, and for satisfactory results in this study, one data sample per second
from each anemometer was normally used. During periods with the same atmospheric
stability classification as determined by the temperature gradient, the instantaneous wind
shear 6; was calculated each second and processed as follows.

where u.30 and UJO are the wind speeds at 30 m and 10 m above ground level and the i
subscript indicates "instantaneous" readings, i.e. the average wind speed over the
sampling period, here in this example, 1 second. The 0, values were then averaged over
the "short term" in a rather special way and called © the "short term mean wind shear".
Although various sampling and averaging periods were tried, the method was always to
first bin the 6i values according to the value of uw. Each bin was of width 0.1098 m/s.
The mean value of 0 was then determined for each bin, averaging over selected periods
of about 3 to 24 hours during which similar weather conditions reigned such as consistent
wind direction, atmospheric stability class and precipitation. The short term mean wind
shear was found to vary consistently with UJO and so could be plotted against it.
Averaging the wind speeds over 10 seconds in order to obtain each 6; proved to provide
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similarly satisfactory results for the intended purpose of this experiment, which was to
develop a method of predicting wind turbine hub height wind speeds from lower height
data. Longer periods of averaging the wind speeds for 8, simply meant that 0 tended to
loose its dependence on UJO and approached the value S proposed by Panofsky and
Dutton (1984), i.e.

5 = (KZ/uJ(du/dz)

where x:is the von Karman constant, z the height, u the wind speed at height z and M* the

friction velocity. Both our 6 and Panofsky and Dutton's S showed dependence on
friction velocity and atmospheric stability, but only our "short term" shear parameter
showed the consistent lower height wind speed dependence. This effect was used to
establish a method of predicting the winds at 30 m above ground level by using the 10 m
height wind velocities. As the Rocklands site has very different topography in different
directions, the wind data was broken up into wind direction blocks from 10° segments.
This is how the dependence on friction velocity was established. Thus & was determined
from data coming from a period when the wind ranged in direction mainly within one 10°
sector and remained consistently in one atmospheric stability class. The atmospheric
stability classification was established from the thermistor data. For this experiment, only
three divisions were used. Temperatures were measured at 10 m and 26 metres above
ground level and the difference AT given by

AT = T26 - TJO

then determined. When AT was more negative than - 0.3° C the atmosphere was classed
as unstable; when Zirwas between - 0.3° C and - 0.1° C it was classed as neutral and
when AT was more positive than - 0.1° C then it was classed as stable.

An empirical function & for calculating & was then defined using the equation:-

6 = aexp{(« - b)k} + c

where u was the wind speed at 10 m and the other parameters were functions dependent
on the site and wind regime. Details are given in the Diettrich and Dawber (1996)
references. By determining the site parameters for particular wind regimes, & could be
calculated and the short term mean wind shear estimated. It was found that over normal
wind turbine operating conditions, the hub height (30 m) wind velocities could be
predicted with a 90 % accuracy from the 10 m height readings so long as the atmospheric
classification could be determined within the above three divisions. This type of
prediction was designated Method n. Attempts to predict the hub height velocities by not
first selecting data from specified stability divisions (Method I) were less successful.
Work is proceeding at present to establish whether such atmospheric stability division can
be determined without requiring thermistors above the 10 m height.

This method of predicting wind shear should be particularly interesting for offshore
studies as the complication of different surface characteristics in each direction is a rather
simpler problem to handle over water than over land. The important point to make is that
the method only works for large banks of data such as are available using laboratory
based logging and storage rather than the usually much smaller storage of data using on-
site logging. An example not previously published except in J. C. Diettrich's Thesis
(1995) is shown in Figure 7. This episode is for a block of data where steady wind
directions lasted for one day. Method II is clearly superior to Method I in the prediction
of the 30 m height winds from the 10 m height readings.
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Figure 7

Wind shear predictions at Rocklands Tower. The actual wind shear is shown as a solid
line. The Method I prediction (not using atmospheric stability classification) is shown as
a dashed dotted line. The Method II prediction which is clearly superior is shown as a
simple dashed line. The wind speed frequency distribution (w.s.f.d.) at 10 m height for
the period is also shown.

Predicability Of Extreme Wind Accelerations

A further study of stored Rocklands fine structure data was carried out by G. Harde as
part of his Carl von Ossietzky Universitat, Oldenburg, Germany degree of Diplom-
Physik (Harde G. 1996). This work consisted of an extensive detailed study of wind
gusting, both theoretically and experimentally. In this work it became evident that gust
accelerations as well as gust velocities needed to be very carefully defined and that
predictions of such accelerations could be made reliably provided the correct frequency
distribution of wind acceleration, a shape factor and the time derivative of the acceleration
were known. The theory formulated was an application of the well known Rice theory
for random noise (Rice S. O. 1944/45). Again, this was an experiment completely
dependent on the availability of large stored blocks of fine structure wind data.

ADVANTAGES OF UHF RADIO FOR OFFSHORE APPLICATIONS

Data Handling Methods

The five standard data handling methods for wind and associated parameters such as
temperature are (i) on-site logging, (ii) cell-phone (or similar) data transfer, (iii) hard
wired or optical fibre data linking, (iv) satellite methods and (v) dedicated UHF radio data
linking. Of these, method (i) is the usual method adopted for initial investigations of
potential windfarm sites, and many commercial packages are readily available. At remote
or inhospitable sites it is often difficult to collect large amounts of data within the normal
limits of the budget available so considerable compromises have to be made in order to
obtain suitable data bases for the investigation in question. Offshore sites tend to be
rather expensive to visit on a reliable basis, to retrieve data, change batteries etc.
especially if there are severe storms at the required times for such visits. Therefore all of
the other methods listed are being used in some applications of wind monitoring and wind
energy prospecting. The special features of each and the main advantages and
disadvantages are now discussed.
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(i) On-site Logging

This method requires some logging device to be located securely at the investigation site.
Regular servicing is necessary to retrieve data. Many of the commercially available
packages involve some on-site processing of the data before logging in order to reduce
the storage requirements. Thus a complete (fine structure) track record of the wind flow at
the site is often not available but simply the relatively slow sampling period track record
determined by the logging rate, backed up with wind statistics for the period. One strong
disadvantage is that it is not normally possible to check that the logging device is
performing satisfactorily until the site is re-visited, so that if the recording of the wind
data has gone wrong then the record for that period is lost.

(ii) Cell Phone Systems

These systems have become increasingly popular as cellular networks have been
developed. Normally, it is too expensive to have the cell phone operating 24 hours a day,
so data is logged then downloaded by cell phone to base as required. The timing of this
can be controlled by the base laboratory. In some countries, such as New Zealand, there
is good coverage of the cellular network in regions immediately offshore so the method
has considerable attraction and is used by investigating teams in many different
disciplines besides that of wind. This method has the advantage in common with the
UHF data link method that any malfunction at the site becomes apparent quickly. The
main disadvantages appear to be again the limited amount of data which can be stored on-
site or transmitted in the time allowed by the process, and the fact that a real-time data
signal to the base can only be provided if the cell phone is "on air" 24 hours a day, which
at least in New Zealand and probably in most other countries is a very expensive option.

(iii) Hardware Connection

Sometimes there happens to be a hardware connection from the site to the base or
laboratory. Our group has one such connection in the form of a coaxial data cable from
one of our sites to the home base of the electricity utility whose site we are investigating.
This is the Central Electric Ltd Mt Horn transmitter site which is linked to the company's
test-room in Alexandra. In our particular case, the data is again not available in real time
as it is logged into a computer at Alexandra (Dawber, K. R. and Drinkwater, G. M.
1996). However in some situations real time data may be able to be arranged. Other
hardware methods used are data transmission over optical fibre systems and data
transmission over existing power or telephone line systems erected basically for other
purposes. This method is probably equally advantageous with the UHF radio method
where such hardware connections already exist. However it is unlikely that installation of
specific connections to a remote site would be warranted from a financial point of view.

(iv) Satellite Methods

There are two types of satellite data gathering. One type consists of remote measurement
of wind characteristics over a specified area from on-board satellite instruments. Several
methods of this first type were described at the 1996 EU Wind Energy Conference
(Gaudiosi, G., Benveniste, J. and Lecomte, P. 1996). The great advantage of this type
is that large areas of sea can be studied at approximately the same time. The main
problems relate to cost and to dependence on the position or orbit of the satellite. Some
methods are also more successful in monitoring areas well offshore rather than nearshore.
The other type is to use an on-site logger and lift data from it using a satellite. This
method is probably best combined with satellite control of an actual wind farm, and is
offered commercially as such; (see for example WindPower Monthly page 5, June
1996).
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(v) UHF Radio

In most cases, the radio equipment required for this type of operation is relatively cheap
as very low power is normally satisfactory. System components can be selected to suit
the situation so the method is very flexible. No data needs to be stored on site, and the
UHF link can normally be designed to cope with the necessary sampling rate for the
analysis requirements. Bandwidth limitations may however be imposed by the authorities
who regulate the radio broadcasting in the particular area being investigated. The main
disadvantage of UHF systems is mat line of sight (or nearly so) is required between
transmitter and receiver, so often (as in our case) one or more repeaters are necessary.
Another disadvantage is that if technical faults develop in the system, these are sometimes
difficult to trace without rather sophisticated and expensive electronic test gear. In our
case we have had several periods when quite simple faults have taken longer to locate
than we would have expected, due to limited UHF test gear being available. However,
by isolating components and testing for controlled signals at each stage, it has been
possible to maintain the Rocklands to Dunedin link for many years at very low cost.

Possible Offshore Applications Of UHF Radio Data Links

(i) Regular Monitoring

For regular monitoring of wind, there are many advantages of live data transmission from
sites under investigation to the investigating laboratory. Besides the very useful one of
rapid identification of faults in the equipment at the site, and the ability to relate any
exceptional winds to general meteorological conditions at the time, the normal features of
being able to handle a much greater data rate, and to easily provide a much greater storage
capacity for data than with most commercially available on-site logging equipment are of
universal advantage. For offshore applications further possible advantages include the
lower energy demands of on-site equipment as less equipment is needed offshore, the
removal of the need for strictly regular visits to the site for logged data retrieval especially
at times when there may be a severe storm occurring, and the removal of the need for
easily opened data ports or hatches on the offshore equipment, as discussed below.

Especially for sea installations, the salty environment is very corrosive and there are
considerable advantages in being able to hermetically seal most of the service points on
the equipment. A data sensor and transmitter unit would only require the electric input
from a fairly low voltage battery, which could be charged by solar, wind or other type of
power source which may be able to be permanently wired in to the equipment. The
output to the antenna could be easily sealed with such material as self-amalgamating
splicing rubber tape. On the other hand, an on-site logger would probably require an
openable computer socket, or tape or disk service hatch. Not only are such points subject
to leaking when closed, but also they are very vulnerable when open and being used to
retrieve date, or to reload programs or hardware in the hostile environment.

A further aspect is that once the UHF radio data link is set up, in some cases it could be a
comparatively minor task to open further channels of data in the system. Such additions
of further data channels is not always easy with on-site loggers, especially if they are of
small total capacity. If the points of measurement are separated by some appreciable
distance, then a second on-site logger may be necessary, while with a UHF system,
simple wiring to the transmitter may be all that is necessary.

(ii) Studies Comparing Offshore Data to Onshore Data

In most situations, and particularly in densely populated areas of the world such as
Europe, there is likely to be at least some onshore data available from sites nearby. In
certain cases, there may be considerable onshore data available. Most detailed
investigations would require comparison of the offshore data with the onshore data to
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help assess the potential advantages of offshore wind energy development. Using the
UHF radio data link method, it is more likely to be possible to match the degree of
monitoring sophistication available onshore with the offshore facility, than it would be
using on-site loggers. Furthermore, live comparison enables computer-controlled cross-
correlation studies to be carried out very easily. Often, these would be particularly
helpful in such an assessment.

(iii) Special Studies Into Extreme Events

Examples of various extreme event studies at Rocklands have been given in an earlier
section of this paper. Documentation of the magnitude and frequency of occurrence of
extreme events is important to wind turbine designers and installation engineers. Also
detailed plotting of typical actual events is essential for a true understanding of what the
future wind conditions at the site are likely to be. Only by having a detailed fine structure
data base can such actual events be well recorded. The data from the offshore sites being
investigated would contain this detailed information if systems such as the Rocklands
UHF radio transmission facility were used.

It is possible from extreme event statistics to form prediction graphs of the expected
maximum speed changes for specific types of storm. For example, at Rocklands, gust
statistics have been investigated using 12 hours of data from each of four SW storms
(Dawber K. R. and Neilson G. D. 1992). The mean standard deviation of the 10 minute
wind speed records were plotted on the abscissa and the maximum wind speed change
recorded for each storm on the ordinate. The exercise was performed for the maximum 1
second, 3 second and 10 second wind speed changes recorded during the selected storms
which were typically characteristic of the area. The results are plotted in figures 8, 9
and 10. From these the expected maximum wind speed changes in other storms could be
predicted with a fair degree of reliability. This sort of analysis, which is entirely
dependent on the availability of fine structure data, would be very helpful in offshore site
studies.

MAXIMUM 1 SECOND SPEED CHANGES
SW WINDS OVER 12 HOURS AT 30m

MAXIMUM 3 SECOND SPEED CHANGES
SW WINDS OVEH 12 HOURS AT 30m

MAXIMUM 10 SECOND SPEED CHANGES
SW WINDS OVES 12 HOURS AT 30m

standard deviation of wind speed (m's) standard deviatxn of wind speed (mj's) standard deviation or wind speed (nvsj

Figure 8 Figure 9 Figure 10

Maximum speed changes in four selected south-west (SW) wind storms using 12 hour
duration data banks from Rocklands. The equations are those of the linear regression
graphs, and R is the associated correlation coefficient for each set of data points.

(iv) Boundary Layer Theory Development

Surface induced wind gust structure is likely to be much simpler over extended water
areas than over complex land areas. Using live fine structure data such as from a UHF
system, a wide variety of analysis methods can be carried out within the confines of the
laboratory, without visiting the remote site from which the data is being gathered. Both
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real-time and later analysis can be performed as well continual monitoring of significant
parameters relating to the sensing transducers. If such data can be made available in a
research project studying an offshore site, then development of boundary layer theory
could be advanced.

(v) Post-installation Advantages

If a UHF radio data link has been established in the investigation stages of an offshore
wind energy installation, then it is likely to be of considerable further use after the wind
turbine/s is/are operating. The link could provide an independent communication/data
system from the turbine site to the monitoring/control station onshore. Such systems are
normally used onshore in New Zealand by the various electrical generating and electrical
transmission utilities for a wide variety of service and monitoring duties, and are usually
independent of the main transmission hardware.

CONCLUSION

There are strong advantages in UHF radio transmitting wind data from offshore wind
sites. These include great flexibility in data handling, ease of obtaining large amounts of
detailed fine structure data, the ability to carry out live monitoring of offshore winds, and
the ability to make frequent checks on the operations at usually remote and possibly
somewhat inaccessible sites. The availability of" suitable data banks for detailed new wind
energy research areas is also an attraction in using the method. As can be seen with the
problem of limited bandwidth at present in the Rocklands UHF data link, it is important
to plan in advance for more data channels than might at first be needed. From the point
of view of the utility electricity cost projections, the availability of a live potential wind
energy output signal to compare with a live electric energy load monitoring signal is very
useful in assessment of the advantages of particular wind sites. While other methods of
data logging may be capable of providing some of the special output features and services
of the UHF radio method, in most situations these special features, where available, are
much more expensive and technically more difficult to incorporate than using the UHF
radio method.
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ABSTRACT

As part of the objective to describe the wind climate of the North Sea and the coastal zone,
specifically with regard to wind energy applications, we study the observations of two meteorological
stations on the North Sea coast: Hoek van Holland (HVH) and IJmuiden (IJM). Statistical analysis of
the 8-year datasets shows that the mean wind speeds are 7.8 m/s (at 18.5 m height) for IJM, and
7.6 m/s (at 15.0 m height) for HVH, respectively. The coastal observations are compared to the
observations of three offshore platforms in the North Sea analysed in earlier work. It is found that
diurnal variations are very similar in autumn and winter, but differ in spring and summer.
Furthermore, wind speeds with fetch over sea do behave very similar at the coastal stations and
offshore platforms. It is shown that the effects of thermal circulation leading to the sea breeze are
distinctly present, at least up to 30 km offshore. These effects can be attributed to relatively low wind
speeds (less than 7 m/s at 10 m height), and manifest themselves as a shift, on average, of wind
directions from easterly to westerly directions during the day. Higher wind speeds (more than 7 m/s),
most relevant for wind energy applications, compare well at coastal stations and offshore platforms.

KEYWORDS

resource assessment, offshore wind speeds, thermal circulation, sea breeze effect

1 INTRODUCTION

Since the beginning of the 1980s the application of wind energy for electricity generation has grown
continuously, especially since the last few years. Developments in many fields have taken place to
realise this. Knowledge of technological and meteorological aspects has been gathered, awareness of
environmental aspects (both positive and negative) of public and politicians has increased. However,
because of other land use, noise production and visual intrusion it is difficult to obtain planning
consent for wind turbine sites in The Netherlands. Also, the wind regime is not as favourable as in
some other countries. In general, wind speeds offshore are higher than wind speeds onshore.
Therefore it is expected that in the long term the application of offshore wind energy will become
feasible. In the case of The Netherlands this implies siting of wind turbines in the North Sea. This is
one of several options considered by the Dutch government in order to achieve the goal of supplying
10% of the energy consumption by renewable energy sources [1].
One of the main fields of interest to be explored beforehand is the wind climate of the North Sea, both
offshore and near the coast. It is necessary to have a good understanding of the mechanisms
influencing the wind flow from land to sea and vice versa, because an accurate description of the wind
climate is necessary to assess the viability of offshore wind farms. Quite some work has been carried
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out on describing and modelling the wind climate on land in general (e.g. for The Netherlands by
Wieringa and Rijkoort [2]), and also on modelling the wind climate on the North Sea [3,4].
Barthelmie et al [5] have done a survey of the offshore wind speed observations around the British
Isles.
Application of climatological knowledge for wind energy purposes in particular has been done in e.g.
[6.7]. A broad-brush assessment of the offshore wind climate for wind energy application in the
European Union has been carried out by Schmidt and Piittker [8]. Their study, part of a study of
offshore wind energy with a larger scope [9], can primarily be used to identify the best wind energy
resources, not to make detailed assessments. However, less attention has been given to the modelling
of the transition of the wind flow from land to sea and vice versa in order to describe the coastal wind
climate in detail (e.g. [10,11.12]). This is important as coastal zones are probably the best places to
site wind turbines.
The ultimate goal of this research is to characterise the wind climate of the North Sea including the
coastal zone of The Netherlands, in particular for wind energy applications. As an initial step, we
analysed the data of three offshore platforms in the North Sea in earlier work [13]. As a further step,
we extended our focus to the coast with the analysis of the data of two coastal stations: Dmuiden and
Hoek van Holland (Coelingh et ai [14]), which formed the basis of this paper.
First, we give the set-up of the stations, as well as a brief statistical analysis of the data. Then, the data
of these coastal stations and the data of the offshore platforms analysed earlier [13] provide us the
opportunity to gain a better more understanding of the climatological aspects of the wind speeds
offshore and near the coast.
In general, the behaviour of near-surface wind speeds is largely determined by the characteristics of
the surface underneath. We focus the analysis on the following aspects. We compare wind speeds
with fetch over sea at coastal stations and at offshore platforms. We expect that these wind speeds
will be quite similar, because in both cases the fetch of the wind is tens to hundreds kilometres of sea
surface. To be able to compare wind speed observations measured at different heights, we need to
evaluate the wind profiles. In general, this can be accomplished by using Monin-Obukhov similarity
theory. For offshore wind speeds, Coelingh et al [13] have shown that the scheme given by Van Wijk
et al [ 10] gives satisfactory results. As input the wind speed, the air temperature and the seawater
temperature are needed to calculate the necessary variables to evaluate the wind profiles. As seawater
temperatures were not available at these locations, we use the observations of Measuring Post
Noordwijk.
To study the difference between wind speeds with different fetches, it is obvious to look at diurnal
variations in somewhat more detail. Typically, the diurnal variations of the wind speed on land are
determined by thermal convection (see e.g. [2,15]), while this phenomenon is absent at sea [13]. First,
we examine the seasonal dependence of the diurnal variations. Therefore, we also evaluate the wind
speed profiles for the land sectors, using the computational scheme of Holtslag [15]. This scheme
needs as input the wind speed, the air temperature and the cloud cover, along with an estimate of the
roughness length (depending on the wind direction). Values for the roughness lengths were made
available by KNMI [16], based on gust factor analysis as described by Wieringa [17].
Near the coast, small-scale effects (like thermal circulation) may become important. The occurrence
of the sea breeze at the Dutch coast is mentioned by Wieringa [2], and studied in more detail by Van
Delden [18]. We show the presence of the effects of thermal circulation leading to the occurrence of
the sea breeze. Furthermore, we examine the notion that effects of thermal circulation are discernible
only at relatively low wind speeds.
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2 OBSERVATIONS

The meteorological stations

For the analysis reported here data are used of two meteorological stations on the Dutch coast:
IJmuiden (DM) and Hoek van Holland (HVH). Their locations are shown in Figure 1. Both IJM and
HVH are included in the Measuring Network North Sea. This Network, instituted in the beginning of
the 1980s, consists of nine locations on the Dutch coast or in the North Sea, on which hourly
observations of wind speed and wind direction, air temperature and sometimes other quantities, e.g.
seavvater temperature and wave parameters, are being made. The offshore locations are all platforms
in use for other purposes, e.g. oil or gas production platforms, light-isles. The Network was installed
primarily for synoptic purposes and was set up jointly by the Public Works Department (RWS) and
the Royal Netherlands Meteorological Institute (KNMI) [19]. Analysis of observations from three
offshore platforms (K13 Platform, Euro Platform and Measuring Post Noordwijk, also shown in
Figure 1, was published earlier [13].

Figure 1: Location of the measuring sites in the North Sea and on the coast.

Table 1 briefly presents a summary of the main characteristics of the two meteorological stations
[19,20].

Table 1: Characteristics of the meteorological stations.

Station geographical
coordinates

measuring height
above MSL

correction factor

IJM
HVH

52°27'45"N3°34'10"E 18.5 m
51°59r061?N4°03'00"E 15.0 m

1.035
1.055

The correction factor is the factor that is used to correct wind speeds from the measuring height to the
normalised height of 10 m. It is derived from a simple power law, with 0.13 as the coefficient,
sufficient for synoptic purposes, although Benschop [20] proposes a new method to derive these
factors founded on a more physical basis.
The distinction between fetch over land and fetch over sea is important. After studying the
surroundings it is found that at IJmuiden the wind sectors 8-12 and 1 have a sufficiently long fetch
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over sea, while the wind sectors 2-7 have a fetch over land. These sectors will be denoted as sea
sectors and land sectors, respectively. In the of HVH case the wind sectors 10-12 and 1-2 are the sea
sectors, and the wind sectors 3-9 the land sectors, respectively. This can also be seen in Figure 1.

The data

In order to make a good comparison with the data from the offshore platforms used by Coelingh [13],
we use observations of the period 1985-1992. The observations are being made with equipment
manufactured by KNMI [21]. Cup anemometers are used for the wind speed observations, with a
range of 0.2-50 m/s, and an accuracy of 0.5 m/s. Wind vanes are used for the wind direction
observations, with a range of 0°-360°, and an accuracy of 3°. Pt-electrode sensors are used for all
temperature observations on the platforms, with an accuracy of 0.1 °C.
The database consists of hourly records of the 10-minute mean wind speed and wind direction (of the
last 10 minutes before the hour). The wind speeds stored in the KNMI records are converted from m/s
to knots (which is the standard unit used in synoptic meteorology: 1 kt=0.514 m/s), the wind
directions are expressed in tens of degrees. The air temperature data are 3-hourly, to make them
hourly a simple linear interpolation procedure is followed.

STATISTICS

In order to check the quality and consistency of the data, we first perform a statistical analysis. All
results refer to the raw data, without any processing other than statistical.

Annual means and frequency distributions

The mean wind speeds over the period 1985-1992 at the two stations are shown in Table 2, as well as
the resulting Weibull parameters k and a. The Weibull parameters are obtained by fitting the
frequency distribution to the two-parameter Weibull function where f(U) is the probability of wind
speed U. k the shape factor, representing the skewness of the distribution, and a the scale factor. By
using the linear least square method as described by Wieringa [17], k and a can simply be evaluated,
only using the wind speeds between 4 m/s and 16 m/s.

Table 2: Mean wind speeds and Weibull parameters for the period 1985-1992.

Station measuring height mean wind speed Weibull k-factor Weibull a-factor
above MSL

DM 18.5 m 7.8 m/s 2.1 8.6 m/s
HVH 15.0 m 7.6 m/s 2.3 8.3 m/s
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Figure 2: Annual means of the measured wind speeds over the period 1985-1992.

In Figure 2 the variations of the annual mean wind speeds are shown. Because no corrections have
been made for the measuring heights, it is not really possible to make a good comparison between the
two stations. However, it can be seen that in general the wind speeds at Hoek van Holland are the
lowest, and that the climatic variation of the mean annual wind speed is very similar for each station.
The only exception to the pattern is the high mean wind speed at Hoek van Holland in 1992.
The results of calculating the Weibull parameters are shown in Table 2. The annual mean values of k
vary quite strongly, for IJmuiden between 1.9 and 2.3, and for Hoek van Holland between 2.1 and 2.3
(except the year 1992 with a value of 3.0). These results show that the data of HVH for 1992 do not
seem consistent. However, on inquiry with the responsible authorities at KNMI, no explanation for
this deviant behaviour could be found.

6 7 8

wind sector

10 11 12

Figure 3: Means by wind sector of the measured wind speeds over the period 1985-1992.

In Figure 3 the mean observed wind speeds are shown as function of the wind sector. Each wind
sector is 30°. where sector 1 is defined as the sector around the north (345°-15°), and further as
illustrated in Figure 1. Due to the fact that some sectors have a fetch over sea, and others a fetch over
land, the differences in mean wind speed are expected to be large. For IJmuiden, the mean wind
speeds per sector are in the range of 5-10 m/s, for Hoek van Holland in the range of 5.5-9 m/s.
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Annual and diurnal variations

In Figure 4 the annual variation of the measured wind speeds are shown. It can be seen that the
variations for the two stations are quite similar. The maximum wind speeds occur in the months
November-February, while the minimum wind speeds occur in the months April-September. In the
winter months cold air passes over relatively warm water, resulting in unstable conditions, in which
mechanical turbulence causes mixing down of momentum. In the summer months the opposite occurs:
warm air passes over relatively cold water, resulting in stable conditions, in which much less vertical
mixing occurs, leading to low wind speeds near the surface.
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Figure 4: Mean annual variations of the measured wind speeds over the period 1985-1992.

A well-known feature of the diurnal variation of the mean wind speed (at 10 m height) on land at this
latitude is a pronounced daytime maximum in the early afternoon [2,15]. The heating of the land
surface causes mechanical turbulence and then downward transport of momentum: the high wind
speeds in the upper air are mixed down to the surface. At sea such a mechanism does not exist,
because of the downward heat transport within the seawater. The seawater surface temperature can
therefore remain more or less constant on a timescale of a few days.
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Figure 5: Diurnal variation of the measured wind speeds over the period 1985-1992.

Figure 5 shows that there is a maximum in the wind speed during the day between 12 and 14 hours.
This behaviour will be compared with the diurnal variation over sea, see the next section.
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Coastal wind speeds in relation to offshore wind speeds

To investigate the differences and similarities in behaviour of the wind speed at coastal stations and
offshore platforms, it is necessary to evaluate them for the same height. In this case the measuring
heights are different, so calculation of the wind profile is needed. In general, Monin-Obukhov
similarity theory enables calculation of the parameters necessary to evaluate the wind profiles. For
land and sea sectors, however, different computational schemes are needed. For wind speeds with
fetch over sea an extensive description is given of the use of the diabatic wind profile in earlier work
[13] where the scheme described by Van Wijk et al [10] is followed. The only input data are: the wind
speed at any height in the surface layer, the air temperature at any height in the surface layer, and the
seawater (surface) temperature. This leads to a numerically solvable set of three equations with the
variables L, zo and u-% with L the Obukhov length (a measure for the stability), zo the roughness
length, and u*the friction velocity. Observations of wind speed and air temperature are available. The
air temperature data are 3-hourly, to make them hourly a simple linear interpolation procedure is
followed. No observations of the seawater temperature were available at either IJM or HVH.
Therefore we use the seawater temperature data of Measuring Post Noordwijk (MPN). The location of
MPN is 10 km off the coast, and its seawater temperatures are expected to approximate those near
IJM and HVH best, although seawater temperatures actually measured at UM and HVH would be
preferred.
To calculate the wind speed profiles for wind speeds with fetch over land the scheme of Holtslag [15]
is used. The input data needed are the wind speed, the air temperature and the cloud cover. Therefore
the database provided by KNMI also contained hourly observations of cloud cover, expressed in eight
classes. Also needed is an estimate of the roughness length in each wind direction. These were
provided by KNMI [ 16], as they are routinely determined by gust factor analysis according to the
method of Wieringa [17].

Sea sectors

We expect wind speeds in sea sectors at coastal stations to be similar to those on offshore platforms.
The behaviour of the wind flow near the surface is mainly determined by that surface. As the fetch of
the wind consists of tens to hundreds of kilometres of sea surface up to the Dutch coast, this idea
seems reasonable.

10

5 6 7 8 9
wind sector

10 11 12

Figure 6: Mean wind speeds normalised to 10 m height over the period 1985-1992 for wind
sectors with fetch over sea.

A first impression of the similarity between coastal wind speeds and wind speeds offshore is shown in
the Figure 6. Using the diabatic wind profile, the wind speeds are normalised to 10 height, and are
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shown by wind sector. As we are not interested here in the directions with a fetch over land, only the
wind speeds in the sea sectors of IJM and HVH are shown. The wind speeds of K13, EPFand MPN
have also been presented in earlier work [13].
It can be seen that in the sectors 8-12 and 1-2 the wind speeds compare quite well. In the figure the
wind speeds are within a range of about 1 m/s in each of the sea sectors. These results give an initial
confirmation of the idea that wind speeds in sea sectors are similar on offshore platforms and at
coastal stations.

Seasonal dependence of diurnal variation

Previously, Figure 4 showed a distinct daytime maximum for the wind speeds at HVH and IJM. In
contrast however, it was reported that for the offshore platforms K13, EPF and MPN the diurnal
variation of the wind speed is negligible [13]. It is therefore interesting to study the diurnal variation
of the wind speed in more detail. We define the parameter A, following [2]:

A=100%x(Um a x-Um i n)/U mean

Here. Umax, Umin and Umean are, respectively, the maximum, minimum and mean wind speeds of the
diurnal variation, averaged over all hours of a particular period. The parameter A is the normalised
range of the mean diurnal variation of the wind speeds, and can be interpreted as a measure for the
influence of land conditions on the diurnal variation. It reflects to what extent the wind speed exhibits
a maximum during the day, on average. We expect the value of A to depend on the season because of
the fact that the temperatures of air and seawater, and especially the difference in temperature over
land and over sea. play an important role in the occurrence of the daytime maximums in the wind
speed. In Table 3 the value of A is given for the coastal stations and the offshore platforms, averaged
both overall as per season.
Table 3: Normalised range of the diurnal variation per season of the wind speeds at 10 m height

A IJM HVH MPN EPF K13
all seasons 8% 10% 2% 4% 2%

winter
spring
summer
autumn

From the table it can be seen that on a yearly average A is only 2-4% for the three offshore platforms,
and 8-10% for the two coastal stations. In spring and summer the difference between the maximum
temperature of (warm) land and (cold) seawater is the largest, leading to the large values of A in the
spring and summer at the coastal stations. At the offshore platforms, however, there is hardly any
seasonal dependence. The values of A found here are in good agreement with those reported by
Wiennga and Rijkoort [2].

The effects of thermal circulation

To take a further step in the analysis, the effects of thermal circulation in the data are studied.
Thermal circulation is an effect associated with the sea breeze (e.g. see [2,18,22]). This circulation is
a local phenomenon, which arises along the coastline as a result of the temperature difference
between the land and the seawater. When the land gets warmer during a sunny day, the air above the
land will expand and rise. This results in a flow of relatively warm air at higher altitudes from land to

5%
]2%
14%
8%

5%
14%
15%
10%

3%
5%
7%
4%

4%
5%
4%
4%

3%
5%
6%
3%
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sea, and at the same time of cold air near the surface from sea to land. The circulation is relatively
weak, but according to Van Delden [18] can sometimes be observed up to tens of kilometres inland.
In Figure 7 the diurnal variations of the wind speeds (normalised to 10 m height) are shown, averaged
only over the land sectors. To avoid complications in the comparison, the land sectors are defined
here as the sectors 3-7, which are the common land sectors for both coastal stations. In Figure 8 the
same has been done for the sea sectors, where the common sea sectors are the sectors 10-12 and 1.
This leads to the situation where the sectors 2, 8 and 9, bordering the land and sea sectors, are left out
of this analysis altogether. As sectors 8 and 9 are the south-westerly sectors, this implies that the
sectors most frequently occurring and with the highest wind speeds are left out. In Figure 7 it can be
seen that the diurnal variations of the wind speeds at IJM and HVH for the land sectors show a more
pronounced maximum in the afternoon hours than in Figure 4. On the other hand, the diurnal
variations of K13 and EPF (located furthest off the coast), do not show any maximum. The diurnal
variation of MPN shows a slight maximum, in accordance with its position closest to the coast: the
effect of the land is noticeable.
Figure 8 shows that the opposite phenomenon compared to Figure 7 seems to occur, i.e. the presence
of a minimum in the afternoon hours. Only for K13 this minimum is absent, and it is most pronounced
for the two coastal stations. During the night, the wind speed is almost constant and the same for all
five stations.

12 15 18 21 24

Figure 7: Diurnal variation of the wind speeds normalised to 10 m height over the period 1985-
1992 for wind sectors with fetch over land (3-7).

Figure 8: Diurnal variation of the wind speeds normalised to 10 m height over the period 1985-
1992 for wind sectors with fetch over sea (10-1).
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The diurnal variation of the frequencies of occurrence of the wind speed for both land and sea sectors
are shown in Figures 9 and 10, respectively. In both figures the difference in behaviour between the
offshore platforms and the coastal stations is distinct. The exception is MPN, which compares better
with IJM and HVH than with K13 and EPF, again showing the influence of the presence of the land.
For the coastal stations there is a distinct shift, on average, of the wind direction during the afternoon
hours from the land sectors to the sea sectors. The offshore platforms (K13 and EPF), show no diurnal
variation for either land or sea sectors, with the comment that in the land sectors EPF shows a
tendency to follow the same pattern as MPN and the coastal stations with a minimum in the afternoon.
Looking at the Figures 7-10 simultaneously, we can explain the daytime minimum in the mean wind
speed of Figure 8 by Figures 9 and 10. Thermal circulation occurs at warm, sunny days, days with
relatively low and easterly wind speeds. It results in a turning of the wind direction to the westerly
directions, leading to the minimum in Figure 9, and the maximum in Figure 10, respectively. As these
low wind speeds experience this turning from land sectors to sea sectors, the minimum in the wind
speed of Figure 8 is explained by the fact that these low wind speeds lower the overall mean wind
speed. On the other hand, the maximum in Figure 7 is enhanced due to the disappearance of these low
wind speeds to the sea sectors. Therefore, the minimum in Figure 8 is more or less artificial, due to
the shift in statistics as observed in Figure 10. Analogously, the same goes for the Figures 7 and 9,
with the comment that the maximum in Figure 7 is enhanced by the real effect of the occurrence of
thermal convection. In the next section this behaviour will be investigated in more detail.

Figure 9: Diurnal variation of the frequencies of occurrence of the wind speed over the period
1985-1992 in the wind sectors with fetch over land (3-7).

Figure 10: Diurnal variation of the frequencies of occurrence of the wind speed over the period
1985-1992 in the wind sectors with fetch over sea {'10-}).
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Analysis of sea breeze occurrence

The results in the previous section suggest that the observed differences in wind climate between the
coastal stations and the offshore platforms are to be attributed to the low wind speeds. To test this, we
make a distinction between wind speeds higher than or lower than 7 m/s (at 10 m height). The value
of 7 m/s is more or less arbitrary, but it is a wind speed value mentioned by Simpson [23] as
approximately the critical value of whether the sea breeze effect will occur. It is also a value near the
median wind speed of the wind speed distributions, thus leading to two classes of similar size.
After analysis it appeared that at relatively high wind speeds (higher than 7 m/s at 10 m height) the
diurnal variations are negligible, the behaviour at coastal stations is very similar to that at offshore
platforms, and no evidence of the occurrence of local effects like the sea breeze is observed. At low
wind speeds (lower than 7 m/s), we observe decreasing effects of the sea breeze with increasing
distance from the coast. These effects manifest themselves as a distinct shift, on average, of the wind
direction during the day from land sectors to sea sectors. This results in a daytime maximum in the
mean wind speed for land sectors (because of the decrease of low wind speeds), and simultaneously in
a daytime minimum in the mean wind speed for sea sectors (because of the increase of low wind
speeds).

CONCLUSIONS AND DISCUSSION

The results of the study presented here are part of the objective to give a description of the wind
climate of the North Sea and the coastal zone, in particular for the application of wind energy in The
Netherlands. To this end. here we analyse wind speed observations of two stations located on the
Dutch North Sea coast: Umuiden (DM) and Hoek van Holland (HVH). The dataset of KNMI made
available to us contains observations of the years 1985-1992. The measuring heights are 18.5 m at
IJMand 15.0 mat HVH.
Statistical analysis reveals that the mean wind speeds are 7.8 m/s for IJM (at 18.5 m height) and
7.6 m/s for HVH (at 15.0 m height), respectively. The interannual variations are very similar for both
stations, except for the year 1992. Looking at the wind speeds by direction, maximum wind speeds
occur in the sectors 3 and 8 (IJM), and in the sectors 9 and 10 (HVH). For both stations the frequency
of occurrence is highest in the south-westerly sectors 8 and 9. The annual variations show the usual
pattern: maximum wind speeds in the winter months (December to February), and minimum wind
speeds in the summer months (May to September). The diurnal variations show a daytime maximum
in the early afternoon, as is common behaviour for wind speeds (at 10 m height) at land stations.
For a comparison between the wind speeds on the coast and offshore we make a distinction between
sectors with fetch over land and sectors with fetch over sea. Monin-Obukhov similarity theory is used
to calculate the wind profiles, to make a comparison of the wind speeds normalised to the same
height. For wind speeds with fetch over sea, we follow the scheme of Van Wijk et al [10].
Observations of wind speeds and air temperatures are available at the two stations, together with
seawater temperatures of Measuring Post Noordwijk, which is located some 10 km off the coast. The
results confirm the idea that the wind speeds for the sea sectors at the coastal stations and the offshore
platforms are similar, e.g. in each sea sector the wind speeds are in a range of 1 m/s.
Then, also wind speeds from land sectors are included. To calculate the wind profiles for these wind
speeds, Monin-Obukhov similarity theory according to the computational scheme of Holtslag [15] is
used. For this we also need observations of cloud cover, which were included in the dataset. We study
the seasonal dependence of the diurnal variation of the wind speed. This is motivated by the fact that
there is a daytime maximum at the coastal stations (see Figure 4), while earlier work by Coelingh et al
f 13] showed hardly any diurnal variations at the offshore platforms. We define the parameter A as the
normalised range of the diurnal variation of the wind speeds, following Wieringa and Rijkoort [2] We
find that at the offshore platforms there is hardly any seasonal dependence of A (values ranging from
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3% to 7%). At the coastal stations, however, values of A are between 12% and 15% in spring and
summer, but between 5% and 10% in autumn and winter. All values are similar to those reported by
Wieringa and Rijkoort [2].
At the coastline effects of thermal circulation may be observed [2,18]. The driving force behind this is
the temperature difference between land and sea, resulting in local pressure differences leading to the
occurrence of the sea breeze. The typical time-scale of these effects is a day. To demonstrate the
occurrence of the sea breeze we study the diumal variations with a distinction between wind speeds
with fetch over land and with fetch over sea. We find that far offshore (at K13), no effects can be
observed, while with decreasing distance to the coast the influence of the land can be seen to increase.
On the one hand, during the day, the wind direction tends, on average, to shift from land sectors
towards sea sectors. On the other hand, the mean wind speed from land sectors shows a daytime
maximum, in contrast to the mean wind speed from sea sectors.
Looking at these effects in further detail reveals that only relatively low wind speeds (below 7 m/s at
10 m height) are responsible for the occurrence of the effects associated with the sea breeze. At higher
wind speeds, these effects are not observed, and the behaviour of the wind speeds at the coastal
stations is similar to that at the offshore platforms.
As wind speeds below 7 m/s contribute very little to the yield of a standard commercial wind turbine,
we can say that for wind energy applications the claim is justified that the wind speed characterisation
at coastal stations and offshore platforms is similar.
For other applications, when low wind speeds do matter, the effects of thermal circulation play an
important role, at least up to 30 km off the coast. This is in accordance with the findings of Van
Delden [ 18] who reported effects of thermal circulation tens of kilometres inland.
Another important conclusion is that the effects of thermal circulation are far more common than
assumed in e.g. [2], where it is stated that the sea breeze only occurs a few days per year (in spring).
Seeing the results of this study we agree with the conclusion of Van Delden [18] that a numerical
model may be useful for clarification of the occurrence of the sea breeze, and also that the role of
thermal convection needs further investigation.
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ABSTRACT
The LIN of DIENCA department has started, in the 1993, a campaign of data

acquisition to study the weather conditions regarding in particular the wind profiles and
to support possible programs of offshore installations in a northern region of Sardinia
island.

A first station has been installed beside the harbour of Porto Rotondo to measure
the wind intensity and direction, the air barometric pressure variation and the local
humidity and temperature. Through them we can depict the local wind description in
manner to draw a correlation with other sensors operating in the same region and in
particular on the harbour and airport of Olbia.

The data have been analyzed to highlight the potential of the electric production
and to make estimation of acceptable sites in that region. Starting from the classical
output of wind data elaboration some additional aspects could be individuated for future
measuring campaign and for wind generators distribution per each site to be provided in a
following activity on these sites.

Considerations on confidence and acceptability in extrapolating data could guide
to make predictions in the adjacent sites, as in the sea or other near location along the
coast.

KEYWORDS
Experimental campaign, Numerical simulation, Wind Energy, Measurement equipment,
Sardinia Isle, Coastal Zone.
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1. EXPERIMENTAL OBSERVATIONS

A first station has been installed beside the harbour of Porto Rotondo (fig.l). The
instrumentation measures the wind intensity and direction, the local humidity and
temperature.

. v " • . "••" V

FIG.l MEASUREMENT EQUIPMENT

The sensor is able to determine the horizontal component of the wind speed (the
sensing element consist of a 3-cups Robinson assembly coupled), by means of a rotating
vertical shaft on stainless steel precision bearings, to an optical encoder disk.

This one is "read" by a couple in the solid state emitter-receiver operating in the
infrared field. The frequency of the output signal is directly proportional to the rotation
speed of the shaft carrying the assembly and therefore to the wind speed. The logic
circuits and conditioning electronics are an integral part of the structure.

The sensor of the wind direction is in condition to operate in the range from 0° to
360°, the sensing element consist of a flat vane on a rotating vertical axis coupled to an
optical encoder disk. The encoder is "read" by a couple in the solid state emitter-receiver
operating in the infrared field. The output signal of the encoder is therefore variable
according to the position of the shaft carrying the vane, that corresponds, after suitable
processing, to the actual angular degrees (0-360) of the wind direction. The logic circuits
and conditioning electronics are an integral part of the structure.
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Wind Speed sensor Wind direction sensor

Range

Accuracy

0 - 50 m/sec

f

0 - 360c

4--
±0.5 m/sec up to 15

m/sec
± 1 m/sec over 15 m/sec

T "

±3C

Linearity ±0.5 m/sec ±3<

Sensivity 0.25 m/sec 0.3 m/sec

Input power

Consumption

Output

10.5-14.5 mA 10.5-14.5 mA

- h
stand-by < 1 mA

active 5mA
stand-by < 1 mA

active 10 mA

4--

serial asynchronous serial asynchronous

Connection 4 wires 4 wires

Size h 358; <D 270 mm h 460; <D 345 mm

• f -

Weight 0.9 Kg 1.4 Kg

TAB! WIND SENSOR CHARACTERISTICS
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2. ANALYSIS OF THE WIND DATA

2.1 Year 1996

The measuring campaign will begin in 1993. The complete set of wind data
herewith considered has been collected during 1996. An analysis has been performed in
order to show both the yearly distribution of wind phenomena and the cause-effect
relations through the measured quantities. From the observations we can point out two
essential periodicities, the first is about the state of wind speed during the day, the second
relates to the direction changes in the year.

Wind speed data show a cyclic trend with weak winds in the night and morning
hours, that tend to grow stronger during the day, to reach a maximum about at 3 p.m. and
decrease to again in the evening according to the alternation of winds from land and sea.

With regard to the direction we can observe that a nightly South-western
component, nearly constant during the year, is in connection with the mentioned wind
from land and a diurnal component has a direction, in the course of the months, which
undergoes a progressive rotation towards East. It is possible to divide the year in four
periods as usually, a winter period, from December to February, in wich are marked
winds of North-western direction and strong intensity, a period of transition from March
to May in which there is an alternation of winds from N-W and N-E, a summer period
with the prevalence of eastern winds often of weak intensity and finally a new period of
transition from September to November with an alternation of winds from N-W and S-E.

The above mentioned rotation is connected to the yearly evolution of the speed.
Since indeed in North-western direction are the strongest winds, followed from the
South-eastern ones, the speed of wind rises in winter and spring and then decreases in
summer reaching a minimum in the hottest months.

About the link of wind direction and temperature has been always noted that high
temperatures during the night support the development of North-western winds, these
winds are then keeped up from low thermal excursions along the day.

Numerically it is possible to verify that in the central hours of the day the annual
mean speed of wind is higher than 5 m/s, while is lower (but not under 3 m/s) in the other
periods.
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2.2 Ensuing years

Considering the experimental data of the other years there isn't, in annual mean
terms, an appreciable shifting from what we have just seen, even if it's possible to note
some small variations especially in spring and autumn. Such variations, causing a
different distribution of wind speed in the various months of each period, however don't
change the seasonal mean values confirming the trend outlined before.
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3. SOME CONSIDERATION ON THE APPLICATIONS OF THE WAsP MODEL

3.1 Generality

The evaluation of the wind resources in the area of Porto Rotondo has been largely
performed by the WAsP (Wind Atlas Analysis and Application Program). This program is
a package of horizontal and vertical extrapolation models for wind energy applications,
developed from the researchers of Rise National Laboratory, located at Roskilde in
Danemark.

The program, starting from wind speed and direction data of one particular site, of
which a description in terms of orography and surface roughness is done, is able to create
a "wind atlas" for the area of interest. It's then possible from this atlas evaluate the mean
wind and the mean power density in another site different from the first one, in which
orography and local surface conditions are also well known.

For admission of its own developers the program shows to be reliable and accurate
for the investigation of wind energy potential in ground configurations which may have
low and smooth hills from small to moderate height. The worst result has been found in
rugged, complex terrain. This consideration is specially important for those countries, as
Italy, where the terrain shape seldom fulfills the qualifications for a good running of the
program. This is the case of Porto Rotondo area, which, combining a complex orography
with typical problems of inhabited place and harbour site, is mostly consistent to the
coast situation.

Therefore the first problem to face is to verify the results in applying the program,
how far they are from real situation and which corrections could be introduce. With this
aim we have dealt with two different problems, the first concerning the analysis of hilly
areas referring to a site in Bologna, the second regarding the coastal zone in the Oristano
Gulf in the aim of gaining a good sensibility in reading the numerical outputs of WAsP
code.

3.2 The site in Bologna

3.2.1 Reasons of the choice

In the following pages the results of an application of WAsP to a specific problem
will be reported and discussed. As seen before the program is able to create, upon the
wind and orographic data of a single station, a wind atlas of the whole area and from this
to make a prediction of the wind resources for each site in the area itself.

Therefore to verify the accuracy of this prediction it's necessary to know the data
of two different stations at least, located in the same geographic area. Then to avoid
possible superimposition, the stations shall be located to an adequate distance between
them and having different orographic shapes. So the Nuclear & Structural Engineering
Laboratory (L.I.N. - DIENCA) of Montecuccolino and the Borgo Panigale airport stations
have been chosed. These place, besides to be located at a distance of about 8 Km on
opposite sides of the urban center of Bologna, have also a very different peculiarities.
Borgo Panigale station indeed, according to the qualifications of the airport, is placed in a
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flat area without natural obstacles at about 50 m (a.s.l.). The other station, on the contrary,
is located at about 230 m (a.s.l.) in a hilly zone covered by vegetation. The orographic
complexity of this second station then corresponds perfectly to our aims and it is a good
testing bench for the behavior of the program with rugged terrain.

From previous observations follows the need to take a geographical area, which
may include both stations and also gave a good description of the orography. To this
purpose we have considered a zone of about 144 Km round Bologna center. Then to
obtain the orographic data required we have used some topographic maps on a scale of
1:25000 drawing up a digitized map with contour lines at intervals of 50 m.

The first step in the analysis of WAsP behavior consists in predicting the wind
resources of each station with the atlas generated by the numerical data of the other one.
The procedures advised in the User's guide of the program have been strictly respected,
with the aim to evaluate the possible shiftings from the experimental data.

By the computation of L.I.N. station wind values from the airport data we get on
overestimation both of the mean speed and Weibull parameters as well as a distribution
far from the experimental one. The opposite behavior has been derived trying to predict
the Borgo Panigale station by the L.I.N. data. In this case indeed the underestimation of
speed is the clear consequence.

3.2.2 Hypotheses of correction and its application

For overcoming the limits just met it's possible, in our opinion, to suggest a
correction which could integrate two different tools of WAsP: the orographic description
and the shelter effects given by the obstacles. Such a method is no more than an extension
on macroscopic ground of what the program itself provides for the obstacles located near
the meteorological mast. In other terms it's a matter of including in the category of
obstacles every relief, which could have a shelter effect for the wind.

To do so will be necessary to draw, starting from the contour lines, a more simple
map where the mentioned lines will be approximated, as better as possible, by straight
lines. The map will be used to locate the reliefs, treated as simple obstacles, relative to the
specific site.

With the outlined method it is possible to characterize every site of interest at two
different levels, the first concerning position will consider the orographic quote and all
the other informations about the terrain, the second regarding the obstacles and their
shelter effects.

On the basis of the previous considerations a new specification of the terrain, in
terms of obstacles, has been suggested. Some preliminary tests have pointed out the
necessity to perform a very accurate analysis of the area trying to include in the list of
obstacles as many reliefs as it's possible. The same accuracy should be used in
determining the porosity of the obstacle, this one must be related to the distance from the
mast to give a greater importance to the closer reliefs. The consequence is now a good
coincidence with the experimental data and also an acceptable shifting in the Weibull
distributions.
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3.3 The site of Oristano

3.3.1 Generality

The choice of a site in the Oristano Gulf for the second application of WAsP
satisfied not only the demand of a further control of our hypotheses but it's also a good
example of coastal site with harbour and buildings along the shoreline. Therefore, under
this point of view, it is similar to the Porto Rotondo site.

A previous experimental campaign carried out in 1993, whose results has been
stated in February '94 at the OWEMES1 has been considered. Such results, briefly
resumed in Table 2, seem to show certain difficulties of WAsP code to take into account
sudden changes of roughness, difficulties that led to a wrong estimate of power resources.

Some series of tests carried out with a lot of different situations have confirmed
such hypothesis and pointed out as the program was hardly able to "see" the roughness
gap between sea and land. Moreover the variation of wind speed, due to the change of
roughness, is concentrated in the first 1000 m.

Finally it should be noted, according to the logarithmic wind speed profiles, that
largest variations are more evident when the roughness length ranges from 0 to 0.03.
Then inside this range it is necessary to act with care to avoid that a little change in
roughness may cause a sudden variation of predicted wind speed.

3.3.2 Hypotheses of correction

A method, actually used, to force the program to examine the gap between land
and sea could be the increase of the coast roughness. Such approach however looks like
to be too drastic when the meteorological mast is placed far enough from the shore and,
on the contrary, it isn't effective if the mast is located closer.

For the reason given above it has been used for sea and land their real values of
roughness and interpose between them a discontinuity, that is a zone with a little
thickness and a great roughness. In this way there is a good improvement of previsions as
it's possible to see from the related data.

CIRRAS STATION
Mean velocity
Energy
HARBOUR STATION
Mean velocity
Energy

Reference data
Real

5.1 m/sec
274 W/m2

5.0 m/sec
204 W/m2

i

i
~ i —

i
i
i—r
i _

i
— i —

i
i
i

Predicted

5.3 m/sec
200 W/m2

4.9 m/sec
295 W/m2

Our analysis data
Real !

i
i

4.9 m/sec i
217 W/m2 T

i

4.8 m/sec T
180 W/m2 T

Predicted

5.2 m/sec
218 W/m2

4.7 m/sec
201 W/m2

TAB.2 PREDICTION AT MAST SITE

1 P.Rossi - C. Berteotti - G. Stellato - S. Avolio
step analisys "

Wind Resources along italian coasts: a first
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3.4 Guide lines

On the basis of the previous considerations it's possible to draw some useful guide
lines in applying the WAsP for a good analysis and prediction of wind resources in
complex, rugged terrain. As outlined before this method shouldn't be an alternative to the
ordinary procedures, but it is only an integration of them for all the situations where the
presence of reliefs must be taken into account. It is obvious that any analyst is in
condition to elaborate the best correction to increase the results.

For this reason it is necessary to give a good description, in terms of orography and
roughness, of the site. Particularly it's advisable to specify the contour lines every 25m.
From these is then possible to draw a simpler map where each relief is treated as a series
of steps. Subsequently we have to draft the list of obstacles related both to the reference
site and to the site whose wind resources we want to know. With regard to this would be
better to include in the list the larger number of obstacles, as the ground profile suggests.
Since, however, that the Obstacle option of WAsP doesn't allow more than 50 obstacles it
can be helpful in drafting the list, to make reference to the Table 3. In this table the
heights of reliefs are not absolute, that is above sea level, but are related to the quote of
the site. Consequently increasing the quote, the number of obstacles to be considered
reduces with a lower accuracy of description. Finally, about the values given for porosity,
the choice depends upon the necessity to give more importance to the reliefs closer the
mast.

With the aim to improve the behavior of WAsP in front of sudden changes of
roughness it has been thought to graduate the passage from a zone to another interposing
a sort of interstice with mean roughness. The first results of this method, even if they
appear acceptable and interesting, need subsequent study and some other intensive
application.

Distance from the site
To 1000 m
To 3000 m
To 5000 m
To 7000 m
To 10000 m

Obstacles to include
All

Higher than 25 m
Higher than 75 m
Higher than 100 m
Higher than 150 m

Porosity
0.00

0.1-0.2
0.3-0.4
0.5-0.6
0.7-0.9

TABLE 3 Reference guide to compilation of the list of obstacles

81



4. ANALYSIS OF PORTO ROTONDO SITE WITH WasP PROGRAM

The results of the shortly, by WAsP program, of the wind resources on Porto
Rotondo site will be resumed. The analysis has been led in two different directions: the
first regarding the computation of wind speed in some sites of interest, the second more
general drawing the map of wind velocities above the whole area. Both activities have
been developed starting from the experimental data of the 1994-96 measuring campaign.

To compute the wind speed the first object of the analysis has been provided in
defining a grid of 42 points at a distance of 1000 m such to cover the whole zone of
interest. For each point as well as a description of local conditions, the list of obstacles
has been drafted on the basis of previous trials. The same has been done to deduce the
Wind Atlas from the experimental data. Finally we've computed the wind speed for each
knot of the grid.

For drawing the map of wind velocities above the some area has been used a
program named Surfer. This program allows to create contour map and 3-D surfaces
starting from a narrow number of values. With the aim to improve as much as possible the
prediction a new grid of points has been chosen, with a knot every 500 m. Furthermore
this grid has been thickened for the areas of great orographic complexity as the inland
zones.

The results of both investigations are showed in Figures 3-4-5.
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FIG.3 WIND SPEED AT 10 METER HEIGHT
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5. CONCLUSIONS

The discussion -presented during the illustration of the data collected by the
measuring instrumentation located in the sites of the North-eastern side of Sardinia- have
contributed to demonstrate the need for other and deep programme of acquisitions. This is
the main part of the programme for determining as much as precise the wind regimes and
the consequent production of energy in those sites.

It is evident that the local administration has great interest in producing by wind
machine a large quantity of electric energy, avoiding to buy it by ENEL. The coscience of
"autoproducer of electricity", as said by our national utility, is existing in the main town
councils of the Northern Sardinia in spite of certain reaction from their population. In any
case they have the possibility to present to the population a list of advantages in applying
this kind of renewable energy. One of these could be the elimination of some expenses
sustained by the public administration for certain services, for example the lightening of
town roads and squares. The application of such a program would have to permit
consistent money savings in the budget of a public administration. Besides it is important
to convince the regional authorities in deciding economic supports almost at the level of
financing the venture at a very reduced costs.

To obtain a good utilization of the wind resources it needs to make an extent
measuring of wind data. For that the technicians have to support the decision on the wind
generator's farm with technical data through a long campaign in land or on the sea. The
site selection has to be chosen after a campaign as detailed as long in manner to have all
the information on normal and accidental condition of the local weather during a
sufficient period of acquisitions. This explains the role of a measuring programme in
some sites located in the Northern parts of Sardinia made by LIN with the collaboration of
the ENEA and Italian Navy.
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ABSTRACT
The wind resource of the Baltic Sea has been investigated, using ship-based measurements and a model to
establish the geostrophic wind climatology. Regional climatologies are then generated by meso-scale models,
and finally local siting can be performed by the WASP-model. Four different ways of modelling the regional
climate have been investigated, three mesoscale models and an empirical approach using near coastal ship-
based observations. Some of the problems in coastal areas, involving stability and variations in surface
roughness are also discussed. The representativeness of short timeseries for the long term average are also
being investigated. Results from recent measurements at a Danish offshore site giving the variation of the
windresource at distances 0-10km from the coast are presented.

KEYWORDS
Coastal Sea Areas: Models (Mathematical): Meteorology: Off-Shore Wind Energy

1. INTRODUCTION

The ever increasing interests in offshore wind energy is caused by both the scarcity of good land sites, but
also by the larger wind energy potential offshore. The available energy potential the EU coastal sea areas
were investigated in an earlier JOULE project [1], and the aim of the present project was to extend the
investigations to the Baltic Sea, and to provide climate statistics to be used with siting tools for future wind
farms in that area, using the methods of the European Wind Atlas [2], supplemented by the use of several
mesoscale numerical models for a good description of the regional climatology in the sometimes quite
complex coastal areas. Additionally this approach also gives some insight into the variations in the results
of the chosen models.

Thus providing a set of tools for optimizing siting of turbines in coastal areas, where the distance from the
coast and the water depth both should be as small as possible because undersea cabling and foundations are
expensive, but in the interest of achieving as much energy as possible, it is desireable to be as far away from
the coast as possible (away from the influence of the higher roughness of the land surface), where also the
deeper water has some effect in diminishing the surface roughness of the water, further increasing the
windspeeds.
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Aspects of the work and methods used in this JOULEII project is also being reported in a number of
previous conference papers, [8-10].

2. COASTAL COMPLICATIONS

The knowledge of the wind climate far from the coast in deep water oceans is well established, here we have
a situation with winddriven waves, having had a long time to develop, and the surface roughness of the sea
can is tradionally being calculated by simplified equations such as the Charnock relation [3]:

Au,

8
(1)

where A is the so-called 'Charnock'-constant. The roughness length is not a constant as it is over land, but
it increases significantly with windspeed, but this is only a minor complication. Given the statistics of the
geostrophic wind and atmospheric stability, it is now possible to predict the wind energy potential.
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Figure 1 Land-to-sea roughness change for offshore wind. Close to the
surface downstream the flow is in equilibrium with the new surface
roughness, above a certain height the flow will still be in equilibrium with
the upstream roughness, and in a quite deep layer in between the two
layers, the transition layer. At near-coastal sites very often the turbines
will be immersed in the transition layer.

Near the coast at distances and waterdepths where it would be practical to erect windturbines, things get a
lot more complicated:

• Internal boundary layers, caused by roughness and thermal differences between land and water
(fig. 1). For offshore winds the windturbine rotors can be above the shallow equilibrium layer
developing offshore close to the sea surface, but still deeply immersed in the layer that has been
disturbed by the new surface.
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Figure 2 Measured values of the Charnock 'constant' from the RASEX
experiment (Vindeby site). The parameter on the abscissa is the inverse
wave age, i.e. for constant fetch, the windspeed increases from left to
right. Cp is the pahse speed of the dominating wave component.

The sea surface roughness increases, i.e. in eq. 1 ,A is no longer a constant but varies vey much
as a function of wave-age (see fig.2). This phenomenon is still the subject of some discussions in
the oceanographic community.

The wind climate will be influenced by secondary circulations (sea breezes), and large scale
terrain features on land (cliffs, mountains).

The Baltic Sea has quite cold water for most of the year, and consequently the atmospheric
stability will be unusually stable, leading to difficulties when trying to employ the 'normal'
relations for determination of windspeed variations with height, including the phenomenon called
'low-level' jet, where the windprofile shows a maximum at a moderate height.

Another effect of the stability is a quite large influence of the growth rate of the internal
boundary layers, here illustrated in fig.3 showing typical growth rates for neutral, stable and
unstable atmospheric conditions. This means that in stable conditions the influence of the higher
land roughness extends much further away from the coast than it does in neutral
orunstablecondin'ons. Since obviously, it will not be practical to make measurements for a long time
every time we need a new site, some numerical tools that are capable of describing correctly this
situation are needed.
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Figure 3 Calculated internal boundary layer heights for different
stabilities. Note the much slower growth rate in stable conditions and the
higher growth rate in unstable condition.

3. METHOD

The methodology in this report is a refinement of the original windatlas methods, where the geostrophic wind
field was used for a description of the overall climatology, and WAsP was used for the detailed siting using
the geostrophic wind field as input. In order to be able to better describe the influence of large scale terrain
features on the wind climate, we use the geostrophic wind as input to meso-scale models which then are
being run at a large number of characteristic conditions, eventually averaged together into climatological
values, where the effects of the large scale terrain features are included. This generalized climatology from
the mesoscale models is then used as input to WAsP to compute the local windresource. We have for this
project chosen to test several meso-scale models with each their own merits and problems, which of course
also makes the question of drawing conclusions much more complicated, meaning that the final result is not
the outcome of a single one of the models but rather a synthezisation of all the results available.

The method can simplified be described in three steps:

• Compute geostrophic wind statistics by using ship observations combined with a numerical model.

• Geostrophic wind statistics is used to generate regional climatologies by combining a large number
of runs from meso-scale models, i.e. runs for different winddirection sectors, windspeed intervals
and stabilities.

• Use the regional climatologies as input to local-scale siting models giving the wind energy potential
at the selected site.

4. THE MODELS

We have been employing four different models to obtain the results for the regional windclimate:

The KAMM-model of the University of Karlsruhe [7].

• The University of Uppsala mesoscala model.

• The HIRLAM (High Resolution Limited Area Model) as employed by the Finnish Meteorological
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Institute.

• An empirical model by University of Kiel, built upon analysis of the near- coastal ship observations.

For the siting model we will use WASP, taking as input the regional climate statistics from the mesoscale
models, with possible non-standard values for some of its adjustable parameters.

The HIRLAM model showed quite discouraging results at an early stage, with quite poor performance for
windspeed calculations, but the other three models provide better results. The University of Uppsala model
has been plagued with a number of errors, but was modified in the later stages of the project.

5. MODEL FEATURES

5.1 University of Kiel model

This approach is based on a large number of ship based observations of windspeed, pressure and
temperature, which are then fed into a model capable of generating a geostrophic wind field from the data
taken far from shore, and using the near coastal data to quantify the coastal influence. The geostrophic wind
field which is generated comes out with values that are too small compared with other studies, but the
variation across the Baltic looks plausible. The atmospheric stability resulting from the analysis was
surprisingly slightly unstable on the average.

The coastal data showing the slow speedup of wind when leaving the coast is being supported by the data
from the Vindeby windfarm that also show a speedup of the wind at a slower rate than expected (figs. 4-6).
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Figure 4 Coefficient q for ratio of analysed geostrophic and observed
surface windspeeds for offshore winddirections in the Baltic Sea (average
over whole area).
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Figure 6 Energy density plotted as a function of distance from the coast
for the Vindeby site. The squares connected with the full line are the
measurements, the dashed line is a WASP prediction using the shoreline
data as reference.

5.2 The KAMM model

The results from the KAMM model form the basis of the plot in fig. 7, with the following corrections: Since
the geostrophic wind generated from the Kiel model was used as input, the original results were too low, and
furthermore the model as it was used could not accept a geostrophic wind field but uses the distribution of
geostrophic winds at one point, so the outputs were adjusted for the gradient in geostrophic wind resulting
from the analysis of the Kiel measurements as well as for the too low value of geostrophic windspeed.

5.3 The MIUU model

This model used a different data set as input both regarding geostrophic wind and stability. The results were
available only late in the project because problems in the computer code had to be corrected several times
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and the very time consuming model runs had to be repeated. The model output shows much different results
than shown in fig.7. In the northern part of the Baltic Sea their results are dominated by a frequently
occurring phenomenon called a low-level jet that occurs in situations where relatively warm air is being
advected over a cold sea, i.e. very stable conditions. This phenomenon has been observed in field
experiments (as described in the report) in the Baltic Sea by the MlUU-group, and is also supported by
theoretical considerations. We chose to neglect the findings in the final result for the following reasons: the
previous modelling problems as mentioned above, late arrival of the results and also because although the
low-level jet occurs in the area, it does not seem quite plausible that a phenomenon of such narrow vertical
extent should have such a big climatic effect at the height in question (50m) that it entirely dominates the
results.

Fig. 8 shows a comparison between the analysed ship based measurements and the MHJU-model calculations
for 10m height from which we see that the MlUU-model gives windspeeds 0.5-0.8 m/s higher than the
corrected ship measurements in the northern part of the area, and windspeeds 0.5m/s lower than the ship
measurements in the southern part of the area.
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Figure 7 Contour plots of wind resource at 50m in the Baltic Sea. The shading indicates (from light to dark) 450-550,
550-600, 600-650, 650-700W/m2 and an area exteding from southern part of Sweden to south of the island of
Bornholm with energy densities above 700 W/m2 (shading not clear in the printout).

5.4 The HIRLAM model

The HIRLAM model is a standard meteorological forecasting model, including much simpler schemes for
the physics of the near surface flow, and the resulting windspeeds were too small compared with relevant
measurements.
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6. RESULTS

6.1 Overall wind resource

The main results of this study are illustrated by the wind resource maps, i.e. see the map in fig.7 showing
the energy density in W/m2 at 50m for the Baltic Sea area, assuming a uniform surface roughness value of
0.0002m (open sea roughness). The main feature is a fairly small gradient with decreasing energy density
towards NE. The difference between the highest values between the southern part of Sweden and northern
Germany and the lowest values in the eastern part of the Bay of Finland amounts to about 30% (from more
than 700 W/m2 to 450 W/m2), comparable to coastal sites in Denmark.

Figure 8 The difference between MIUU model results and ship based
measurements (10m height). In the northern part of the area, the MIUU
model gives 0.5-0.8 m/s higher values than the measurements. In the
southern part, the MIUU model results are 0.5 m/s lower than the
measurements.

6.2 Coastal influence

A coast nearby an offshore site obviously influences the potential energy production, because the flow
coming from land has been slowed down by the higher roughness of the land surface. Additionally the sea
surface roughness in near-coastal areas will be higher than for the open sea because of changing wave
structure and decreasing water depth creating more friction between the waves and the sea bottom. Their
combined effects result in a somewhat smaller energy potential close to the coast. It appears that the
windspeed keeps increasing at much longer distances from the coast than previously expected. The classical
roughness change models will show a fairly rapid increase with distance from the coast, with almost full
adjustment at a distance of about 5 km, whereas our study showed a much slower adjustment over a distance
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of 20-30 km (see figs. 3-6). This adjustment will depend on the local climatology and terrain, but as a rough
estimate, the energy output for a windturbine at the coastline will be some 40% less than the energy output
of a turbine situated far from the coast.
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ABSTRACT

The wind climatology of the Adriatic Sea is studied on the base of the results of a 29 year
hindcast. The basin is first characterized in terms of its monthly and annual mean distribu-
tions. Then we look for possible trends. The analysis of the mean conditions for each day
of the year reveals the existence of preferential periods for atmospheric activity. Each of the
three sub-areas of the basin (north, centre, south) has been characterized with respect to the
frequency of the dominant storms. Extreme conditions have been evaluated for both wind
speed and wave height.

KEYWORDS
Wind hindcast, modelling, wind statistics, extremes.

INTRODUCTION

Accurate wind data are scarce in the open sea. Ship reports, the most common source till
a few years ago, are mostly concentrated on specific routes and areas. Truly enough, an
increasingly large data set is presently being built with the measurements carried out by
satellite instruments (scatterometer and altimeter). However, their contribution is still too
limited in time to allow the determination of a reliable statistics, particularly close to the
coasts or in enclosed basins. As an example, the average number of data available in the
Adriatic Sea from the ERS-1 scatterometer varies from 3 to 5 per month for each 25 x 25
km area (Guymer and Zecchetto, 1993).
If interested in coastal areas, and particularly for enclosed basins of limited size (character-
istic length up to several hundreds of kilometres), one could think to use the wind recorded
at the coastal meteorological stations and then to proceed by suitable interpolation. This
approach is impeded by the substantial differences existing between the surface wind when
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blowing on land and on the open sea (see Lavagnini et al, 1996, and Cavaleri et al, 1996a,
for a full discussion on the subject).

The only solution seems to be the possibility of producing an artificial data set by hind-
casting the past conditions with suitable numerical modelling. This method, particularly
when validated against the available measured data, provides a large availability of data
uniformely distributed in space and time.

This paper describes such a study carried out for the Adriatic Sea and some of the statistics
that have been derived. Section 2 provides a description of the area of interest and of the
dominant winds. The modelling part is given in 3. Section 4 is devoted to the climatological
analysis, while extremes are briefly reported in 5. In the final section 6 we give some com-
ments on the present accuracy of the various sources and on the expected one in the next
decade.

This paper is basically a summary of the extensive reference by Cavaleri et al (1997). The
interested reader is referred there for a more complete analysis of the climatology of the basin.

Throughout the paper we use the following convention: N = North, E = East, S = South,
W = West. We identify the seasons by capital letters, as Winter (January to March), Spring
(April to June), Summer (July to September), Fall (October to December). On the contrary,
with "winter months" we refer to the period from October to March; "summer months" go
from April to September. Besides, we identify with N.Ad., C.Ad., S.Ad. respectively the
northern, central and southern part of the Adriatic Sea.

THE ADRIATIC SEA

The Adriatic Sea is located to the E of Italy (see Figure 1), between the Italian peninsula
and Slovenia, Croatia, Montenegro and Albania on the other side. With a roughly rectan-
gular shape, the basin spans 700x200 km, the main axis being directed from N-W to S-E.
It is an almost enclosed sea, the only narrow opening being at its southern end, towards the
Mediterranean Sea (locally named Ionian Sea). The Adriatic Sea is shallow at its northern
end, gradually deepening southwards with a 1/1000 slope. At the edge of the continental
shelf, it deepens to about 1000 m. The relevant rivers pour their water in its northern sec-
tion, the most relevant outflow being given by Po, the largest Italian river. Its present mean
outflow is estimated at 1500 m3/s.
The basin is bordered by mountain ridges on both the sides, by the Apennins on the Italian
side, by the Dinaric Alps on the other. The only flat borders are at the connection with the
Fo valley (at its N-W end), but enclosed by the Alps only 80 km to the N, and at the heel
of the boot represented by the Italian peninsula.
The dominant meteorological patterns are obviously related to the more general ones on
the Mediterranean Sea, but substantially affected by the local orography. The two dom-
inant winds are bora and sirocco. Bora is a cold, fast and gusty wind descending on the
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Figure 1: Grid covering the Adriatic Sea. The grid step is 40 km. The two large arrows
show the main wind directions, bora from north-east and sirocco from south-east. C (oceano-
graphic tower) marks the recording station in the open sea. The numbers 1, 2, 3 identify
sub-areas of the basin (after Cavaleri et al, 1997).

Adriatic Sea from the eastern mountain ridge. Perticularly strong in the N.Ad. and en-
hanced by the possible katabatic effect, it is responsible for the strongest winds in the basin.
Sirocco, usually associated to a low pressure area on the Tyrrhenian Sea, is a warm and
dump south-easterly wind, usually not strong, but spanning the whole length of the basin.
It is responsible for the floods of Venice, at the upper end of the basin.
A third characteristic pattern is associated to the outflows of cold air from N-E that affect
the Western Mediterranean particularly during the winter months. The Alps shield northern
Italy from this wind, leaving the N.Ad. almost unaffected. Moving towards S-E, the storms
reshape half a way along the Adriatic Sea, causing stormy conditions in C.Ad. and S.Ad..

THE WIND HINDCAST

Highly sophisticated, three-dimensional meteorological models are presently available (see
e.g. Simmons, 1991). They are used by all the major meteorological centres for the daily
analysis and forecast of the next few days. Particularly when coupled with a limited area
model, they are certainly the best source of information presently available. However, for
long term statistics their use is impeded by two basic facts: a) they have reached a sufficient
resolution, hence accuracy, only in very recent years, b) the tremendous effort required for the
extension of their use to previous years. As an example, the European Centre for Medium-
Range Weather Forecasts (ECMWF, Reading, U.K.) has recently terminated the reanalysis
of the meteorological conditions on a global scale, starting from 1978. Notwithstanding the
large international effort and the time devoted to the project, this could be done only using
the T106 version of their spectral meteorological model, whose resolution is not sufficient for
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an accurate definition of the wind fields in the Mediterranean Sea (see Cavaleri et al, 1991,
and Komen et al, 1994, for an extensive discussion on the subject). Expectably, the quality
of the results worsen when moving to smaller basins as the Adriatic Sea.
A way out from this situation is the use of simpler wind models, requiring a substantially
more limited effort and based on input information available for the past. Following this
approach, for the hindcast of the wind conditions on the Adriatic Sea we have used the
numerical model ADRIAWIND. The model is fully described by Bergamasco et al (1986)
and Cavaleri et al (1996b). Only a very compact description of it and of the underlying
principles is given here.
The model is based on the Navier-Stokes equation for one layer of fluid. The following
simplifying assumptions are then introduced:

• the fields are not time dependent,

• there is no motion in the vertical direction,

• hence there is no convergence in the field,

• the friction is negligible.

The resulting simplified equation, still non-linear because of a Jacobian term, is solved by an
iterative method. The result is the gradient wind Ug, i.e. the wind off the surface boundary
layer, at the knots of the grid covering the area of interest.
The input information for the iterative solution is given by the values of p at the grid points.
As a start, p is known at the meteorological stations. Unlike the wind field, at the local
scale the pressure distribution is not appreciably affected by the orography bordering the
sea. Hence the p values recorded at the different stations can be used to deduce, by suitable
interpolation tecnique, the p distribution for the whole basin.

The overall simplicity of the approach impedes in principle an acceptable accuracy of the
results, particularly in complicated areas as the Adriatic basin. However, it is the simplicity
itself that allows a pragmatic handling of the model. The required accuracy has been reached
by carefully fitting and tuning the model to the grid of the Adriatic Sea, shown in Figure
1. Two actions have been taken. The relevant effect of the orography, i.e. the channeling of
wind along the main axis of the basin, is empirically introduced by first objectively analysing
the pressure field and eventually correcting the velocity field in modulus and direction. The
correction algorithm has been deduced on the basis of physical arguments and of the existing
evidence from the measurements done during some heavy sirocco storms. Besides, a correc-
tion of the wind speed has been introduced for bora in the N.Ad. after some case studies
and the related comparison with existing measured data.
The final reduction from gradient to surface wind Uio is obtained on the basis of the gradient
wind speed and of the estimated air-sea stability conditions. Lacking the necessary informa-
tion, these have been established on the base of the season and of the actual meteorological
situation. The reduction to surface is based on the corresponding results by Findlater et
al (1966), depending on air-sea stability and wind speed, as derived from many years of
measurements in the open sea.
A basic reason for choosing ADRIAWIND was the minimum requirements for input informa-
tion. Unlike the other parameters, the surface pressure has been extensively measured and
recorded for a long time. Consequently, by using ADRIAWIND, it was possible to extend
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YEAR

TOT

NUM

24883

X

4.1

Y

4.4

STDX

3.8

STDY

3.4

BIAS

0.4

RMSE

3.5

ABIAS

9.

ARMSE

67.

Table 1: Statistics of the comparison between modelled and measured wind speed in the
Northern Adriatic Sea. NUM is the size of the sample. Quantities are in m/s. ABIAS
and ARMSE refer to direction, in degrees. Angular quantities are taken as positive when
clockwise.

the hindcast well into the past.
The wind hindcast was finally done from 1 January 1960 till 31 December 1988. Notwith-
standing that the pressure data were available well before 1960, the corresponding hindcast
was not performed because the quantity and quality of the p data show a tendency for rapid
deterioration before this date. The hindcast of more recent years has been impeded by the
lack of data in connection with the war events in the area of the former Jugoslavia.
The lack of significant wind data mentioned above impedes an extensive validation of the
results of the model. A long term, but local, validation has been possible only at the tower
location (see Figure 1), 16 km off the coast of Venice (Cavaleri et al, 1996b).
Wind data at the tower exist after 1972. The result of the full analysis on more than 24,000
pairs of values is given in Table 1. The quite limited bias in modulus and direction points
to the good average quality of the hindcast.
In Cavaleri et al (1996b) we point out that in principle the modelled wind fields could be
increased in modulus to reach a better fit with the measured data. However, this would not
be correct for two reasons. On one hand a detailed analysis of the data reveals that the
correction would not be the same for the different weather patterns; on the other hand there
is no reason to believe that the same correction would apply to the whole basin. Therefore
no further correction was introduced.
More sound evidence of the overall quality of the wind model results comes from their use to
hindcast the corresponding wave conditions. Once compared with the recorded wave data
(three stations are operational in the Adriatic Sea), the resulting statistics provided com-
pelled evidence of the accuracy of the input wind fields (see Komen et al, 1994, for a full
discussion on the subject). Bertotti et al (1996) report a bias of the significant wave height
of 0.1 metre, a value low enough to exclude any doubt on the quality of the wind, and wave,
hindcast.
As a whole, the hindcast has provided a sequence of wind fields at three hour interval
(00,03,06, ... UTC) from 1 January 1960 till 31 December 1988. The wind data are avail-
able, as modulus and direction, at the knots of the grid shown in Figure 1. The grid spacing
is 40 km.

CLIMATOLOGICAL ANALYSIS

Figure 2 provides the wind rose for the Adriatic Sea. While in our discussion we regularly
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Figure 2: Wind rose fox the Adriatic Sea. Most of the names are typical for the whole
Mediterranean Sea (after Cavaleri et al, 1997).

refer to the four cardinal points N, E, S and W, and to their intermediate directions, part
of our discussion is conveniently based on the principal direction of the basin, and to the
associated u- and v- components shown in Figure 1.
We have considered, for each point of the grid, the monthly, seasonal and yearly mean wind.
Figure 3 provides the four seasonal maps. The general pattern remains the same throughout
the year, with a reduced strength in Spring and Summer (note the scale vector at the lower
left of each map). There are some evident differences in the most southern part of the basin,
where the well denned v-component during the winter months is substituted in Summer by
a more variable and weak pattern. The monthly maps are consistent with the seasonal ones,
with the exception of the southern part, where we find a gradual transition from, one season
to the next one.
The Adriatic Sea is characterized along its length by different wind climates. The northern
part is affected by sirocco, but the influence of bora is almost dominant. The central part is
fully conditioned by the bordering orography, with the wind channeled along the main axis
and a reduced effect of the u-component. The southern section is more open, less constrained
by orography. It shows therefore a higher variability.
This suggests to split, for statistical purposes, the Adriatic basin into three sub-areas, north,
centre and south (also 3, 2 and 1 respectively), each homogeneous in itself and different from
the other ones. The separation is shown in Figure 1. This possibility has been explored
and substantiated by discriminant analysis, allowing therefore a separate treatment of each
sub-basin. Each of these has the same extension, including N = 7 x 7 = 49 grid points.
We have evaluated for each sub-area the mean wind for the different years. Hence each
single result represents an average in time (8 x 365(366) = 2920(2928) data) and in space
(N points).
There are obvious differences between the three sub-areas, reflecting the differences seen
in Figure 3. However, the most interesting result is the unmistakable trend found in the
v-component (see Figure 1) and in the modulus of the wind. The latter is reported in Figure
4. Here the continuous straight line represents the best-fit, the close and far broken lines
show the 95in the modulus indicates that the trend is not only the effect of a slowly changing
weather pattern, but also of an increase of the wind speed.
We have then analysed the behaviour throughout the year. At this aim we have averaged

102



Figure 3: Seasonal mean wind maps. Top, from left to right: Winter and Spring; bottom:
Slimmer and Fall (after Cavaleri et al, 1997).
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Figure 4: The mean value of the wind modulus for the different years and for the southern
sub-area. Vertical scale in m/s. The broken close lines show the 95(after Cavaleri et al,
1997).

Figure 5: The mean wind speed for each day of the year for the northern sub-area. The
dots show the original data. The continuous line shows the corresponding 21 point running
average (after Cavaleri et al, 1997).

for each sub-basin the 8 x 29 x 49 = 11368 wind speed data for each single day of the year.
The result for N.Ad. is shown as single dots in Figure 5. There is an obvious yearly cycle,
with expectably lower speeds in summer. The interesting feature are some large oscillations
in the distribution during the winter months. To check their statistical significance we have
smoothed the distribution with a 21 point running average, obtaining the continuous line in
Figure 5. As the a of this distribution is quite small, 0.15 m/s, we must conclude that the
oscillations represent an actual behaviour of the atmosphere, with more likely higher wind
speeds in well defined periods of the winter seasons. Similar results have been obtained for
the C.Ad. and S.Ad., confirming the finding.
We have also analysed the distributio of the kinds of storms throughout the year. We have
defined as "storms" the condition for which the average wind speed in an area is larger than
10 m/s for at least eight sequential synoptic times. To simplify the plot we have marked
only the bora, sirocco and mistral (N-W) storms, plus their overall number. Figure 6 shows
the distribution for the C.Ad. (each class starts from the bottom reference line). There is a
balanced distribution between bora and sirocco storms. In the S.Ad. the sirocco predomi-
nates, while the opposite is true, to a greater extent, in the N.Ad. (not shown here).
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Figure 6: Number of storms in the central sub-area for each month of the year. Only the
main kinds of storms and their overall number are shown (after Cavaleri et al, 1997).
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Figure 7: Statistical distribution of the peak wind speed and wave height in the Northern
Adriatic Sea. The lines show the relationship between variable, exceedance probability (line)
and considered period (years).

EXTREMES DISTRIBUTION

The long time series available, for both wind and waves, for the whole Adriatic Sea allows
also a full characterization of the expected extremes. These have evaluated for the single
kind of storms. Figure 7 shows the statistical distributions, for peak wind speed and wave
height respectively, for sirocco storms in the N.Ad., at the tower location shown in Figure 1.
Rather than plotting the usual extremal distributions, we have plotted here the relationship
between wind speed (m/s) or wave height (m), exceedance probability (The lines are not
drawn for a period shorter than ten years because the statistics loses significance for such a
short period.
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COMMENTS

Continuous satellite measurements will provide in due time sufficient data for a reliable
statistics of the offshore wind speeds. For large basins with a uniform distribution, allow-
ing averaging over large areas, statistics are already available. However, smaller basins and
coastal areas show more pronounced spatial gradients, not sufficiently detailed by present
satellite data. It is also in these areas that the satellite instruments have problems in pro-
viding accurate data.
Meteorological models are rapidly gaining ground. While they have reached a sufficient res-
olution, hence wind accuracy, only in recent years, reanalyses of increasing resolution are
planned for a not far future. We expect that extended time series (more than 20 years) of
high resolution data will be available within a decade.
For the time being we have to rely on alternative simpler approaches, as the ADRIAWIND
model we have applied to the Adriatic Sea. While these models have their own intrinsic
limitations, their simplicity allows a more flexible approach with a specific tuning to the
basin of interest, reaching optimum results with a minimal effort. We have hindcast 29 years
of wind fields in the Adriatic Sea. We are fully convinced that this is the best data set
available for long term statistics in this area. A similar data set has been obtained for the
wave conditions. It is clear that such a wealth of data allows innumerable statistics. In this
paper we have shown a few ones. Climatological and extremes analyses can be carried out
for any point of the grid shown in Figure 1.
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ABSTRACT

In this paper the wind energy potential in the Northern part of Libya (the Coast) was assessed in order to
develop an atlas for this region as a first step of an atlas for the whole country.

Wind data of ten years, three hour readings, for nine meteorological stations covering the North part of
Libya was evaluated. All data analysis for this atlas was performed using Wind Data Analysis and
Applications Program (WAsP) developed by Risoe National Laboratories.

The main results of the Analysis are presented in this paper in graphs and tables. The verification of data
was also performed using the wind atlas part of the analysis in order to predict the wind regime in other
stations which are situated in the same wind climatelogical conditions.

1. INTRODUCTION

Libya lies on the Northern part of Africa between longitude 10° and 24° East and latitude 19° and 32°
North. It has a coast of about 1900 km on the Mediterranean sea and a big area of about 1.8 million
square kilometers. Most of this area is desert. The agricultural areas are concentrated on the coast where
most of the population inhabitants and all activities exist. The population in this area represent more than
85% of the total population of about 4.72 millions for the year (1992) [1].
The terrain could be classified into a coastal region, mountains and desert, which have different elevations.
The altitude in the desert varies from -2 m above sea level (a.s.l.) to more than 400 m a.s.l. The mountains
are mainly concentrated in the North Western part, North Eastern part and in the middle as well as to the
far central Southern part. The height of these mountains reaches up to 1000 m a.s.l. in the Western
mountains and in the Eastern mountains and to more than 2000 m a.s.l. for the southern mountains.
The coastal region, which is of our interest in this paper, could be classified into the following:

1. Open areas with homogeneous roughness

2. Open areas with beach sand followed by farmlands.

3. Open areas with beach sand followed by deserts with some desert plants.

4. Rocks and mountains of low to medium height along the coastline.

5. Cities and urban areas along the coastline.

Libya has a reasonable wind potential which must be harnessed and exploited in order to contribute,
partially, to the total electric energy demand. Presently, harnessing of wind energy is very limited, yet it
should be expanded. In order to expand these activities and start planning for future strategies to include
wind projects in the energy mix, it is very important to develop a wind atlas for Libya. This work has been
done as a first step for an atlas for the whole country which will need a better quality wind data and more
stations to be distributed over the whole country.
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2. DATA ANALYSIS:

Previous work for the assessment of wind potential in Libya was performed using just simple statistical
analysis in order to evaluate the main wind variations and characteristics[2-4]. In this paper WAsP
Program was used for the analysis of the wind data. This program was used previously by CSES staff as
a tool for siting purposes for a couple of projects.

2.1 Available Wind Data:
Most of the meteorological stations are concentrated on the coast. Fig. 1 shows the location of all
meteorological stations and Tab. 1 shows detailed information of the coastal meteorological stations,
including exact location (longitude and latitude) and altitude a.s.l. as well as period of data collected for
the analysis in this paper.
Wind data used for this atlas are measurements of each 3-hours (instantaneous values and not averaged
over the 3-hours). Data was available for aU meteorological stations in Libya. In this study data of only
nine stations (coastal meteorological stations) was used. The wind sensors in most of these stations are
placed over a mast of about 2-3 m over a building of 4-5 m height. The anemometer height used in the
analysis was 7 m above ground level (a.g.l.). The readings were taken manually and recorded in tables. So
all wind data was supplied by the National Meteorological Department in tables. Then raw meteorological
data was stored in files according to the requirements of the WAsP program, in some stations there were
few missing data while in some other stations most of night records were missing such as Shahat station.

2.2 Stations Description:
A complete station description was taken into consideration according to the WAsP program [5,6]
recommendations. This was performed by site visits, topographic maps and air photos. All data series, for
each station, were read and corrected for the influence of obstacles around the measuring instruments at
the meteorological station site and corrected for the influence of roughness of the surrounding terrain. The
correction was performed using files containing information for the roughness of the terrain and change in
roughness in 12- sectors and information for the obstacles at the site in a form readable by WAsP. All
analysis were performed on PC's and WAsP program was used to perform all analysis

2.3 Roughness Classification for the Coastal Region:
The roughness of the terrain was mainly classified as follows:
Class 0: Area of open water . Roughness length is 0.0 .
Class 1: Open areas with sand surface and with no obstacles. The average roughness length was estimated
as 3x10-4 m.
Class 2: Desert areas with some desert plants. The average roughness length was estimated as 0.01 m.
Class 3: Farmlands with crops and occasional trees or buildings widely separated. The average roughness
length was estimated as 0.1 m.
Class 4: Farmlands with many hedges and trees lie at relatively close distance and scattered buildings. The
average roughness length was estimated as 0.4 m.

hi addition, for non flat areas a speedup condition of 50% was considered for a site with axi-symmetrical
hill of 400 m height and 4 km base diameter.
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Fig. 1. Location of all meteorological stations in Libya

Tab. 1. The coastal meteorological stations.

Station

Tripoli

Benghazi

Sirt

Ejdabia

Zwara

Shahat

Derna

Tubruk

Surman

Latitude °N

32 40

32 05

31 12

30 43

32 53

32 49

32 47

32 06

32 45

Longitude °E

13 09

20 16

16 35

20 10

12 05

21 51

22 34

23 55

12 35

Altitude (m a. s. 1.)

80

132

13

6

3

625

25

50

23

Period of data

79-88

79-88

80-89

79-88

79-88

79-87

79-87

79-88

80-89
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3. RESULTS OF THE ANALYSIS

The results of the analysis were presented in figures and tables in the appendix. For each station the
following information were presented: the name of the meteorological station, followed by a complete
station description which included the geographical location (Latitude and Longitude), the elevation of the
station above mean sea level (Altitude) and the overall setting of the station such as distance from sea,
forests, mountains ..etc., as well as major obstacles close to the anemometer. The station roughness rose
was also given for each of the twelve 30 degree sectors. Furthermore, the wind speed correction factor and
wind direction correction angles are presented in separate tables adjacent to the roughness rose. Due to the
limitation of number of pages of the paper , the full results for only 3-stations were presented in the
appendix. The results included the following:

1. Seasonal Variations of Wind Speed:
The seasonal variations of the measured wind speed (m/s) and the wind available power (W/m2) is shown
in the top right graph for each station in the appendix.

2. Diurnal Pattern of Wind Speed:
The average daily variation of wind speed for all months is presented, for each station, in tables in the
appendix . Also, it was plotted in the top lift graph for each station.

3. Wind Rose:
The relative frequency of the winds for each of the twelve sectors is shown to the bottom of the graph for
each station.

4. Wind Speed Distributions:
The wind speed distribution for each station is shown to the bottom right of the graph.

5. Weibull Parameters:
The average Weibull scale (C) and shape (K) parameters for the considered roughness classes and for the
considered heights, for all sectors, were calculated and presented in tables in the appendix.

6. The Average Wind Speed and Available Wind Power:
The average wind speed (m/s) and average wind power (W/m2) were calculated for the considered
roughness classes and for the considered heights and were presented in tables in the appendix.

4. VERIFICATION OF WIND DATA

The verification of data was performed for 3- stations: Tripoli, Surman and Zwara. The three stations lie
on the same climatic region. The distance between Tripoli and Surman is about 80 Km and between
Tripoli and Zwara is 120 Km. The results are shown in Tab. 2. It could be noticed that when Tripoli were
used as a predictor, its prediction to Surman was close to the measured value of wind speed, while for
Zwara its prediction was under estimated compared to the measured value. Taking Zwara as a predictor, it
could be noticed that its prediction was over estimated compared to the measured values of the wind speed
for both Tripoli and Surman. The possible reasons for this deviation are explained in chapter 8
reference[6].

Tab. 2. Comparison for three stations on the west coast.

Tripoli
Surman
Zwara

Tri

2.8
4.2

Sur
4.1
3 J
4.9

Zwa
4.6
3.4
S.I
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5. CONCLUSIONS

Most of the stations present some problems regarding the accuracy of wind data. Instruments are
incorrectly positioned due to build up, trees and other obstructions and reliability of the sensors themselves
would need to be checked. Some of these problems could be corrected by WAsP Submodels such as
roughness and obstacles submodels, but some still could not be corrected or managed by WAsP program
such as the quality of data and position of sensors over buildings.
hi conclusion, therfore, there is a definite need for better quality wind data. To achieve this good and
reliable instrumentation is required together with the proper position of sensores in accordance with the
WMO standards and recommendations.
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APPENDIX - 1

TRIPOLI
Lat. 32 ° 40N, Long. 13 ° 09E Altitude. 80 m.a.s.1

Around the station, the terrain is an open runway. To the N and NW directions there are many buildings,
while in the other directions, the terrain is characterized by farmlands with scattered trees.

Sector

0
30
60
90
120
150
180
210
240
270
300
330

^1
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

ll
150
1580
1520
1085
2000
1750
1280
1270
960
2370
800
190

0.4
0.05
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.4
0.4

*2
1750

1350
1300

0.05

0.07
0.07

Pet

-8.5
-0.6
-1.3
-3.9
-3.1
-0.0
-2.3
-5.7
-3.8
-22.9
-2.9
-8.7

Raw Drta Histogram
Sec.

0
30
60
90
120
150
180
210
240
270
300
330
Total

Freq.

6.9
9.3
10.3
11.6
8.9
8.6
4.9
5.6
11.9
8.1
7.5
6.4

178
148
130
121
154
156
280
266
144
175
174
197
166

Height 7 m
2

69
84
71
95
105
83
170
236
166
139
97
86
113

3

124
149
132
182
168
129
205
236
238
177
151
155
170

a.g.
4

124
124
107
167
121
118
138
118
159
141
117
133
133

1.
5

135
124
106
129
106
108
77
62
111
115
122
140
113

6

173
147
141
119
101
115
51
36
98
118
148
172
121

7

93
92
114
75
73
81
25
19
40
57
75
60
70

8

68
92
109
53
73
73
26
11
25
38
57
33
58

9

17
20
37
21
29
34
7
3
8
14
20
10
19

11

15
18
48
35
58
78
17
9
9
21
33
12
31

13

4
2
3
4
8
23
4
1
1
4
4
2
5

15

0
0
1
0
1
2
0
1
0
0
0
1
1

17

0
0
0
0
1
2
1
2
0
0
1
0
1

>17

0
0
0
0
0
0
0
0
0
0
0
0
0

c
4.8
4.8
5.4
4.5
4.7
5.2
2.9
2.6
3.5
3.9
4.6
4.2
4.3

k

2.12
2.03
2.13
1.75
1.52
1.68
1.27
1.24
1.59
1.61
1.79
1.94
1.63

Average Wind Speed ( m/sec) and Available Power ( W/m2) From Raw Data
TIME

00

03

06

09

12

15

18

21

DAY

JAN

2.9
49
2.8
46
2.9
41
3.9
82
4.9
130
4.6
116
2.5
39
2.6
42
2.9
49

FEB

2.4
33
2.5
36
2.7
40
4.1
89
5.1
139
4.8
115
2.8
43
2.3
39
2.4
33

MAR

2.5
47
2.6
43
2.8
53
4.2
99
5.0
143
5.2
139
3.3
57
2.5
40
2.5
47

APR

2.9
65
2.7
67
3.1
63
4.7
125
5.1
147
5.0
180
4.1
94
3.0
59
2.9
65

MAY

3.5
95
3.4
82
4.0
141
4.8
151
5.6
180
6.7
338
5.1
133
3.6
105
3.5
95

JUN

3.2
65
2.8
49
3.3
56
4.3
99
5.4
149
6.5
239
5.4
167
3.6
76
3.2
68

JUL

2.3
44
2.1
33
2.6
39
3.6
61
5.2
130
6.3
205
5.0
120
2.8
38
2.3
44

AUG

2.2
32
2.0
22
2.4
28
3.4
52
5.0
116
6
168
4.6
98
2.8
38
2.2
32

SEP

2.1
31
2.0
32
2.5
40
3.5
64
4.5
95
5.5
152
4.4
97
2.9
48
2.1
31

OCT

2.4
45
2.2
29
2.6
40
3.6
65
4.4
108
4.9
118
3.5
66
2.6
42
2.4
45

NOV

22
28
2.3
32
2.7
38
3.6
68
3.9
81
3.8
83
2.7
43
2.0
23
2.2
28

DEC

2.4
33
2.4
31
3.0
45
3.7
46
4.1
87
3.7
81
2.6
39
2.3
38
2.3
32

YEAR

2.9
48
2.5
42
2.9
49
3.8
79
4.6
116
4.9
137
3.7
79
2.8
48
3.6
80
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Computed Wiebul
z
10

25

50

100

200

0
9.1
2.4
9.9
2.46
10.6
2.53
11.4
2.47
12.5
2.36

30
7.6

2.38
8.3

2.46
8.9

2.53
9.7
2.45
10.7
2.32

Paiametres
60
7.9

2.53
8.6

2.61
9.2
2.68
10.0
2.60
11.1
2.46

90
7.3
2.21
8.0

2.28
8.6

2.34
9.3
2.27
10.3
2.15

for Tripoli Station -
120
7.2
1.97
7.9
2.04
8.5

2.09
9.2
2.02
10.1
1.92

150
7.6
1.98
8.4
2.03
9.0
2.09
9.7
2.03
10.7
1.93

180
5.8
1.60
6.3
1.65
6.8
1.69
7.4
1.63
8.1
1.55

Roughness Class 0 .
210
4.6
1.48
5.0
1.53
5.4
1.57
5.9
1.52
6.4
1.44

240
5.4
1.86
6.0
1.92
6.4
1.97
6.9
1.91
7.6
1.81

270
6.8
1.82
7.4
1.88
8.0
1.93
8.6
1.87
9.5
1.77

300
7.4
2.09
8.1
2.16
8.6
2.22
9.4

2.15
10.4
2.03

330
7.8
2.26
8.6
2.33
9.2
2.39
10.0
2.32
11.0
2.19

TOTAL
7.1
1.98
7.8

2.04
8.4

2.09
9.0

2.03
10.0
1.94

Roughness
z
10

25

50

100

200

0
8.4

2.06
9.5
2.28
10.8
2.59
12.6
2.50
15.1
2.37

Class 1.
30
7.0
Z02
8.0
2.28
9.1
2.59
11.0
2.50
14.3
2.38

60
7 3

2.14
8.3

2.42
9.5
2.76
11.5
2.65
14.8
2.52

90
6.7
1.87
in
2.11
8.8

2.40
10.6
2.31
13.8
2.20

120
6.5
1.67
7.5
1.88
8.7

2.14
10.4
2.06
13.1
1.95

150
7.0
1.68
8.0
1.88
9.2

2.14
11.0
2.07
13.3
1.96

180
5.1
1.35
6.0
1.52
6.9
1.73
8.3
1.66
10.7
1.58

210
4.1
1.26
4.8
1.42
5.6
1.61
6.7
1.55
8.6
1.47

240
4.9
1.58
5.7
1.78
6.6
2.03
7.9
1.95
10.3
1.86

270
6.2
1.55
7.1
1.74
8.2
1.98
9.9
1.91
12.5
1.81

300
6.7
1.77
7.7
2.0
8.9

2.28
10.7
2.19
13.5
2.08

330
7.2
1.91
8.3
2.16
9.5
2.46
11.4
2.37
14.2
2.23

TOTAL
6.5
1.70
7.5
1.90
8.6

2.14
10.3
2.07
13.0
1.99

Roughness
z
10

25

50

100

200

0
7.0

2.09
8.1

2.24
9.3

2.48
10.8
2.59
13.

2.49

Class
30
5.4

2.02
6.4
2.21
7.4
2.51
8.7
2.6
11.

2.48

2
60
6.0
2.15
7.1

2.34
8.2

2.67
9.7

2.76
12.1
2.63

90
5.3
1.81
6.3
1.98
7 3
2.26
8.7

2.32
10.8
2.22

120
5.3
1.63
63
1.77
7.3

2.02
8.7

2.08
10.8
1.98

150
5.7
1.69
6.8
1.83
7.8
2.07
9.2
2.14
11.2
2.04

180
3.7
1.29
4.4
1.40
5.2
1.59
6.2
1.64
7.7
1.57

210
3.3
1.25
4.0
1.35
4.6
1.54
5.5
1.59
6.9
1.52

240
4.1
1.61
4.9
1.76
5.6
2.0
6.7
2.06
8.4
1.97

270
53
1.59
63
1.72
7.3
1.95
8.7
2.02
10.7
1.92

300
5.4
1.78
6.4
1.94
7.4
2.22
8.8

2.29
10.9
2.18

330
6.0
1.94
7.1
2.11
8.1

2.40
9.7
2.48
11.9
2.37

TOTAL
53
1.69
6.2
1.83
7.2

2.05
8.5

2.12
10.6
2.04

Roughness
z
10

25

50

100

200

0
5.6

2.07
6.9

2.18
8.0

2.36
9.3

2.60
11.2
2.5

Class 3.
30
4 3
2.06
53

2.20
6.2
2.44
7.4
2.68
9.1
2.56

60
4.9

2.14
6.0

2.29
7.0

2.54
8.4

2.79
10.3
2.67

90
4.3
1.78
5.3
1.91
6.2

2.11
7.4

2.32
9.1

2.22

120
4.3
1.62
5.4
1.73
6.3
1.92
7.9
2.10
9.3
2.01

150
4.6
1.69
5.7
1.79
6.7
1.96
8.0

2.16
9.7
2.07

180
2.8
1.30
3.5
1.39
4.2
1.53
5.0
1.68
6.2
1.61

210
2.7
1.29
3.4
1.37
4.1
1.51
4.9
1.66
6.0
1.59

240
3.3
1.60
4.2
1.71
4.9
1.88
5.9

2.07
7.2
1.98

270
4.5
1.64
5.6
1.74
6.5
1.91
7.8
2.10
9.5
2.01

300
4.4
1.81
5.4
1.94
6.4
2.15
7.6
2.36
9.4
2.26

330
4.9
1.96
6.1
2.10
7.1
233
8.5

2.56
10.4
2.45

TOTAL
4 3
1.69
5.3
1.8
62
1.96
7.4

2.14
9.1
2.07

Roughness
z
10

25

50

100

200

0
4.2
1.99
5.5
2.08
6.6
2.23
7.9
2.52
9.5
2.45

Z
10
25
50
10C
200

Class 4.
30 60
3.4 3.7
2.05 2.06
4.5 4.9
2.17 2.19
5.5 5.9

236 237
6.6 7.2

2.69 2.71
8.0 8.8

2.60 2.62
Class-0

6 3 295
6.9 376
7.4 454
8.0 594
&8 838

90
3.3
1.75
4.4
1.86
5.3

2.02
6.4

2.30
7.9

2.21

120
3.4
1.63
4.5
1.73
5.5
1.87
6.7
2.13
8.1
2.05

Class-1
S.8
6.6
7.6
9.1

11.5

271
358
477
851
1811

150
3.5
1.63
4.6
1.72
5.6
1.85
6.8

2.11
8.2

2.03

180
2.2
1.28
2.9
1.35
3.5
1.47
43
1.67
5.3
1.61

Class-2
4.7
5 ^
6.4
7.6
9.4

147
220
296
479
941

210
2.2
1.34
3.0
1.42
3.6
1.54
4.4
1.74
5.4
1.68

240
2.8
1.64
3.7
1.73
4.4
1.88
5.4
2.14
6.5
2.06

Class-3
3.8

4.7
&5

8.0

78
136
198
306
587

270
3.5
1.65
4.7
1.74
5.6
1.88
6.8
2.14
8.3

2.08

300
3.5
1.85
4.6
1.96
5.6

2.13
6.7

2.42
8.2
2.33

Class-4
3.0 38
3.9 80
4.7 130
5.7 203
7.1 420

330
3.9
1.97
5.2

2.08
6.2
2.27
7.5
2.58
9.2

2.49

TOTAL
3.3
1.69
4.4
1.72
5.3
1.92
6.5

2.16
7.9

2.10
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ZWARA
Lat 32° 52N, Long. 12 ° 05E Altitude. 3 m.a.s.1

The terrain surrounding the measuring site consists of flat grassy fields. In the N and NE sectors with
a dsitance ranges from 67 to 113 m. the terrain consists of a sandy beach. In theSE,S and SW the
terrain consists of urban areas with buildings of about 4 m. and a distances ranges from 45 to 110 m.
In the N, NE andNW it contains an open sea with a ditances ranges from 112 to 200 m.

Station Roughness
Sector

0
30
60
90
120
150
180
210
240
270
300
330

Zni
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Rose.

67
75
113
139
164
110
64
50
58
45
36
40

zn->
0.0075
0.0075
0.0075

0.03
0.03
0.4
0.4
0.4
0.4
0.4

0.05
0.05

x?
112
114
200
484
408
206

388
182
133

ZA?
0
0
0

0.009
0.009
0.005

0.005
0.005

0

644

306

Zfu

0

.04

Pet
•0.6
-0.9
-2.2
-4.7
-1.8
-1.4
-0.7
-0.5
-0.5
-03
-0.1
-0.2

Raw Data Histogram
Sec.

0
30
60
90
120
150
180
210
240
270
300
330

Total

Freq.
9.8
8.9
15.8
17.4
6.3
3.6
5.0
5.8
9.1
10.0
2.8
5.4

< 1
59
65
38
34
89
162
137
111
71
64
189
100
72

Height 7
2
31
34
22
25
41
103
147
118
70
54
40
31
49

3
84
93
61
60
101
185
282
239
186
131
87
70
114

ma.e.
4
103
116
95
91
116
175
200
225
238
156
98
101
134

1.
5
105
127
128
116
97
103
109
144
190
172
78
92
127

6
187
205
225
227
173
125
62
98
144
208
157
150
182

7
109
116
159
137
93
43
23
24
44
82
92
114
101

8
80
86
103
103
80
26
12
16
27
46
85
77
71

9
39
35
52
50
42
22
6
6
12
24
35
46
35

11
113
74
91
102
101
39
16
13
12
43
80
127
74

13
47
30
21
37
40
9
4
5
5
13
40
39
25

15
15
10
5
8
9
3
2
0
0
4
8
16
7

17
15
7
2
6
13
3
0
0
0
1
10
17
6

>17
13
3
1
3
5
2
0
1
0
2
3
19
4

C
6.7
6.3
6.6
6.7
6.4
4.2
3.4
3.8
4.5
5.5
6 3
6.9
6.0

k
1.59
1.94
236
157
1.74
135
1.50
1.78
1.89
1.83
1.72
1.58
1.83

Average
TIME

00

03

06

09

12

15

18

21

DAY

Wind Speed (
JAN
4.8
205
5.0
291
5.2
296
5.0
197
6.2
312
6.0
277
4.1
206
4.4
226
4.8
205

FEB
4.6
192
4.6
290
4.6
340
4.9
150
5.9
260
5.9
214
4.6
171
4.4
174
4.6
192

m/sec) and Available Power (W/m2) From Raw Data
MAR
4.7
203
4.7
229
4.8
210
5.1
224
6.2
277
6.3
250
5.4
199
5.0
199
4.7
203

APR
5.5
313
5.0
223
4.6
180
5.1
174
6.3
253
6.8
307
6.4
316
5.9
307
5.5
313

MAY
5.6
269
4.9
196
4.4
155
5.1
151
6.3
221
6.8
268
6.9
329
6.2
265
5.6
269

JUN
5.0
159
4.2
128
4.1
112
4.7
117
5.8
177
6.6
245
6.6
285
5.8
234
5.0
159

JUL
4.3
130
3.6
93
3.2
79
3.9
78
5.3
13
6.1
198
6.2
211
5.6
179
4.3
130

AUG
4.5
126
3.7
89
3.4
68
3.8
69
53
122
6.4
201
6 3
214
5.6
179
4.5
126

SEP
4.8
176
3.9
122
3.3
78
3.7
75
5.2
125
6.4
219
6.6
262
6.0
232
4.8
176

OCT
4.7
175
4.5
171
4.0
128
4.1
122
5 3
184
6.1
236
6.0
231
5.3
200
4.7
175

NOV
4

123
4.0
127
4.3
127
4.5
131
5.2
266
5.5
212
4.4
155
4.1
206
4.0
123

DEC
4.5
149
4.5
146
4.6
159
4.8
150
5.5
217
5.4
184
3.9
140
4.3
155
4.5
144

YEAR
•i.8

194
4.6
221
4.3
183
4.6
138
5.8
229
6.0
220
5.2
199
5.2
217
5.1
192

116



Computed Wiebul
z
10

25

50

100

200

0
7.3
1.69
8.0
1.73
8.6
1.78
9.3
1.73
10.1
1.65

30
6.8
1.87
7.5
1.93
8.1
1.98
8.7
1.92
9.6
1.81

Parametres
60
7.2
2.4
7.9

2.48
8.5

2.54
9.2
2.46
10.2
2.33

90
8.4

2.09
9.2
2.15
9.8

2.21
10.6
2.14
11.7
2.04

for Zwara Station -
120
9.2
2.07
10.1
2.11
10.8
2.17
11.5
2.13
12.5
2.06

150
8.9
1.60
9.7
1.62
10.3
1.65
11.0
1.64
11.8
1.61

180
8.3
1.62
9.0
1.64
9.7
1.68
10.3
1.66
11.1
1.62

Roughness
210
9.1
1.92
9.9
1.95
10.6
2.0
11.3
1.96
12.3
1.9

240
10.4
2.26
11.4
2.29
12.1
2.35
13

2.31
14.0
2.25

Class 0
270
10.0
2.31
10.9
2.35
11.7
2.41
12.5
2.37
13.5
2.29

300
9.0
2.17
9.8
2.22
10.5
2.28
11.3
2.23
12.3
2.14

330
7.5
1.69
8.2
1.73
8.8
1.78
9.5
1.74
10.3
1.66

TOTAL
8.4
1.92
9.2
1.96
9.9

2.01
10.6
1.98
11.6
1.92

Roughness
z
10

25

50

100

200

0
6.6
1.45
7.16
1.6
8.7
1.81
10.2
1.75
12.2
1.65

Class 1.
30
6.2
1.59
7.2
1.79
8.3

2.04
10.0
1.96
12.6
1.86

60
6.6
2.03
7.6
2.28
8.7
2.6
10.5
2.51
13.6
2.31

90
7.7
1.79
8.8
1.98
10.0
2.25
11.7
2.17
14.1
2.05

120
8.6
1.81
9.7
1.95
10.8
2.19
12.3
2.13
14.5
2.04

150
8.2
1.44
9.2
1.51
10.1
1.63
11.3
1.64
12.9
1.59

180
7.6
1.45
8.6
1.53
9.6
1.7

10.8
1.67
12.6
1.62

210
8.4
1.70
9.5
1.81
10.6
2.03
12.0
1.98
14.0
1.9

240
9.8

2.02
10.9
2.14
12.0
2.35
13.6
2.33
15.7
2.24

270
9 3
2.04
10.5
2.18
11.6
2.45
13.2
2.38
15.5
2.28

300
8.3
1.88
9.4

2.04
10.5
2.32
12.2
2.24
14.6,
2.14

330
6.8
1.46
7.8
1.6
8.9
1.81
10.3
1.76
12.3
1.66

TOTAL
7.8
1.68
8.8
1.83
9.9
2.05
11.5
2.03
13.9
1.97

Roughness
z
10

25

50

100

200

0
5.3
1.41
6.3
1.52
7.3
1.7
8.5
1.77
10.3
1.69

Class 2
30
5.1
1.65
6.0
1.8
7.0

2.05
8.3

2.12
10.3
2.02

60
5.4
1.96
6.4

2.13
7.4
2.43
8.8
2.51
11.0
2.4

90
6.4
1.78
7.5
1.9
8.6

2.12
10.0
2.21
12.0
2.11

120
7.0
1.75
8.2
1.83
9.2
1.97
10.5
2.08
12.2
2.01

150
6.6
1.41
7.7
1.46
8.6
1.52
9.7
1.6
11.0
1.57

180
6.3
1.49
7 3
1.55
8.2
1.66
9.4
1.75
10.9
1.7

210
7.0
1.75
8.2
1.83
9.2
1.97
10.5
2.08
12.2
2.01

240
8.0
2.06
9 3
2.15
10.4
2.30
11.8
2.44
13.7
2.35

270
7.5

2.03
8.7
2.14
9.8

2.32
11.2
2.45
13.2
2.36

300
6.4
1.81
7.5
1.93
8.6

2.15
10.0
2.24
12.0
2.15

330
5.4
1.43
6.4
1.55
7.4
1.71
8.7
1.78
10.4
1.70

TOTAL
6.3
1.67
7.4
1.77
8.4
1.94
9.8
2.05
11.7
2.01

Roughness
z
10

25

50

100

200

0
4.3
1.46
5.3
1.56
6.3
1.71
7.5
1.88
9.2
1.8

Class 3
30
4.1
1.71
5.1
1.83
6.0
2.02
7.2

2.22
8.9

2.13

60
4.5
1.97
5.6

2.11
6.5
2.33
7.8

2.56
9.6
2.45

90
5.1
1.72
6.3
1.81
7.4
1.96
S.6

2.15
10.4
2.08

120
5.7
1.74
7.0
1.8
8.1
1.9
9.3
2.07
10.9
2.01

150
5.3
1.4
6.4
1.44
7.4
1.49
8.5
1.59
9.7
1.57

180
5.2
1.56
6.3
1.62
7.3
1.71
8.5
1.86
9.9
1.81

210
5.8
1.82
7.1
1.89
8.2
1.99
9.4
2.18
11.1
2.12

240
6.5
2.08
7.9

2.16
9.0
2.27
10.4
2.48
12.1
2.41

270
6.0
2.02
7.3
2.11
8.5

2.24
9.8
2.45
11.6
2.37

300
5.0
1.78
6.2
1.87
7.2
2.03
8.5

2.23
10.2
2.15

330
4.4
1.45
5.4
1.54
6.4
1.68
7.6
1.84
9.2
1.77

TOTAL
5.1
1.68
6.3
1.76
7.3
1.89
8.5

2.08
10.2
2.04

Roughness Class4
z
10

25

50

100

200

0
3.4
1.52
4.5
1.61
5.5
1.75
6.6
1.99
8.1
1.92

Z
10
25
50
IOC
20C

)
)

j 30
3 3
1.84
4.4
1.96
5.3

2.12
6.4
2.42
7.8
2.33

| 60
3.6
1.94
4.8
2.06
5.8

2.24
7.0

2.55
8.5

2.46
Class-0

7.8
8.5
9.1

9.8
10.7

599
764
910
1139
1502

| 90
4.1
1.72
5.3
1.8
6.4
1.92
7.6

2.15
9.2
2.1

| 120
4.5
1.71
5.8
1.76
6.9
1.83
8.1
1.97
9.6
1.98

Class-1
5.9
6.9
7.8
9.0

10.6

300
444
584
835
1413

150
4.1
1.44
5.4
1.47
6.4
1.52
7.5
1.60
8.7
1.63

180 |
4.1
1.61
5.4
1.66
6.4
1.74
7.6
1.88
9.0
1.88

Class-2
4.8
5.9
6.8
7.9
9.4

157
271
390
560
953

210 |
4.7
1.88
6.1
1.95
7.2
2.04
8.5

2.21
10.0
2.21

_J40_j_
5.0
2.1
6.5
2.17
7.8

2.26
9.1
2.45
10.7
2.46

Class-3
4.1
5.2
6.2
7 3
8.4

99
194
297
441
743

J70_J_
4.7
2.03
6.1
2.1
7.3
2.21
8.6

2.41
10.2
2.41

300 |
3.9
1.75
5.1
1.84
6.1
1.97
73

2.21
8.8
2.15

Class-4
3.8
4.9
5.9
7.0
8.3

75
160
256
389
651

330 |
3.5
1.49
4.6
1.57
5.6
1.69
6.7
1.92
8.2
1.85

TOTAL
4.0
1.71
53
1.78
6 3
1.89
7.5

2.09
9.0

2.09
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DERNA
Lat 32 ° 47N, Long. 22 ° 34E Altitude. 25 m.a.s.1

The terrain surrounding the station consists of flat grassy fields. In the N, NE and NW sectors at a
distances ranges from 50 to 80 m, it consists of an open sea. In the SW and W, it consists of urban areas
at a distance of about 60m, and in the other sectors it consists of an open areas with a small separated
trees.

Station roughnes Rose
Sector

0
30
60
90
120
150
180
210
240
270
300
330

Zm
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

X,
50
55
70
60
80
85
60
50
60
60
80
55

0
0
0

0.05
0.05
0.05
0.05
0.4
0.4
0.4
0
0

Raw D m Histogram ]
Sec.

0
30
60
90
120
150
180
210
240
270
300
330

Total

Freq.

6 3
3.2
3.3
3.6
2.2
2.9
8.7
7.6
7.1
10.0
25.1
20.1

145
264
254
233
376
284
104
110
122
87
35
43
103

2

55
75
59
58
43
42
39
38
57
47
15
14
34

it 7 m a
3

111
143
123
91
125
105
76
86
155
128
47
46
82

g- 1-
4

84
109
115
112
99
86
63
81
113
117
59
56
79

5

73
79
112
104
62
74
45
67
96
88
59
62
70

6

146
140
130
200
138
99
109
119
156
161
160
175
152

7

94
62
79
90
55
63
72
69
69
83
120
132
98

8

96
52
51
50
41
52
82
81
61
83
136
129
100

9

46
24
19
25
9
28
46
37
32
35
87
86
58

11

90
43
41
31
30
69
121
106
84
104
185
168
127

13

41
8
11
6
14
50
94
70
30
44
67
62
55

15

8
0
3
0
2
6
42
42
8
10
17
13
16

17

4
0
1
0
2
14
49
43
10
9
10
9
14

1
7
5
0
0
0
5
27
58
48
9
4
3
3
12

C

6.3
4.2
4.5
4.8
3.8
5.5
8.7
7.8
5.8
6.3

k

1.86
1.50
1.61
1.98
1.20
1.19
1.56
1.44
1.54
L.73

8.1 2.53
7.9 238
7.2 1.76

Average
TIME

00

03

06

09

12

15

18

21

DAY

Wind
JAN
7.5
555
7.1
579
7.3
604
6.5
445
6.8
524
6.3
401
5.7
354
6.2
396

7
555

Speed ( m/sec)
FEB
7.2
621
7.4
635
7.5
638
7.4
637
7.6
628
7.0
430
5.09
365
6.2
412
7.2
621

MAR
5.7
357
6.0
351
6.0
401
6.4
377
6.9
395
6.7
347
5.7
280
5.2
277
5.7
357

and Available
APR
4.9
253
4.9
282
5.4
320
6.1
296
6.6
379
6.3
334
5.3
241
4.6
192
4.9
253

MAY
4 3
220
4.4
229
5.2
301
5.6
303
6.3
315
6.2
281
5.5
222
4.5
192
4.3
220

Power (W/m2)
JUN
4.9
271
4.7
233
4.9
214
5.8
229
6.2
263
6.5
303
6.1
293
4.6
207
4.9
271

JUL
6.8
388
6.3
301
6.2
266
7.1
315
7.8
390
8.0
420
7.8
110
6.9
322
6.8
388

From
AUG
6.4
311
6.0
265
5.9
249
6.6
270
7.2
344
7.5
383
7.3
353
6.4
277
6.4
321

Raw Data
SEP
5.6
256
5.2
202
5.0
194
5.4
187
6.0
221
6.2
235
6.1
236
5.2
187
5.6
259

OCT
4 3
150
4.9
188
5.3
239
4.9
165
5.1
175
4.6
141
3.6
119
3.9
115
4.3
ISO

NOV
6.8
527
7.0
555
7.1
578
6.5
464
6.5
479
5.8
341
5.4
325
6.0
383
6.8
527

DEC
7.2
597
7.3
581
7.1
462
6.5
379
6.3
374
5.8
291
5.6
316
6.1
397
7.2
597

YEAR
5.9
375
5.9
365
6.1
371
6.3
337
6.6
372
6.3
305
5.8
292
5.5
279
6.1
340
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Computed Wiebui
z
10

25

50

100

200

0
7.2
2.03
7.9

2.10
8.5

2.15
9.2
2.08
10.1
1.97

30
5.0
1.55
5.4
1.60
5.9
1.64
6.3
1.59
7.0
1.51

! Parametres
60
4.7
1.59
5.1
1.64
5.5
1.68
6.0
1.63
6.6
1.54

90
5.2
1.96
8.1

2.27
8.8

2.33
9.5

2.26
10.5
2.14

for Derna
120
4.2
1.19
7.4
1.61
8.0
1.65
8.6
1.62
9.3
1.55

Station - Roughness Class 0 .
150
6.3
1.23
9.0
1.24
9.6
1.25
10.2
1.25
10.8
1.24

180
9.4
1.55
14.5
1.60
15.4
1.61
16.3
1.62
17.2
1.61

210
8.2
1.39
18.3
1.46
19.4
1.46
20.6
1.47
21.7
1.47

240
6.6
1.56
14.9
1.44
15.8
1.44
16.7
1.46
17.7
1.45

270
5.5
1.47
15.4
1.74
16.3
1.75
17.3
1.76
18.3
1.75

300
8.8
1.90
9.6
1.94
10.3
1.99
11.1
1.95
12.0
1.88

330
8.2

2.40
9.0

2.48
9.7

2.54
10.5
2.46
11.6
2.33

TOTAL
9.7
1.31
10.6
1.32
11.3
1.33
12.1
135
13.1
1.37

Roughness
z
10

25

50

100

200

0
6.5
1.71
7.5
1.93
8.6

2.20
10.4
2.11
13.2
2.00

Class 1.
30
4.4
1.32
5.2
1.48
6.0
1.68
7.2
1.62
9.3
1.54

60
4.2
1.35
4.9
1.52
5.7
1.73
6.8
1.66
8.8
1.58

90
6.8
1.87
7.9

2.11
9.0

2.41
10.9
2.32
13.9
2.20

120
6.1
1.34
7.0
1.47
8.1
1.67
9.5
1.62
11.3
1.54

150
7.8
1.15
8.6
1.18
9.4
1.22
10.3
1.25
113
1.22

180
12.8
1.53
14.0
1.54
15.0
1.58
16.1
1.62
17.5
1.59

210
16.4
1.42
17.9
1.43
19.0
1.44
20.3
1.46
21.6
1.46

240
13.1
1.39
14.3
1.40
15.3
1.42
16.5
1.46
17.7
1.44

270
13.5
1.65
14.8
1.68
15.9
1.71
17.1
1.76
18.5
1.73

300
8.1
1.69
9.2
1.83
10.3
2.05
11.8
2.00
13.9
1.91

330
7.5

2.03
8.6

2.29
9.9
2.61
11.9
2.51
14.7
2.37

TOTAL
9.0
1.23
10.1
1.28
11.3
1.35
12.9
1.45
15.0
1.54

Roughness
z
10

25

50

100

200

0
5.0
1.60
5.9
1.74
6.8
1.99
8.1

2.05
10.1
1.95

Class 2
30
3.3
1.29
4.0
1.40
4.7
1.59
5.6
1.64
6.9
1.56

60
3.5
1.35
4.2
1.46
4.9
1.66
5.8
1.71
7.3
1.63

90
5.8
1.94
6.9

2.12
7.9
2.42
9.4

2.50
11.7
2.63

120
4.8
1.24
5.6
1.29
6.5
1.41
7.5
1.47
8.7
1.42

150
6.8
1.19
7.8
1.21
8.6
1.23
9.6
1.29
10.6
1.28

180
10.5
1.55
12.0
1.57
13.2
1.59
14.5
1.63
15.9
1.63

210
13.7
1.42
15.6
1.43
17.1
1.44
18.6
1.46
20.2
1.47

240
10.4
1.47
11.9
1.48
13.0
1.50
14.3
1.54
15.6
1.54

270
10.6
1.63
12.1
1.65
13.3
1.67
14.6
1.73
16.0
1.73

300
6.4
1.92
7.5
2.08
8.6
234
10.1
X44
12.3
2.35

330
6.1
1.99
7.2

2.17
8.3

2.48
9.8
Z55
12.1
2.43

TOTAL
7.3
1.23
8.6
1.27
9.7
1.32
11.1
1.41
13.0
1.51

Roughness
z
10

25

50

100

200

0
3.7
1.47
4.7
1.57
5.5
1.73
6.6
1.90
8.1
1.82

Class 3
30
2.6
1.31
3.3
139
3.9
1.54
4.7
1.69
5.8
1.62

60
3.0
1.34
3.7
1.43
4.4
1.58
5.3
1.74
6.5
1.66

90
4.7
1.93
5.9
2.06
6.9
2.28
8.2

2.51
10.1
2.40

120
4.0
1.81
4.8
1.22
5.6
1.27
6.5
1.38
7.6
134

150
6.1
1.26
7.4
1.28
8.4
1.29
9.5
1.33
10.7
1.35

180
8.8
1.54
10.5
1.56
11.9
1.57
13.3
1.60
14.9
1.63

210
10.9
1.42
13.1
1.42
14.8
1.43
16.5
1.44
18.2
1.46

240
8.4
1.54
10.1
1.55
11.4
1.57
12.8
1.60
14.3
1.63

270
7.8
1.55
9.4
1.57
10.6
1.59
11.9
1.63
13.4
1.66

300
5.1

2.07
6.2
2.22
7.3
2.46
8.7
2.70
10.7
2.58

330
4.9
1.98
6.0
2.12
7.1
2.34
8.4

2.58
10.4
2.46

TOTAL
5.9
1.24
7.2
1.27
8.4
1.31
9.7
1.38
11.5
1.48

Roughness
z 1
10

25

50

100

200

Z
10
25
50
100
200

0
2.9
1.44
3.8
1.53
4.6
1.66
5.7
1.89
6.9
1.82

Class4.
1 30

2.1
1.30
2.8
1.38
3.4
1.49
4.2
1.69
5.1
1.63
Clas

8.9
9.7
10.4
11.1
12.0

| 60
2.5
1.33
3.3
1.41
4.0
1.53
4.9
1.74
6.0
1.67

1485
1890
2245
2679
3297

J . *>„,.
3.7
1.85
4.8
1.96
5.9
2.13
7.1
2.42
8.6

2.33

I 120
3.2
1.17
4.2
1.20
5.0
1.23
6.0
130
7.0
1.32

Class-1
8.4
9.4
103
11.7
13.5

1394
1803
2182
2787
3960

150
5.2
1.34
6.7
1.35
7.9
1.37
9.2
1.40
10.5
1.43

1 180 |
7.1
1.54
9.1
1.54
10.7
1.56
123
1.58
14.0
1.62

Class-2
6.9

7.9
8.9
10.1
11.8

748
1102
1440
1895
2677

210 |
8.2
1.39
10.6
1.40
12.3
1.40
14.2
1.41
16.0
1.43

240 1_
6.6
1.56
8.5
1.57
9.9
1.58
11.5
1.61
13.1
1.65

Class-3
5.5
6.7
7.7

8.9
10.4

387
669
955
1329
1919

270 |
5.5
1.47
7.1
1.49
8 3
1.51
9.7
1.55
11.1
1.59

300 |
4.0
2.08
5.2
2.21
6.3
2.40
7.9
2.73
9.2
2.63

Class-4
43
5.6
6.7
7.8

9.2

184
390
620
930
1381

330 |
3.8
1.99
5.0

2.11
6.1
2.29
7.3
2.61
9.0

2.52

TOTAL
4.6
1.24
6.0
1.27
7.2
1.30
8.5
1.36
10.1
1.44
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APPENDIX 2

Tripoli

Time Period < meatlu)

0-360: 4.3 m/s 1.65 (100%)

wind speed (m/sec)

Benghazi

6 9 12 IS
Time Period ( boars )
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WIND RESOURCES IN THE MEDITERRANEAN AREA

C. Andolina* and S. Magri*

*CONPHOEBUS S.C.R.L.
Passo Martino, Zona Industrial - 95030 Catania

ITALY

ABSTRACT

Actually the wind, where available, can be considered the most convenient renewable energy
source and normally it is stronger and steadier along the coasts and off-shore. In this paper,
starting from a preliminary wind speed potential map of the Mediterranean area produced on the
basis of available wind data, a GIS (Geographic Information System) based siting methodology
developed for off-shore wind applications has been tested on a limited Italian area.

KEYWORDS

Wind-farm, Offshore. Environmental Impact. Mediterranean. Wind Energy. GIS.

1. INTRODUCTION

Many Countries of different cultural, social and economic status face the Mediterranean Sea
where the environment is becoming a weighty problem due to the impact of the human activities
mainly related to agriculture, industry, transport and energy production.

A meaningful renewable energy sources penetration can help in supplying energy to the more
than 100 million people, living along the about 46.000 km long Mediterranean shoreline,
reducing the pollution effects of "the conventional power plants combustion.

Actually the wind, that is normally stronger and steadier along the coasts and off-shore, can be
considered the less expensive renewable energy source. Obviously the costs of investment and
maintenance of an off-shore wind farm are higher than inland (foundations, corrosion, etc.). but
the higher energy yield and a lower environmental impact result as a benefit when the global
cost is considered.

Nevertheless the wind energy utilisation is greatly limited not only for the irregularity and
inconstancy in space and time of the wind but also for environmental, social and technical
constraints that are often present.

To locate the sites suitable for the installation of wind energy conversion systems, therefore, it is
necessarv to know and mana2e manv territory related information.
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In this paper a siting methodology for off-shore wind applications is described and a
demonstrative test on a small Italian offshore site is presented. The methodology has been
developed on the basis of different experiences Conphoebus carried out in the field of both wind
resources assessment and geographic information systems, as well as of environmental impact
analysis.

l.WIND RESOURCES ASSESSMENT

To find out sites where the installation of wind energy conversion systems could be convenient,
the evaluation of the wind resources is one of the initial activities to carry out.

The wind resources in the Mediterranean area have been assessed mainly on the ground of
available wind data. In particular:

• for the European Communities Countries, the estimated mean wind speeds of the European
Wind Atlas [Riso National Laboratory. 1989] have been considered:

• for the other European Countries and for the Mediterranean Sea. the upper-air wind speed
time series supplied by the European Centre for Medium-Range Weather Forecasts of
Reading (UK), that are the results of a prognostic model of about 7 years (1985-1991) of
weather predictions, have been processed:

• a bibliographic survey allowed to acquire measured mean wind speeds in various sites of
some North Africa (Algeria [Saying. 1986: Hammouche. 1990: Merzouk. 1994], Esypt
[Renne et al.. 1986: Saying, 1986], Libya [Saying. 1986: El-Osta et al.. 1991] and Morocco
[Saying, 1986]). and Middle-East (Cyprus [Christofides et al., 1988], and Turkey [Uyar et
al., 1989. 1991]) Countries.

In this way it was possible to arrange wind data related to about 250 different sites.

The collected data concern different heights above ground level. Hence a vertical extrapolation
of the mean wind speeds up to 50 m above ground level (mean hub height value of 0,6-1,0 MW
wind turbines) has been carried out.

Due to a lack of the necessary territorial information, the vertical extrapolation of each
measured surface mean wind speed has been performed assuming a standard roughness length
of 0.03 m and adopting a simple logarithmic law. On the contrary, the WASP model [Mortensen
et al., 1993] has been used both to perform statistical analysis of each upper-air time series and
to evaluate the respective mean wind speed at 50 m above ground level.

Nevertheless the about 250 vertical extrapolated wind data are very irregularly spaced.
Therefore, through the SURFER program [Keckler, 1994], a regularly spaced wind data grid,
with an angular resolution of abouf 10". has been interpolated adopting the geostatistical
Kriging method and considering a linear variogram.

Such estimated wind data have been used to produce a contour map showing the average wind
speed at 50 m above ground level, in the Mediterranean area (see Fig. 1).
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FIG. 1 - Wind field map of the
Mediteranean area at 50 m above
ground level.

3. THE GIS BASED METHODOLOGY

The GIS based methodology already used in assessing potential areas for offshore wind
applications [Botta et al.. 1994J has been improved in order to produce a siting tool able to
consider both technical and environmental constraints. The result is a two step methodology.

In the first step a technical screening (based on wind potential maps, distance from the shore-
line, and see-depth) allow to select areas technically suitable for the second step.

At the second step the methodology increases the source data resolution and includes in the
evaluation the following constraints:

tourist locations:
natural reserves:
ship and fishing routes:
sea-bottom morphology-
visual and noise impact.

For each of the previous constraints, in accordance with the specific needs of each one. an
exclusion map is generated. All exclusion maps contribute, inside the GIS procedure, to the
final suitable sites selection.

In the next chapter, using a practical test application, a demonstrative explanation of the
developed methodology is presented.
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4. A TEST CASE IN ITALY

The above-mentioned methodology has been applied to a test area in Italy and in particular, on
the ground of the wind potential map reported in Fig. 1. in the western pan of Sicily.

Furthermore, the ARC-Info tools [ESRI. 1992] have been used in creating and managing the
GIS.

In the first step of the methodology a 3 Km buffer zone around the shoreline of the test area has
been generated (setting the allowed distance from 1 Km to 4 Km). Inside the buffer zone, areas
where" the wind speed "(resulting from wind field simulations at 25 m above ground level. [Botta
et al.. 1994,]) is greater than 6~m/s and. at same time, the sea deep is less or equal than 10 m
have been defined as technically suitable for offshore wind energy applications and ready for
the second step of the methodo'logy (see Fig. 2). Data sources (depth contourlines offshore,
shoreline, etc.) have been collected from nautical maps at scale 1:250.000.
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Fig. 2 - First step methodology output

Amona these suitable areas, one of the most interesting (specially considering its extension) is
located between Marsala and Mazara del Vallo towns, off-shore '•Capo Feto". This area has
been selected for applying the second step of the methodology.

All of the previously considered thematic maps have been changed in order to provide an higher
resolution. The shoreline and the sea-depth have been gathered by digitising contour lines from
IGMI maps at 1:25.000 scale. The wind speed potential and behaviour have been verified using
real data recorded in the period Sep"89-Sep"90 by a wind station installed at -Capo Granitola".
about 10 Km far from the selected area, in the framework of the "Siti Project" funded by ENEA.
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The anemometer was installed on a 10 m high tower located near the shoreline at 15 m above
sea level.. Wind data statistics are reported in Tab. 1 [ENEA-Conphoebus. 1990].
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Tab. 1 - Wind data statistics at ""Capo Granitola" wind station (Sep.89 - Sep.90).

Considering WTGs with hub height greater than 40 m. a wind profile translation is needed. The
resulting average wind speed expected at 50 m above ground level is over 7-8 m/s as provided
bv wind field simulation results.

A DTM (Digital Terrain Model) of the area surrounding "Capo Feto" (about 15 Km x 18 Km)
has been produced in order to support visibility analysis and 3D views generation. The DTM
has been created transforming in TIN (Triangulated irregular Network) Ihe elevation contour
lines (with a 10m distance) digitised from IGMI maps at 1:25.000 scale.

Ship and fishing routes have been also included as thematic map in the GIS and a 1 Km buffer
has been generated around them in order to produce an exclusion constraint to be considered in
WTGs siting.

Other exclusion buffers have been generated around areas where anchoring and fishing is
forbidden. In particular, in the test area one of this constraints concerns the protected area
surrounding the methane pipe-line between Algeria and Italy.

Concerning the see-bottom behaviour, from digitised depth contour lines, a DTM and the
related 3D"model have been produced in order to evaluate the see-bottom slope. Slopes greater
than 109c have been excluded in order to avoid problems in building WTG's foundations. Also
the morphology of see-bottom (rocks, sand, etc.) has been included as thematic map in the GIS
in order to eliminate areas not suitable for WTG's foundations.

The noise impact has been considered by producing a 4 Km exclusion buffer around the main
urban areas (cities and villages) along the coast. At distance greater than 4 Km from a wind park
site, indeed, the expected sound power level (calculated by simulation models) is ever under
20-30 dB(A). also considering downwind areas during strong wind conditions.
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Concerning visual impact, an exclusion layer can be obtained using a visibility map computed
on the DTM by the landscape analysis tools included in ARC-lnfo. The visibility map is carried
out using the "line of sight calculation" between points of the DTM. For each point to be
preserved from the visual impact a binary raster map (0/1 for not seen or seen areas) on the area
under study is generated. The exclusion map considering all points to be preserved is then
obtained by performing a logical OR between maps produced for each point. In map generation
two offsets, in respect of the ground level contained in the DTM. must be defined in order to
consider the WTG hub height and the elevation of the observation point. Obstacles must be also
considered in map generation including them in the GIS.

Afterwards, all of the previously thematic maps have been processed in order to highlight areas
realising the best compromise between technical and environmental constraints.

The map showing the final selection on the test case is reported in Fig. 3.

Noise exclusion buffers

MAZARA DEL VALLO

Methane Pipeline

Fig. 3 - Final selection and possible WTGs siting

An hypothesis of WTGs layout has been included in the map too. In particular, a point pattern
with interdistance fixed to 400 m (equal to about 10 times the hypothised WTG's rotor
diameter) has been fined inside the suitable area expanded using a 100 m buffer, (see Fig. 4).
Seven WTG can be installed using the exposed criterium. Using 750KW WTGs a wind plant of
more than 5MW of nominal power can be installed.
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Fig. 4 - Site map with wind plant layout.

Because of the terrain behaviour (very low height and flat) near the selected site, the offshore
plant visibility cannot be evaluated by the described general GIS analysis. In order to evaluate
the visual impact of the offshore wind plant some 3D views have been generated.

Concerning the view shown in Fig. 5. the observer point has been fixed at the shore-line, very
near Mazara del Vallo (the town closest the site, about 5-6 Km far away). The view has been
generated by simulating a camera with a 40-50 mm focal optical length. This view condition
gets near the real human visual. As it's possible to see the visual impacfis very low.

As reference, in Fig. 6 the closest view possible from the coast is reported. This view- has been
obtained looking at the wind plant from "Capo Feto" location (very close to the lighthouse).
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Fig. 5 - 3D view from "Mazara del Vallo"

Fig. 6 - 3D view from "Capo Feto lighthouse"
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4. CONCLUSION

The wind field map produced on the ground of available wind data represents a first step for the
location of the windiest areas in the Mediterranean basin. Nevertheless, to obtain a more
realistic map it is necessary to reduce the actual lack of information and of data homogeneity.

Besides, to select the sites suitable for the installation of wind plants it is necessary to know,
manage and work out a lot of information related to various natural, technical, and
environmental aspects.

The developed GIS based siting methodology may be useful for this purpose provided the
necessary' information is available in a homogeneous format.

The establishment of a network among the Mediterranean Countries could promote the accom-
plishment of a Mediterranean Information System on the ground of well defined guidelines for
data collection and organisation.
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ABSTRACT

An analysis of mean wind profiles measured in a coastal area during stable conditions is presented. The
data were collected in a typical site of the Finnish archipelago characterised by low rocky bills covered
by sparse vegetation. The effects of both roughness and slope changes, in different stability conditions,
are discussed in the framework of the linear theory. In near neutral conditions the adopted
parameterization of wind speed-up induced by topographic slope reproduces fairly well the experimental
results. In more stable cases the measured speed-up increases and the proposed parameterization works
well in the inner layer, while at the upper levels some discrepancies are encountered. For the data set
under study, an empirical formulation of the vertical profile of topographical speed-up as a function of
stability is suggested.

KEYWORDS

Coastal area, Complex terrain; Roughness change, Stable atmospheric conditions.

INTRODUCTION

In the northern part of the Baltic sea the wind resources are fairly good for wind energy production, the
annual mean wind speed at 40 m being typically around 7.5 and 8.5 m s i (Hejstrup and Tammelin,
1995). The reliability of the estimation of wind energy potential depends on the accuracy and
representativity of the vertical wind profile above the open sea, archipelago and shoreline. In particular,
the coastal area under study has a very complex terrain, characterized by vegetation and slope changes
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which affect the vertical structure of the boundary layer and, thus, the shape of the vertical mean
profile. Many measurement campaigns (Bergstrdm and Smedman, 1994; Smedman et al., 1995) carried
out in the Baltic sea area show that for most of the year the boundary layer is stable, which further
reduces the ability of models to predict the wind profile from only one measurement level adopting the
usual theory. Moreover, while the convective boundary layer is insensitive to the presence of small
topographic features, it is known (Hunt et al., 1985) that small slope topography considerably
influences the structure of stable boundary layer.

In this paper vertical mean wind profiles measured at a typical site of the Baltic sea and shoreline in
stable atmospheric conditions are discussed in the framework of a linear analysis in order to identify the
effects due to variations in roughness, slope and stability.

THE DATA SET

The wind data used in this analysis were measured at the Ravberget site on the Kopparnas cape and at
the nearby small island of Gasoren, situated on the southern coast of Finland (60 ° 3 N, 24 ° 5 E). The
site is an example of complex terrain, characteristic of the Finnish coastal area. The southern part can
be considered almost open sea; westerly and easterly winds are influenced by the presence of various
islands covered by scattered low bushes and trees, while winds coming from the north meet with many
obstacles and woods. The data were collected from five masts during the period from 1991 to 1995. The
K1 mast (32 m) is located on the coast of the small island Gasoren that is covered by low coniferous
trees in the sector 20-170° ; the K2 mast (51 m) near the south shoreline is surrounded by smooth rocks
and spare bushes; the K3 mast (22 m) is situated on the top of the Ravberget hill, 19 m high; K4 (50 m)
and Kivenlahti, K5 (327 m) masts are inland in a wooded area.

"KOPPARNAS, FINLAND
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Fig. 1. South-west cross section of island Gisdren and hill Kopparnas.

Being interested in stable conditions and coastal winds, we limited our analysis to data measured at the
first three masts in the winter months. On Kl the mean wind profiles were obtained using data from
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four cup anemometers (2, 10, 22.5 and 32 m) with a threshold speed of 0.3 m s ' ; the data were
recorded with 0.5 Hz frequency every hour as averages of the last 10 minutes. Temperature data at 2 m
and 32 m height were recorded with 1 minute frequency and averaged over 10 minute time-steps. On K2
the basic frequency was 1 Hz for all measurements and on this basis, 10 minute averages and standard
deviations were estimated. Three sonic anemometers at 15 m and 40 m in K2 and 15 m in K3 also
provided some turbulence measurements.
The following analysis is performed using the measurements of winter 1992-1993, which, since the
instruments had been recently calibrated, constitute a particularly good data set as regards
completeness, homogeneity and accuracy.

MEAN WIND PROFILES

The atmospheric stability displays yearly variations showing a large difference between northerly
(offshore) and southerly (onshore) winds, which are directly influenced by sea (see Hejstrup and
Tammelin, 1995). In order to evidence the influence of topography and stability on the wind profiles, we
focus our analysis on south-westerly winds arriving from the open sea in the sector 195-225 ° , in stable
conditions with sea surface free of ice. The topographical profile with the mast locations is shown in
Fig. 1, where it can be observed how for this direction Kl and K3 are situated on hill tops.

We select data recorded during the winter, when the difference between land and sea temperature is very
small (i.e. sea breeze effects are practically absent), with wind speed greater than 5 m s"1 and wind
direction inside the chosen sector for at least 4 hours at all levels for the three masts.

In order to estimate the turbulence parameters of the boundary layer over the sea we use the Monin-
Obukhov (M-O) theory that well describes the mean wind profiles in the surface layer in neutral and
diabatic conditions on flat terrain or sea:

In ^"17 (1)

z0 \L

where u, is the friction velocity, k =0.4 is the von Karman constant, zQ the surface roughness, L the

M-0 length and y/m(z/L) the universal similarity function for mean wind. Parameters L and «•, which

cannot be directly calculated from our data, are estimated, assuming z0 = 10 "3 m, from the data of the

uppermost level (32 m) at Kl (above the layer influenced by local topography: a detailed discussion is
reported in the following Section) on the basis of the models developed by Holtslag and van Ulden
(1983) and van Ulden and Holtslag (1985). The main elements adopted in their models are: the modified
Priestley-Taylor formulation to partition the available energy at the earth's surface into latent and
sensible heat flux, a simple scheme to estimate the net radiation on the basis of cloud cover, a simple
scheme to compute the surface heat flux and the empirical stability function for stable cases (Z > 0):

1-expl -0.29— (2)

For z0 « z < L Eq. (2) has the same performance of the most commonly used iff m = -5z/L (Holtslag,

1984; Hogstrom, 1988), while at large z/L, it has the same behaviour as the modified stability function

proposed by Carson and Richards (1978) and Holtslag (1984).
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Fig. 2. Mean wind profiles for different stability conditions. Large symbols represent mean values and the
smaller ones are the corresponding standard deviations.

Mean wind data measured at all masts are normalised with u. and the averaged profiles, obtained
according to the method outlined by Di Sabatino et al. (1996), are plotted for different M-0 lengths in
Fig. 2. In near neutral conditions (Z,=500 m) relevant deviations from the unperturbed profile are present
in Kl at the bottom level, where the wind is moderately accelerated. This effect is less pronounced for
K2, whereas K3 shows a deceleration. At the highest levels, the wind shear tums out to be considerably
smaller than that of the upwind profile at all the masts. As the stability increases these effects are more
evident and also in K3 an acceleration is present at the lowest level. It appears that the measurement at
40 m level shows a systematic bias, likely to be due to calibration problems. For this reason it will not
be considered in the following analysis.

An interpretation of the profiles can be made in the framework of a linear analysis to identify both
topographical and roughness change effects as a function of stability.
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TOPOGRAPHICAL EFFECTS

For air flow over low 2-D hills of moderate slope, as in our case, the theory developed by Jackson and
Hunt (1975) and extended by Hunt et al. (1988) provides the basis for discussing the topographical
effects. Following these authors, the flow is divided into three layers characterised by different flow
dynamics: an inner layer in which the largest wind perturbations are present, whose height / in
diabatic condition is (Coppin et al., 1994)

— = 2k2

L
(3)

where LH is the horizontal length scale of the hill (the half length at the half height of the upwind slope);
a middle layer (I <z <hm) where the flow is inviscid but rotational with height

-1/2

(4)

and an outer region, z>hm where the flow is essentially inviscid and irrotational. Neglecting the
presence of waves, the perturbations extend up to a height of the order LH . The values of the scales
computed in neutral conditions using the sea surface roughness for the three masts are reported in
Table I.

A parameter that characterises the influence of the topography on the mean flow is the fractional speed-
up, defined as:

ASh(x,z) =
U(x,z)-U0(z)

(5)

where x = 0 at the hill top, U(x,z) is the mean wind velocity in the x direction, z the height above the

topography and Uo (z) is the unperturbed upstream mean velocity profile.

In the inner layer the speed-up can be expressed (Hunt et al., 1988) as:

H

H U0(I)U0(z)
(6)

where H is the maximum height of the hill and g(x, z0) is a function of order one that accounts for the

details of the hill shape and surface roughness. In the middle layer,
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(7)

where also £(x) is a function of order one that accounts the shape of the hill.

Table I.

Geometrical length scales of the flow under analysis
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H
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H / L H
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•5,

Sea

(m)

(m)

(m)

(m)

(m)

(m)

(m)

0.001

K1

0.02

20

3

17

0.18

0.8

5.8

2.6

K2

0.2

65

-

100

0.19

3.86

30.7

10.8

K3

0.2

124

19

100

0.19

3.86

30.7

17.7

* neutral conditions estimate

ROUGHNESS EFFECTS

Passing from sea to land the flow undergoes a deceleration due to the increase of roughness at least at
the lowest measurement levels.

An estimate of the negative speed-up &Sr for a change of roughness from z01 to z02 at a certain

distance xr from xr = 0 , where the step change in the surface roughness occurs, can be given for
neutral conditions, assuming that the wind profile is logarithmic in the internal boundary layer in
equilibrium with the new roughness:

AS = 1 -
ln(r/z02)

- 1 . (8)

Here, M- lnz01 - lnz02 and the thickness 5t of the internal boundary layer is obtained from the

formula proposed by Panofsky and Dutton (1984):
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ini-l
"02

±22-= 1 .25* (9)

which is recommended by Walmsley (1989) as the best estimation for atmospheric applications.
Moreover, the ratio between upstream and downstream surface friction velocities (Jensen, 1978) is

" • 0 2 _= 1 —
M

u,•01

(10)

The values of ASr obtained for Kl, K2 and K3, using the parameters of Table I, are reported in Fig.3.
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ASr
Fig. 3. Computed speed-up of the flow as a function of the height due to the roughness change, for the all masts

using Eq. (8)

RESULTS AND DISCUSSION

Figure 4 shows the measured speed-up for the three masts, obtained from the averaged profiles (some of
which are reported in Fig. 2) and the theoretical unperturbed ones (Eq. (1)) at all the measurement
levels, as a function of the stability parameter z/L . It can be seen that the speed-up increases linearly

(the curves would appear as right fitting lines in a linear-linear graph) as the stability increases, at a
higher rate at the lower levels. In particular, at the upper levels the speed-up values are fairly
comparable for the same stability conditions, whereas at 2 m it is higher in Kl with respect to K2 and
K3. Apparently this result is in contrast with our expectations, at least as regards Kl and K3, these
masts being situated on the top of hills with nearly equal aspect ratio H/LH (see Table I).
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Fig. 4. Experimental speed-up as a function of the stability parameter for Kl, K2 and K3 together with

standard deviations. The continuous curve are linear fit.

The different behaviour at the various heights is due to the combined interaction of topographical,
roughness and stability effects which act in different ways as a function of elevation depending on the
dynamics of the layer in which the measuring point is situated.

If we assume a linear superposition of roughness and elevation effects on the wind profile, we can write

the measured speed-up as

(11)

where ASh and ASr are the fractional speed-up due to the hill and roughness change alone,
respectively. Subtracting the effect due to the roughness, estimated from Eq. (8) and shown in Fig. 3, we
can plot A S - ASr, which is an estimation of the slope influence, as a function of z/L (see Fig. 5). It
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appears that for near neutral conditions, i.e. z/L «1, the agreement between Kl and K3 data is fairly
good in accordance with the linear theory outlined above. Similar results are obtained in K2, even if it is
on the upwind slope.
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Figure 6 shows the comparison between the values of AS- ASr at the lowest measurement height at

Kl and K3 and the ASh values calculated from the theory. In near neutral conditions, the value

obtained from Eq. (7), assuming £(0) = 1, in Kl (as can be seen in Table I, this level lies in the middle

layer) is in good agreement with the data. Instead, ASh computed from Eq. (6) in K3 overpredicts the

measured data. This discrepancy could be due to a low value of |A5 r | , resulting from an

underestimation of z0 in K3. In fact, in order to match the theoretical value of ASh, we require a

ASr = -0 .46 , which can be produced from z0 = 0.37 m. This value is larger than the one proposed by

rlajstrup and Tammelin (1995) (see Table I), but still consistent with the vegetation and surface
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conditions around the mast. Therefore, it can be concluded that the parameterization of the speed-up
derived from linear theory is consistent with the data in near neutral conditions.
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Fig. 6. Speed-up as a function of the stability parameter referring to the lowest measurement point for Kl and
K3. The dashed and continuous lines are the theoretical parameterization (Eqs. (6) and (7), respectively).

It should be noted that the parameterization adopted for ASh (see Coppin et al., 1994) assumes no

stratification in the middle and outer layer, restricting the effect of stability changes to modification of
the upwind shear to height hm, and by ignoring changes due to stratification in the pressure field

imposed in the middle and outer layer. Thus, it should provide a better estimation in the inner layer. In
fact, looking at Fig. 6, the trend of K3 data is well reproduced as the stability increases, whereas in Kl
the theoretical curve fails to predict the behaviour of the data, being almost insensitive to stability
changes. On the other hand, discrepancies between theory and AS-ASr estimates for more stable

conditions at the lower levels, could result from an additional effect due to the variation of roughness
change influence with stability which is not taken into account.
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Fig. 7. Vertical profile of topographical speed-up. Dashed lines are computed from Eqs.(6) and (7). Continuous
line is the exponential fit of Kl data.
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Figure 7 shows the vertical profile AS-ASr in neutral conditions for Kl and K3 together, with the
theoretical results for middle layer in Kl and inner and middle layer for K3. As in previous analysis of
Fig. 6 we notice that the lowest Kl point fits well the theoretical middle layer curve, whereas K3
observations are all lower than the theoretical estimates. In fact, the theoretical curve in the middle layer
for K3, presents a lower rate of decay, meaning that perturbations are estimated to extend upward more
than in reality. We can argue that this should be due to the three-dimensional effect of the Koppamas
hill (the speed-up in 3-D is in general lower than the one in 2-D topography, see for example Taylor et
al., 1987) which may be taken into account in the complete computation of £(0) . Furthermore, the
exponential decay (continuous line) of the data with the height is very similar for the two masts. If we
focus on Kl, where the roughness change is so small as to affect the first measurement point only, it is
possible, ignoring this, to relate the vertical profile of AS-ASr to stability parameter as

- a ZK.
LJ L

(12)
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Fig. 8. Behaviour with stability of the rate of the exponentional decay and the F {LH /L) function.

Figure 8 (on the left) reports a for different stability conditions as a function of the non-dimensional
parameter LH/L . The resulting fitting curve is:

a =0.2 In-2- +0.9 (13)

Figure 8 (on the right) shows how the behaviour of F (Z^/Z,) in Eq. (12) is linear with increasing

stability.

Thus, the empirical relation for speed-up without the effect due roughness change is
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AS-ASr = + 0.1 exp - 0 . 2
LH

'T
z

TH

(14)

This empirical parameterization suggests a way to build the mean wind vertical profile for various
stability conditions starting from the unperturbed parameters of the oncoming flow. This particular
result, valid for the considered data set, which is representative of the situation of oncoming flow from
sea to land in coastal area, should be tested against more data and different topographical conditions in
order to apply it to general situations where, for example, a wind resource assessment is required.

CONCLUSIONS

The mean wind profile data measured in stable atmospheric conditions on the Gasoren island and
Kopparnas hill have been studied in the framework of the linear analysis. The data of the uppermost
level on Gasoren island have been used to determine, on the basis of the M-0 similarity theory, the
surface layer turbulence and stability parameters over the sea and thus the unperturbed wind profile.
The average mean profiles as a function of stability show that the vertical wind gradient is low even in
very stable stratification and confined in a thin layer near the ground. The speed-up measured on the top
of the hill is smaller than that predicted by linear theory, even in neutral conditions, due to the opposite
effects of the roughness changes and slope. As the stability increases also the speed-up increases.
Subtracting the influence due to the roughness change, the experimental speed-up measured at the
lowest level at Kl, K2 and K3 are fairly comparable for different stability conditions.

The parameterization suggested by Coppin et al. (1994) works well in the inner layer for a large range
of stability conditions, while it overestimates the measured speed-up in the upper layers. In order to
predict the real perturbation induced by topography above of the inner layer in more stable conditions,
the changes due to stratification in the pressure field imposed in the middle and outer layer should be
taken into account. Moreover, the roughness influence, here parameterised for near neutral conditions,
should be further investigated in order to evaluate its variability as a function of stability.

For practical purposes, such as wind resource assessment, an empirical parameterization of speed-up
and thus of mean wind vertical profiles as a function of stability, is proposed. This result obtained from
the present data set is expected to be representative of many situations in coastal area characterised by
moderate slope for wind blowing from the sea in similar climatological conditions.
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ABSTRACT
Wind data during the period 1971-1981. have been analyzed for the Guardiavecchia meteorological
station (159 meters a.s.l.), located in the La Maddalena islands( Sardinia Island, Italy). The annual
mean wind speed is found to be 7.2m/s at 10m above the ground; the prevailing wind direction is
West. The medium sized wind turbines Bonus 300KW, Bonus 450KW. Nedwind 500KW. and Vestas
500KW have been chosen for the offshore application study. It is found that the resource of the wind
energy is very abundant: the value of the wind energy in the west direction is the highest. An
analysis has been carried out for the sea bed configuration of the offshore area around the north-west
of the La Maddalena island. The deepest point of the sea in that area is among the islands of Spargi.
La Maddalena, and the coastline of Palau, at about 45 meters. In the south of the Maddalena island
and the west of the S. Stefano island at the distance of 500 meters from the coastline the depth of the
sea is of about 5-20m. In conclusion for the offshore area of the La Maddalena islands the sea bed
configuration allows the installation of a small offshore windfarm in the channel among the cost
Palau. the islands of Spargi, Maddalena. and S. Stefano with the wind velocity of 6.6-7.2 m/s(10m
about the sea level) and wind energy density of 250-350m/s.

KEYWORDS
Offshore, WAsP, Windfarm, Wind Energy Density, Wind energy Output, Distances, Coast.
Sea Depth, Economics, Evaluation

INTRODUCTION
Along with the interest increased in the wind energy, the windfarm can be located not only in the
most favorable topography, but also in the fairly complexed one, especially in the coastal region with
archipelago where the wind resources are more abundant than that in the inter-land(see [9]).
Besides, some other advantages of offshore wind energy are that the offshore windfarm may reduce
the environmental effects, that it may not occupy the land. etc.. But, the wind characteristic is hardly
known on the sea, because it is difficult to measure the wind.

In this paper, the work may be summarized as followings: Firstly we have analyzed the wind
characteristics of the site observed in the island Maddalena; secondly, we have calculated the
distribution of wind resource using the WAsP (Ris© National Laboratory) and the electricity power
output at the various sites with some types of wind turbines chosen; finally, we have roughly analyzed
the possible influence of windfarm on the environment and the distribution of the depth of the sea.
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The observed sites and the wind data
The archipelago of La Maddalena(of Italy) is located between the two big Islands of Sardinia(Italy)
and Corsia (France), much close to the island Sardinia. Between these two islands there lies the wide
sea like a wind tunnel. The archipelago is composed of the islands of Spargi, Maddalena, S. Stefano,
the coast Palau, etc. (Fig.la), among them, the Maddalena island is the biggest one. The Fig. Ib
shows the topographical distribution and the distribution of the roughness of each island (also see
table 1 as follows).

Tab. 1 roughness

roughness

1. Maddalena

0.45

I. Capre

0.4

I. S. Stefano

0.3

I. Spargi

0.5

Palau coast

0.3

There are two observed sites: one is located in the meteorological station of Guardiavecchia (Sardinia,
Italy) with 159m above the sea level on the Maddalena Island, the other is on the sea among Palau,
the islands of Maddalena and S. Stefano(see Fig.la). At the station there are the observed monthly
average wind data of 8 years (1971,1973,1974,1976,1977,1979,1980,1981) and also the hourly
average data of 4 years (1971, 1973, 1974, 1976) observed for three times each day(6 :00h; 12 :00h;
18 :00h). At the site on the sea. There are hour by hour average wind data of only one month(from
Feb. 1,1997 to Feb. 28, 1997).

The wind characteristics in the island Maddalena
Generally, longer period of time is the wind observed, more can we get the data specifying the
wind of one place. Fig.2 is the year-variable curve of the wind velocity. The velocity fluctuates
around 7.0 m/s, this characteristic is in line with the normal meteorological variable regularity. And
the minimum velocity is not less than 6.0 m/s. Besides, multi-year average data can reduce the
influence of the atmospheric layer on the wind.

The figures 3a, 3b of the wind direction show that the prevailing wind direction is westward, and in
this direction the wind velocity is the biggest. Moreover, in the northward direction, north-eastward
one, etc., though the frequency is lower, the wind velocity is not less than 7.0m/s. That is to say,
except in the one or two directions, the wind power can be used to generate the electricity.
The wind characteristic is also shown by the curves of hourly variation, daily variation and monthly
variation. The hourly variation of the velocity is evident: the wind velocity during the daytime is
much bigger(about 7.6m/s), the velocity during the night is relatively smaller(but not less than
6.0m/s)(see fig.4). The daily variation is that the*velocity fluctuates around that of 7.0m/s; for only
one or two days the velocity is little less than 6.0m/s(fig.5); and the variable amplitude of the wind
velocity is very small. On the Maddalena Island, the seasonal variability is much remarkable: the wind
velocity during the summertime is lower, the velocity in the rest of seasons is over 7.0m/s(fig. 6,7). It
is feasible to set up a windfarm with adoption of this characteristic of the wind on Maddalena Island.
In addition, the frequency of the cumulative hours of the wind velocity ranging from 5m/s to 25.0m/s
is about 62%(in Fig. 8). According to the above-mentioned analysis, the wind supply in this region is
much sufficient; the average wind velocity is not less than 7.0m/s; this is the prerequisite for setting
up a windfarm.

The preliminary comparison tests of WAsP and The distribution of wind
energy in the archipelago La Maddalena
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Up to now, yet there are some problem^ found in the use of WASP in the complexed terrain and
reported by some researcher in the past(see [2], [3], etc.), the WASP is one of the best methods in
the evaluation of the wind resources in the complexed areas. Besides, the use of the more significant
period of the wind data and the more precious digital maps can improve the performance of the code.

In this work, the digital atlas is used, covering roughly a square of lOxlOkm, in the center of the
meteorological observation station, and containing all contour lines that are the multiple of 25m. The
grid space of the calculation is based on 50m; the distribution of roughness in that region is shown in
table 1.

The tests have been performed using the wind data included: l)the wind data of one month (from
Feb. 1, 1997 to Feb. 28) at the observed site on the sea among Palau, the islands of Maddalena and S.
Stefano(also see Fig. 1 a,Fig. 1 e), and the height of the anemometer is 10m above the sea: 2) the wind
data of the same month (1971, 1973, 1974, 1976) at the meteorological station of Guardiavecchia as
the observed site on the sea. The horizontal distance between the two observed sites is about 3Km; the
vertical distance is 159meters.

Hence, the measured wind data at the two sites are reported in table2

Table 2 The measured wind data and weibull parameters

GurdiaV. Station
The offshore site

A

8.6
8.1

K

1.63
1.60

V(m/s)
7.7

7.3

W(W/m2)

683
585

The WAsP calculation has been summarized in the table 3 and 4. By comparison with table
2, It results that there are not the remarkable differences between the values of the
observations and the predictions excepting the value of wind energy. It is worth noticing that
the energy's value of prediction from the offshore site is bigger than the observed value; that
perhaps is a problem connected to the short period of the measurement

Table 3 WAsP prediction at the offshore site from the Guardiavecchia station

The offshore site

A

8.0

K

1.62

y (iw / s)

7.2

W(W / m2)

547

Table 4 WAsP prediction at the Guardiavecchia station from the offshore site

GuardiaV. Station

A

8.6

K

1.47 7.8

W ( W / m 2 )

808

Fig. 9a,9b show the distribution of average wind velocity at the height of 10m above the terrain or the
sea level and the distribution of wind energy density at the same height selected. The region where the
wind resources are more abundant is located on the sea among the Islands of Spargi, Maddalena. the
coast Palau, and in the north of the island Maddalena. The average velocity is not less than 7.0m/s,

and the wind energy density is over 400w/m".

On the sea, we have evaluated the wind potentiality chosen five sites. Firstly, we assume that the wind
turbines of Bonus 450kw be installed. Fig. 10a, 10b,I0c,10d,10e.lOf show that the wind energy
output is not only influenced by the prevailing wind, but also by the topography of islands, the former
one is more important. At the sites 4 and site 5, the influence of the terrain is more remarkable.
Secondly we have evaluated the wind energy potentiality with five types of the wind turbines
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chosen(see Fig. l la , l ib , He, 1 Id, 1 l.e); The energy output generated by every type of wind turbines
at the site 2 is the highest, by contrast, at the site 5 is the lowest. In terms of total energy output, the
energy output by the wind turbines of the Vestas 500kw is the highest. So, second the wind resources,
it is more important to choose which type of wind turbines to apply.

The environmental impact on the use of wind energy and the distribution of
the depth of the sea
The existence of the wind turbines may inevitably bring about the problems like its impact on the
environment and the life of the local resident. But, recently, as the improvement of the wind turbines'
performance and compared with some other methods to generate the electricity that can have an
influence on the environment, this yields the influences smaller and smaller: it is acceptable gradually
for people to use the electric power generated by the wind, see [6], [7], [8].

In the region of the archipelago, the local habitants are mainly housed in the south-east of the
Maddalena Island, while there is sparsely populated in the north-west. According to the wind
characteristics, it is feasible to distribute some wind turbines in the north-west along the coast.

On the sea of that region, due to the economic factors, the depth of the sea is more important. From
Fig. lc, Id, from the distance of l-50m to the coast, the depth of the sea is from 0 to 15m, and the
variability of the continental slope is very small. The Maximum depth is about 40m. The depth of the
five sites chosen is shown in the following table:

Tab.5 the depth of the sea at every site

depth
Site 1

40.00 m
Site 2

40.00 m
Site 3

30.00 m
Site 4

15.00 m
Site 5

30.00 m

Conclusion
The archipelago of La Maddalena is a special region: one of the most ideal places summer resort. The
local economy principally depends on the tourism, thus, before a windfarm is set up, some feasibility
study must be done regarding the interaction of the wind'turbines with the local life and the tourism,
and the impact on the economy and the environment.

With the previous analyses, the first one of that region considered, the mean annual wind velocity
results very high(about 7.0-8.0m/s); then the wind energy potential is very large. It is feasible to set
up a windfarm on shore in the north-east of Maddalena Island and offshore windfarm among the
islands of Spargi, Maddalena, and the Palau coast. The wind resources can be sufficiently used with
the suitable size of turbines chosen. The distribution of the wind turbines should be reasonably done
and the color of the turbines should be chosen in order to be harmonious with the environment.
Finally, we think that the research must further be done regarding the impacts of the wind farm on the
local environment and the local navigation.

Acknowledgments
Under the guidance and the help of Ing. G. Gaudiosi, the authors have finished the work; besides, Dr.
A. Ricci provided the authors with all the original wind data at the Meteorological Station of
Guardiavecchia.

152



References
1. Troen and E. L. Pertersen, 1989, "European Wind Atlas", Ris0 National Laboratory', Roskilde,

Denmark.
2. Restivo and E. L. Peterson, 1993, " Wind Measurement and Modeling in Mountainous Regions of

Portugal. Preliminary Results", EWEC'93 Proceed.
3. Mortenson, E. L. Peterson and L. Landberg, 1993, "Wind Resources, Part II : Calculational

Methods", EWEC93 Proceed.
4. Restivo, A. Rodrigues, M Ferreira e F. Mota Torres, 1993, "Evaluation of wind Energy Potential

in Mountainous Regions of Portugal", report for EDP - Electricidale de Portugal S. A.
5. Stefano Sandstron, "WASP - A comparison between model and measurements", EWEC'94,

Volume III.
6. G.M.A.Trinick, S.C.Holmes, "The Environmental Assessment of Wind Energy Development -the

UK experiences". EWEC94. Volume II.
7. Inga, carlman, "Public Opinion in the Use of Wind power in Sweden", EWEA'86.
8. M.Wolsink, "Public Acceptance of Large WECS in the Nertherland", EWEA'86.
9. Gaudiosi and F. Cesari, " Offshore wind Energy Resources in the Mediterranean", Volume II,

EWEC'96

153



725')
Spargi

T2r-> I

503-1

•103'!

Maddalena

/ Palau

4
iS.Stefano

10:" 1

32:' 1

8 5 i : I . 1 . . • i . . I . 1 . ! • I . [ : : . ! • - - - ^ 1

12 3 122 3 2023 2 823 3 0 2 3 1-12 3 G 2 2 3 0023 0 32 3 7 G 2 £

E a s t L c :i g i t. \.i c{ e

Fig. 1a The Coastal lines in the Area of La Maddalena

QuarcUavrc-cliui

• V ^ ' . """_."-"-•.

c^, - ^

Fig.ib The Topography in The Area of La Maddalena

154



935 3062 1125 .~j 100 U252 7316 13379 01 t "J i 050(>

i

6382 jf

5188 L

1594 u"

3701 C

2007 t-

1020

/ / - • ^ l.Spargî ;:: v.,.-;^::>;/
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Fig. Id The profile of the sea bed in the area of La Maddalena
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Fig. le The Anemometer of the offshore site
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Fig. 10a The distribution of the energy
at 10m above the surface at site 1
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ABSTRACT

An overview is given of the ongoing EU project 'Structural and Economic Optimization of Bottom-Mounted
Offshore Wind Energy Converters (OPTI-OWECS). The objectives include: cost estimation and comparison
of offshore wind energy converter systems (OWECS), comparison of European sites, methods for the
simultaneous structural and economic optimization and a typical design solution.
In the paper particular attention is given to the analysis of the overall design problem of OWECS. Furthermore,
results from the first year are summarised including cost analysis of OWECS, optimization of the main sub-
systems i.e. wind turbine, support structure, grid connection, operation and maintenance and the development
of particular design methods for OWECS.

KEYWORDS
Off-Shore : Wind Energy: Offshore Wind Energy Converter: Optimization : Structural Design : Cost Analyses

1. INTRODUCTION

By the end of the century the utilization of the enormous potential of offshore wind energy is likely to become
significant in several Northern countries of the EU. This will be driven both by the lack of suitable sites for wind
farms on land in highly populated areas and by the availability of competitive (multi-)megawatt wind turbines.
Some recent examples illustrate the increasing attention on offshore wind energy. In 1997 it is expected that
beside the already existing four offshore wind farms in Denmark and The Netherlands two new plants will be
erected. With funding of the European THERMIE programme two 750 kW Windmaster machines will be
placed outside the port of Blyth in Northumberland, UK and five Wind World 500 kW turbines will be erected
close to the island of Gotland in the Swedish Baltic Sea.
Even more important for the further development is the planning for a number of (near) commercial projects
in different EU member states. For instance, in the UK at least three other offshore wind farms are in active
planning despite the critical attitude expressed by the government some years ago [1]. In Germany a number
of similar projects are under preparation. In addition, feasibility studies on large offshore wind farms of some
100 MW power, and comprising the new generation of megawatt wind turbines, have been carried out or are
under way in Denmark, Germany and The Netherlands. Realisation might take place at the beginning of the
next decade.
In this paper an overview of the second phase of the ongoing European project 'Structural and Economic
Optimization of Bottom-Mounted Offshore Wind Energy Converters' (Opti-OWECS) is given . Whilst a number
of parallel expert papers from the project consortium are dealing with the design of certain OWECS sub-
systems [2] to [7], here the outline of the project is presented (section 2) and OWECS design in general is
analysed (section 3). Furthermore results from the first project year (section 4 to 6) are summarized. Finally
in Appendix A a terminology concerning OWECS is proposed.
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2. ESSENTIALS OF THE OPTI-OWECS PROJECT

2.1. Partnership and objectives

In the scope of the framework of the Non Nuclear Energy Programme JOULE III (Research and Technical
Development) the European Commission is supporting the project 'Structural and Economic Optimization of
Bottom-Mounted Offshore Wind Energy Converters' (Opti-OWECS) under grant JOR3-CT95-0087.
The project is an international cooperation of engineers and researchers from wind energy technology,
offshore technology, power distribution and universities. The group of participants includes

• Institute for Wind Energy (IvW), Delft University of Technology, NL, (coordinator)
• Kvaerner Oil and Gas Ltd. (KEW), UK
• KvaemerTurbinAB(KT), SE
• Renewable Energy Centre (US), Univ. of Sunderland, UK
• Workgroup Offshore Technology (WOT), Delft University of Technology, NL
• Energie Noord West (ENW), NL
• ETAPLAN GmbH (ETA), DE

The overall purpose of the study is to identify optimal designs which will lead to a significant reduction of the
cost per generated kWh. Moreover, identification of the techno-economical limits of the practical engineering
of offshore wind energy conversion systems is another general goal.
The specific objectives include:

• A cost estimation and comparison of offshore wind energy converters of different sizes and different
design concepts

• An estimate of the cost per kWh of offshore wind energy at sites in different regions of the EU
• Methods for the simultaneous structural and economic optimisation of offshore wind energy converters

with respect to the site characteristics
• At least one typical design solution for a bottom-mounted offshore wind energy conversion system.

(sub-contractor)
(sub-contractor)

2.2 Work contents of Opti-OWECS

The project period lasting from January 1996 to December 1997 is subdivided into three phases and a number
of tasks (figure 1). Here a brief overview on the work content is given.

Phase 1

Definition:
concept analysis,

base cases

Phase 2

Economic optimization
of system

Structural optimization I
of sub-systems I

Phases

Improvement
of design methods

Integration:
structural and economic optimization,

cost estimate European sites,
design solution

• Phase I: Identification
(January to February 1996)
The main cost drivers of offshore
wind energy are identified. In
addition, the base case concepts
and the reference sites are selected
in order to set a number of boundary
conditions for the further work.

• Phase II: Development
(March to December 1996)
Three parallel tasks are carried out
i.e. the concept analysis/economic
optimization, the structural
optimization of sub-systems and the
improvement of design methods.
First, an analysis of the different design concepts is carried out and an economic model for bottom-
mounted offshore wind energy converters including the cost for manufacturing, installation, operation &
maintenance is developed. With this tool two OWECS design options are evaluated on basis of the
investment costs and the cost of energy (section 4).
Next, the design of certain sub-systems i.e. support structure, wind turbine, grid connection, operation &
maintenance will be worked out (section 5). The optimization is based on the cost estimates of the treated
subsystems alone and only simplified interactions are taken into account, at this stage.

Figure 1 : Opti-OWECS Project organization
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The third task deals with particular design methods for OWECS required due to their distinct
characteristics compared with offshore structures and onshore wind turbines (section 6). Structural
reliability methods are used for the reduction of the uncertainties in the combined aerodynamic and
hydrodynamic extreme loading of the support structure. Furthermore, the dynamic implication of the
offshore siting is investigated and the validity of the separate treatment of the support structure and the
wind turbine is checked by simulations of the dynamics of the entire system.

• Phase III: Integration (January 1997 to December 1997)
In the final phase the work of the former tasks is integrated and the relations between them are considered
in a more complete way. A methodology for the simultaneous structural and economic optimization of
OWECS with respect to the site characteristics (e.g. wind resource, water depth, distance to shore, wave
loading, etc.) will be developed and demonstrated in a typical design solution. Furthermore estimates of
the cost per kWh of offshore wind energy at sites in different regions of the EU will be given.

3. DESCRIPTION OF THE OVERALL DESIGN PROBLEM FOR OWECS

3.1 Considerations affecting OWECS design

The design of an offshore wind energy conversion system should consider a number of particular
characteristics of such a system. These properties will be briefly discussed in this section.

3.1.1 Offshore wind farm system

Due to high initial costs the utilization of offshore wind energy is not promising with single converter units but
requires an entire offshore wind energy conversion system (OWECS). Such an offshore wind farm comprise
a large number of (single) offshore wind energy converters (OWEC), the grid connection system and
infrastructure facilities for operation and maintenance (figure 2).
Only the OWECS as one entire system can provide
a considerable amount of electric power in a reliable
and cost-efficient way over the projected lifetime.
Therefore four objectives for an optimum OWECS
design can be stated which are related to the nature
of such a system:

• optimum distribution of investment and
operation and maintenance (O&M) costs over
the entire OWECS and its lifetime

The economics of the entire plant have to be
balanced with respect to the overall operational
goal, which could be the achievement of the
minimum price of energy, the delivery of a certain
minimum amount of energy or a combination of
both. Note, such a goal cannot be reached by
optimization of single sub-systems alone.

wind turbin

aerodynamics

hydrodynamics'

wind farm

grid connection

operation & maintenance

Offshore Wind Energy Conversion System
(OWECS)

Figure 2: Components and aspects of an offshore
wind energy conversion system (OWECS)

• high reliability of OWECS as a whole and of essential sub-systems
A failure of a major sub-system e.g. out-of-operation of all units due to a design mistake or power cut-off
in the grid connection system, can result in a loss of production for several months or even a longer
period. Such a failure together with unfavourably high repair costs might result in a hazard for the entire
project and partial loss of the high initial investments.

• adaptation to economy of scale and partial redundancy of single OWEC units
A typical large offshore wind farm as regarded feasible within the next decade comprises between 40 to
100 offshore wind energy converters rated approx. 1 to 3 MW each. Thus wind turbines and especially
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support structures can be optimized with respect to the particular environmental and economic conditions
of the site. Moreover consideration of a partial redundancy of the single OWEC units with respect to the
production of the entire wind farm might be worthwhile, for instance within the operation and maintenance
strategy or by the determination of a design probability of failure.

• symbioses of experience from wind energy and offshore technology
An optimal OWECS design is a challenge for any engineer whether he comes from wind energy or
offshore technology since particular properties exist that do not allow the blind application of common
design practices and require a joint solution of the problem.

3.1.2 Social and economic factors

The development of renewable energies has been identified as a key issue for the next century. Moreover,
ambitious national and international plans for the reduction of greenhouse gases have been announced. In
this context offshore wind energy will play an important role since it has a sufficiently large potential for a
considerable contribution to the energy supply. Furthermore, utilization of wind energy offshore has even less
environmental constraints than on land due to large available space and relaxed noise limitations. Still, for
large wind farms a considerable minimum distance from shore, between 5 to 10 km, is required with respect
to visual disturbance. Generally the prospects are assessed quite positively and investment in offshore wind
energy today is a preparation for a big market tomorrow.

Nonetheless, offshore wind energy competes with
wind energy on land and other conventional energy
sources. High investment costs for the fixed cost
elements, i.e. support structures and grid connection,
favour large, multi-megawatt converter units and large
wind farms with a capacity of at least 100 to 120 MW.
Under such conditions the cost breakdown between
the major subsystems (wind turbine, support structure
and grid connection) is nearly equally shared (figure
3). Thus cost reduction has to consider all of these
elements simultaneously and contradictory goals
have to be balanced with respect to production costs
and revenue over the entire life time. For instance, it
might be worthwhile to design the support structure
and the grid connection for a longer e.g. double

300.0

• overhead and
other

• onshore
transmission

• transmission
to shore

• power
collection
within farm

• support
structure

• winri tiirhine

Figure 3: Cost breakdown of a 120 MW reference
offshore wind farm at different European sites [8]

lifetime than the wind turbine. Since offshore work
is between 5 to 10 times more expensive than on land, reduction of installation and maintenance efforts is
essential. More accurately, the expense for providing a certain availability has to be balanced against the loss
in production during downtime.

3.1.3 Environmental and technological factors

The additional loading due to waves, current and sea ice is partly offset by a smoother wind climate offshore
since wind shear and turbulence, the main fatigue drivers for wind turbines, are reduced. In combination with
the relaxation of the noise restriction and the lower risk for damage to the environment this enables several
opportunities for optimization and weight reduction of the wind turbine. New demands are however the
required extra high reliability against faults and the corrosion protection, which both probably favour simple,
robust and passive controlled machines. Generally maintenance performance might be an overruling
consideration in turbine design.
The design of an OWEC support structure sets its own requirements in comparison to normal marine
technology because of the importance of dynamics (eigenfrequencies and fatigue due to wind turbine loads),
stability during installation, possibility of breaking waves, etc.
The meteorological and oceanographic (met-ocean) conditions as required in the design process are strongly
site dependent. Often the only opportunities for realistic data are either long term measurements or
hindcasting from weather data (wind speed, air pressure, temperature). Simple models for wind generated
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waves or a wave atlas based on voluntary fleet observations are generally unsuited since they are not valid
for relatively shallow water and under complex fetch conditions. Likewise the influence of the nearby coastline
complicates the description of the wind climate i.e. mean wind speed, shear, turbulence and stability.
Depending on the type of foundation of the support structure the estimation of soil stiffness (as required for
the prediction of the dynamics) in addition to the bearing capacity is a challenge for geotechnical engineers.
Even after site investigations inherent uncertainties remain and the design has to be insensitive or adjustable.

3.1.4 Dynamics

Dynamics play a pronounced role in the design of offshore wind energy converters. First of all, it is the
objective of any wind energy converter to extract kinetic energy from the wind field by means of a rotating
device which introduces its own dynamics. Secondly, the values of the eigenfrequencies of several sub-
systems of an OWEC with respect to certain excitation ranges (with origin in the rotor rotation, the wave
loading and the wind turbulence) are important design criteria. Finally nearly all loads except the dead weight,
the mean rotor thrust and mean torque are periodic, transient or even stochastic in nature.
Fatigue due to wind turbine loads and wave loads has to be considered. In wind engineering it is state-of-the-
art to treat the dynamics using time domain simulations of the entire converter unit. If extreme loads are
calculated quasi-statically, high safety factors have to be applied unless the proper correlation of the aero-
and hydrodynamic loading and the associated dynamic response is considered.
In addition, dynamic interactions exist between the environment, the offshore wind energy converter and the
public grid as well as between OWEC sub-systems. For instance, aerodynamic loads interact with the
structural motion of the rotor and during power production aerodynamic damping is introduced in the system.
As far as known today, combined aerodynamic and hydrodynamic loading is especially important for the
support structure whilst the rotor part is dominated by the wind loads.

3.1.5 Structural reliability

In comparison to an offshore oil and gas production platform an offshore wind energy converter is a low-risk
structure. In case of a structural failure the damage to the environment will be limited and the event will, in
general, only lead to a loss of direct investment and electricity production. This specific feature opens up the
opportunity for the full use of structural reliability considerations and risk analysis methods recently developed
in offshore engineering.
Using such techniques the natural physical uncertainties in the different environmental loads (i.e. mainly wind,
waves and current) and the variability in structural strength (for instance between different units of the same
wind farm) can be considered in a rational way. Note however that such methods can only be applied for a
particular site and a particular design of the support structure. Accurate descriptions of the environmental
conditions (met-ocean data) and the structural sub-system, including its foundation, are then required as input.

3.2 Design practices in wind energy and offshore technology

Obviously OWECS design should be based on the experience in wind energy as veil as offshore technology.
However, one has to be aware of the different backgrounds and sometimes even contradictory principles in
these two engineering fields. These are summarised briefly in the next section.

3.2.1 Design of wind energy converters and wind farms

Wind turbine engineering has undergone a rapid development in the last ten years and is now coming of age
[9]. During this period the average size of commercial wind energy converters has increased by a factor of
ten due to better understanding of the technology, funding by national and international research programmes
and series production.
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The price-performance ratio of wind energy converters has significantly increased among other reasons due
to the introduction of more structural flexibility in the blades, the drive train and the tower which reduces
dynamic loading and hence also weight and costs.
Most manufacturers produce between two and four different standard machines which are often designed for
a variety of different sites. Modifications of these base line machines might be considered for two site
parameters only: the mean wind speed, influencing rotor diameter and tower height, and the applied extreme
wind speed class used in the strength analysis. Different soil conditions are compensated by minor variations
in the foundation design rather than by different towers.
Wind farm design is mainly driven by the selection of the suitable machine type and size, the compatibility with
the existing grid infrastructure and noise limitations. Operation and maintenance aspects are important in
order to ensure long lifetime and to minimize the downtime and repair costs.

3.2.2 Design of offshore structures

There is a long experience in offshore technology with the design of large and unique fixed structures for the
petroleum industries which are built 'fit for purpose' with respect to their particular site and function. The
influence of dynamic response due to wave loading is generally limited by relatively high structural stiffness.
Where dynamic response would tend to become excessive , consideration is being given to a deliberate and
dramatic reduction of structural stiffness to ensure that the first natural frequency falls below the range of
considerable wave excitation ('compliant design'). Although fatigue is important, generally it takes second
place to the dominant extreme event loading conditions.
Transportation and installation issues are often a main design driver since these costs can be even higher
than those for the manufacturing of the structure onshore. Reduction and where possible elimination of
underwater inspection and maintenance is essential due to the difficult access and the high costs associated
with these operations offshore. Other important design aspects concern the safety of personnel working on
or travelling to the structures, environmental impact and removal/dismantling.

3.3 Comparison of possible design approaches

Offshore wind energy is a fairly new field; still one may think of several different design approaches for an
offshore wind farm depending on the already gained experience, the project size, the design philosophy,
applied standards, etc. In the following four approaches are identified which are ordered by increasing
consideration of the OWECS design aspects (section 3.1) and the required experience. Note that the border
between two successive approaches is gradual.

3.3.1 Robust or traditional design approach

The second Danish offshore wind farm at Tun0 Knob (1995) is a good example of a so-called 'robust or
traditional design approach'. To a lesser extent this is also true for the earlier farm at Vindeby (1991). In both
cases the attribute 'traditional' refers to an onshore rather than to an offshore design approach.
Main objectives of both projects were the demonstration, the investigation of environmental effects and the
gathering of first experience rather than high economic performance. Therefore more or less standard onshore
wind turbine designs are applied. Wind turbines and towers out of the series production are installed in a quite
similar manner as onshore (i.e. separate lifting of tower, nacelle, rotor) on a specially designed, stiff caisson
which acts as a small artificial island.
Furthermore, reduction of operation and maintenance costs is aimed for by well-proven onshore wind turbine
designs marinized by features as for instance improved corrosion protection, air-tight nacelle, built-in lifting
facilities, etc.
Clearly this approach fits the stated objectives of the prototype projects but is not feasible for the intended
large scale OWECS because of its limitation to sheltered waters with reduced wave loading and poor
economics.
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3.3.2 Parallel structural design approach

Secondly one may think separately of the offshore design implications for the main sub-systems as wind
turbine, support structure, grid, etc. For this approach the Dutch pilot project Lely in the Usselmeer (1994)
and the world's first OWEC the Swedish Nogersund plant (1990) as well as Phase II of the Opti-OWECS
project can be mentioned as examples.
At Lely novel design solutions that may be promising for offshore wind farms are applied in the form of a
monopile foundation which supports a standard onshore tower and a cable laying technique with partial
avoidance of a cable laying ship. Both innovations are in principle a success besides some unexpected
experiences. Nonetheless the system aspects have not been fully considered, for instance in the investigation
of the overall dynamics [10]. Again, this could be accepted because of the sheltered site and the
demonstration character of the project.
At Nogersund the support structure design, intended as a small scale prototype for a 3 megawatt OWEC, and
the installation procedure are adapted from onshore procedures to offshore siting. The entire unit has been
fully assembled and commissioned prior to towing to the final destination so that in-situ work was minimized.
Within the Phase II of the Opti-OWECS project this approach has been selected in order to build up expertise
with the design of an OWECS and because certain advanced design methods are developed simultaneously
within the other tasks.
This approach is regarded as promising if strong experience is available at sub-system level. For instance,
the application of offshore technology rather than civil or coastal engineering expertise is recommended.
Nonetheless, this procedure might not achieve the best performance that is feasible in the nearby future
because of the lack of system integration in the economic optimization, the dynamic analysis and the
adaptation to OWECS design features.
Note that in the traditional as well as in the parallel design approach the OWECS is designed with respect to
a wind turbine standard (whether valid for onshore or offshore) as well as a standard for offshore structures.
Especially in the first approach this leads to a high degree of conservatism.

3.3.3 Integrated overall design approach

A considerable step further than the state-of-the-art, as described by the two already mentioned methods, is
the so-called integrated overall design approach which considers the particular properties of an OWECS
(section 3.1). Still, sub-system design is done in parallel based on the state-of-the-art in wind engineering and
offshore technology. However, the solutions are governed by overall criteria such as: global economics, actual
site conditions, entire system dynamics, transportation and installation as well as operation and maintenance
strategies. The design standards used are adapted to OWECS application with emphasis of the particular site
conditions.
Therefore at least the site selection, the preliminary design and a check of the final design have to be done
with respect to these global criteria. Moreover, the engineers in the different disciplines involved need
assistance and new tools for judging intermediate results during the design process. This involves instruments
for performance measurements, tools for load calculations and response analysis, etc. as they are developed
in the Phase II of the Opti-OWECS project (section 4 and 6).
Objectives of the third phase of the Opti-OWECS project are a first application of such an approach and its
demonstration in a typical design situation and the resulting solution.

3.3.4 Radical design approach

The methodology of this last approach is quite similar to the previous one. The difference lies, however, in the
use of unconventional designs for entire sub-systems which provide a major (economic) benefit for the entire
OWECS. In addition, the radical design approach requires that the (preliminary) design is governed by the
offshore wind energy requirements rather than by adopting simply existing experience for the new situation.

Without an assessment of the actual advantages for offshore application of the ideas some examples are
listed here. In the wind turbine sub-system one may think of the 'ultimate wind turbine', an extremely flexible
turbine with the absolute minimum of components [11], umbrella type wind turbines which adjust their shape
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according to the wind loading [12], multi turbine
concepts or no-maintenance concepts.
Unconventional support structures are
proposed by the Multi Unit Floating Offshore
Wind Farm (MUFOW) concept (figure 4) [13].

Ultimately this approach might be the most
promising. However, unproven or just 'big1

designs, do not lend themselves well for
application in the demanding offshore
environment. The experience gained during the
course of the other design approaches is
necessary. Therefore, the radical approach is
not considered feasible at the moment but may
be required for very large offshore wind farms
with a capacity of several hundred megawatts.

Figure 4: Example of an unconventional OWECS design:
Multi Floating Offshore Wind Farm (MUFOW) [13]

4. ECONOMIC COMPARISON OF OWECS DESIGN OPTIONS
AND ESTIMATE OF COST OF ENERGY

The first workpackage of Phase II has three objectives. Firstly, the difficulties confronting the OWECS
designer, and the solutions available must be assessed. This was undertaken in the form of a concept
analysis. Secondly, it must provide a basis for the techno-economic comparison of the detailed design
solutions developed in the other workpackages. A cost model has been developed specifically for this
purpose, and has been used for a limited number of parameter studies. Lastly, it should provide some insight
into possible future development of OWECS (longer term solutions). At present, longer term solutions have
only been examined on an entirely qualitative basis, within the concept analysis, although the cost model has
been developed with a view to performing some more robust studies.

4.1 Concept analysis

The difficulties confronting an OWECS designer are largely economic in origin. The challenge is not 'can an
OWECS be built', but 'can an OWECS be built to produce economic electricity that can be sold on the open
market.' Existing OWECS are far from this goal.
Analysis shows that the largest expense associated with OWECS produced electricity is the initial capital cost
of the equipment and its installation. Each of the three main OWECS systems, the turbine, the support
structure and the electrical equipment and grid connection account for broadly equal proportions of the cost.
The absolute values are influenced quite strongly by a number of site parameters, and therefore site selection
is of crucial importance to the viability of any project.
One perhaps surprising result was the substantial contribution that operation and maintenance makes to the
overall energy costs from OWECS. In view of this, the attention paid to reducing such costs has been
increased above that originally proposed for the project.
It is apparent that economically viable OWECS will have to balance the often conflicting requirements of
minimizing the capital costs of each of the three systems and the operational costs in a much more effective
and integrated fashion than has been possible to date. For this reason successful OWECS are likely to differ
quite significantly from current land based installations.
Adopting a forward looking view, four possible lines along which the future development of offshore wind
turbines might take place have also been established. These are intended to promote discussion, rather then
represent ultimate solutions. It is highly unlikely, indeed, that any of the ideas will be realizable in their
proposed forms. Instead, the ideas should be seen as mapping the extent of the 'design space' available for
OWECS, being extreme examples of how development might progress. The development lines are : (i) A
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'no-maintenance' concept, which aims to reduce OWECS maintenance requirements to the smallest level
possible or even to zero, (ii) An easy maintenance concept which attempts to minimize the cost of individual
maintenance operations by designing the OWECS to be simple to work on while offshore, (iii) A robust
concept, which represents the result of the evolutionary development of current onshore designs in the
direction of offshore use, (iv) An advanced lightweight machine, which neglects maintenance as a dominating
factor, striving instead to maximize the energy production.

4.2 Cost modelling

Using the information gathered during the concept analysis, a cost model has been developed to enable a
more quantitative investigation of the options open to the designer of an OWECS. The model has been written
using a commonly available spreadsheet package (MS Excel 5.0) to ensure wide availability to the wind
energy community.
The model has been loosely based on an onshore model developed at Sunderland between 1984 and 1994,
and on less ambitious offshore studies undertaken at the Institute for Wind Energy of Delft University of
Technology. The distinguishing feature of the new model is its emphasis on the factors affecting the
economics of large offshore wind farms.
From a specification of outline site parameters, and certain fundamental design constraints, the model can
estimate the unit cost of electricity from the resultant OWECS. The basis of the calculation is performed as
follows. Firstly the energy production per machine is estimated from a knowledge of the performance curve
and the wind condition parameters. Next the support structure is designed, the model currently being able to
accommodate monotower configurations, and in the near future lattice towers. The procedure employed
makes a first estimate of the tower dimensions on the basis of wind driven fatigue, later correcting them if
necessary to take due account of resonances and absolute strength criteria. The overall tower cost is
calculated largely on the basis of the quantity of material necessary for construction, taking account of
manpower and installation cost. Some attention has been paid to this latter expense, taking advice from
members of the consortium with offshore experience. Grid connection and operation and maintenance costs
are incorporated through largely empirical models.
While the energy yield calculation adopts a standard approach similar to that used in the preceding work,
certain parts are more innovative within the field of wind energy cost modelling. A particular example is the
support structure calculation, which designs the structure through what is essentially a much reduced version
of a full scale design procedure. Other parts of the model represent more evolutionary progress from earlier
implementations.

4.3 Model verification and parameter studies

The cost model has been verified by comparing its predictions to previous similar studies, proposed offshore
wind farms and indeed the few existing farms. While making meaningful comparisons is very difficult, thanks
to differences in the assumptions underlying this and preceding work, the results suggest that the model is
of value for qualitative investigations.
A very limited range of parameter studies have been carried out, as the model is still in need of development.
Initial work has included investigations of the effect of wind conditions, overall farm size, and the distance to
shore (limited in extent). A number of further studies have been planned for Phase III of the work, during which
the model will be finalized.

5. CONCEPT DEVELOPMENT OF OFFSHORE WIND ENERGY CONVERSION SUB-SYSTEMS

5.1 Support structure

An initial concept evaluation has been carried out on a range of potential support structure concept options.
Structures examined have included combinations of gravity and piled foundation concepts and floated and
piled installation concepts. Two concepts, a lattice-tower and a monotower, each with buoyancy for towing
out provided within a gravity base foundation, have been selected for further consideration (figure 4).
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Figure 4: Support structure concept considered in Phase II

Two sites have been identified for the proposed development. One in approximately 25m water depth is in
relatively demanding environmental conditions, i.e. representative of shallow water North Sea conditions,
whilst the second, in 15m water depth is in a more moderate environment and representative of sites in the
Baltic Sea. Characteristic wind, wave and current conditions have been prepared for each site together with
appropriate soil conditions.

The lattice tower, by virtue of its stiff dynamic response characteristics and robust structural performance has
been developed for the deeper and more demanding (N.Sea) site whilst the monotower with its relatively
simple construction and superior ice loading characteristics has been selected for the more moderate (Baltic
Sea) site. Standing some 84m high, the lattice tower concept comprises a trussed framework which is
configured to avoid interference with the passage of the rotor blade yet provide a large base size so as to limit
the environmental component of load experienced by the foundation. The monotower concept, a more
modest 66m high, comprises a single tower of tubular type construction. This is either manufactured as a long
cone section or as tube sections which are tapered by the inclusion of short cone elements. The base of both
the lattice and monotower structure is a gravity base. This is either constructed of steel or concrete and
contains ballast material i.e. sand, concrete, rock or iron ore.
The selection of the chosen concepts has been highly influenced by a keen desire to achieve a lowest cost
development and a key factor in this has been the avoidance of use of a large offshore lift vessel during
installation. The gravity base solution adopted allows for the nacelle and rotor to be fitted and fully
commissioned prior to being transported offshore. The feasibility of the installation method has been
demonstrated with the major equipment being identified.
Detailed structural analyses have been carried out to ensure the adequacy and to establish the weight of the
structural configuration with calculations presented to confirm the overall stability of the support structure.

5.2 Wind turbine

The basic design for the wind turbine is the Kvaemer 3 MW unit WTS 80. This is a wind turbine designed for
locations on land. The turbine is designed with knowledge based on more than 20 years of wind turbine
engineering experience. Two Kvaerner 3 MW prototypes are at operation today. WTS 80 is the result of a
comprehensive design study with the target to reduce the production costs significantly. Some of the
conclusions in this project are based on the experience from an earlier offshore study, the Swedish Blekinge
project where Kvaerner participated with the 3 MW Nasudden II concept. Four optional turbine designs are
studied here:

• WEC 3000 which has a direct driven generator instead of a drive train with gearbox
• WTS 80 with a rotor diameter of 90 m and 3 MW rated power
• WTS 80 with a diameter of 90 m and 4 MW rated power
• WTS 80 with a diameter of 100 m and 4 MW rated power

Furthermore the design criteria for onshore and offshore wind turbine design are compared and the necessary
design changes for an offshore unit are listed. Two maintenance philosophies, low maintenance and
zero-maintenance concepts, are compared. The turbine designer has also participated in the evaluation of
support structure as this is an important item for the total dynamic behaviour. Conclusions regarding the wind
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turbine design are given as follows:
• Initially the total dynamic structure was evaluated and the result is a stiffer design than what is foreseen

for the land based turbine. This needs special attention at the dynamic design. The total damping of the
system must still be adequate

• The option with an enlarged turbine diameter and 3 MW rating is economically interesting
• There may only be a very few design changes from the base case which are feasible to decrease the

offshore maintenance

5.3 Grid connection

The main choice to make is between AC or DC transmission to shore. Also for the power collection inside the
farm AC and DC are the alternatives, leading to 4 basic options. All kinds of variations of these basic options
are possible. The first option, AC collection as well as AC transmission, is commonly used for onshore wind
farms. The second option, DC collection and AC transmission also has been once applied for an onshore wind
farm. The third option, AC collection in combination with DC transmission, results in an 'AC island" of the
generators which may not be stable. The fourth option, DC collection as well as DC transmission, is up to now
considered in studies only. The choice between AC and DC transmission depends mainly on the transmission
losses, determined by voltage level and distance to shore. For short distances AC transmission is the most
cost effective option and for large distances DC transmission is preferable.
Because the considered offshore wind farm will be in the range of 100-300 MW, the issue of the connection
to the public grid will be different from that of only a few wind turbines; required solutions can be found in the
framework of the total grid.
The (dis)advantages of the existing options for the components of the grid connection (transformers,
converters, switch gears and circuit breakers) have been analysed.

5.4 Operation and maintenance

Labour costs and spare parts are the main cost drivers of O&M for onshore wind turbines. In contrast, O&M
costs of an offshore wind farm are immensely affected by the efforts for transportation or the inaccessibility
due to unfavourable weather conditions. Careful consideration of the O&M strategy and hardware' is thus
essential. An optimization of the O&M strategy should be carried out with respect to the levelised production
costs rather than the pure O&M costs. This means, that operation & maintenance strategies are required that
reduce the O&M costs taking into account the energy output of the offshore wind farm.
The lifting equipment required for exchanging major components, such as blades, gearboxes, etc., together
with the devices for crew transportation are identified as the main cost drivers of the O&M costs. An
examination of the lifting operation showed that the use of a self propelled modified jack-up platform will result
in the lowest costs per lifting operation, assuming an offshore wind farm where at least 20 lift operations per
year are required. The self propelled modified jack-up platform also offers the possibility as maintenance base,
e.g. to accommodate permanent maintenance crews within the offshore wind farm.
The use of vessels turned out to be a more cost effective method of access to the wind turbines compared
to a helicopter.
Five typical O&M strategies have been identified. An Opportunity-Maintenance-Strategy is proposed to reduce
the maintenance visits. The main intention of this strategy is to execute CM (corrective maintenance) tasks,
where PM (preventive maintenance) tasks are carried out during the CM operations. In order to evaluate
several O&M strategies, based on a predefined turbine design, maintenance approach and hardware, a
simulation tool has been developed.
For accurate O&M investigations more detailed reliability data of large 1-3 MW wind turbines is necessary.

6. DEVELOPMENT OF DESIGN METHODS FOR OWECS

6.1 Support structure design basis using structural reliability considerations

An important consideration in the design of offshore structures is that the structure should not fail under
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extreme environmental loading. The design values for the met-ocean (meteorological and oceanographic)
variables waves, wind and current are difficult to determine. It is general practice to conservatively assume
values for the resulting 50 year wind, 50 year wave and 50 year current separately. These conditions are then
set to occur simultaneously and act in the same direction. For an offshore structure, this will lead to a "design
load" that is much more severe than the "true" 50 year load.
However, over the years significant advances have been made in Offshore Engineering Technology for the
petroleum industry as a result of continued research and development efforts and the accumulated experience
of actual developments, notably those in very severe environments. Using a reliability based approach which
treats the environment as a related whole instead of separate variables a more realistic estimate of the "design
load" or other governing design parameters with a particular return period can be determined. The
fundamental difference of such a reliability based approach with the conventional approach is that the
correlation between different met-ocean variables acting at the same time and the correlation between
consecutive values of the environmental parameters are now taken into account.
In phase 2 of the project it has been demonstrated that the (suitably amended) methodology that has been
developed for structures for the petroleum industry can also be applied to the support structure of an OWEC.
The existing procedures have been amended to include aspects which are of minor influence only for offshore
structures for oil and gas developments. The most important of these aspects are:

• significant wind loading on the rotor
• inertia as well as drag wave loading on the support structure
• dynamic response of the support structure

These extensions have a significant effect on the application of the procedure. The support structure behaves
as a nonlinear system due to nonlinearities in the hydrodynamic loading and the characteristics of its
foundation. Theoretical models for distributions of general (non-gaussian) responses of arbitrary nonlinear
systems in given environmental conditions are not known and the only way to determine these is through time
domain simulations. Making use of another recent development in the form of constrained random simulation
techniques, it is now becoming feasible for such cases to determine the long term distribution of the extreme
response(s) of the structure during a given lifetime in a practical manner. This differs significantly from the
manner in which the long term distribution of the extreme global environmental force for use with offshore oil
and gas platforms is being determined.

6.2 Dynamic simulations of an entire offshore wind energy converter

The dynamic properties of an OWEC and its complex loading results in interactions between several
sub-systems. Certain phenomena e.g. drive train dynamics may be modelled separately while others e.g. the
aerodynamic damping, the controller and generator behaviour require a model of the entire OWEC or even
inclusion of certain OWECS aspects (e.g. wake effects or eiectrical interactions within the wind farm).
Therefore, the dynamics of the overall system might be investigated in a twofold manner by modal analysis
and by dynamic response analysis, in the latter case time domain simulations are used which are in principle
well-suited to include unsteady and non-linear effects.
At the Institute for Wind Energy a particular implementation of the time domain approach has been developed
for the analysis of the dynamics of offshore wind energy converter systems. The work is based on a design
tool for onshore converters.
The total simulation process can be divided into three parts with respect to the chronological order and the
software used. A similar structure is used by other design tools for onshore wind turbine.

• pre-processing (model generation and reduction, wind generation). A general purpose Finite Element
code is used for generation and reduction of the model of the support structure and for the foundation
of the (offshore) wind energy converter. In addition, the spatial and temporal structure of the wind field
is calculated. Input data for other modules e.g the rotor, have to be prepared by the user

• simulation (response calculation). Time histories of displacements and loads are computed with the
simulation code DUWECS, which use state-of-the-art methods to evaluate the aerodynamic and
hydrodynamic loading

• post-processing (response analysis and interpretation). Signal analysis and graphics are performed by
other specific software. The fatigue analysis, of wind turbine components or the support structure, based
on the Rainflow-Counting method and linear Palmgren-Miner-rule is done.

As application of the method the complex aspects of dynamic loading and response of an entire offshore wind
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energy converter (OWEC) are treated by the (qualitative) analysis of the relevant dynamic effects and by
simulations of the two reference offshore wind energy converters developed in the current Opti-OWECS
Phase (section 5). Simultaneously, the approach has been refined in preparation of its probable further use
in the Phase III of the project.
Particular attention is given to the modelling of the OWEC configurations as well as the environment and the
resulting loading. The dynamics of the entire system, the interactions of sub-systems and the dynamic effects
of the offshore environment are investigated. The response behaviour and the sensitivity for fatigue due to
wind turbine loads of two preliminary OWEC designs with soft-stiff and stiff-stiff characteristic, respectively,
is compared and recommendations for the further development of the design are given.
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APPENDIX A OWECS TERMINOLOGY

Offshore wind energy is a fairly new and multi discipline field. Unfortunately no uniform terminology exist and
and misunderstandings can occur quite easily. Therefore within the Opti-OWECS project one has agreed upon
a particular terminology, conventions and reference systems in order to make the internal and external
communication more effective. Here only the shortened version of more complete document is precented [14].

Preface
In principle, the common practice concerning notation and convention within the considered disciplines i.e.
wind engineering, offshore technology and engineering economics should be used. However, harmonisation
is required in the description of the entire system and its components, the interfaces between sub-systems
and the structural design. The two former aspects are treated in this paper.

1 Offshore wind energy conversion system (OWECS)

offshore wind energy conversion system (OWECS)
Entire system, comprising (usually) several wind energy converter units, for conversion of wind energy
into electric power including the electro-aeromechanical conversion units (wind turbines), the support
structures, the grid connection to the power delivery point and infrastructure facilities.
Note that the environment i.e. air, water and soil as well as the utility grid are not considered as a part of
the OWECS.

offshore wind farm
synonym for OWECS

2 Main OWECS components

offshore wind energy conversion system (OWECS)

— offshore wind energy converter (OWEC)

b electro-aeromechanical conversion system (wind turbine, WT)
support structure

— grid connection
infrastructure facilities

Figure A -1 : Components of the (bottom-mounted) OWECS

Figure A-1 shows the main components of an OWECS

offshore wind energy converter (OWEC)
single unit of the OWECS comprising electro-aeromechanical conversion system (wind turbine) and
support structure.n

electro-aeromechanical conversion system
Component of an offshore wind energy converter that transforms wind energy into electric power on
generator voltage or AC-rectifier voltage, comprising rotor, nacelle with entire interior, control and safety
system and electrical turbine system.

1 No plural of the abbreviation 'OWEC' should be used instead one may use 'OWEC units',
full out spelling or the singular form 'OWEC', if possible.
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wind turbine (WT)
By definition: synonym for electro-aeromechanical conversion
system 2. Generally 'wind turbine' rather than 'electro-
aeromechanical conversion system' is preferred.

support structure
Structure that supports the wind turbine and transfers the
loading into the soil. Hence, the support structure comprises
both the tower and the foundation.

grid connection
Electrical system that takes the power provided at the turbine
connection points and collects it at the wind farm collection
point(s) and successively transmits it to the onshore
connection point with the public grid.

infrastructure facilities
auxiliary facilities required for operation, maintenance, control
and administration of an OWECS

OWECS

wind turbine (WT)
rotor
(mechanical) drive train
nacelle
control and safety system
electrical turbine system

support structure

t tower
foundation

grid connection
power collection
power transmission

y i v -

— infrastructure facilities

maintenance facilities
control, safety and
administration facilities

Figure A-2 OWECS sub-components

3 Boundaries of OWECS components

wind turbine and support structure
The fixed end of the yaw mechanism of the nacelle is defined
as boundary between the electro-aeromechanical conversion
system and the support structure. All geometric and dynamic conditions are expressed with respect to
the reference frame of the support structure.

wind turbine and grid connection
The turbine switch gear or circuit breaker at the tower base is defined as boundary between electrical
system of the turbine and the grid connection. The voltage at the connection point corresponds to the
generator or the inverter (if any). Although a transformer might be installed at the wind energy converter
unit it is regarded as part of the grid connection.

grid connection and utility grid
The power of the OWECS is provided as three-phase AC at the voltage level of the utility grid to which
the wind farm is connected. In absence of other explicit conventions the connection point is situated at
the first dry location onshore regardless the actual grid infrastructure on land.

The sub-components of the main parts of an OWECS are defined by figure A-2.

2 Note the term 'wind turbine" should be used with care since it is often also used with a wider
meaning i.e. electro-aeromechanical conversion system together with the tower, foundation
and sometimes even the transformer from the generator to the collection voltage. In external
communication one should be sure that the audience is aware of the above mentioned
definition. The term 'offshore wind turbine(s)' should not be used in order to avoid confusion
whether one refers to an offshore wind energy converter system (OWECS), an offshore wind
energy converter (OWEC) or even only the electro-aeromechanical conversion system.
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COST-OPTIMISING OF LARGE-SCALE OFFSHORE WIND FARMS

Frank A Olsen and Jan Svenson

ELKRAFT represented by SEAS
4690 Haslev
DENMARK

ABSTRACT

The project "Cost-optimising of large-scale offshore Wind farms" is supported by the JOULE-programme
(contract: JOR3CT950089) and include partners from Spain (Polytechnic University of Madrid), England
(National Wind Power), Germany (Stadtwerke Rostock) and Denmark (RIS0, ELKRAFT and Nellemann,
Nielsen & Rauschenberger).The budget for the project is approximately 2 mill ECU.

The project will identify the options for optimising of large-scale offshore Wind farms in the Danish seas,
specifically for 3 sites in the eastern part of the Danish waters (in the ELKRAFT supply-area). The project
is conducted as studies combined with field-investigations of the Wind regime, sea currents, waves and
soil properties of the sea-bottom. Measurement masts have been installed at the proposed sites to
perform measurements for two years.

Three potential sites south of Sealand has been chosen for the study. These 3 sites have been identified
as "positive areas" with no presumed special conflicts of interests in the report of the former "Offshore
Wind Power Committee" under the Ministry of Energy. The sites are located 5-20 km off the coast with
maximum water depths of 10 meters.

The total potential of the 3 sites is estimated to more than 1000 MW of installed Wind Power capacity.
The Wind farms are assumed to consist of large Wind turbines (1,5 MW or more) installed in numbers of
approximately 100 WTGS per phase.

The optimising will include :
• modification of the design basis for offshore Wind turbines based on actual measurements of the

Wind regime and other physical parameters on the sites
• the foundation design, based on the adapted design basis, field investigations of the soil properties

and comparison of different types of foundations
• the electrical transmission and interconnection
• operation and maintenance

The project will include a financial and socio-economical evaluation and provide input to the Danish
Governments Plan of Action for offshore Wind Power.

KEYWORDS

Feasibility study, large-scale offshore wind farms, 100*1,5 MW projects, Danish seas, field investigations,
cost-optimising, foundations, grid connection, installation, operation and maintenance
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1 PURPOSE OF THE PROJECT

The overall objectives of the project Cost Optimising of Large-scale Offshore Wind Farms are:

• To supplement the existing offshore wind data base, by setting up offshore meteorological
measurements significantly further away from the coast than was done previously and thereby
developing a base of necessary wind data for large scale offshore wind farms at potential sites in
Danish waters.

• To use the achieved data base for comparison and improvement of existing models to provide a more
accurate description of the offshore wind conditions (less than 10 % uncertainty on cost estimates).

• To optimise the foundation design with respect to the design loads and geotechnical conditions and
large-scale production, and to minimise the construction costs.

• To investigate the options for optimising the use of materials, and thus the cost, for offshore wind
turbines with respect to the reduced turbulence level and remoteness of the sites.

• To optimise the design of large wind turbines f 1MW) in large wind farms (more than 100 wind
turbines) in respect to serviceability, thereby minimising the power production costs.

• To optimise the grid connection design with respect to the design loads, geotechnical conditions and
large-scale production, and to minimise the construction costs.

• To contribute to the existing base of know how concerning offshore wind farms by dissemination of
results within the European Community.

2 PREVIOUS OFFSHORE ACTIVITIES IN DENMARK

2.1 Identification of potential for offshore Wind Power in the Danish seas

The estimated potential is based on the identified areas in the report from the Danish Offshore Wind
Turbine Committee, formed by Danish authorities, power companies and interestgroups.

Total potential:

approx. 8.000 MW

Sweden

Horns Rev
1.000 MWg

Germany

.100 MW

Redsand / Gedser 1.500 MW

The report of the Committee was published by the
Danish Ministry of Environment and Energy in
January 1995 "Wind turbines in Danish waters.
Identification of authorities interests, reviews and
recommendations."(ref. 1).

This report has identified four major potential sites,
two in the western area of the Danish seas (the
ELSAM supply-area), and two sites in the eastern
area of the Danish seas (the ELKRAFT supply-area).
A review of two areas in the ELKRAFT-area will be
conducted with the purpose of determining the total
power potential based on available experience for
layout of wind farms. The two sites are referred to as
Oma and Redsand/Gedser as shown on the map.

Figure 1. "Positive'-areas in the Danish seas
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2.2 Vindeby and Tune

The findings of the project will be related to the experiences from the 5 MW VINDEBY Offshore Wind
Farm Project (built by ELKRAFT 1992, supported by the JOULE-programme) and the 5 MW TUN0
Offshore Wind Farm Project (built by MIDTKRAFT/ELSAM 1995).

2.3 180 MW feasibility study

ELKRAFT performed a feasibility study for large-scale offshore wind farms in the Baltic Seas, located at
Gedser Rev (this location is also included in the present study) and close to German Baltic coast.

The feasibility study was based on 1 MW turbines in groups of 60 pieces, totalling 180 MW for each site.
The study was presented at an EWEA conference in 1994 in Thessaloniki/Greece (ref. 2).

3 THE PROJECT

3.1 The Partners

OK
1PM
ES

Eurepun Comrtnlon
DGXII

JOUE-IUDPregniir*

ELKRVT
OK

(coorOnKon

GB
SJl
DE

M *
DK

Figure 2. The partners

3.1.1 ELKRAFT A.m.b.A.

The power company ELKRAFT is the Coordinator of the project and provides the experimental
facility as well as logistic support during data collection. Also, ELKRAFT will contribute to the
evaluation of results of the measurements and modelling. Specifically - referring to the items in the
work programme - ELKRAFT will undertake/contribute to the following tasks:
• Overall coordination of the project
• Installation of meteorological masts and measuring equipment
• Estimates of power production, grid connection and overall economy of the wind turbines

3.1.2 RIS0 National Laboratory

As an associated contractor, RiS0 carries out data collection and take part in tests of wind farm flow
models and definition of load cases for design of offshore wind turbines. Specifically - referring to
the items in the work programme - Rise will undertake/contribute to the following tasks:
• Meteorological instruments and measuring system
• Operating of measuring system; management of data bank
• Turbulence offshore and influence of wave characteristics on atmospheric turbulence
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• Evaluation of loads and design basis for offshore wind turbines
• Evaluation of wind turbine design for offshore application
• Over-all model for wake turbulence
• Array power performance and power quality offshore
• Variability in power production of the wind turbines.

3.1.3 Nelleman, Nielsen & Rauschenberger A/S

As an associated contractor, Nellemann, Nielsen & Rauschenberger (NNR) is providing the
geotechnical and foundation design expertise required for the proposed project, notably the initial
review of geotechnical conditions, assistance in pointing out the priority of sites, advising on the
requirements for determination of design loads, preparation of conceptual design and optimization
of foundations and the related, construction schedules and estimates of investment and operation
and maintenance costs.

Nellemann, Nielsen & Rauschenberger has used the Danish Geotechnical Institute (DGI) as
subcontractor to carry out the geotechnical laboratory tests and the interpretation report for the
geotechnical investigation.

3.1.4 Universidad Politecnica de Madrid, Spain

As an associated contractor, Universidad Politecnica de Madrid (UPM) is contributing to contract on
modelling of the flow in offshore wind farms and the interpretation of measurements carried out in
the project. The specific tasks are related to the study of the characteristics of the wind turbulence
and the wind shear created in offshore wind farms, and, from them, to obtain the criteria needed for
the estimation of the loads in the wind turbines, and make the corresponding specifications for the
test load cases.

Three tools developed at UPM are considered appropriate to carry out the proposed work. These
tools are expected to be integrated in a single code that will be able to predict the characteristics of
the wind incident on each machine. From this information it is possible to obtain average and
fluctuating load characteristics and specify the most appropriate load cases.

However, it is also expected that many of the results and predictions obtained by the combination of
the tools will need updating and corrections from the measurements carried out within the project
and other calculations and measurements reported in literature. It is also contemplated to develop
correlation's, that will provide the information needed about the turbulence characteristics and the
wind shear.

3.1.5 National Wind Power, United Kingdom

As an associated contractor, NWP is contributing to project by broadening the overall scope to
encompass the circumstances of UK offshore waters.

A review of potential offshore wind farm development areas will culminate in the selection of a
reference wind farm site. For this site environmental and authority approval requirements will be
reviewed. In addition a turbine design basis, relating to wind, waves, tides and bed conditions,
relevant to UK waters will be defined.

3.1.6 Stadtwerke Rostock AG
As an associated contractor, Stadtwerke Rostock is contributing to the project by:
• to review the options for offshore wind farms in the German part of the Baltic with respect to
• to identify potential German locations based on technical, environmental and political considerations
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3.2 Project time schedule

Description

Project start date, TO
Phase 1 Initial activities

Review of potential areas

Geotechnical review

Grid connection

Priority of sites

Erection of masts

Phase 2 Field investigations
Investigation areas, capacity and wt . sizes

v^lnd and wave measurements
Assesment of power production
Park layout

Geotechnical investiqations

Establishment of deskyi basis, preiminary
Establishment of design basis, ftnat

Conceptional design/optimization of foundations

Functional requirements/optimization wt 's

Operation and maintenance system

Grid connection

Possible environmental investiqations

Investment and OSM cost estimates

OutBne demonstration project

Final consolidated report

1996
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1997
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The project is planned to be performed through 1996 and 1997, however the measuring programme may
be continued beyond that.

3.3 Project budget

The project is supported by the Commission of the European Communities (CEC). The cost break-down
is as follows:

(Amounts in mill
ECU)

Budget

CEC contribution

Man months

Elkraft

1.38

0.42

38

RiS0

0.16

0.08

14

Universi.
Polytech.
Madrid

0.08

0.04

19

National
Wind
Power

0.05

0.02

5

Stadt-
Werke

Rostock

0.14

0.07

11

Nellem.
Nielsen
Rausch.

0.39

0.19

8

Total

2.21

0.84

95

Additionally a support of approximately 0.5 mill ECU has been granted by the Danish Energy Research
Funds.
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4 STATUS FOR THE ACTIVITIES

4.1 Geotechnical investigations

Field investigations has been performed at all three sites. The investigations and analysis has included
drilling at selected spots and laboratory tests performed.

The investigations has revealed different conditions at the three sites, varying from sand to very hard
moraine.

4.2 Wind- and wave measurements

Three offshore measuring masts has been installed in each of the potential wind farm areas.
The masts are equipped with measuring equipment in three different high's as well as separate
equipment for measurement of wave-height and sea-currents.

The preliminary results of the wind- and wave measurement programme has formed basis for the
production estimate in chapter 4.10.

4.3 Design basis

The adequate design basis for offshore wind turbines is reviewed based on the measurements at Vindeby
and the special features of the offshore wind regime.

4.4 Reference offshore Wind turbine

A reference wind turbine has been described as reference for further optimisations. The identification of
the turbine has been based on expectations to cost-efficient and well-proven commercially optimised
turbine types, available after year 2001.

Main specifications for the Reference Offshore Wind Turbine:
Type
Rated output
Rotor diameter
Hub height
Design life time

3-bladed upwind
1,5 MW
64m
55 m above sea level
20 years

Design loads on the foundation has been elaborated for this Reference Wind turbine.

4.5 Optimising of Wind turbines

Potentials for optimising of the wind turbine design are reviewed. This include, among other parameter, a
review of the effects of modifications to:
• Hub height
• Rotor diameter
• Rotor RPM
• Park layout and location of the wind turbine in the park

4.6 Optimising of foundations

A separate study has identified the options for optimising of the foundations for offshore wind turbines.
This project is presented separately on this conference (Cost-efficient foundation structures for large
offshore wind farms. H. Juhl C. Birck et al.)
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The study has been based on the design and loads for the Reference Wind Turbine, identified in this
project.

4.7 Grid connection

The options for grid connection of large-scale offshore wind farms to the grid in the ELKRAFT-area in
parks of approximately 150 MW each (100*1,5 MW) has been reviewed.

The grid on the two islands (Lolland and Falster) south of the island of Sealand is a relatively weak (max.
132 kV) and relatively few large consumers and generating units. The interconnection the the relatively
strong grid on Sealand is limited by the transmission capacity of the sea-cables connecting the islands.

The area already has a large quantity of land-based wind turbines, which will be further extended in the
future.

Calculations on the grid have revealed the following estimate (costs for reinforcement of the grid is
included):
• Two parks at Oma can be interconnected to the grid at Stigsnaes power plant at a cost of app. 48 mill

ECU each.
• One park at Gedser/Rodsand can be interconnected to the grid on Falster at a cost of app. 60 mill

ECU.
• One park at Gedser/R0dsand can be interconnected to the grid on Lolland at a cost of app. 74 mill

ECU.
• For further parks at Gedser/R0dsand, a direct gridconnection to Sealand will be required at a

estimated cost of 130 mill ECU each.

The gridconnection consists of 20 kV submarine cables internally between the wind turbines in the parks,
and a 20/132 kV offshore substation in the middle of the park which is interconnected through a 132 kV
submarine cable to the grid in-land.

All new cables will be made as submarine or subterrain cables in order to avoid visual disturbances.

More detailed calcuations and simulations of the grid quality and stability is yet to be performed.

4.8 Installation

The Installation off 100 pieces large wind turbines in an offshore regime 5-10 km off the coast will be
planned to take place during the summer half-year. The installation process is very much influenced by
the actual wind- and wave regime on the actual site and must be optimised hereto.

The individual components and items must be manufactured and pre-assembled as much as possible to
allow a continuos and optimised installation sequence at the site.

4.9 Operation and maintenance

The strategy for optimising of operation and maintenance will be reviewed. This will include:
• Reduction of requirements to scheduled maintenance
• Selected components with extended lifetime
• Optimising of transportation and access to the turbines
• Extended monitoring and remote control facilities

4.10 Power production and economy estimate

The table below is a preliminary estimate of the production costs.
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For comparison, actual figures for the Vindeby Offshore Wind Farm and expected land-based 1,5 MW
projects in the ELKRAFT-area are included.

The full-load us for the large wind farms are calculated, based on the preliminary offshore measurements
at Omo and with a correlation to the simultaneous and hisoric data from the Vindeby measurements. A
total park efficiency of 85% is expected, including transmission- and availability losses.

1ECU=7DKK
1997prices

Site
Vindeby
11*0,45 MW

Gedser
100*1,5 MW

Om0
100*1,5 MW

Land based
3*1,5 MW

Installed
MW

5

150

150

4,5

Full-load
hours/
year

2400

3150

3000

2100

Invest-
ment

MECU/
MW

2,2

1,7

1,7

1,2

Capital
cost/
kWh

cECU

7,3

4,2

4,2

4,5

O&M
COSt/
kWh

cECU

1,1

1,1

1,1

1,1

Total cost
per kWh

cECU

8,4

5,3

5,3

5,7

The above estimate indicates, that large-scale offshore Wind power projects can be expected to be
competitive with ongoing, as well as near-future, land-based wind power projects in the ELKRAFT-area.

5 Conclusion

The future development of more optimised wind turbine models, as well as optimising of siting and
manufacturing and installation methods, can be expected to lead to even lower prices for later phases of
offshore wind farms, whilst the scarcity of available, windy sites in-land can be expected to imply higher
and higher generating costs for land-based projects.

A national Plan of Action for the implementation of large-scale offshore wind farms can be expected to
imply installation of several thousands of MW before year 2030.

In parallel to the current studies and investigations in the ELKRAFT-area (the Eastem part of Denmark),
feasibility studies have been made for the "positive areas" in the ELSAM-area (Lasse and Horns Rev in
the Western part of Denmark) to provide input to the Government's Plan of Action for Offshore Wind
Power, which is planned to be ready by July 1 1997.

Thus large-scale offshore wind farms are expected to play a major role in the future development of wind
power in Denmark.
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ABSTRACT

The paper present the conclusions of the work by the Ministry of Energy's Committee on Sea-based Wind
Turbines (to day the Ministry of Environment's Committee) in order to find possibilities for expansion off-
shore wind power in Denmark. The paper will also present the Governments future actions for offshore
Wind power.

The objective of the Committee on Sea-based Wind Turbines was to consider, among other things, general
criteria an evaluation regarding places in Danish waters for offshore wind farms. As part of it's work the
Committee initiated a mapping of Danish territorial water in order to register all interest, obligations and
considerations of importance for erecting wind turbines at sea.

The Committee pointed out four possible areas to erect turbines at sea, with only few conflicting interests
(e.g. environment, landscape, fishing, defence, communication, transport and national monuments). In these
areas a potential of 12 - 15-TWh wind power annually was estimated. That potential correspond to more
than 50 % of the total electricity consumption in Denmark.

The Danish Government intends to reach a decision on the future development of offshore wind turbines on
the background of an action plan for offshore wind power, which will be completed between mid summer
1997. The development of the action plan has started as a collaboration between the utilities and the Danish
Energy Agency. The plan is a part of the last obligation from 1996 on wind energy between the Government
and the utilities.

The action plan will include further analyses of technical, economical and environmental aspect of siting
wind turbines on the four sites already pointed out by the Committee on Sea-based Wind Turbines

In the Danish Governments Energy Plan "Energy 21" the planning scenario for wind energy is a capacity of
1500 MW wind power installed before 2005. Most of that is expected on land. In 2030 a capacity of 5500
MW is expected. Out of that more than 3500 MW is expected to be installed offshore.

Introduction

Wind energy resources in Denmark are among the best in Europe. In recent years there has been a rapid
growth in number of wind turbines connected to the grid in Denmark. By the end of 1996 more than 4200
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wind turbines were installed on shore with a capacity of approx. 820 MW. The total production of electricity
from these turbines in 1996 was more than 1250 GWh, corresponding to approximately 4.6 % of the Danish
electricity consumption (figure 1).

For several years Denmark has pursued an energy policy with an increasing weight on environmental as-
pects and new and renewable energy sources like wind energy. Therefore wind energy already plays an im-
portant part as supplement to the traditional sources of fuel in the electricity production, and the share of
wind energy and other renewables is expected to increase significantly in the years to come.

Denmark has as part of its energy policy set national targets for reducing the greenhouse gas, CO2. As by far
the greatest part of these CO2 emissions derive from the use of energy, the target shall continue to be pur-
sued mainly through comprehensive actions in the energy sector.

With the new energy plan "Energy 21" the Government wishes to demonstrate its abiding will to fulfil its
obligations. The long-term perspective is that a reduction of environmental impact shall be achieved also
after 2005. Denmark will, with its high COvemissions, strive to reduce it, by 2030, to half the 1990 level
(figure 2).

The condition for the Government's decision to aim at halving CO2 emissions before 2030 is that interna-
tional efforts in both technological development and design of market conditions and mechanisms support
this Danish effort.

The role of renewable energy in Energy

The long-term perspective over a period of 30 years is the development of an energy system in which an
increasing proportion of the energy consumption is covered by renewable energy. The assumption is that
there will be a gradual phasing in of renewable energy as technological and economic conditions make the
various renewable energy solutions commercially viable.

On the basis of the initiatives that have been launched, it is estimated that domestic renewable sources of
energy will contribute some 12-14% of the total gross energy consumption by 2005. The Government in-
tends to continue the development of renewable energy at an average annual rate of 1%. This entails renew-
able energy increasing its share of the energy supply to about 35%, a development which will also be neces-
sary if the CO2-emissions by 2030 relative to 1988 shall be halved.

In the short term, the development of renewable energy is expected to take place primarily by means of in-
creasing the use of bio-energy and wind power, which are also expected to provide the largest contribution
in the longer term. As a consequence of technological developments within individual fields, other renew-
able energy technologies such as solar cells, heat pumps, and wave energy will become of increasing impor-
tance (figure 3).

Danish wind energy policy

Modern large wind turbines are today so competitive, that the use of electricity from wind turbines is one of
the cheapest ways of reducing CO2 emission from power production (figure 4).

The total capacity in 2005 is presumed to be 1,500 MW and, as appears from the Government's Energy plan
Energy 21, a large number of the wind turbines are to be built by the utilities. A considerable number will,
however, still be privately owned.
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The Government expects that a significant part of the expansion until 2005 will take place on land. As wind
turbines become larger and hence more difficult to place in landscapes, the number of new sites will become
limited. The increase of wind turbine capacity on land after 2005 will have to be effected, among other
things, by renovation of wind turbine areas as well as by removal or replacement of existing wind turbines in
accordance with regional and municipal planning. In the longer term it is to be expected that the main part of
new development will take place offshore.

The long term policy (up to 2030) expects wind turbines installations with a total output of 5,500 MW (out
of which 4,000 MW are from offshore sites) - or alternatively solar cells and wave energy, provided these
technologies become competitive with wind energy.

The Government intends to continue its promotion of the employment and export opportunities by continued
research and development. This will support the Danish wind turbine industry, which is the largest in the
world, with a turnover in 1995 of more than DKK 4 billion, and exports of wind turbines and wind turbine
components of some DKK 3.5 billion. The share of the world market is close to 50% (figure 5). The number
of jobs in the sector has increased to over 9,000.

The Governments wind energy initiatives - which are described in the plan "Energy 21"- are:

1. that the utilities must build 200 MW new wind power capacity over the next 4 years and prepare an ac-
tion plan off-shore wind farms before mid 1997,

2. to reach a decision on development of offshore wind turbines on the background of the action plan for
offshore wind turbines,

3. to follow the regulations and subsidies for private persons and companies investing in wind turbines

4. to launch an information strategy for wind energy

5. to make wind turbine planning a regular feature of regional and municipal planning

6. to present a proposal for revision of the scheme for replacement of older wind turbines.

7. to follow the outcome of the ongoing demonstration programme on household turbines, and to evaluate
the opportunities for promoting further development.

Danish off-shore studies

Since 1977, the Government and the utility companies have conducted different investigations and tests to
illuminate the possibilities of producing electricity from large wind turbines in off-shore sites.

The first study on the subject was part of the common research and development programme between the
former Ministry of Energy and the electric utilities ELSAM and ELKRAFT. The work began in the early
1980s and a report was published in march 1983. The most important subjects investigated were wind re-
sources offshore, environmental limitations, construction concepts for large-scale offshore plants, electric
power transmission and the economics of offshore wind power. The turbines used had a 80 meter rotor di-
ameter, reflecting the expectations at that time, and the sea depth chosen was between 6 and 10 meters.

The study did not point out areas for siting the turbines, but clarified what problems could arise, and where
the fewest conflicts might be expected.
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In 1986 the former National Agency for Physical Planning published a study on the siting of off-shore tur-
bines. The Agency carried out a mapping of the sea around Denmark at sea depths between 6 and 10 meters
and for 3 MW turbines. The result was, that a wind power potential of approx. 11 TWh was estimated.

The Committee on Sea-based Wind Turbines

In November 1987 the Minister for Energy appointed the Committee on Sea-based Wind Turbines. The
Committee was set up with representatives from relevant ministries with regards to wind turbines sited off-
shore.

The Committee was asked to clarify the interests that should be considered for wind power plants sited off-
shore and to propose a set of rules that authorities could use to approve projects.

Committee members from ministries representing the sectors of energy, environment, fishing, defence,
transport, etc. were appointed.

The Committee dealt with the following main themes:

1. fishing interests including the effects on the fry, the fish growth areas, and the trawling industry

2. defence and communication interests

3. safety for sailors and conditions around sea-marks

4. biological changes, effects from changes in watercourses and reduction in water exchange in sensitive
areas and raw material interests

5. effects on birds, seals, and other animals, and

6. shipwrecks, graves, settlements, and similar monuments.

The first report from The Committee on Sea-based Wind Turbines

The Committee identified a number of suitable sites for the first offshore demonstration projects which were
reported in 1988. The recommendations were to establish one or more of them to test the technical, eco-
nomical and the environmental aspects of offshore wind power plants.

On the basis of the deliberations of the Committee the Minister for Energy requested ELKRAFT and EL-
SAM to bring forward initiatives to facilitate the instalment of future offshore wind power projects in Dan-
ish waters. Initial experience should be gained from the construction, operation and maintenance of 2 off-
shore wind power demonstration plants providing the background for taking further steps towards utilising
offshore wind energy in the Danish energy system.

ELKRAFT complied with the minister's request and in October 1991 the first offshore wind farm at Vin-
deby was inaugurated. The wind farm, build in accordance to the recommendation given by the Committee
on sea-based Wind Turbines, is located 1.5-3.0 km north-west of the island Lolland and consists of eleven
450 kW turbines in two rows.

At that time ELSAM was not interested in extending there wind energy activities to offshore installations.
However, ELSAM has in 1992 accepted, as part of their share of the second 100 MW wind power agree-
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ment with the government, to build the second demonstrations facility. This demonstration plant consist of
10 500 kW wind turbines.

After that, and some time of discussion between the Ministry of Energy and Elsam, it was decided that the
second demonstrations facility could be build at a location near Tun0 Knob, which lies south of the bay of
Arhus. The area had previous been used by the navy as shooting target, but will now be cleaned up. Also it
is not open for sailing or fishing.

A required analysis of the visual impact has been carried out, and according to the Agency for Nature and
Forest Protection the necessary investigations of offshore wind turbines effect on birds can be carried out.
The project is sited approx. 5 km from the coast of Jutland and 3 km from the island of Tun0 and was ap-
proved in late 1994.

Both demonstrations plants have been working very successfully since the start. Even with the relatively
high installation cost the Vindeby plant is producing electricity to approx. 0.60 Dkr (0.08 ECU) pr. kWh and
the Tun0 Knob plant to approx. 0.49 Dkr (0.065 ECU). Commercial wind turbine installations on land sites
in Denmark will produce to between 0.25 and 0.50 Dkr. depending of the wind classes of the landscape. The
production costs for electricity from conventional power stations are approx. 0.25 Dkr. (0.032 ECU) pr.
kWh.

The locations for the demonstration plant are shown in figure 6.

The second report from the Offshore Sea-based Wind Power Committee.

The Committee second task was to look at the interests, which the authorities should consider, when a off-
shore wind power plant has to be approved. The Committee did not take into consideration the questions
regarding technical, economy or wind resources etc.

Two important projects have been carried out as bases for the conclusions.

1. A visualisation project illustrating the visual impact of offshore wind turbines in coastal areas. The proj-
ect describes how tall technical installations influence the scenery of coastal landscapes, and a number of
concrete examples have been made by using a CAD-programme to manipulate wind turbine into different
sorts of landscapes. The project also defines distance from the coast, depending of the elevation and the use
of the land side, within which turbines will have substantial influence on the coastal area.

2. A mapping project which give a total registration of the known and relevant conflicting interests for sit-
ing of wind turbines. All the data collected have been fed into a computer programme (Windows MAP-
INFO), and for each ministry's resort maps have been drawn up. The interests have been divided into two
groups. One defined as "areas with bindings", which are areas where conflicting interests make it impossible
or nearly impossible to site wind turbines and a second defined as "areas with conflicting interests to be
considered", which in many cases can be a question of extra cost, before an offshore project can be estab-
lished.

Some data regarding sea depth and wind resources have been collected and it is the intention to add more
technical data at a later stage.

The conclusions and recommendations of the Committee.

It is the Committee's view that great attention should be paid to the visual impact on the landscape, when
wind turbines are sited offshore. The wind turbines should be sited in areas with fewest conflicting interests
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and ideally sited beyond the visual distance from the coast or at least so far out that they can not bee seen
under normal weather conditions.

Based on the mapping of interest and the visualisation project the Committee has identified a number of
larger areas with a water depth up 10 meter, where none or only few interests besides possible fishing inter-
ests have been identified. Some of these areas are at such a distances from the coast that erection of wind
turbines will give very little problems with respect to the landscape.

The four most interesting sites with enough place to site larger offshore wind farm are shown at figure 7,
and are:

1. The area south of Lolland and Falster (Gedser Rev and south of R0dsand). The potential area is approx.
200 km2 and the conflicting interests to be considered are resources of sand and stones and possible
shipwrecks.

2. The area north-west of Lolland (Om0 stalgrunde-syd). The area can be divided into two. One where only
fishing interests have to be concerned and one which to day is classified as a potential bird protection
area, but where the coming results of the Tun0 Knob project will decide the final status of the area. The
total potential of the area is approx. 150 km2.

3. The area south of the Ramsar-area around Laes0. Also this area are a potential bird protection area, but
otherwise only yachting interests have been identified. The area is the biggest identified with its approx.
500 km2.

4. The last area is Horns Rev in the North Sea west of Blavand. In that area only fishing interest and some
sand- and gravel interest have been identified. The area is approx. 135 km2.

The three first areas have all also been identified in earlier studies, but the area in the North Sea is new and
interesting because of higher wind resources.

Based on the assumption that the wind power technology used would be 1 MW turbines placed in 0 -10
meter on the bottom of the sea it has been estimated that the theoretical wind power potential would be of
the order of 7000 MW installed capacity. The yearly production would bee 15-18 TWh, which correspond
to approx. 50 % of to days electricity consumption in Denmark. However, it should be remembered that
there probably is not sufficient overlap in production time and consumption time.

Besides the above mentioned areas, it is the Committee's evaluation that there can bee areas where a small
number of turbines can be sited closer to the coast lines. Such sites must however be evaluated carefully and
siting must be based on the same criteria as siting of wind turbine on land in the coastal areas. It is the rec-
ommendation that special guidelines for siting of offshore wind turbines are worked out together with at set
of administrative procedures for the authorities approval of future installations.

Finally the Committee recommends that work is continued regarding the evaluation of the four above men-
tioned areas in order to determine the actual possibilities for establishing large offshore wind farms. It is the
view of the Committee that the offshore project still could benefit of larger wind turbines than those com-
mercial available to day.

Action Plan for Large scale offshore wind farm's

In February 1996 the Government asked the utilities to be responsible for the total goal of 1500 MW wind
power in 2005. As a first step the utilities are going to erect another 200 MW wind power before the end of
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1999, and by mid 1997 develop an Action Plan for large scale offshore wind farms. The main reason for this
obligation is that the results from the first to demonstration plant have been very promising.

The utilities are in the process of developing the plan together with the Danish Energy Agency. A working
group has been created and the plan has to be finished in June 1997.

The working group's task is the following:

1. to evaluate the technical and economical feasibility of the four identified areas in the Danish waters, and
to analyse the wind resources, the loads from sea-waves and is, foundation possibilities, grid-connections
etc.

2. to carry out necessary environmental investigations.

3. to evaluate the real wind power potential of the areas.

4. to evaluate possibilities of alternative sites and their potential.

5. to analyses the wind turbine technology and foundations methods, which is expected to be economical
relevant over the next few years.

6. on basis of the analyses to draw up an Action Plan for siting of offshore wind power in large scales in the
Danish waters.

The first conclusions been presented at a seminar in Copenhagen February 3, 1997 show that there are good
possibilities of reducing the costs compared to the first two demonstrations plants. By optimising the size of
the offshore wind farms (units of 120-150 MW) with regards to the net-connection, and optimising the de-
sign of the foundation the calculations points at a possible price of electricity of 0.40 Dkr/kWh (0.054ECU).
This is lower than several of the land based installations been erected to day in the Elkraft area.

This promising result has lead to an application from the utility SEAS on approval of offshore wind farms at
the sites of R.0dsand, Gedser and Om0. The total capacity of the installations at the three sites to be build
from over the next 10 years will be appox. 1000 MW.

Legislation on offshore wind energy facilities

In 1990, the Danish Parliament passed a law that authorised the Minister for Energy to provide rules for
offshore installations and the comments to the proposed legislation refer to the recommendations by the
Committee on Sea-based Wind Power as well as to the results of proposed demonstration projects. It is the
intentions that when sufficient experience has been gained, the Committee will propose guidelines for locat-
ing and erecting of wind turbines offshore.

The legislation has given rise to a couple of proposals for private offshore wind energy projects, but the
Ministry of Environment and Energy considers that erecting offshore wind turbines still is subject to great
economic, technical and environmental difficulties. The Ministry therefore has pursued the policy, that it the
utilities should make the first more risky development efforts. Therefore no permissions have yet been given
to private offshore installations.

In connection with the Governments budget for 1998, a small budget has been allocated to support the es-
tablishment of wind turbine corporations. It is however to early to tell whether this initiative will result in
some private offshore installations.
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It should be noted that no political decision concerning the economical terms for private owned installations
offshore have been taken yet.
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Status of Wind Energy Utilisation
and

Prospects of Offshore Wind Energy Utilisation
in Germany

Norbert Stump
Forschungszentrum Mich GmbH

Project Management Organisation Biology, Energy, Ecology BEO
D 52425 JCilich

A review will be given on the progress of wind energy utilisation in Germany
since 1989. Plans for offshore wind farms will be presented. The results of a
detailed study on offshore wind energy systems in the Baltic Sea will be
discussed in more detail. The technical and economical prospects of offshore
wind utilisation in the short and medium term will be sketched.

At the end of 1996 the total installed capacity of wind energy converters (WECs) in Germany
came to some 1.600 MW from 4.500 WECs. In 1996 some 2.6-109 kWh produced by WECs
in Germany were fed into the national grid which corresponds to almost 0.5 % of the total
produced electricity. The cumulated rated power of wind turbines in Germany is indicated in
figure 1.
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The ,,100 MW Wind Programme" of the Federal Ministry for Science, Education, Research
and Technology (BMBF) was announced in spring 1989. In addition to the reimbursement of
about 0.09 DEM per kWh -fed into the grid and to be paid by the utility - the operator of a
WEC received in general a grant within the ,,100 MW Programme" of 0.08 DEM per kWh.
The economical situation of a wind turbine operator was improved by the adoption of the
,,Electricity Feed Law" (EFL) which became effective January 1st 1991. At that time the
funding programme of the BMBF was enlarged to the ,,250 MW Wind Programme" while
conditions were slightly modified.
During the course of the years the portion of WECs financed outside the ,,250 MW Wind
Programme" increased steadily. The ration of WECs funded outside this programme to those
funded within the programme is shown in figure 2.

Ratio of cumulated power of WECs
outside 250 MW Wind to inside 250 MW Wind

o -J-

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996

Year

figure 2

The deadline for applications within the ,,250 MW Wind Programme" was December 31st of
1995. At that time the typical capacity of newly installed WECs was 500 to 600 kW. The
average nominal power of all WECs within the ,,250 MW Wind Programme" as a function of
time is shown in figure 3.

Within the years up to the end of 1996 not a single one of the 4.500 WECs in Germany was
installed ,,offshore". Besides technical questions the main other reason for this fact is the
wording of paragraph 2 of the EFL. ,,The utilities are obliged to purchase the electricity -
produced from renewable energies e.g. wind in their supply districts - at a price regulated by
the law." The current regulations are that an utility had to pay at least 90 % of the average
tariffs per kWh which private customers have to pay. In 1997 this amounts to 0,1715
DEM/kWh. In table 1 the rates for electricity from solar and wind energy are given.
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Average Nominal Power
over the whole period = 218.5 kW

89 95

figure 3

Rates for electricity from solar and wind energy

year rate in DEM/kWh

96

1991
1992
1993
1994
1995
1996
1997

0.1661
0.1653
0.1657
0.1693
0.1728
0.1721
0.1715

table 1

Usually the utilities are offering a rate of about 0.09 DM per kWh for electricity produced by
offshore wind farms to interested developers. At the time being modifications of the EFL are
under discussions to include offshore wind farm under the regulations of that law. This will
improve the economical conditions.

In the beginning of this decade it was more or less generally accepted in Germany that
offshore wind farm might become reasonable at a time when large WECs - proven over longer
times onshore - will be available. Large wind turbines in this sense are believed to be WECs
with a nominal capacity in the MW range.

In the last three years several studies had been performed for some offshore wind farms, for
example:
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SKY 2000
10 WECs of the MW-class in the Baltic Sea close to the coastline of Schleswig-Holstein
with a possible extension to 65 WECs.
Wilhelmshaven Offshore Wind farm
27 WECs each with a capacity of 1.5 MW close to the industrial harbour of
Wilhelmshaven
Sylt, List or Hornum Odde
up to 80 WECs on not yet existing dikes which should protect the islands
Offshore Wind farm north-east of Rostock with 180 WECs

The Federal Ministry for Science, Education, Research and Technology supported financially
a study on ,,Offshore Wind Energy Systems" performed by Siemens AG and Vulkan
Engineering GmbH in co-operation with PreuBenElektra AG and several other industrial
partners. The final report on this study is available in German since 1996.

The growing use of wind energy creates conflicts in the German society. Within the 250 MW
Wind Programme it has been demonstrated that carbondioxid free electricity from wind
turbines can be produced at reasonable costs under German wind condition, especially at sites
close to the coastlines. On the other hand wind turbines influence the landscape and birdlife
and they are noisy. In effect it became more and more difficult to get construction permits on
reasonable sites.
Offshore installations might contribute to solutions of this type of conflicts.

In 1982 a study on offshore wind farms in the Nordsee was carried out. Later the
,,Wattenmeer" became a area protected by international agreements. Installations of WECs in
that particular region will be most likely not permitted. Therefore the study concentrated on
sites in the Baltic Sea close to the German coastline.

The main subject of the study are:

• Siting questions
• Legal, licensing and acceptance aspects
• Technical concepts for components of offshore WECs
• Economics of offshore wind farms

The estimated wind energy potential is in rather good agreement to earlier study. The best
values are in the range of 4.000 kWh/m2a. Significant ecological effects are to be expected at
distances closer than three miles to the coastlines. There exists a reasonable number of
suitable sites from the view point of geological and hydrological engineering with water depth
up to 10 m. The existing transmission lines close to the coast are a limiting factor. Starting
from the existing high voltage grid the maximum of installed on- and offshore wind capacity
is calculated to be somewhat less than 2.000 MW. This has be to compared with the already
installed capacity of about 1.000 MW near the coastlines.

According to international maritime law construction licences for offshore wind farms within
the twelve miles zone are due to national authorities. No major problems are to be expected.
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Actually offshore wind farms are not covered by the EFL (Energy feed law), but the
Energiewirtschaftsgesetz has to be obeyed. According to this law electrical energy has to be
produced and delivered as safely and cheaply as possible. Possible conflicts between the
Energiewirtschaftsgesetz and the EFL can be solved only by political decisions.
From discussions on some projects it is known that questions of public acceptance of offshore
wind farms cannot be underestimated.

The ,,best" wind turbine is not yet known. But all feasibility studies are based on turbines with
a capacity of more than 1 MW. In 1996 some prototypes of WECs with a capacity of 1.5 MW
were commissioned. We expect for this year the first turbines on the commercial market.
Some time will be needed to remove teething problems and improve the availability and
performance of this size of WECs. Special provisions should be made to keep operation and
maintenance cost at an acceptable level. Sea water corrosion might be a problem and/or
costly. Overhead cables are believed to be less expensive than submarine cables but might be
less acceptable from an ecological point of view.

The economical considerations are based on a wind farm composed of twelve or one hundred
WECs each of a capacity of 1.2 MW with a hub height of 60 m and rotor diameter of 60 m at
a site 5 km away from the coast line.
With all the uncertainties of such types of calculation it can be stated that the costs of
electricity from such offshore wind farms would be slightly higher than those from onshore
wind farms in Germany with WECs composed of 500 kW turbines.
In table 2 some results are shown for the different scenarios.

scenario

1
2
3
4

6 + 7
12
13
15

5 %-quantile
DM/kWh

0.1176
0.1374
0.1356
0.1366
0.1329
0.1155
0.1239
0.1234

50 %-quantile
DM/kWh

0.1401
0.1605
0.1591
0.1614
0.1563
0.1447
0.1497
0.1458

95 %-quantile
DM/kWh

0.1653
0.1884
0.1855
0.1889
0.1823
0.1761
0.1782
0.1708

table 2

The uncertainties are in the range of ± 10 %.

Before plans for offshore wind farms in Germany will be more actual developer
will wait for further experiences with the first generation of 1.5 MW WECs.
The modifications of the Energy Feed Law currently under consideration will
have significant influence on investment decisions.
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OFF-SHORE WIND ENERGY IN THE ITALIAN CONTEXT
Paolo degli Espinosa* and Massimo Falchetta**

*Legambiente
**ENEA - C.R.E Casaccia

ITALY

ABSTRACT
The issue of off-shore wind energy in Italy must be seen in the more general context of penetration of
Wind Power applications in Italy, taking into account environmental impacts; limitation of CO2

emissions can give the rationale for a stronger effort in promotion of renewable energy utilization.
Legambiente, one of the most important environmentalist associations in Italy, stronglys supports
renewable energy utilization.
The Legambiente energy document issued in 1992 set two objectives for penetration of wind-energy
in Italy: 5-6 Twh/year at year 2005 and 20 Twh/year at year 2020; these objectives, although
ambitious, are aniway compatible from the point of view of phisical and technical feasibility.
The environmental impact of the necessary installations, mainly from the visual side, remains to be
assessed, and will be one of the main issues in the process of implementing these goals.
A major role must be played by local authorities and municipalities in particular; since a lot of them
comprise a part of the long italian coast, a significant contribute could come, in the short term, from
semi-off-shore plants sited inside harbours or in the vicinity of coastal industrial installations, where
wind turbine installations would constitute a natural technological estension of existing human
interventions; real off-shore plants at sufficient distance from the shore, in order to minimize visual
impact, can instead play a role in achieving the longer term goals.

KEYWORDS
Wind Energy, Off-shore Wind Energy, Incentives to Renewable Energy, Environmental Impact,
Institutional aspects.

1 INTRODUCTION

To talk about off-shore wind energy while, in Italy, the on-shore resource utilization is still in its
embryonal stage could seem misleading.
First of all, we want to clarify that we are not assuming the issue of off-shore wind energy as a way
not to face the the problem of wind energy in Italy as a whole. Therefore we state that:

• the issue of off-shore wind energy is undoubtedly interesting, mostly in perspective, for a country
like Italy, with 8000 Km of coasts, positioned in the middle of mediterranenan sea, with a tradition
in marine applications;

• in the same time, for the penetration of off-shore wind energy application it is necessary that the
on-shore application be substantially developed, as a pre-requisite.

Our contribute will therefore concentrate on the main issue, that is the conditions for take-off for wind
energy technology as a whole.
On this basis, starting from a not specialistic knowledge of the subject of off-shore wind energy, we
also will give some specific indications on the issue of wind energy take-off in Italy.
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2 THE DECISION MAKING LEVEL: COMPARISON BETWEEN RENEWABLE SOURCES AND
CONVENTIONAL LARGE POWER STATIONS

When a country like Italy based its new electricity supply upon 2000 MW power stations, fired by
fossil fuels, operating at 5000 hours/year, each able to produce 10 Twh/year of electric energy, the
decisions about 24 ipothetic new power stations was were made and programmed at a "central"
level.
In such model for electric energy production, adopted for many years, the decision makers and main
actors of the process are all at the "national" level. In fact they are the national Government and the
central electricity board, while the "territory" (here intended as the combination of the phisical land
and the institutions and inhabitants) has the role of site to host the 24 power stations and of final
consumer of the energy.
Such an old approach is now out-of-date, both due to its intrinsic shortcomings and as a consequence
of the process of introduction of a free market of electricity production. Nevertheless up to now a
new model, based on the the territorial energy sources, have not been outlined and regulated yet
therefore we actually are in a transitory and unclear condition.
In the specific case of renewable sources, for their own nature diffused across the land, and in
particular for wind power plants the principal actors and the decision processes must be significantly
different from the previous ones. Indeed a basic role must be played by decision makers able to
regulate the "fine-structure" of the territory; in other words this role pertains to local administrators.
The connection municipalities-renewable sources is therefore one of the key issues to face, together
with the issues of technology and costs.
Even from this point of view the approach to exploitation of new renewable sources is completely
different from the traditional approach used in the energy sector based on "scale-economies", that led
to increasingly larger components and plants.
On the side of components, the adoption of small and numerous plants permits a number of
advantages:

• the cost of the single component decreases, as a consequence of series-production;
• the small plants can be compatible with the territory;
• the overall development and installation times are reduced, together with the connected financial

costs;
• the competition between a number of potential equipment dealers decreases the costs;
• the "prototyping effect" advantages are maximized; in fact in the case of a large number of small

equal plants the prototype additional costs represent a small fraction of the total cost of the
technology; this "prototyping effect" is instead hardly possible in the case of a large traditional
fossil or nuclear power station, because every single unit represents a significative quote of the
total and is practically a "prototype"; even when large power stations are developed as "national"
projects with "unified" units, the resulting advantage is questionable due to lack of real field
competition between a number of different designs.

• the short development and installation times permit a fast growth of "technological generations"
and therefore a continuous refining and improvement of the productivity, based upon feed-back
between application and new design;

Taking into account the former considerations, the industrial sector of components and plants for
renewable sources exploitation is more similar to the light mechanic than to the heavy mechanic
sector; more similar to the automotive industry than to the steel production industry. This sector, in
the context of the market that is going to be created within Europe, will experience an increasingly
strong competition in terms of costs and performances.
On the other hand, since every installation is influenced by the specific characters of the site the cost
of design procedures needed to implement the technology in a given area or site, beginning with the
anemological surveys and ending with authorizative costs becomes a significative fraction of the total
cost.
For the take-off of wind energy applications it is therefore necessary not only to link the renewable
technologies to the new decision-making levels, but also to diffuse knowledge and know-how within
local designers, economic operators and authorities.
A comparison with automotive sector again can be useful; cars, although with a low ex-factory
production costs, could not be employed everywhere if adequate roads and infrastructures were not
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present in the territory. Cars, as a factory product, have been developed and manufactured before
the development of adequate roads; in addition, such roads required specific projects for every
situation.
Something similar is necessary even for renewable sources systems; the components are series-
produced at decreasing costs, but their installation requires specific projects and knowledge within the
the territory.

3 THE ITALIAN COMMITTMENT WITHIN THE CLIMATE CONVENTION

The joint declaration of the Counseil of Ministries for Environment and Energy of the European
Community issued on 29th October 1990 committed the member states to stabilize CO2 emissions at
the 1990 levels, within year 2000; these committment has been repeatedly confirmed later on [1]; in
addition Italy signed the Rio convention, during the Earth Summit of June 1992; presently, the italian
Government is assuming a committment for a reduction of emission of 7%, with respect to 1990
levels, within year 2010.
On the other hand, the overall energy situation is such that in 1990 Italy consumed 163.5 MTOE of
primary sources (to which corresponded 119.6 MTOE for final use in the various industrial and civil
sectors) comprising 2.7 MTOE of bunkers (source: National energy Budget - Italian Ministry of
Industry, annex 3 of [1]). To this consuption corresponded the emission of 421 Millions of tonnes of
CO2, that is the principal item to confront with in order to verify if the actual trend is in accordance
with the committments.
The joint document of Energy and Environment Ministries "National Programme for the limitation of
carbon dioxide emissions to 1990 level by the year 2000", approved from inter-ministerial committee
on economic planning in february 1994, indicated the estimated emissions at year 2000 depending on
three possible scenarios: without reduction measures, with reduction measures, with additional
measures; the data are illustrated in the following table.

Primary consumption
(MTOE)
Emissions(Mton CO2)

Situation 1990

163.5

421

Without
measures
188

488

With measures

178

430

With additional
measures

?

421

Table 1
[1]

Estimation of primary sources consumption and net CO2 emissions at year 2000

The following measures were explicitly indicated; on the electricity board side (ENEL), the
decommissioning of 3500 MW of oil and coal fired plants with efficiencies lower than 34%, 5000 MW
of gas repowering and combined cycles, 4500 MW of new power plants with an efficiency higher than
40%; on the side of independent producers, the increase of production from renewable sources and
from the so called "assimilated to renewables" * through the incentives on electricity prices (regulation
CIP6/92); on the side of capital incentives, the laws 9 and 10 of 1991.
Among the "additional measures" further incentives were proposed, together with standards on end
use efficiency, voluntary agreements, least cost planning, information campaigns, investments on
new technologies.
Coming to the practical achievements on carbon dioxide reduction, the last estimates of the Ministry
of Environment show that, if no further measures will be implemented, the emissions will instead
increase of 6-9% by year 2000 and of 15-25% by year 2010, depending on economic scenarios; this
notwithstanding the economic growth rate reduction registered in Italy during the last years [2].
Referring specifically to wind energy, we report now the results of a simple exercise, based on the
above mentioned data.

* Cogeneration plants, plants using recovery of exhaust heat or gas emission heat, plants fed with industrial or
process wastes as well as those fuelled from small and isolated deposits are considered "assimilated to
renewables" provided they fulfil some specific technical conditions.
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Table 1 evidentiates that, provided the proposed measures were actually implemented, the italian
emissions at year 2000 would be aniway higher than the target by 9 Mton CO2.
If we suppose to implement 2000 MW of wind power plants able to run at 1750 equivalent hours/year
we can expect the production of 3.5 Twh/year. Assuming the avoided CO2 emission at 0.72 kg/kWh
the total avoided emission would be 2.5 Mton/year, that is 28% of the lacking 9 Mton, not sufficient by
itself, but not negligible.
In reality the situation on the side of emissions reduction is mostly interlocutory.
in fact, laws 9 and 10 remained for the most part not implemented in practice, due to hard cuts to the
funds, and practically they are not funded anymore; nobody really heard anything about
implementation of additional measures.
Except for the increase on use of natural gas, that mostly was not due to an emission reduction
policy, the only sector achieving a significant growth was that of independent producers using
"assimilated" sources, while the true renewable sources showed a modest increment with respect to
the potential.
That means that what has been done up to now is not sufficient, and this is one of the main
motivations for increasing the committment in introducing new renewable sources in the italian
context.

4 THE INSTITUTIONAL CONTEXT

Advantages of renewable sources, in terms of their potential significant contribute to the emissions
reduction policies, are not measured by the market itself and therefore require institutional support
measures.
Since they are sources linked to the "territory", the two critical key factors are: economic factors and
local planning.
Referring to economic factors, today in Italy it would be virtually possible to achieve wind electricity
costs as low as 120-130 L/kWh, in an economic context of pure capital consumption allowance along
the technical life of the plant, provided the availability of the capital at the lowest interest rate.
But in the new persepective of a competitive and free electricity market, open to private investors
and to risk capital, it is necessary to take into account the point of view of an investor that employs its
capital in view of a profit.
At this respect a simple example can be instructive.
An installed power of 1 kW with an initial investment of 2 ML, can yield 1750 kWh/year of electricity,
approximately corresponding to 0.3 ML/yearwith actual CIP6/92 rates (173.5 It. L/kWh); subtracting
trie maintenance costs, that can be in the order of 0.04 ML/year, the net income is 0.26 ML/year.
That is not really attractive for a private investor, also taking into account that the cost of loans in
Italy is quite high, the technology still felt as very new and uncertain, the authorizative procedures
quite time-consuming, complicate and uncertain.
In fact, most of the programmed new installations are intended to be additionally supported by
european funds.
A great advantage of concentrating the support only on rates paid to renewable electricity permits to
create an explicit link between environmental advantage (avoided emissions) and income of the
investor, therefore supporting only efficient and long-lasting plants; at this purpose, a fair rate should
be not less than 200-220 It. L/kWh, at least for the actual phase of beginning of technological take-off
in Italy.
These figures are lower than, even if more comparable to, those granted until few time ago in U.K.
and Germany, where anemological and authorizative conditions were more favourable.
Moreover, the rate should be granted for a longer period than the actual 8 years, i.e. 15 years at
least, in such a way to guarantee more stability of the investment.
In the case of availability of european and/or local fundings on a capital basis, these indicative rates
should be reduced accordingly, but they should anyway be levelled to a value able to attract
investments on efficient and reliable plants.
The situation is somehow peculiar, because the wind energy sector began to move; the total amount
of inquiries for grid connection of potential new power plants with CIP6/92 scheme, even though most
of them very preliminary, was near to 3000 MW, of which 735 were considered eligible up to now.
So, the potential situation actually overcomes the Government official plans issued in 1988 in its
Energy Plan of 1988: 300-600 MW by year 2000, and is instead closer to estimates of Legambiente
for year 2005.
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On the other side, it is true that Italian installations are still at approximately 70 MW, to be confronted
with more than 1000 MW of Germany, that begun its effort in the same years.
The main support mechanism, that is the CIP6/92 regulation, recently was practically stopped by
decree (no. 192 of 19th july 1996), right in correspondence of take-off of renewable power plants
installation.
The official reason for this stop, only partially removed with a new decree (24th January 1997), was a
financial deficit of the primary source of fundings for this purpose, the so called "Cassa Conguaglio
Settore Elettrico" (a sort of mechanism created to compensate the increased fuel costs since 1973
and a number of subsidies in the electricity sector); such a deficit is not due to support to renewables,
given the limited amount of actual installations and given that an additional charge on electric rates
paid by all final consumers was introduced at this purpose, but instead to other reasons; first of all the
mechanism for compensation of fuel price fluctuations and in a smaller extent the subsidies paid to
plants using "assimilated" sources yet operative. It is now clear that these mechanisms should be
re-conceived according to the new situation.
It is a good new that a recent ministerial document on guidelines for electricity policy in the context of
european integration advocates continuing the support for renewable and "assimilated" sources, with
a mechanism based on produced electricity and with the introduction of corrections to the actual
mechanism, like the pre-determination of annual quotes by type of source and selection mechanisms
based on auctions [3]; now it is essential to actually implement new rules, that will have a significant
role on penetration of renewable and "assimilated" sources and on reduction of CO2 emissions.
In such a context it must be stressed the weakness of actual regional energy planning (due to lack of
funds but also to organization problems, underestimation of energy-environment issues, lack of
collaboration with local authorities) and the limited connection between wind power potential surveys
performed by ENEA and institutional, regional and local planning.
The actual situation is therefore potentially positive, but together with higher and stable rates for
renewable electricity, further actions are needed:

• search and definition of new sites
• guarantees and simpler rules for grid connection
• increased availability of capital for investors
• guarantees on electricity rates, in perspective
• political will and planning at national and regional level, with definition of clear medium and long

term goals and with more stable support

If these conditions were ensured by now, immediate results could be connected to a wider
commitment, aiming at a higher technological and productive strength of national industry.
Therefore, Legambiente asks the italian Government for an immediate commitment in a plan aimed
at the wind technology take-off, with the Ministry for Industry as actor for the aforementioned points,
municipalities as local purchasers of equipment, regional governments as coordinators, planners and
link with the european structural funds, knowing that sufficient knowledge exists since now inside
ENEA, ENEL and other companies and institutions on suitable sites for wind power installations,
knowledge that could be sufficiently increased within a one year time-span.
Regarding technology, actually the best choice of turbines seems to be in the range of 300-600 kW of
rated capacity, with proven design and "european" turn-key costs in the order 2 ML per installed kW.

5 THE LOCAL COMMUNITIES AS PURCHASERS OF RENEWABLE SOURCE PLANTS

Italy holds 8000 municipalities, of which 6000 have more than 1000 inhabitants and 1000 have more
than 10.000 inhabitants. It must be also considered that these 8000 municipalities, totalling 300.000
square km, are divided into 2600 sited in mountineous areas with a total of 105.000 square km, 3370
sited in hilly areas with a total of 125.000 sq. km and 2100, the more inhabited, with 160.000 sq. km
of plain areas.
Now, if we consider an average municipality in a hilly or mountaineous area, with a population of
10.000 and an area of 40 sq. km, a 10 MW wind farm area of 2 sq. km corresponds to 1/20th of the
land, that can be too high in most cases.
But if we consider only the municipalities with more than 100 sq. km of area, that is 600
municipalities totalling 1/3 of the Italian territory or 100.000 sq. km, with an average of 160 sq. km
each, an area of 2 sq. km is in the order of 1% of the land.
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Indeed a detailed analysis of the fine structure of the territory should be performed, but it is aniway
clear that in order to avoid penetration problems the renewable energy power plants must
appropriately fit into the available land parcels.
Compared to large power stations they are more diluted and "elastic" but these characters must be
adequately exploited in order the plants be accepted by the population.
Based on the former considerations, it can be defined a typical situation of a municipality with 10.000
inhabitants at least, with an area of 100 sq. km at least, preferably sited in a hilly or a mountaineous
area.
There are 400-500 municipalities like this, in Italy; if, at least 200 of them could host a 10 MW
windfarm we would achieve 2000 MW of installation, a serious perspective in the mean term.
The virtual possibility of municipalities as purchasers of wind power plants is obviously not sufficient:
it is necessary to create the conditions to exploit local interest of admnistrators and populations to be
actors in the process.

Such interests can be:

• local employment benefits, with possible local acquisition of part of the contracts for the
infrastructures implementation (worth 30-40% of the total costs), part of the turbine components
(tower, electric or electronic parts), a role on the O&M activities (typically worth 2-3% of the total
cost, per year).

• direct benefits, in terms of participation to the wind farm income, land rent, or municipal rights,
cost reduction on cosumed electricity.

Referring to Germany, the electricity feed law grants 0.17 DM/kWh for all the plant life, to which the
plants participating in the "250 MW plan" could add regional contributes up to 0.06 DM/kWh, plus
capital funding up to 20-40%.
In this situation many local communities actively promoted wind power in their own territory assigning
land parcels to the wind development and taking part in the profits; this process is possible also in
Italy, provided sufficient incentives be present.
A direct interest of municipalities would also simplify and speed-up the authorizative process, actually
one of the main barrriers to the spread of wind power technologies in Italy.

6 WIND POWER IN THE CONTEXT OF ITALIAN TERRITORY

Legambiente, in its Position Paper on energy presented at the IV national congress of Parma in 1992,
proposed a target of 5-6 Twh/year of Wind energy by year 2005 and 20 Twh/year by year 2020.
The first target is an extension of the 2000 MW target that can be proposed for the short term, while
the 2020 target is quite ambitious and should be thoroughly assessed, mostly for its environmental
implications.
In terms of feasibility and importance of the scenarios in view of CO2 reduction policies, taking into
account an average load factor of 20% (i.e. 1750 equivalent hours/year) that is a typical performance
for a good site in Italy, the following table results (2000 MW is the short-term target by year 2002):

Year
Yearly yield (TWh)
Installed capacity (MW)
Land area (sq. km)
Phisical land occupation (sq. km)
Avoided CO2 emissions (Mton/year)

2002
3.5

2000
350
7

2.5

2005
5/6

2800/3400
470/570

10/12
3.6/4.3

2020
20

11.400
1900
40

14.4
Table 2 Data of the penetration scenarios

Savings on CO2 emissions must be compared with the quantities required to achieve the international
committments on carbon dioxide stabilization; they can play a significant role in reduction policies.
The analysis assumed a yield of 10 kWh/year per square meter of land area pertaining to a Wind
farm; this value was taken from a specific study performed in ENEA in 1992 [4] and is an average
value typical for Italy, yet conservative being easily possible to reach 15 kWh/year for square meter
of land area.

212



From this point of view it must be clarified that the analysis assumed that the land area "pertaining" to
a wind farm is all the land inside the external perimeter of the wind farm, comprising an external zone
of 100-300 mt. (from the external wind turbines) where some land use activities (for example,
residential) can be prevented due safety and noise problems.
The phisical land occupation is instead that part of wind farm areas occupied by foundation platforms,
connection roads, infrastructures, here assumed as 2% of the total (a conservative figure).
This is an important distinction, because most of the land pertaining to a wind farm is not subtracted
to other land uses, like agriculture or cattle breeding; on the other hand, the land pertaining to a wind
farm is anyway impacted from the point of view of noise, bird life, safety.
About feasibility of the scenarios, no problems exist in principle from the phisical and technical point
of view, in fact:

• as far as resources are concerned, the european community funded study of Selzer [5], [6] also
reported on the European Wind Atlas estimated 7100 square km of italian land with average
wind-speed higher 5 m/s, with a gross potential equal to 54 Twh/year, to which 15 Twh/year must
be added from potential off-shore plants in depths of 10-15 meters.

• the installation rates achieved in Europe demonstrate that there is no technological problem in
achieving, in more than 20 years, 11.000 MW of wind power plant installations.

From the economic point of view, again considering that the total of requests for potential grid
connection on the basis of the CIP6/92 regulation has been near to 3000 MW (the exact number is
hardly available and has not been released), the majority of which are concentrated in a limited area
of South Italy comprised between the Puglia and Campania regions, it appears quite clear that, in
principle, the 2005 target could be reached; the problem is eminently the availability of adequate
funds and incentives, also exploiting european support to southern regions.
From the point of view of environmental impact on the territory, the impact of phisical land
occupation is likely to be not a major problem, since the total area is limited and most of the roads
and structures can be implemented with solutions that minimize the environmental impact, also
taking into account land restoration at the end of the plant life, a procedure yet requested in some
Northern european countries.
Other aspects of the environmental impact require more attention and are more difficult to assess.
Speaking of renewable sources in general terms, a principle could be adopted in order to preserve
areas with high natural value: that is the impact should preferably be concentrated inside and around
the cities, inserting the plants within the areas where people actually live, primarily within
industrialized areas.
Such a pinciple is easily implemented in the case of photovoltaic technology, but is generally
unrealistic in Italy for the case of Wind power plants, given that wind resources are normally available
in areas with low or no population and industrial development at all.
Even from this point of view the impacts on bird life and noise are probably not the most limiting
factors, even if it is clear that some areas will have to be avoided when proposing wind power plants
within or near natural park areas; in addition the noise problems have been recently addressed by
many manufacturers, and a significant improvement came from the reduction of tip speed and a
number of technological innovations like variable speed, special blade tips, direct transmission
generators. The support scheme of Germany, for example, requires the respect of severe noise
emission limits, and these measures promoted innovation in these aspects of the impact.
The most limiting and yet to be explicitly assessed aspect, above all referring to the 20 Twh/year
target, appears to be the global visual impact of such a massive installation of wind power plants.
It is not possible to assess this problem in detail without simulation methods and specific studies that
must comprise the architectonic and perception aspects; these studies are under way for sample
cases, but the problem of global impact has not been addressed, up to-now, in Italy.
As a first, very rough approach, the order of magnitude of the problem can be evaluated.
Assuming that, on average, wind power plants (intended as clusters of single smaller wind farms, that
can be the typical situation on a hilly land like Italy) be sized at 20 MW, a number of 600 plants
results for the case of the year 2020 target.
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On the basis of the significant "visual perception lenght", that is the distance at which an observer
can significantly "visually interact" with a wind power plant, the situation can be represented in the
following table.

Area visually impacted by a 20 Twh/year wind energy scenario
Visual perception lenght (km)

1
2.5
5

Area (square km)
8500

20000
85000

Table 3 Visually impacted areas

It can be noted that the visual perception lenght is likely to be the main factor in determining the
amount of land area interested by the visual impact.
Indeed being the italian territory mostly hilly, a visual perception lenght in the range of 1-2 km seems
to be more realistic than 5 km; in addition, the area corresponding to 5 km is clearly overestimated
since it does not take into account superpositions between areas pertaining to different power plants;
these superpositions clearly increase as the visual perception lenght increases.
Without any doubt even an area of 10.000 - 20.000 square km from which "it is possible to see a wind
turbine", that is in the range of 3 to 6% of the national territory, represents a significant question mark
from the point of view of public acceptance.
One further aspect of the problem, up to now not thoroughly assessed in Italy, is that the visual
perception lenght is dependent on machine dimensions; in particular such distance increases with
dimension, not only for intrinsic reasons but also for the reduction of masking effects exerted by other
landscape elements, either near and far from the observer; this fact could lead to impose limits on
the maximum size of turbines used in on-shore installations, at least in particular areas.

7 OFF-SHORE WIND POWER IN ITALY

From previous considerations it is possible to assign a proper role to off-shore wind power
technology for Italy.

7.1 Off-shore in the short term: the coastal municipalities

Among the number of italian municipalities, a lot of them are sited along the 8000 km long coast;
these municipalities very often present two favourable characteristics in view of wind power
exploitation:

• a good wind regime
• a significant amount of populated and industrialized areas where the inclusion of wind power

plants would not be a technological interference on a "natural" environment, but could instead
represent a new interesting architectonic element added to the landscape.

In these situations the semi-off-shore solutions with installation of wind turbines directly on harbour
piers or shallow waters, or on other harbour or industrial coastal areas is without any doubt interesting
and feasible with low or negligible additional costs.
Typical northern european examples of such installations comprise the plants of Zeebrugge in
Belgium and of Blyth in Great Britain.
In case of installation on harbour piers, foundations costs are comparable to those of on-shore
applications; indeed foundation costs for Zeebrugge plants were 10% of the total [9], while normally
harbours permit easy access to the installations for plant set-up and maintenance.
Besides their energy yield, this type of installations should be promoted also in order to represent a
first operative experience in conditions approaching those of a true off-shore plant in terms of
corrosion and atmospheric environment.
Another interseting aspect is the possibility to develop know-how and experience useful for all the
coastal areas of the Mediterranenan sea, opening collaboration and market perspectives for italian
and european enterprises, not only operating in the wind energy sector but also in the sector of
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marine infrastructures; indeed the specific potential in harbour breakwaters in the Mediterranean
basin has been estimated in the range of 200-300 MW [9].

7.2 The off-shore wind power in the medium-long term

In the medium-long term off-shore wind power plants could be an answer to the need of suitable
sites, in the perspective of a wide penetration of wind electricity.
Also in this case the first areas to be exploited should preferably be the coastal areas where a heavy
industrial penetration still exists, where it is possible to conceive off-shore installations at short
distance from the coast as a natural extension of the installations on the piers; these installations
should of course not interfere significantly with coastal navigation and fishing activities.
In a further phase large off-shore plants sited at sufficient distance from the coast could be
considered.
Due to cost optimization reasons these installations will presumably be developed using multi-
megawatt machines, still available for on-shore applications with capacities up to 2 MW or more; this
will be a quite "natural" application of large murtimegawatt wind turbines.
For these applications it appears unrealistic to consider sites at short distances from the shore, maily
for visual intrusion problems, since most of the italian coast is extensively exploited by tourism.
Therefore these installations will probably have to be designed for distances in the order of several
kilometers from the shore, adopting specific environmental preliminar evaluations and measures to
minimize the visual intrusion.

8 CONCLUSIONS

The main effort of this paper has been to insert the issue of off-shore wind power plants into the more
general issue of wind energy penetration in Italy, taking into account environmental and landscape
constraints and trying to be as possible pragmatic without loosing a long term ambitious perspective.
The main factors to consider in order to promote wind power penetration in Italy has been found to
be:

• the system of support regulations and incentives
• the institutional context
• the activation of local interests in order to promote the role of municipalities in directly purchasing

wind power plants or supporting the installation of wind power plants inside their own territories

The rationale for a wider implementation of wind power plants in Italy is the contribute to the
emissions reduction policies that should be implemented in order to fulfill italian committments on
CO2 emission stabilization in the short term and reduction in the long term.
In the short term semi-off-shore or shallow water off-shore solutions can be interesting mainly on the
basis of the principle of concentrating the impact on coastal areas still impacted by industrial or
harbour installations.
In the longer term off-shore plants at appropriate distance from the shore can instead be a way to
achieve the higher penetration level of renewable sources into the energy market.
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ABSTRACT

Exploitation of wind energy offshore puts new demands on the design of the support structure in
comparison with land based installations. The extensive experience with the design of offshore structures
for the petroleum industry indicates that these structures are often governed by strength design against
extreme environmental loading. In past and existing practice design environmental conditions are
determined on the basis of independent estimates of extreme wave, extreme current and extreme wind,
each having a return period of e.g. 50 years, while these are all assumed to act at the same time and in
the same direction. This deterministic procedure tends to result in (often highly) conservative estimates of
design environmental loading. Recent advances in offshore engineering have led to reliability based
methods that take correlations in the occurrence of environmental conditions into account. This enables a
probabilistic approach and the establishing of much more realistic values for the design loading. An
essential requirement for this is the availability of a large database containing information on the
simultaneous occurrence of wind, waves and current at the intended location. In the present work this
methodology has been extended to allow application to a lattice type fixed support structure of an Offshore
Wind Energy Converter (OWEC) at an exposed North Sea site.

KEY WORDS

offshore, support structure design, Offshore Wind Energy Converter (OWEC), conventional design
method, reliability based design method

1 INTRODUCTION

Existing experience with wind energy concerns mainly land based installations. Larger scale exploitation of
wind energy in future windfarms offshore will require matching of two technologies which in their practical
application appear different and unrelated, i.e. the technology of wind energy converter systems, with
regard to the aerodynamics and knowledge of the rotor, turbine and electrical subsystems, and offshore
technology with regard to the hydrodynamics and knowledge of the support structure, its foundation and
marine operations. Such offshore installations will initially be located near a coast, and will thus be placed
on bottom founded (fixed) support structures. Indications are that these support structures can contribute
some 30% or more to the cost of an OWECS (Offshore Wind Energy Converter System). Hence
optimisation of support structure design is potentially a significant contributor to the cost effectiveness of
offshore wind energy and forms an important part of the Joule III project Opti-OWECS (Kuhn et al., 1997).

2 OFFSHORE STRUCTURAL DESIGN METHODOLOGY

Design of offshore structures has to address the final in-place condition as well as several temporary
conditions during the structure's (pre)fabrication onshore, its transportation to the site and its offshore
installation. Experience suggests, however, that strength design for the in-place condition with the
structure exposed to extreme storms is often governing for the whole or a large part of the structure. Only
this aspect of structural design will be discussed in this paper. It should therefore expressly be noted that
if the design of the support structure is not governed by ultimate strength of the structure at the offshore
location and other failure mechanisms would predominate, e.g. fatigue, the applicability of the procedures
discussed in this paper needs to be re-evaluated. By focusing the development of these procedures on
structural response in general instead of environmental loading only, the procedures may well find other
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uses than discussed here. However, for the present purpose it will be assumed throughout that the
structural design is based on strength. With this premise extreme environmental conditions play a crucial
role because these subject the structure to very large loadings.

Environmental loading on fixed offshore structures is normally dominated by wave action; wind loading is
only a small part of the total loading experienced. The design of conventional offshore structures is
therefore mainly aimed at resisting extreme hydrodynamic forces. Appropriate design values for the
meteorological and oceanographic (met-ocean) variables wind, waves and current are difficult to
determine. A widely used approach involves fitting cumulative distributions to the significant wave heights
of individual three hour sea states. It is common practice to neglect both the correlation between
successive sea states and the uncertainty of the extreme wave within a sea state. The cumulative
distributions thus determined are subsequently used to estimate e.g. a 50 or 100 year return period value
for the wave height. Similar processes are used for each met-ocean variable separately, thus completely
ignoring any correlation between met-ocean parameters mutually as well. The resulting separate, say, 50
year wind, 50 year wave and 50 year current are then conservatively assumed to occur simultaneously
and to act in the same direction. For an offshore structure, this will lead to a "design load" that is clearly
much more severe than the "true" 50 year load (Tromans et al.,1992).

Continued research and development efforts and the accumulated experience of actual field
developments has in recent years resulted in the development of probabilistic methods for the design or
assessment of offshore structures for the petroleum industry. These methods are based on the statistics
of the extreme response over the lifetime of the structure in combination with a desired minimum reliability
against failure. These reliability based methods also hold promise for the design of support structures for
OWECS. The desired minimum reliability level for an OWEC can be set lower than for most offshore
structures for the petroleum industry. An OWEC is unmanned, does not represent a single source of
supply, is not a one-off structure, has small environmental impact in case of failure and involves far less
investment. The desired reliability level for an OWEC is thus essentially governed by direct economic
considerations.

To apply the reliability based methods to the support structure of an OWEC the existing and advanced
procedures used in the petroleum industry need to be extended to include aspects which can be
neglected for offshore structures for oil and gas developments. The most important of these aspects are:

the presence of significant windloading on the rotor;
contributions from inertia as well as drag forces in the wave loading on the support structure;
the inclusion of dynamic response of the support structure.

These extensions have a significant effect on the application of the procedure. The support structure
behaves as a nonlinear system due to nonlinearities in the hydrodynamic loading and the characteristics
of its foundation. Theoretical models for distributions of general (non-gaussian) responses of arbitrary
nonlinear systems in given environmental conditions are not known and the only way to determine these is
through time domain simulations. Making use of another recent development in the form of constrained
random simulation techniques, it is now becoming feasible for such cases to determine the long term
distribution of the extreme response(s) of the structure during a given lifetime in a practical manner. This
differs significantly from the manner in which the long term distribution of the extreme global
environmental force for use with offshore oil and gas platforms is being determined. In section 3, the new
method will be described in general. Sections 4 and 5 briefly discuss the calculation of loading and
responses. Sections 6 and 7 present the initial results which have been obtained with the application of
the method to a conceptual design of a support structure for an OWEC in the North Sea.

3 A RELIABILITY BASED DESIGN METHOD

The fundamental difference of such a reliability based approach with the conventional design approach is
that the correlation between different met-ocean variables acting at the same time and the correlation
between consecutive values of the environmental parameters are now taken into account. The method
consists in essence of four related steps (Tromans and Vanderschuren,1995).

The first step is to acquire a large dataset of the environment at an offshore structure's location. The
database should contain information of all relevant environmental parameters over a period of, say, 25
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years. The environment is next defined in terms of storm events rather than individual sea states. From
the database all storms are identified and the joint values of all met-ocean variables are determined.

The second step is the determination of the response of the structure in a storm. For each storm the
extreme responses of interest are determined using a finite element program. In this manner time series
of joint met-ocean variables are transformed into corresponding time series of extreme responses in
storms. From these the long term statistics of an extreme response occurring during an arbitrary storm of
arbitrary severity can be determined. As the statistical distribution thus derived will clearly only relate to
environmental events that are present in the database an extrapolation to survival conditions is necessary;
i.e. extrapolation to include storm severities far beyond that of storms included in the database. The
extrapolation enables us to determine an extreme response level that occurs on average no more
frequently than once in 50, 100, 1000 or more years. The result is clearly response (and hence structure)
as well as site dependent.

In the third step a model for the occurrence of storms at the intended location is derived from the data in
the database. Combining this model of the local climate for stormy weather with the long term distribution
from step 2, the long term distribution of the extreme response during the lifetime of the structure at the
specific site can be determined. This result is of course also structure and site dependent.

Finally, if a failure criterion for the ultimate level of response that can be accommodated is defined and its
associated uncertainty determined, the combination with the long term distribution of the extreme
response in the desired lifetime allows a probability of "failure" of the structure during a given time period
to be determined.

3.1 STEP 1 - DEFINITION OF THE ENVIRONMENT IN TERMS OF STORMS

The hindcast database
The first step is the analysis of the data in the Hs

database. The database used for the present
application relates to a gridpoint on the Dutch
continental shelf in the southern part of the North Sea
and has been abstracted from the North European
Storm Study (NESS) database (Peters et al., 1993).
This database contains information on all relevant met-
ocean parameters over a period of some 25 years
sampled at three hourly intervals; this interval is the
traditional period during which sea states are assumed j
to be stationary. The term "sea state" will henceforth p

be used to refer to environmental conditions which are
assumed to be stationary, i.e. constant in a statistical
sense, over a period of 3 hours.

The oceanographic parameters of interest for the
OWECS project include wave and current parameters:
the significant wave height //,; the peak spectral period
Tp; the mean wave direction 6m\ a measure of the
directional spreading of the waves around the mean;
the current velocity Uc; the current direction Bc. The
current speed given in the NESS database is the depth
averaged value. The meteorological parameters which
will be used in the analysis consist of the hourly mean
wind velocity Vw at 10 m height and its direction 6W. The
usual practice in offshore engineering of relating all ''
met-ocean parameters to Hs as the leading parameter
will be followed, although the calculations in the course
of the project will have to demonstrate that this Figure 3.1
assumption is also correct for the present application.

peak of storm

storm build up storm decrease
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ocean parameters during a storm.
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Definition of a storm
A storm event is defined as a period of build-up, a peak and a subsequent decrease of the environmental
conditions, notably in regard of the governing significant wave height parameter Hs. A storm event is thus
defined as a succession of sea states during which Hs is greater than a particular threshold. The severity
of a storm is identified by the maximum value of the significant wave height during the storm and is named
Hs.mux(s) The Hs during a storm is shown schematically in Figure 3.1 together with the history of some
other met-ocean variables. The sequence of the sea states in storm 5 is indicated by the counter i, where
/= 0 refers to the peak of the storm and -I < i < +J. From the 25 years of data all storms, with a total
number of 5, are selected.

3.2 STEP 2 - LONG TERM DISTRIBUTION OF THE EXTREME RESPONSE
IN AN ARBITRARY STORM OF ARBITRARY SEVERITY

A storm consists of a succession of sea states. The probability distribution of the extreme response in a
given sea state is therefore to be determined first. This is the critical building block of the whole method.
The responses during a given storm can then be obtained by combining the results for the various sea
states.

Let the probability distribution of an arbitrary extreme response re in a given sea state (identified by Hx, Tp,
Uc, Vw, etc.) be Fe (equation 3.1):

) (3.1)

Note that the directions of waves, current and wind with respect to the structure, which play an important
role in the response calculations, are duly taken into account as the parameters of sea state / include this
directional information.
The distribution function (3.1) is determined for all sea states in the storm for -I < i < +J. The distribution
of the extreme response for an entire storm is then easily obtained, as shown by equation 3.2:

Fe(re\storm s) = f[ Fe[r\Hs(i),Tp(i),Uc(/), Vv(i), ) (3.2)

As the sequence of sea states in a storm is empirical and differs from storm to storm the distribution
function (3.2) cannot be determined theoretically. Therefore the distribution F,.(re\storm s) will always be
empirical and will have to be determined in a purely numerical way, even though the distribution of the
extreme response in a particular sea state may in some special cases be derived analytically. The
distribution function (3.2) is derived for all storms 1 ^s -S'S selected from the database.

The next step is to normalise re in the 5 distributions (equation 3.2) by a suitable reference value, for
which one of the three measures of central tendency is chosen. These are the mean value: rcmcun, the
median value: reMtd (which is easiest to determine) and the most probable maximum value: rempm (which
is the most frequently used in offshore engineering practice). It remains to be evaluated which measure of
central tendency can best be used to normalise rt. In the first instance the median value remed (5) will be
adopted as the normalising factor as it can easily be determined from F^rjstorm s) = 0.5.

After normalisation of re to /v = re / rejn<:d for all storms in the database we have S distributions of
normalised extrem- response. These are subsequently averaged to determine the generic distribution of
normalised extrem? response for an arbitrary storm (equation 3.3).

Ft.t«, (rc [arbitrary storm with severity remed ) = - £ F\ rs-—\storm s (3.3)

The advantage of normalising the extreme response in a storm is that the information regarding the
response distribution and storm severity are uncoupled, where it should be noted that remc,d is used as a
measure of storm severity. Irrespective of the severity of the storm the distribution of the normalised
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extreme response has a standard shape. Rather than the whole distribution only its measure of central
tendency for a storm of a particular severity has to be estimated.

The remcd(s) values in the 5 storms are collected and used to determine an equally empirical distribution
function of response severity Fe(re.med), which reflects storm severity for the location studied. However, the
probability distribution of re_mecl does not directly provide information about the response in the rarer, more
severe storms with return periods greater than the length of the database. Therefore extrapolation is
necessary to predict the upper tail of the distribution. Experience with application of the method to offshore
structures for the petroleum industry suggests that either the Weibull or the Generalised Pareto
distribution are suitable for this extrapolation, but other extreme value distributions can also be used.

Subsequently, the probability density function f,..fined(reimeel) of the median extreme response can be
determined by differentiation of the above empirically fitted distribution function. The probability of
occurrence of a particular storm causing a response severity reM(:d is now by definition:

P» O e W ) = fc.fined (r«.m«( ) ' drt.mtd <3-4)

The product of the generic extreme response distribution (equation 3.3), in absolute rather than
normalised form, and the probability density function (equation 3.4) is the contribution to the overall
probability distribution of the extreme response, given that a storm causing that particular level of median
response occurs. By integrating this product over all possible levels of median response, i.e. effectively
integrating over all possible storm severities at the particular location of interest, the total probability
distribution for a storm occurring at random is determined:

Fe^m ye storm occuring at random) =

(3.5)

(i-{arbitrary storm with severity rtJlud) • feJintd (rtMd) • dre

In principle the median extreme response or storm severity ranges from zero to infinity, but as the number
of storms in the database is limited it extends in practice over the range between a lower limit (re,meii)^n

and an upper limit ( r ^ J r o , .

3.3 STEP 3 - LONG TERM DISTRIBUTION OF THE EXTREME RESPONSE
DURING THE LIFETIME OF AN OWEC

The result obtained by equation 3.5 is conditional on a storm passing. However, the OWEC does not
experience a storm constantly during its lifetime. Therefore the probability that a storm will pass an
OWEC needs to be taken into account. According to Tromans and Vanderschuren (1995), storm arrivals
may be treated as a Poisson process. The mean arrival rate of the storms can be estimated from the
database as V = ( S + / ) / T , where r is the total duration of the met-ocean database. The probability
distribution of the extreme response in an interval T (with Tthe desired lifetime) is then, finally:

Fe{re|v7") —[F,,(re|storm occuring at random jj (3.6)

3.4 STEP 4 - PROBABILITY OF FAILURE OF AN OWEC DURING ITS LIFETIME

The long term distribution of the extreme response thus determined is the "load" or in more general terms
the demand distribution in the sense of a classical reliability analysis, see figure 3.2. Combining this
function with the "resistance" or supply distribution for the response of the structure of interest, yet to be
determined, the probability of failure can be calculated by:

probF= \HD{rt )-fs{rt )-drt (3.7)
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where HD{re) is the complementary distribution function of the demand (i.e. the probability of the demand
on rc exceeding a particular value, HD(re)=l-Fe(rl.\vT) for a chosen lifetime 7) and f^re) is the probability
density function of the supply in re. "Failure" is to be understood as the response being considered not
meeting the specified criterion. The concept can be applied to structural strength but also to other
responses of interest.

/,/<•„)
fsf's)

Probability of failure

= P(D>S I lifetime)

Figure 3.2 Probability of failure Figure 3.3 Probability of failure during lifetime.

where /D^D) = probability density function of the Demand ("load" distribution)

fs(rs) = probability density function of the Supply ("resistance" distribution)
r = response variable under consideration

The integration extends in principle over all values of re, i.e. from minus to plus infinity. However,
experience for offshore structures consistently indicates that the demand distribution is invariably (very)
wide, while the supply distribution is (very) narrow. This is also clearly illustrated in figure 3.2. Therefore a
limited range of integration from remm to remux which covers the relevant part of the tail of the demand
distribution and includes the entire supply distribution suffices in practice. This is shown in figure 3.3.
Consequently, equation 3.7 may be replaced by equation 3.8:

probF~ (3.8)

In what follows we will focus on an application involving global environmental loading on the support
structure and its structural strength. In view of the narrowness of the probability density function for the
structure's strength or resistance, the exact shape is of no great importance for the resulting probability of
failure. Hence a distribution shape may be assumed, for which usually a normal distribution is taken. As
probabilities of failure of practical interest are always very small it is their order of magnitude rather than
their exact value which is meaningful. A further approximation may therefore be made to equation 3.8:

probF = (3.9)

The implication is that an adequate approximation of the "probability of failure" can simply be read from
the long term distribution of the extreme response in a desired lifetime (e.g. 1 yr, 50 yrs, 1000 yrs) at the
mean "supply" value of that response, res.meun (see figure 3.4). In the case of demand rt being global
loading on the structure and supply being structural strength, "failure" relates to collapse of the structure.

Considering a structure with a constant strength over time the probability of collapse will increase with an
increase of the desired lifetime as illustrated in figure 3.4.
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Figure 3.4 Approximation to the probability of
failure during a chosen lifetime.

ProbF.5t> probF •»-
(decreasing values of Hn(rc)
and probability of failure)

Figure 3.5 Approximation to the probability of failure
during a chosen lifetime plotted on semi-
logarithmic scales.

For (very) small probabilities of failure the representation in figure 3.4 is not very practical and the same
information is better plotted differently. Existing experience with long term distributions HD(rc) for several
phenomena in offshore engineering indicates that for large values of re the upper tail of the distribution
decreases approximately in an exponential manner. Plotting the upper tail of HD(re) on a semi logarithmic
scale versus re thus produces a downward sloping approximately straight line. Switching the axes with
HD(re) (and hence probF according to equation 3.9) plotted horizontally and re vertically the picture is
transformed into an upward sloping straight line (figure 3.5). Now the probability of failure within a chosen
desired lifetime can be determined much more easily.

4 DETERMINATION OF THE PROBABILITY DISTRIBUTION OF THE
EXTREME RESPONSE IN A GIVEN SEA STATE

The extreme response of a system to an environment, i.e. the response to the simultaneous actions of
wind, waves and current, may be obtained by computer simulation for each interval i in a storm (see figure
3.1). The most straightforward and potentially most accurate manner to determine this distribution is to
simulate the response behaviour for many different realisations of the same sea state. From each
simulation only one extreme response can be obtained, so using multiple simulations an empirical
distribution can gradually be built up. This approach is very time consuming and hence expensive. This
method is therefore impractical to analyse the extreme response for all sea states in the storms selected
from the database.

Recent work (Harland et al., 1996) has
demonstrated that constrained random time
domain simulations can be used effectively
to determine the distribution of the extreme
structural response in a robust, faster and
cheaper way than with the "brute force" full
random simulations referred to in the
preceding paragraph. The technique of
constraining random time domain
simulations ensures that in each random
wave simulation that drives the structure's
response, a wave crest of height Acres, is
present at a prescribed location in time and
place. The thus constrained but otherwise
random simulations are then used to
determine statistical relations between crest

A ,-„..,

— Random signal

— Constrained random sicnal

Time (s)

Figure 4.1 Time series of a random signal constrained at a
crest height of 5 m at 60 s.
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elevation and the associated peak response. These statistical relations are subsequently convoluted with
the distribution of Acres, to finally determine the distribution of the extreme response in the given sea state.

In figure 4.1 two time series of surface elevations are shown: one for a purely random simulation and one
for a constrained simulation with a crest height of 5 m at 60 s. It has been demonstrated that the extreme
response distribution can be determined with a considerable reduction (50 to 100 times) in simulation time
compared to the approach based on full random simulations.

5 DETAILS OF THE APPLICATION CONSIDERED

The support structure and its location
For the current phase 2 of the Opti-OWECS project it has been decided to choose a location off the Dutch
coast, some 75 km NW of Umuiden. This location can accommodate a large offshore wind farm, has a
good wind regime, is suitably located for a connection to the onshore grid and is close to harbour facilities.
Furthermore, the water depth of approximately 25 m is appreciably different from a more shallow location
in the Baltic Sea which is also considered in the phase 2 of the Opti-OWECS study. To characterise the
environmental conditions in the selected area a specific point was chosen which was considered
representative for the area as a whole. This is "gridpoint 568" with co-ordinates 53s 01' 56" N and 4s 04'
21" E for which a large amount of data was abstracted from the NESS database.

The OWEC support structure (Ferguson, 1997) is a lattice tower with a height of 84 m. It has three legs
which are supported on the ocean floor by three foundation pods. The distance between the pods is 50 m
(figure 5.1).

The behaviour of the support structure is determined using
the non-linear response analysis program NIRWANA
(Karunakan et al., 1994). The structure is idealised
according to the finite element method applying straight
beam elements. The structure/soil interaction may be
idealised by linear or non-linear springs. In this work,
however, linear foundation behaviour has been assumed.

With a fundamental natural period of vibration of 1.35 s this
specific structure is in fact so stiff that it responds entirely
quasi-statically for the range of storm sea states considered
and dynamics can consequently be neglected.

Environmental loading
The hydrodynamic forces due to waves and current on small
diameter structural elements are traditionally calculated
using the Morison equation, see e.g. (Sarpkaya and
Isaacson, 1981), with the current assumed to be constant
during a sea state. According to this force model the load
per unit length on a member of a stiff structure may be
written as:

Figure 5.1 The OWEC support structure

dF, = CM^D2
£/ f| (5.1)

where:
dF,
CM

CD

P
D
U;

U,

hydrodynamic force per unit length of the member (Him)
inertia coefficient (-)
drag coefficient (-)
mass density of sea water (kg/m3)
diameter of the member (m)
wave induced water particle velocity (m/s)
wave induced water particle acceleration (m/s2)

current speed (m/s)
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The time-varying water particle velocities and accelerations are derived from the water surface elevation
spectrum with the energy content of the ocean surface fully determined by the parameters Hs and Tp. The
calculation of the wave kinematics is based on the linear wave theory. A limitation of the linear wave
theory is that the kinematics of the water particles within a (large) wave crest cannot be determined; linear
wave theory is only valid up to Mean Sea Level. In this way the total hydrodynamic load is estimated
unconservatively. Therefore a modification has been applied by using a stretching technique as originally
proposed by Wheeler (1970).

In addition to hydrodynamic loading, the support structure of the OWEC is also subjected to wind loading.
The aerodynamic loading can be separated into the wind loading on the turbine and the wind loading on
the support structure. In the calculations the turbine is assumed to be in stand-by mode during a storm. A
further approximation is that the extreme combined wind load experienced in a 3 hour period will be taken
as a constant value during the sea state.

The extreme aerodynamic load from the parked rotor on the tower top can for this machine be determined
with equation 5.2:

Fr = 23.9 •
V

60
(5.2)

where:

Fx

V
aerodynamic thrust load (perpendicular to the rotor plane) (kN)
wind speed (m/s)

This formula is valid for the 3 MW wind turbine of Kvaerner Turbin (Bierbooms and Kuhn,1996) used in
this study.

The aerodynamic loading on the support structure can be determined using equation 5.3 (Kuhn, 1996).

(5.3)

where:

FKim!

Gs
puir

h,
c</:
A,
i

quasi-static (horizontal) drag force due to (extreme) mean wind (N)
modified gust response factor
air density (kg/m3)
height (above still water level) of component / (m)
drag coefficient of component /
effective area of component / (m2)
component (tower, nacelle)

Before the method described in this paper is applied, first a conventional approach is used to determine
the response of the support structure in design environmental conditions. The response considered for
this purpose is the total horizontal force at the sea bed usually referred to as 'base shear'. For each of the
individual environmental parameters, the design values associated with a particular return period have
been determined. These values are given in table 5.1.

Return period

Maximum wave height, Hmax

Associated wave period, Tuxx

depth integrated current speed, Uc

1 hour mean wind speed, VK

years

m

s

cm/s

m/s

10

13.8

11.8

102

31.3

50

15.4

12.5

115

33.3

100

16.0

12.7

128

34.0

Table 5.1 Design values of the individual environmental parameters for maximum wave height, hourly
mean wind speed and current speed.
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The design base shear can now easily be determined. For the design wave a Stokes 5th order wave
model has been applied. In table 5.2 the design base shears associated with various return periods are
given.

Return period

Design 'hydrodynamic' base shear

Design 'aerodynamic' base shear

Total design base shear

years

kN
kN
kN

10

3140

230

3370

50

4230

270

4500

100

4570

280

4850

Table 5.2 Design base shear for a desired return period determined using a conventional approach.

From table 5.2 it can be concluded that the design of this support structure for extreme storm loading is
entirely dominated by the loads due to wave and current action. The contribution of the extreme wind load
to the total load is of the order of 5 % for the given configuration and location. Note that this contribution
would have been higher if the global overturning moment was considered instead of the global base
shear. It is recognised that treatment of aerodynamic loading in this work is very crude. However, based
on this result it is clear that for this particular support structure and wind turbine at this location an
elaborate (time-varying) wind load model is not required when performing an ultimate strength analysis.
The simple approach of incorporating wind loads during a sea state as adopted in this work is good
enough for the given structure at the given location.

6 RESULTS

The reliability based design method described in section 3 has been applied to the example case
presented in section 5. The probability distribution of the extreme response in each sea state has been
determined in accordance with section 4. The results obtained with step 2 of the reliability based design
method are presented in section 6.1 (for one storm) and in section 6.2 (for an arbitrary storm occurring at
random). Finally, in section 6.3 the eventual results for step 3 and step 4 are shown.

6.1 RESULTS FOR STEP 2 (FOR ONE EXAMPLE STORM)

It will now be illustrated how the distribution of the extreme response in a storm is determined in practice.
The storm considered here was recorded on 17th January 1965 and has a total duration of 30 hours (10
successive sea states). In table 6.1 the environmental conditions for each of the 10 sea states are given.

Sea state
number

1

2
3
4

5

6
7
8
9
10

(m)
3.7
3.7

3.9

4.2
4.4

4.3
4.4

4.5
4.4

3.9

T,,
(s)

9.5
9.5
9.5

9.5

9.5
9.5
9.5
9.5

9.5
8.1

(deg)

231
232
238

243

251
253
249
251
259
271

(m/s)

14.8
15.6
16.8

17.6
18.4

17.2
17.8
16.0

15.0
12.4

(deg)

235

236
248

253
266
255
249
263

278
284

(m/s)

0.12
0.55
0.30

0.26

0.15

0.56
0.36
0.27
0.18
0.49

6,
(deg)

261
22
67

180
267

20
49

168
229
19

Table 6.1 The environmental conditions of the sea states present in storm 17 January 1965 with 6m and
6* defined as 'coming from' and 9C defined as 'pointing towards'

The distributions of the extreme response in each sea state have been determined using 200 constrained
simulations. The distribution of the extreme response in the storm can then easily be determined by the
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product of the extreme response distributions in the sea states. Figure 6.1 presents the results for the 10
individual sea states (equation 3.1) and for the entire storm (equation 3.2).

The figure clearly illustrates that the
distribution of the extreme response in
the storm is not solely determined by
the peak sea state of the storm (here
sea state 8). On the other hand, not all
sea states in the storm influence the
extreme response distribution for the
whole storm to the same degree.
Therefore, a further reduction of the
simulation effort per storm might be
achieved by determining the extreme
response distribution only for the
largest sea states per storm. It has yet
to be investigated at which cut-off sea
states in a storm can be 'neglected'.
The results presented in this report
have been determined by incorporating
the extreme response distribution for
every sea state in each storm.

1.0 T

-•-seast l
•••- seast 2
- * - seast 3
~*~ seast 4
- * - seast 5

seast 6
- • - seast 7
- * - seast 8
-»-seasi9
- seastio
•—TOTAL STORM

400 500 600
BS - Base shear (kN)

Figure 6.1 The distribution of the extreme base shear in the 17
Jan 1965 storm and the. distribution of the extreme
base shear in each of the 10 sea states in that
storm.

6.2 RESULTS FOR STEP 2 (FOR AN ARBITRARY STORM)

Storms in the database
Using a threshold value of Hx = 3.5 m, 479 storms and a total of 3184 sea states within these storms were
selected from the database. At the time of writing this paper the analysis was still ongoing with 82 storms
in the first 5 years of the database having been completed. All results presented here are therefore based
on these 82 storms and hence preliminary. The preliminary results for the total horizontal force at the sea
bed ('base shear') will be compared to the results obtained using a conventional approach given in table
5.2. It should be stressed that due to the limited number of analysed storms the comparison at this
moment can only be indicative.

The generic normalised extreme response distribution during a storm
The 82 storms analysed so far differ considerably in severity. The largest storm peak significant wave
height was found to equal 6.1 m, while the smallest storm peak significant wave height equalled 3.6 m. In
figure 6.2 ten examples of the distribution of the extreme response during a storm (equation 3.2) are
given.

1 0

09

08

0?

I 0 5

03

0.2

01

00
600 «» 1000

HS - Base shear (kN)

Figure 6.2 Ten examples of the distribution of the
extreme response during a storm.

Base shear normalised on median extreme base shear {rtSe.med)

Figure 6.3 Ten examples of the normalised
extreme response distribution and the
average normalised extreme response
distribution based on 82 storms.
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To check whether the distribution of the extreme response in a storm has a standard shape which is
independent of the severity of the storm each extreme response distribution for a storm has been
normalised by the median value. Figure 6.3 shows the normalised extreme response distributions for the
10 example storms. In figure 6.3 the generic normalised extreme response distribution, i.e. the average of
the normalised distributions for all 82 storms (see equation 3.3), has also been plotted.

Distribution of storm severity
In order to estimate the storm severity during a desired lifetime larger than the analysed 5 years, the 82
storm severity values are fitted to an extreme value distribution and extrapolated. In section 3.2 it was
suggested to fit a Weibull or a Generalised Pareto distribution to the median extreme response values.
However, for this set of data a Generalised Extreme Value (GEV) distribution (equation 6.1) showed a
better fit to the 82 values:

*"c.fitted ye.metl ) (6.1)

where:

a
k

fitted cumulative probability distribution
- shift parameter fitted value: n = 605.4 kN
- scale parameter fitted value: a = 150.2 kN
- shape parameter fitted value: k = 0.070

In figure 6.4 the empirical cumulative probability distribution and the fitted GEV distribution for the 'storm
severities' are given.

09 -

09 -

07 -

OS-

. o * -

03 -

0 2 -

0 l -

ompifcai storm ssvofiiy
disiriDution basoti on 82 v

00 -

Median extreme base shear tn a storm (RSc.mcd) (kN)

Figure 6.4 The empirical and fitted cumulative
distribution of median extreme base
shear values in a storm.

600 800 1000 1200 1400

Median extreme base shear ijtSr.med) (hN)

Figure 6.5 The empirical and fitted
complementary distribution of median
extreme base shear values in a storm
plotted on semi-natural logarithmic
scales.

Based on figure 6.4 it can be concluded that the GEV distribution fits reasonably well to the 5 year range
of storm severities. However, when the complementary distributions for both the empirical and fitted
distribution are plotted on a semi-(natural) logarithmic scale then the sensitivity of the fit in the high end of
the tail can clearly be seen (figure 6.5). Obviously, the goodness of fit, especially in the upper tail of the
probability distribution, will increase when an increased number of storms has been analysed, i.e. for an
increased number of median extreme base shear values. Extrapolations based on the given fit TO the 5
years of storms should clearly be considered with caution.

Using the above results the distribution of the extreme response for a storm occurring at random has been
determined with equation 3.5; the result is the distribution shown on the left in figure 6.6.
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6.3 RESULTS FOR STEP 3

Distribution of the extreme response in a chosen lifetime
In the distribution for a random storm the severity of the random storm has been taken into account.
However, the probability that a storm will pass the support structure is not yet incorporated. Treating the
storm arrivals as a Poisson process the long term distribution of the extreme response in a chosen
lifetime can easily be determined (equation 3.6); the mean arrival rate for the given set of storms is
v=(82+1)/5=16.6 storms per year. In figure 6.6 the long term distributions of the extreme response given
various desired lifetimes are shown.

1S0C 2000 2S0C 3000 3SO0 4000 4500 5400

BS • Base shear <kN)

Figure 6.6 Long term distribution of the Figure 6.7 The exceedence of a particular extreme
probability of extreme base shear base shear value BSe in a given lifetime
during a chosen lifetime of the support structure.

Which is equivalent with: The probability
of failure in a given lifetime for a design
ultimate strength of the support structure.

The upper tail of the long term distribution of the extreme response for a chosen lifetime is strongly
influenced by the quality of fit of the storm severity distribution. It is expected that the distributions will
become better defined when more storms have been analysed.

In figure 6.7 the upper part of the complementary long term distribution function HD{re) has been plotted
on a semi-logarithmic scale for values of HD(re) < 0.50. This is a figure in the form of figure 3.5 with the
actual results of the calculations performed so far inserted. The horizontal axis is the probability that the
base shear value along the vertical axis will be exceeded, which may also be considered as a probability
of failure when the base shear value represents the mean ultimate strength of the support structure; see
equation 3.9. Each curve in figure 6.7 refers to one particular lifetime of the structure.

7 DISCUSSION OF RESULTS

With these preliminary results it can already be shown that a reliability based design method will be of
considerable benefit for this specific structure at its specific location, always provided that the design of
the support structure is governed by considerations of extreme strength.

To demonstrate this the total loading as obtained using a reliability based approach and using a
conventional approach are compared. As the reliability based design method provides the whole
distribution of the extreme response rather than one value, a single representative value will first have to
be chosen to make the comparison. Without discussing the merits of one particular choice over another
the median value of the long term distribution of the extreme response in a chosen lifetime has been
selected for the comparison. These values can be read from figure 6.6 or figure 6.7. The results are
presented in table 7.1. Note that all values presented here are unfactored. Although the results obtained
from the reliability based design method are preliminary, it can be concluded that the design horizontal
loading from conventional design approach is very conservative.

A good illustration of the power of the reliability based design method is given by determining the
probability of failure in a given lifetime for a number of assumed mean ultimate strength values. These
probabilities can be read from figure 6.7. The results are summarised in table 7.2.

231



Return period

'Conventional' design base shear
Median value of the 'Reliability based' design base shear
Reduction

years

kN
kN

%

10 50 100

3370 4500 4850
1660 2050 2230
51 54 54

Table 7.1 Comparison of the design base shear as obtained using a conventional design approach and
a reliability based design approach.

Probability of failure for
mean ultimate strength of:

3000 kN
3370 kN
3500 kN

4000 kN

4500 kN

4850 kN
5000 kN

10 years

5.2-10'3

1.8-10"3

1.2-10"3

3.3-10'"

9.8-10'5

4.5-10"5

3.2-10'5

Lifetime

50 years

2.6-10*
8.7-10"3

6.1-10'3

1.6-10"3

4.9-10'"

2.3-10'"
1.6-10""

100 years

5.0-10*
1.7-10"2

1.2-10'2

3.3-10"3

9.8 10'"
4.5-10"
3.2-10'"

Table 7.2 Probability of failure for two different lifetimes and a number of assumed mean ultimate
strength values.

For design purposes the information in figure 6.7 (or table 7.2 which is entirely the same) can be used in
the following manner. First, determine the desired lifetime and a minimum required probability of failure.
This corresponds with a minimum value of the ultimate strength of the support structure along the vertical
axis that is necessary to achieve this. Next divide this value by a resistance factor to transform the
ultimate strength into the nominal or design strength of the structure. This latter value then serves as the
design base shear force (including a load factor) due to environmental loading in an otherwise
conventional design process. It is now assured that, with a given probability, the design strength equals or
exceeds the design base shear. It should be recognised that the process involved is an iterative one: a
configuration and preliminary structural dimensions must be assumed to be able to construct figure 6.7
while only after these results are known the design load can be established. However, this is a common
feature of all design processes. While the treatment in this paper is entirely focused on base shear as an
example of a global response parameter, the same procedure can be applied to any global or local
response variable of interest.

8 CONCLUSIONS

Conclusions
It has been demonstrated that conventional design practice overestimates the design environmental
load for a chosen lifetime by a large margin.

The overestimate is mainly caused by the neglect of correlation between the environmental
parameters at any one time.

For the structural configuration at the exposed and relatively deep water North Sea location
considered in this study hydrodynamic loading dominates structural design. This justifies the use of
a simplistic treatment of wind loads in the form of spatially distributed wind shear, but time
independent aerodynamic loading in this work.

The short term distribution of the extreme response in a sea state is the basic building block for the
determination of the long term distribution of the extreme response in a given lifetime. This
distribution makes it possible to apply a reliability based design method. Using such a procedure
significant savings in the support structure may be possible, provided that the design of trie support
structure is governed by considerations of extreme strength
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Recommendations for further work
Continue analysis of the extreme response in a storm for the remaining storms; this will increase
the accuracy of the long term distribution of the extreme response.

Apply the reliability based design method also to overturning moment as a global response
parameter, as well as to a number of local response variables, e.g. stress in a member.

Consider ways and means to improve the assessment of fatigue damage due to aerodynamic
loading alone, as well as due to combined aerodynamic and hydrodynamic loading, with the
objective of bringing this to a similar advanced level to ascertain what the (structural) design driver
for exposed offshore locations really is.
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OFFSHORE FOUNDATION IN PRACTICE

Carl Birck* and Claus Gormsen*
*Nellemann, Nielsen & Rauschenberger A/S, Consulting Engineers and Planners

DENMARK

ABSTRACT
While many studies have been performed worldwide concerning offshore windfarms the first practical
steps of real significance were taken in Denmark with 5 MW Vindeby, 1991 and 5 MW Tune Knob,
1995. The foundations of both windfarms were designed by NNR.

The visual results of the two designs seem to be similar: Gravity structures of sandfilled concrete-
caissons. However, the Vindeby-project is governed by the bearing capacity and the sliding resistance
of a very stiff Clay-Till, while the Tun0 Knob-project is governed by the settlement properties of Gyttja
underlying marine Sand and of the combined bearing capacity.

Below, the geotechnical aspects of the cost-effective gravity foundation of the Tuno Knob-project are
highlighted.

KEY WORDS
Windfarm, Offshore, Gravity foundation, Bearing capacity, Settlements, Tilting, Cost of construction.

1. INTRODUCTION
With a total number (end 1996) of 4,300 windturbines covering 3% of Denmark's electricity consump-
tion, there is only limited space avaiable for implementation of futher windfarms, - especially in the
eastern part of Denmark. Therefore already ten years ago, the East Danish cooperation ELKRAFT took
the first steps towards offshore windfarms, and in 1991 the Vindeby Offshore Windfarm was put in
operation. Placed at waterdepths of 2-5 m, 1.5 - 3 km off the north west coast of Lolland the eleven
Bonus 450 kW-turbines generate a total power output of 5 MW. In 1995 followed the Tune Knob
Offshore Windpark with ten Vestas 500 kW-turbines in the West Danish ELSAM-area and with the
power company I/S MIDTKRAFT as the owner. Riso Test Station proved and certified the project with
Det Norske Veritas as consultant for the foundation.

Offshore windfarms in the rest of the world are only erected in the protected waters of Ijsselmeer, the
Netherlands, - four Nedwind 500 kW-turbines from 1994 and nineteen Nordtank 600 kW-turbines
erected just along a dike in 1996.
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The foundations of both the Danish windfarms were designed by NNR. Developed from traditional
harbour structures the sandfilled concrete-caissons of Vindeby placed at a very stiff Clay-Till create
massive and robust structures, insensitive of oscillations from breaking ice and well known to
contractors of civil works. Further, it proved to be cost-competitive to a monopile in steel, which also
suffers from potential difficulties in the implementation due to a very high shear strength and boulders
in the Clay-Till.

Because of the soft soil at Tune Knob the foundations were at an early stage believed to be piles, -
steel-monopiles or concrete piles as for a traditional bridge pier. However it was shown that by
acceptance of the development of a minor tilt of the turbines caused by differential settlements a gravity
structure could be used with a 30% cost-saving as a result. In this paper the geotechnical aspects of the
foundation are more closely described, - and the attention is drawn to the fact that also monopiles in
weak soils may develop tilt.

. / . Location of Offshore Windfarms in Denmark, - Vindeby and Tune Knob
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2. SAFETY AND LOAD
The foundations are designed using the Danish codes and standards, which for several decades imply
partial factors of safety on loads and soil properties. This is similar to the developing Eurocodes, - the
latter unfortunately not quite coherent resulting in less economic structures. Considering the unmanned,
relatively small structures the safety-class was taken as "Normal".

Beside the windload from the tower and turbine itself, offshore foundations are exposed to waves,
current and - in the northern inner waters - a quite substantial ice. The total depth of water analysed
including tide/surge of 1.6 m were 4.5 m - 7 m resulting in significant wave height and -period of
Hs= 3 m, Ts = 6 sek, - the resulting loads were calculated by the stream function theory (LIC stream).
The ice thickness was 0.6 m with compressive strength of 1,540 kN/m2, but because of the coned shape
of the foundation, which is designed to break the ice, a bending strength of only 660 kN/m2 could be
used in the calculations.

Because of the massive foundations closer oscillation-analysis could be neglected and the foundations
designed for a traditional static extreme-load. The lifetime is defined to be 25 years and the extreme-
load taken as the one exceeded once 2-3 hours each 50 years. The loads were added for simultanieous
occurrence of extreme wind, high tide/ surge and waves, - a matter which should be carefully investi-
gated and considered for each specific location.

The load cases investigated with the partial factors of safety were as follows:
I: 1.0 gravity + 1.3 wind + 1.0 waves
II: 1.0 gravity + 0.5 wind + 1.3 waves
III: 1.0 gravity + 0.5 wind + 1.3 ice-horisontal
IV: 0.85 gravity + 0.5 wind + 1.3 ice-vertical

Concerning bearing capacity load-case I was the relative most critical. A recent research has shown that
the wind-factor in load case II should be a little higher which would make this a little more critical.
However, as discussed below, the differential-settlements governed the design, and the bearing capacity
was therefore not absolutely critical.

The partial factors of safety for the geotechnical soil parameters were according to DS 415, 1984
"Normal foundation class" taken as
• Undrained shear strength 1.8
• Angle of internal friction 1.2.
A recent research has shown that this is too much on the safe side.

The magnitudes of the extreme loads acting on a specific foundation (No. 4) are as follows:
• Mass of foundation itself
• Vertical load turbine/tower
• Horizontal load turbine/tower
• Overturning moment, turbine/tower
• Twisting moment, turbine/tower
• Horizontal load, waves
• Overturning moment, waves
• Horisontal load, ice
• Vertical load, ice

Impacts from drifting ships are not considered to be a problem at this location.

G =
N =
Q =
M =
Mv =
W =
Mw =
F =
V =

6,000 kN
500 kN
260 kN

8,000 kNm
280 kNm

1,400 kN
5,500 kN
1,400 kN

550 kN
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3. FOUNDATIONS.
The final foundation, detailed designed for the contractors' tender and implementation is shown in Fig.
2. Each foundation consists of a circular bottom plate and a cylindrical shell with supporting walls, - all
made of reinforced concrete. The top of the shell is formed as a cone, of which the purpose is to break
the ice. Together with the said concrete, the weight of the foundaiton is established by sand reclamed
from the location.

Except for the height of the cylinder all foundations have the same measures. As shown below, this is
quite all right for the 6 positions with soft soils. For the remaining number this results in an extra total
factor of saftety of 1.5 in excess of the partial factors of safety. Because of the great excentricity of the
load an optimisation would only have caused minor changes in the measures of the bottom plate, so for
the reason of rational and cost-effective formwork etc. all foundations were kept alike.

The foundations were cast in one row at a quay in the harbour of Arhus. The concrete work started 2. nd
January 1995, but fortunately that winter was mild minimising the costs of winter-protection. With an
offshore crane, a number of foundations were lifted to a barge and sailed to the final position, - with a
crane placed at the prepared bottom of the sea and filled with sand. The sand was pumped in as a slurry.
Simultaneously water was pumped out thus creating downward stream-forces and thereby a relatively
high density.

To achieve sufficient bearing capacity of the sand (to activate the q-part of the Brinch-Hansen bearing
capacity formula) and to minimise the sensitivity towards scour each foundation is placed with the top
of the bottom plate levelling the lowest part of the actual bottom of sea. Below the bottom plate a
levelled and compacted pillow of crushed stones is established on a separating geotextile. The
excavation along the bottom plate is filled wiht scour protecting stones stretching further out at the
bottom of the sea. The controls and inspections of the excavations and the crushed stone pillows were
performed by a diver with the aid of on-line videorecording, a level, undisturbed sampling, vibrocoring
(sand) and vane tests (clay).

It should be noted that the foundations with no difficulty at all may be removed totally from the sea
bottom.

Fig. 2. Foundation, Cross section and plan.
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4. ENGINEERING GEOLOGY

Fig. 3. Glaciomorphological map

In Fig. 3. is shown the upper Quaternary deposits of, which for the major part of Denmark consist of
Till - Clay-Till and Sand-Till - and melt water sand from the last glacial period - Weichel. The black
curved lines represent systems of small hills formed where the glaciers made some advancement during
the de-glaciation period.
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Formation I:
• SAND, medium, si. gravelly
• <p pi = 36° (Triax-test)
• y'=9KN/m3

• K upper 15,000 kN/m2

• K lower 30,000 kN/m2

Formation II:
• GYTTJA, clayey
• W = 80%
• Cv = 40 - 70 kN/m2

• Cu, k = 25 - 50 kN/m2

• Q = 20% (Cons, test)

Formation III:
• CLAY, sandy, gravelly
• (-> Clay-Till).

/g. 4. Boring log (No. 4)
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The turbines are placed in two parallel rows at normal depth of water of 3 to 5 m to the north of Tun0
Knob. The "knob" - a kind of reef - is dry at extreme low tide. The bottom of the sea is flat and very
gently sloping away from the reef. Placed between the moraine hills of the island of Tune 3 km to the
east and the main land Jutland 6 km to the west, the reef was supposed to consist of till as well.
However, the geotechnical investigations rewealed that the surface of the till is covered with marine,
postglacial sediments having their greatest thickness at the reef itself.

The geotechnical investigations performed consisted of one boring with sampling and vane tests, as
well as one cone-penetration test (CPT) at each turbine location. The marine sediments were 3 to 6 m of
sand covering 1 to 6 m or Gyttja (organic). On the previous page are shown a boring log as well as the
characteristics of the marine sediments.

5. SETTLEMENTS / TILTING
During operation, the Na-celle is tilted because of elastic deformation of the tower. Thereby it is known
that the mechanism in the Na-celle is rather insensitive to tilting and differential settlements of the
foundations. So the acceptable tilt is in practice ruled by the visual impression.

The life time of the Tun0 Knob Windfarm is defined to be 25 years, and the owner accepted the de-
velopment of a permanent tilt due to differential settlements of the foundation of 0.5° corresponding to
the inclination of the surface line of the slight conical tubular steel tower. The acceptance includes the
risk that the critical settlements of some of the foundations may develop within only a decade making
an adjustment necessary. However, only the interest of the costs - avings in relation to a piled founda-
tion, could pay for such an adjustment.

For settlement calculations the spreading of the foundation load is normally taken as 1:2 (horizontal:
vertical). Because of the more narrow spreading found in the bearing capacity calculation mentioned
below the spreading in the settlement calculations was taken as 1:4.

Fig. 5. Settlements of gravity structure
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For the foundation only attacked by gravity forces the settlements in the Gyttja was calculated to 5ro =
0,134 m. The extreme load acting once in 50 years is not relevant in the settlement calculations - here
was as the maximum load taken the mean value between the bare gravity forces and the extreme load
resulting in settlements of the Gyttja of Sg = 0,186 m. The consolidation of the upper sand is for the
maximum load mentioned above calculated to 8s = 0,014 m. To this is added a contribution from
compaction of the sand of 1% of the layer-thickness of 5k = 0,034 m.

Resulting is the calculated minimum settlement 8ro = 0,13 m and the maximum 5 max. = 0.24 m.
Whether you from rules of thumb consider 100% of Sro or 50% of 5 max or 8 max - 5ro as the
differential settlement developed across the 0 14 m bottom plate, they all result in a tilt of approx. 0.5°
as accepted.

Monopiles
While deformation considerations are obvious for gravity structures on soft soils, they should be taken
in to account for monopiles as well, - here due to horizontal movements of the pile in the upper layer.

For cohesionless soil (sand) as well as for cohesive soil (clay and organic) the horizontal earth
resistance equals zero in the level of the bottom of the sea. Therefore, there is a tendency of an annulus
creating between the pile and the soil here, - bigger of course the looser/softer the soil. In cohesionless
soil - and in cohesive soil with a thin sand layer on top - this annulus will be filled with sand (Ref. 1)
saving the resistance in the repeated ultimate limit stage ("bearing capacity"). However, depending on
the prevailing wind, there might be a tendency of "asymmetric" filling resulting in a successive tilt.
Further, in cohesive soil a prevailing wind may result in horizontal consolidation and thereby also a
growing tilt.

Fig. 6. Principle in monopile tilt.

Deflection
line (magnified)
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6. BEARING CAPACITY
Where the bearing stratum is underlain by a weaker material the foundation load in Denmark is
traditionally spread 1:2 (horizontal:vertical) corresponding to an angle of 26.5° to vertical. Other places
in the world (Ref. 2) the spreading angle is defined even a little wider to 30° corresponding to 1:1.7.
However, it has been acknowledged that this is on the unsafe side, and already in 1985 researches made
at the University of Aalborg (Ref. 3) resulted in a more accurate approach. It is shown, that beside the
thickness, T of the bearing stratum the spreading angle a/2 is depending on the relation P between the
bearing capacity of the bearing stratum and the one of the weaker layer below.

The result of this "oc/p-method" for the actual case is a spreading angle of only 9° corresponding to 1:6.
The calculating pressure on the effective foundation area in the load-case I is Bf = 90 kN/m2. The
calculating bearing capacity of the Sand itself is Bs = 140 kN/m: and of the Gyttja is Bo = 55 kN/m2 .
The resulting, calculating bearing capacity is Bk =110 kN/m2, leaving space for a slight reduction
caused by a local sloping of the bottom of the sea.

a = 0,21 +0,04-p

= BS:BO

Fig. 7 The "a/p - method"

Sliding
The geotextile placed between the crushed stones and the underlying sand reduces the friction between
the two bodies. Therefore, the sliding resistance is examined for the sliding planes: Foundation/crushed
stones, crushed stones/geotextile and geotextile/sand, - with no problems.

One northern foundation is placed directly at the Clay-Till, where neither the bearing capacity nor the
settlements causes problems at all. However, researches performed in connection with the anchor-
blocks of the Storebae It-bridge has shown that the undrained shearing resistance of the Clay-Till in the
sliding plane itself is reduced to only 33% of the consolidating load, because of remoulding during
excavation - i.e. the gravity load of the total structure resting at the entire foundation area.

In the actual case the calculating shearing resistance is barely 8 kN/m2. Although the area of the sliding
foundation may be calculated using the theory of elasticity (and not the theory of plasticity as for the
bearing capacity) resulting in a relatively large sliding area, it is necessary to add the passive earth
pressure at the side of the foundation to the sliding resistance. And therefore it is necessary to cast
concrete in the excavation placed between the foundation and the soil.
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7. ACCESSORIES AND COSTS
At one side the top of the foundation is equipped with a self-supporting access platform of steel and
four wooden poles for the docking of the service vessel. To minimize the ice-load, these poles and the
access-ladder are designed to break at a certain load, - which actually was experienced in the cold and
icy winter of 1995/96. The access to the turbine-tower is through a door elevated one storey, - the trafo
is placed in the closed room in the bottom of the tower.

The costs of the ten foundations are summarised as follows, - all paid prices (1995) in DKK (Danish

Crowns) excl. V.A.T.:

• Foundations DKK 17.6 million
• Access platforms DKK 0,5 million
• Geotechnical investigations DKK 0.9 million
• Planning and supervision DKK 1.2 million

This total of DKK 20.2 million for the foundations corresponds to 26% of the Grand total of DKK 78.0
million for the whole windfarm, including bird life study etc. (Ref, 4). With a larger number of larger
turbines, this percentage may decline to less than 20%.
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STRUCTURAL AND ECONOMIC OPTIMISATION
OF OWEC SUPPORT STRUCTURE

Contribution to the Joule III Project Opti-OWECS
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ABSTRACT

The support structure for an Offshore Wind Energy Converter (OWEC) is a vital component in the
development of an Offshore Wind Farm. The purpose of the work described has been the design
development of a structure to support an 80m diameter 3MW wind turbine under the imposed
aerodynamic and hydrodynamic forces.

Concept evaluations are described for a range of support structure options including both lifted and
piled configurations. Further development of two options - a lattice-tower to stand in approximately
25m water depth in relatively demanding environmental conditions, and a mono-tower in 15m water
depth in a more moderate environment, are presented.

Innovative construction and installation techniques are described which obviate the need for the
delicate offshore operation of lifting the rotor and nacelle and to totally remove the requirement for a
heavy lift vessel - the most costly component of the offshore installation operation.

KEYWORDS

Offshore, Support Structure, Offshore Wind Energy Converter (OWEC), Structural Design, Lattice
Tower, Monotower, Installation, Gravity Base, Floating Structures
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1. SUMMARY

Concept Evaluation
An initial evaluation has been carried out on a range of potential support structure concept options.
Structures examined have included combinations of gravity and piled foundation concepts and floated
and piled installation concepts.

Figure 1.1-1 Lattice Tower Figure 1.1-2 Monotower

Two concepts, a lattice-tower and a monotower, each with buoyancy for towing out provided within a
gravity base foundation, have been selected for further consideration

Site Conditions
Two sites have been identified for the proposed development. One in approximately 25m water depth
is in relatively demanding environmental conditions, i.e. representative of shallow water North Sea
conditions, whilst the second, in 15m water depth is in a more moderate environment and
representative of sites in the Baltic Sea. Characteristic wind, wave and current conditions have been
prepared for each site together with appropriate soil conditions.

The lattice tower, by virtue of its stiff dynamic response characteristics and robust structural
performance has been developed for the deeper and more demanding (North Sea) site whilst the
monotower with its relatively simple construction and superior ice loading resistance has been selected
for the more moderate (Baltic Sea) site.

Lattice Tower/Monotower Concepts
Standing some 84m high, the lattice tower comprises a trussed framework which is configured to avoid
interference with the passage of the rotor blade yet provide a large base size so as to limit the
environmental component of load experienced by the foundation.

The monotower, a more modest 66m high, comprises a single tower of tubular type construction. This
is either manufactured as a long cone section or as tube sections which are tapered by the inclusion of
short cone elements'

The base of both the lattice and monotower structure is a gravity base. This is either constructed of
steel or concrete and contains ballast material i.e. sand, concrete, rock or iron ore.

Installation
The selection of the chosen concepts has been highly influenced by a keen desire to achieve a lowest
cost development and a key factor in this has been the avoidance of use of a large offshore lift vessel.
The gravity base solution adopted allows for the nacelle and rotor to be fitted and fully commissioned
prior to being transported offshore.

The feasibility of the installation method has been demonstrated with the major equipment being
identified.
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2. CONCEPT DEVELOPMENT

2.1 Introduction

Bottom mounted support structure concepts for large OWEC developments fall into a number of
generic types which can be broadly categorised by the nature of their foundation, their method of
installation, their structural configuration and the material from which they are constructed. The options
available for each of these are dealt with in the following sections.

2.2 Foundations

Options for offshore foundations are basically of three types:-
• Piled
• Gravity Based
• Skirted

Piled Foundations
Piled foundations make-up the most common form of offshore foundations. The standard method of
installation is to drive the pile into the seabed using a steam or hydraulically driven hammer. The
handling and driving of the pile generally requires the use of a crane, ideally a crane vessel.

It is thought likely that the vibrations resulting from the piling operations would present too great a risk
to component parts of the mechanical and instrument equipment housed in the nacelle and as a result
piling would need to take place prior to placement of the nacelle.

The structure can be configured as a monopile or have piles that are driven through sleeve elements
and are attached to the main structure by either a grouted or swaged connection. As such, the pile
provides the means of transferring both tensile and compressive loads from the structure into the
seabed. Piles themselves are of simple tubular construction which is inexpensive to produce and
provides a least cost fabrication option.

Given its dependence on the provision of cranage, the piled foundation is more likely to be used in
combination with a lift installed support structure.

Gravity Foundations
The gravity foundation, unlike the piled foundation, is designed with the objective of avoiding tensile
loads between the support structure and the seabed. This is achieved by providing sufficient deadloads
to stabilise the structure under the overturning moments which result from wind and wave action.

Where the gravity loads from the support structure and nacelle are insufficient to maintain overall
stability, additional ballast will be necessary. This may take the form of sand, concrete, rock or iron ore
and can be either installed in the construction yard or alternatively placed following positioning of the
main structure

Gravity structures come into their own when the environmental loads are modest and the deadloads
are significant or when appreciable cost reduction can be achieved by avoiding the dependence on a
heavy crane vessel.

Skirted Foundations
Skirted foundations, also known as buckets, are similar in appearance to gravity foundations but are
characterised by long skirts around their perimeter. Unlike a gravity foundation, the skirted variety is
designed to transfer transient tensile loads and relies on undrained soil behaviour. Its application for
wave load dominated structures can be significant owing to the transitory nature of the loading. Its
suitability for large OWEC structures is however questionable owing to the sizeable static component
of wind loading.
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2.3 Installation

OWEC developments lend themselves to a variety of different methods of installation involving
various forms of piecemeal installation through to placement of the complete unit including the nacelle
and rotor as a single piece. Installation itself is either achieved by lifting or by floating in the component
parts. The following sections address the options available for the OWEC support structures.

Lifting
Lifting of the OWEC is in principle the most straightforward method of installation and given access to
a crane vessel of sufficient capacity and reach it should be possible to install the OWEC units simply
and efficiently. Although relatively light by offshore standards, the height of the support structure is
beyond the capability of all but the largest offshore crane vessels. Lifting the unit in several pieces
offers possibilities yet the height of the final section combined with the awkwardness and delicacy of
the rotor assembly again limits the vessels capable of the operation to just a small number of the
worlds largest.

One of the major benefits of using a heavy lift vessel is that it has the capability and has ail the
necessary equipment needed to pile the structure to the seabed.

Ideally the nacelle complete with the rotor would be pre-installed on the support structure in the
fabrication yard thereby maximising the time for commissioning; however owing to the vibrations
associated with pile driving, installation of the unit as a single piece appears only possible using a
gravity foundation.

The possibility of lifting the structure using a purpose built (or modified) jack-up could be considered,
however the lengthy duration of the installation operation is likely to offset any benefits

Floating
Floating the support structure into place offers the possibility of installing the complete support
structure and avoiding the necessity of using a major crane. As a floating body the structure would
need to be either constructed in a dock or lifted from a quay. It would need either inherent buoyancy or
auxiliary buoyancy to float and have sufficient stability both for transportation and during lowering.

Obviating the requirement for a crane vessel, a floated support structure is best suited to a gravity
base foundation.

2.4 Configuration

The support structure configuration can be categorised as three basic types i.e.:-
• monotower - a single column
• braced monotower - a central column stayed by bracing elements
• lattice tower - a fully braced structure

Each has advantages, the monotower and braced monotower provide the benefits of simplicity whilst
the lattice tower offers the most structurally efficient solution.

2.5 Materials

The candidate materials for the tower elements of the OWEC support structure are primarily steel and
pre-stressed concrete. Steel offer the benefits of being some four times stiffer and stronger per unit
mass than concrete and as such it offers the potential for appreciably lighter structures. It is this
combination of stiff and light construction combined with steel's flexibility in the construction of braced
structures that make steel the preferred material. Its reduced weight also reaps benefits with the
structure being lifted more easily or requiring less buoyancy for floating.

The material to be adopted for the foundation is less clear. In the case of piled foundations, steel
presents the obvious solution whilst for gravity foundations, steel or concrete may be appropriate with
sand, rock or iron ore used for ballast material.
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2.6 Concept Evaluation

From the preceding sections it can be concluded that potential support structures for the OWEC
development can be identified from the following:-

Configuration

Foundation

Mono-Tower Lattice/Braced Tower

Piled

Installation
_L

Lifted Floated Lifted
J.

[Gravity

Floated Lifted Floated Lifted Floated
_L

X
A.

Figure 2.6-1 Configuration Options

The skirted foundation option is not included since it is unlikely to be viable owing to appreciable static
component on the wind loading.

Thus a total of eight potential support structure types are available. From these, four (highlighted
above) have been selected for further consideration. Included are the piled/lifted and gravity/floated
structures, whilst excluded are the piled/floated and gravity/lifted options. These latter alternatives offer
little prospect of achieving an optimal solution.

The chosen concepts are detailed in greater depth below. Both lattice and braced tower configurations
have been considered for the floated option, making a total of five potential solutions.

Piled - Lifted Braced Tower
The piled-lifted braced tower design is based on a standard minimum facility offshore platform design
with a central column and three symmetrically dispersed legs. The legs are connected to the column as
high as is practically possible without interfering with the passage of the rotor blade. This arrangement
is not ideal for ice conditions since the water piecing leg members could provide an appreciable
blockage to ice flow. With the column-leg joint remaining at sufficient depth under the water surface to
avoid ice accumulation, the height of the braced length of the column is too short to be effective.

Figure 2.6-2 Piled Lifted Braced Tower

The diameter of the column is sized so as to control the natural frequency of the structure.
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Piled - Lifted Monotower
The piled and lifted monotower or monopile support structure is characteristic of the simplest structural
form since it comprises a single large diameter pile which is tapered over its length. This type of design
has been used successfully in the first Dutch demonstration wind farm.

The piled-lifted tower has a limited range of application. Its unbraced nature has poor dynamic
characteristics and results in large pile diameter requirements, leading in turn to problems under both
fatigue and extreme event loading. Whilst practical for use with smaller OWECs in shallow water
depths, its use with a 80m rotor in water depths of up to 25m leads to an appreciable pile diameter

Figure 2.6-3 Piled - Lifted Mono-tower

(circa 4m) which is heavy and consequently less cost effective than other solutions. Installation would
necessitate either lifting the complete length of the support structure measuring some 100m or
alternatively introducing a field splice at some point along the length. The structure would then be
either driven or vibrated to achieve the required penetration depth. By necessity the nacelle and rotor
would require separate installation.

This concept is well suited for ice conditions with a single water piercing member.

Gravity - Floated Braced Tower
The gravity-floated - braced tower is a self floating version of the piled-lifted braced tower described
above.

The gravity based foundation is a cellular unit which is constructed of either steel or concrete
depending on the overall stability requirements of the structure. Consideration could be given to using
a composite construction of grout and steel with the grout added offshore so as to reduce the
foundation weight.

Figure 2.6-4 Gravity - Floated Braced Tower

Problems associated with ice flow conditions which apply to the piled option also apply to the floated
version.
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Gravity Floated - Lattice Tower
The lattice tower offers the most efficient form of 'stiff structure. Constructed of short and light tubular
members, it is also unsuitable for ice flow conditions.

Figure 2.6-5 Gravity Floated - Lattice Tower

The structure is assembled on a gravity base foundation similar to that given above. Its strength and
efficiency make it an ideal candidate for large OWEC support structures e.g. North Sea site.

Gravity Floated - Monotower
Finally the monotower concept is included owing to the distinct advantages the previous options have
under ice flow conditions. This concept will inevitably be heavier and a challenge of the design will be
to limit the height of the gravity base in shallow water applications.

Figure 2.6-6 Gravity Floated - Monotower
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3. CONCEPT DESCRIPTIONS

3.1 Lattice Tower

3.1.1 General Arrangement

The lattice tower has been configured to support the nacelle and rotor based on North Sea site
conditions.

The overall configuration details are given as follows:-
• Overall Height (from seabed to rotor axis)
• Base Width (measured between leg centres)
• Foundation Diameter

83.7m
50.0m
9.0m

The upper half of the structure comprises a trussed framework with chord members to resist the
overturning moment and to support vertical loads, diagonal members to resist the shear forces and
plan elements to provide torsional restraint. The plan size over this part of the structure is limited to
avoid interference with the passage of the rotor blade.

In the lower half of the structure no such limitation exists, with the three legs and associated bracing
raked to achieve a large base size, the base size being important in limiting the environmental
component of the foundation reaction.

The lattice tower is made up of comparatively small diameter members with modest spans.

Figure 3.1-1 Lattice Tower
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3.1.2 Fabrication

It is envisaged that construction would be in a dry dock with fabrication of several units being carried
out simultaneously, as shown in Figure 3.1-2. As each unit neared completion, the nacelle and rotor
would be installed and commissioned, then when all the units in the dock were complete the dock
gates would be opened and pontoons would be floated in.

Figure 3.1-2 Dry Dock Arrangement

3.1.3 Installation

Each structure requires three pontoons, one for each leg, so as to float. Pontoons are purpose built and
each comprises three vertically orientated buoyancy tanks with a workdeck spanning between the three
at the upper elevation, as shown in Figure 3.1-3.

^-spooling drum 'or cable / stands y-2OOt qr©£*r jack

r 25 np c«?l / hydropic power poc*
• ccbin / <het!er / sice

support coble / fltntf

Figure 3.1-3 Pontoon Elevation
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The pontoons are each equipped with a jacking system (shown in Figure 3.1-4 as hydraulically
powered strand or gripper jacks).

lowing podeye - lyp 3 locations
emergency access lodder

stfond spooling ree'

b e t a ! ond vent voK/« controls

gripoei joe*

4.5m dio buoyoncy tanks

d'esei / hydfouiic-flo«e' pack
*- cotw / sneHei / sto'e

Figure 3.1-4 Pontoon Plan

The pontoons are floated in through the dock gates and positioned over each of the foundations of a
single OWEC support structure. A jacking system is then attached to each of the foundations allowing
the support structure to be gradually raised and secured for the tow; see Figure 3.1-5.

Figure 3.1-5 Preparation for Tow

Once secured, the floating unit is towed to the offshore site where the reverse procedure is adopted.
The jacking system is reversed with the support structure slowly lowered to the seabed.
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3.2 Monotower

3.2.1 General Arrangement

The monotower has been configured to support the nacelle and rotor based on the Baltic Sea site
conditions.

The overall configuration details are given as follows:-
• Overall Height (from seabed to rotor axis) 66.3m
• Foundation Diameter 25.0m

Figure 3.2-1 Monotower

The monotower comprises a single tower of tubular type construction. This is either manufactured as a
long cone section or as tube sections which are tapered by the inclusion of short cone elements (as
shown above).

The base forms the gravity base. This is either constructed of steel or concrete and contains ballast
material i.e. sand, concrete, rock or iron ore.

3.2.2 Fabrication

Like the lattice tower, it is envisaged that construction would be in a dry dock with fabrication of several
units being carried out simultaneously. As each unit neared completion, the nacelle and rotor would be
installed and commissioned.

3.2.3 Installation

Like the lattice tower, floating and lowering stability play an important part. Options for installation of
the monotower support structure fall into four generic types, each with a multitude of possible
variations. The four basic methods are described below:-

Stability Provided by a Heavy Base

Figure 3.2-2 Heavy Base

With this option a very large base (at least 40m diameter by 5m deep) is required. The lower part is
filled with ballast whilst the upper section provides the necessary buoyancy to float the structure.
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Floating at a draft of some 2-3m, the water plane provides stability during transportation, whilst
lowering stability is achieved by ensuring that the centre of gravity remains below the centre of
buoyancy. Preliminary calculations associated with this method of installation suggest that the weight
of the base could exceed 10,000 tonnes.

Stability Provided by Grounding Base
In shallow water depths the proximity of the seabed can be utilised to stabilise the structure during
installation. Here the structure is deliberately inclined during lowering.

This introduces two benefits. Firstly, the stability offered by the water plane area of the base can be
maintained over a much greater depth and secondly, once contact is made with the seabed, the
reaction assists in stabilising the unit.

Figure 3.2-3 Grounding Base

The method has major benefits in very shallow water depths, however even in water depths of 15m
and over the size of the base needed is excessive. The approach initially puts the soil under
appreciable pressure and this may result in soil deformation leading to permanent inclination of the
platform.

Stability Provided by Vertical Auxiliary Buoyancy
This method is more representative of the conventional approach for a problem such as this. Here
auxiliary tanks are attached to the structure prior to sailaway.

Figure 3.2-4 Vertical Auxiliary Buoyancy

These provide sufficient stability for both the tow and lowering sequence. Once safely secured on the
seabed, the tanks are removed and returned for re-use. Preliminary calculations with this approach,
indicate that the tanks could be relatively heavy.
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Stability Provided by Horizontal Auxiliary Buoyancy
Like the above method this approach makes use of auxiliary buoyancy tanks, here though they are
floated horizontally. Attachments of the auxiliary tanks can be made either at the column or at the base
of the support structure. Connecting to the column necessitates some form of rolling joint which can
offer freedom to vertical movement whilst providing moment restraint. Connecting to the base offers
an all together more feasible arrangement with the base lowered or raised by a jacking system
connecting the tanks and support structure base.

Figure 3.2-5 Horizontal Auxiliary Buoyancy
In practice the auxiliary tanks comprise two fairly standard shaped barges. Each structure requires two
barges so as to float. The barges could be converted from other uses but would preferably be purpose
built. Each would be equipped with suitable lifting equipment so as to be able to lift the OWEC unit,
transport it, then lower it safely to the seabed. The lifting equipment may comprise strand jacks as
used with the lattice tower or if the loads are sufficiently low, a simple block and tackle arrangement as
given below may suffice.

• 75mm U3 chain

Pontoons
30m x 6.5m

1.5m dia
pneumatic fenders

sheave blocks reeved lOx

Figure 3.2-6 Possible Pontoon Configuration

4. Conclusions

It is concluded that:-
• Initial evaluations have demonstrated the range of potential support structure concepts available
• Two concepts, a lattice-tower and a monotower, each with buoyancy for towing out provided within

a gravity base foundation, offer appreciable potential for future development.

5. Acknowledgements

The Opti-OWECS project is supported by grant JOR3-CT95-0087 from CEC.

6. References

[1] Kiihn, M., Bierbooms, W., Cockerill, T., Ferguson, M., Goransson, B. and Vugts, J. 1997.
"Structural and economic optimization of Wind Energy Converters - Overview on progress in the Joule
III Project Opti OWECS", OWEMES '97 conference, Sardinia, Italy, April 1997.

257

8EXT PAGE(S)
left BLABSK



THE CALCULATION OF DESIGN LOADS FOR OFFSHORE WIND TURBINES

D C Quartern
Garrad Hassan and Partners Ltd

UNITED KINGDOM

ABSTRACT
The sophistication of the methods used to carry out design calculations for onshore wind turbines has
increased enormously over the last two decades. Garrad Hassan has developed and validated computer
programs which can now be used with confidence to calculate performance and loading for design
purposes. Over the last five years these programs have been further developed to represent the combined
aeroelastic and hydrodynamic response of offshore wind turbines. This paper will describe the basis of
these programs and illustrate their use for the calculation of fatigue and extreme loads for both sea bed
mounted and floating wind turbines.
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1 INTRODUCTION

Over the last twenty years enormous progress has been made with the development and validation of
mathematical models which can represent the behaviour of onshore wind turbines. As confidence in these
models has grown, there has been increasing interest from wind turbine manufacturers wishing to make
use of such models as the basis of their design calculations, replacing the simplistic design approaches of
the early days of the industry. There are now a number of mature computer programs which offer
sophisticated and reliable representations of onshore wind turbines and are in use by the industry for
design and certification calculations.

With the growing interest in offshore wind power over the last decade, there is a need to provide the
manufacturing industry with design tools which can deal reliably with the complexity of combined wind
and wave loading. To date, offshore wind farms have been sited in relatively shallow water where the wave
loading, although not insignificant, has not been a major design driver. As developers turn their attention to
offshore sites in deeper water with more severe sea conditions, it will become increasingly important that
wind turbine designers take proper account of the combined effect of wind and waves on both fatigue and
extreme loading.

Garrad Hassan has invested considerable effort in the development software tools which are capable of
dealing with the effects of wind and wave loading of offshore wind turbines. This work has involved the
extension of methods for modelling onshore machines to enable analysis of the response due to
hydrodynamic loading of the offshore support structure. The work was undertaken as part of two major
research projects concerned with offshore wind energy. The first of these projects was carried out in

259



collaboration with Germanischer Lloyd under Joule contract to the CEC and is documented in [1]. The
second project was supported by the UK Department of Trade and Industry and was concerned with the
engineering design and cost analysis of floating wind turbines [2].

This paper will describe the software tools developed by Garrad Hassan to undertake calculations of the
fatigue and extreme loading of sea bed mounted and floating wind turbines. Software tools based on both
time and frequency domain models will be described and example results of calculations will be presented
for the two types of offshore installation.

2 CALCULATION METHODS

Current design calculations for onshore wind turbines are almost invariably based on a rigorous treatment
of the aeroelastic nature of the problem with proper account taken of aerodynamic, gravity, inertial.
centrifugal and gyroscopic loads and the distributed stiffness properties of the structure. In common with
random loading problems in many other fields of engineering, the analysis may be undertaken using time
or frequency domain techniques. Garrad Hassan have developed and validated both time and frequency
domain software models of onshore wind turbines which have then been extended to incorporate a
treatment of hydrodynamic loading for representation of offshore machines.

2.1 Time domain analysis of offshore wind turbines

The Garrad Hassan time domain analysis of wind turbine loading is embodied in the computer program
BLADED. The program is described in [3]. The mathematical model is based on a time domain
representation of the turbulent wind field incorporating the three velocity components. Generation of the
turbulent wind field representation is based on the method developed by Veers [4] and can use as a starting
point any auto-spectral and coherence descriptions of the turbulence, the most common models being those
due to von Karman [5] and Kaimal [6]. Turbulence models of this form are now widely used for the
calculation of fatigue loads for design purposes. For calculation of extreme loads, however, it is standard
practice to base calculations on deterministic descriptions of extreme wind conditions.

The treatment of rotor aerodynamics within BLADED is based on combined blade element and momentum
theory with enhancements to represent dynamic inflow and stall hysteresis. The structural dynamics of the
wind turbine are modelled by means of a modal description of the coupled rotor-tower system formulated
as a set of differential equations:

Mq+Cq + Kq = F

where M, C and K are the modal mass, damping and stiffness matrices, q is the vector of modal
displacements and Fthe vector of modal forces. The system matrices are full due to the coupling of the
degrees of freedom and contain periodic coefficients because of the time dependent interaction of the
dynamics of the rotor and tower.

In addition to the modal dynamics of the wind turbine, there are further differential equations to represent
the dynamics of the power train transmission, electrical system and control system. The complete system
of equations is solved using a Runge-Kutta time-marching integration scheme.

In order to represent the behaviour of offshore wind turbines subject to wave loading, the BLADED time
domain model has been modified. Wave loads are input to the model of the wind turbine in the form of
force time histories applied at each affected node on the support structure. At each time step of the
BLADED simulation, the wave nodal forces are converted into modal forces by integrating with the
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appropriate support structure modeshapes. The contribution of the wave loading to the modal forces is
then included in the modal force vector F. The nodal wave load time histories can take any form, including
that due to a breaking wave.

Wean wind speed,
shear and yaw

I Rain flow cycles.
fatigue damage

Turbulent
wind field

1
Time domain

aeroelastic model

Wave load
time histories

BLADED

i
Load time
histories

i
Time series

analysis

^ txtreme loads

Figure 1 Schematic of the time domain approach

2.2 Frequency domain analysis of offshore wind turbines

A standard approach to the loading analysis of offshore structures is to model the variation of wave height
for a particular sea state as a spectrum and apply this through an appropriate transfer function to a
frequency domain representation of the structural dynamics. This approach is particularly valuable in the
context of fatigue analysis of offshore structures.

In the mid 1980's Garrad Hassan developed a frequency domain approach to the calculation of the loading
and dynamic response of wind turbines. This approach, embodied in the computer program TURBLOAD,
has been validated against measurements from a number of machines and is described in [3]. The turbulent
wind field is represented by an expression for the temporal and spatial cross correlation of longitudinal
wind speed fluctuations. This cross correlation function is transformed to a frame of reference moving
with the rotor blades.

The aerodynamic loading of the rotor is represented in terms of a series of aerodynamic influence functions
which define the sensitivity of elemental loads to changes in wind speed, blade structural velocity, pitch
angle etc. These influence functions are computed for a given mean steady state operating condition using
combined blade element and momentum theory.

The structural dynamics within TURBLOAD are based on a similar modal representation to that used by
the time domain code BLADED. A particular problem with the frequency domain model is that it is not
possible to deal with the periodicity of the modal equations of motion of the coupled rotor/tower dynamics.
The periodicity is eliminated by simplifying the support structure representation such that, although based
on a multi-mode model, the dynamics are described only by fore-aft translation, and rotation at the tower
head is neglected.

The wind speed cross correlation function described above is integrated with the aerodynamic influence
functions and modeshapes to yield the auto and cross correlations of modal forces. These are then
converted to modal auto and cross spectra by means of inverse Fourier transforms. The modal force
spectra SFF are applied to the frequency domain representation of the modal dynamics to give modal
response spectra SQQ :
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QQ ~

where.

H is a complex transfer function, the matrices M, C and K contain modal mass, damping and stiffness
data, and<y is the frequency.

The TURBLOAD code has been extended to enable calculation of wind turbine response to wave loading.
Wave load auto and cross spectra are computed at nodes on the wind turbine support structure from a
spectral description of the wave height and a series of complex transfer functions of the wave load at each
node. These transfer functions are obtained using the Morison formula described in Section 2.3 below.

The most widely used spectral model of wave height is that due to Pierson-Mokowitz [7]. The Pierson-
Moskowitz spectrum describes a fully developed sea where the fetch is considered infinite. The
JON SWAP spectral model [8] is usually considered to be appropriate when the fetch is limited but in this
case the spectral moments cannot be obtained in a closed form, making the application of spectral analysis
techniques more complicated.

The nodal wave load auto and cross spectra are integrated with the modeshapes of the wind turbine
support structure to obtain a wave load modal force spectral matrix. Whilst there is a strong correi. :ion
between the sea state and the mean wind speed over a time scale of hours, individual waves and wind g^sts
are statistically independent. Given this statistical independence, it is valid to assume that the wave load
modal force spectral matrix is uncorrelated with the wind turbulence modal force spectral matrix and
hence the total modal force matrix can be obtained by simple addition.
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Figure 2 Schematic of the frequency domain approach

2.3 Computation of wave loads

Wave loading on an offshore structure is determined by the water particle velocities and accelerations - the
kinematic flow field. This flow field must satisfy' the governing potential flow partial differential equations
as well as the boundary conditions. The sea bed conditions are straightforward but the free surface renders
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the problem difficult and non-linear. Linearisation of the surface boundary conditions is the basis of Airy
theory [9]. Other wave theories take account of the non-linearities in various ways.

A further important factor is the influence of the offshore structure itself on the incident waves. For slender
or hydrodynamically transparent structures, which do not appreciably influence the waves, the flow field is
computed ignoring the structure. However, for hydrodynamically compact structures, the influence of the
structure must be taken into account and at present this is only possible by assuming linearised Airy
waves.

For fatigue load calculations, the smaller, frequently occurring waves are responsible for the major part of
the loading and as a consequence linear wave theory is appropriate for determining the wave kinematics
The wave loading may be calculated using the Morison formula [10]. The Morison formula is generally
accepted to be valid for predicting wave loads on hydrodynamically transparent structures. Morsion
proposed that for a vertical pile in a wave field, the horizontal force dFx on an element of height dz is
expressed as the sum of a drag force and an inertia force:

where p is the density of water, D is the diameter of the vertical pile, CD is the drag coefficient, v is the

horizontal wave partical velocity, CM is the inertia coefficient and 8^>ldt is the horizontal wave partical

acceleration.

The drag force is non-linear and caused by viscous effects and the associated downstream wake. The linear
inertia force results from the Froude-Krylov and hydrodynamic mass forces. The horizontal wave loads
acting on the support structure are not harmonic functions due to the effects of the non-linear drag term
However, for the purposes of fatigue load calculations, equivalent harmonic loads can be obtained based
on equalising the impulse over one wave period

For extreme wave load calculations several methods have been investigated by Garrad Hassan relating to
two basic approaches:

• The assumption of a deterministic design extreme wave derived using non-linear stream function theory
[11], The design wave is then used in combination with Morison's formula to obtain the extreme wave
loading of the support structure.

• The assumption of a design extreme sea state with wave loads derived using linear Airy theory as for
the fatigue load calculations. The extreme loading of the support structure may then be derived either
through simulation or the application of probabilistic analysis.

Breaking waves are probable at some locations that are considered suitable for offshore wind turbines.
Suprisingly little is known about breaking waves and their theoretical investigation is problematic due to
the non-linear equations of motion and boundary conditions. For the work carried out by Garrad Hassan
and Germanischer Lloyd and reported in [1], a breaking wave representation was derived from
experiments in wave tanks [12],

2.4 Correlation of wind and wave loading

In the absence of detailed measurements of both wind and wave conditions at an intended site for offshore
wind turbine installations, the designer is faced with the problem of establishing the appropriate correlation
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of wind and wave conditions to assume for design analysis. This problem was addressed in [1] in the
context of both fatigue and extreme loading calculations.

As indicated above, the most widely used spectral model of wave height is that due to Pierson-Mokowitz
[7], The Pierson-Moskowitz spectrum is of the form:

where z is the wave height, a> is the wave frequency, Hs is the significant wave height and Tz is the zero
up-crossing period.

Neumann and Pierson [13] proposed an empirical relationship between the significant wave height and
zero up-crossing period for a particular sea state and the mean wind speed over the sea:

„ 0 .21. , ,

g
and

ifer. = 0.81^— £/,„

where U19.s is the mean wind speed at the site at 19.5m height.

Relationships such as these may be used to correlate the sea state with the mean wind speed and hence for
wind turbine design fatigue load calculations, a series of load cases may be defined in terms of the
appropriate combination of wind and wave loading of the machine.

For extreme load calculations for wind turbine design, the simplest approach would be to compute the 50
year return extreme wave load and the 50 year return extreme wind load and add the two. However, since
individual wind gusts and waves are statistically independent, this calculation would be over conservative
It is extremely unlikely that the design wave would occur simultaneously with the design gust.

For conventional offshore structures, design guidelines [14] often recommend that the 50 year return wave
should be assumed to occur simultaneously with the 50 year return one minute average wind speed. For
such structures, offshore platforms etc, wind loading is of secondary importance and this combination of
design wave together with a relatively low wind can be expected to yield the highest loading. For offshore
wind turbines this approach is unsatisfactory since either wind loading or wave loading may dominate and
other combinations of waves and wind speeds should be considered.

This problem was considered in some detail in [1]. The approach adopted was to determine the wave
height which can be applied simultaneously with the 50 year extreme 3s gust such that the combined
probability is the same as for the 50 year return wave combined with the 50 year return one minute
average wind speed. In order to derive the appropriate wave height, some simplifying assumptions were
made. First, the effects of structural dynamics were ignored and second, it was assumed that wind speed
has a Gaussian probability distribution around the hourly mean, and that wave heights follow a Rayleigh
distribution.

If the sea state with a 50 year return period has a significant wave height of HSso, the most probable
extreme wave height in that sea state is commonly taken as 1.86 HS5o- The probability of this wave height.
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the 50 year design wave, occurring in combination with the 50 year return one minute average wind speed
was shown in [1] to be the same as the probability of the combination of the 50 year return 3 s gust wind
speed and a wave height of 1.32 HSso

Design load cases for extreme load calculations of offshore wind turbines are therefore proposed in [1] on
the basis of the combinations of wave height and wind speed shown in Table 1:

Case 1
Case 2

Wind speed
50 year return, 1 minute mean
50 year return, 3s gust

Wave height
1.86 Hsso
1.32 Hsso

Table 1 Combination of wave heights and wind speeds for extreme load calculations

These load cases are relevant to the offshore wind turbine in basic state stand-by condition. There are
clearly many more extreme load cases required to cover other machine states and involving a combination
of wind and wave loading, refer [15].

3 EXAMPLE CALCULATIONS

3.1 OWEA 100m diameter wind turbine on a concrete tower

As part of the Joule project [1] undertaken by Germanischer Lloyd and Garrad Hassan, a series of
calculations were performed to investigate the fatigue and extreme loading of three different reference
offshore wind turbines. One of these was the two-bladed, 100m diameter, 6MW machine designed by the
Wind Energy Group (WEG) Ltd as part of the Offshore Wind Energy Assessment undertaken for the UK
Department of Energy [16]. The details of the machine design are given in [17] but in brief the rotor is
teetered and has full span pitchable blades constructed from wood-epoxy composite. The rotor and nacelle
are supported on a cylindrical concrete tower standing on a concrete caisson.

The extreme loading of the wind turbine was computed for two basic load cases:

Normal stand-by
The rotor parked, headed to wind, with the blades feathered. External conditions based on a 50 year return
period.

Fault condition
The rotor parked, headed to wind, with the blades at fine pitch. External conditions based on a 1 year
return period.

The external conditions for the reference site were as shown in Table 2 below:

Return
period

50 year

1 year

Casel

Wave
14m height,
9s period
9.9m height,
8s period

Wind
48.4 m/s
(1 min. average)
34.3 m/s
(1 min. average)

Case 2

Wave
9.9m height,
8s period
7.2m height,
8s period

Wind
53.0 m/s
(3 s average)
37.6 m/s
(3s average)

Table 2 External conditions for example OWEA extreme load calculations
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The extreme wind loading of the wind turbine was computed by calculation of the quasi-static load taking
account of the structural dynamic response by means of the method provided in [18].

Three basic approaches to the calculation of extreme wave loading of the wind turbine were investigated:

• Time domain analysis based on deterministic, regular extreme waves

• Spectral analysis based on the extreme sea state

• A stochastic time domain analysis

Two separate spectral analyses were performed. The first used linear transfer functions between wave
height and wave load as for calculation of the fatigue loads. The second method involved the generation of
pseudo non-linear transfer functions in an attempt to take account of the non-linearities associated with
large waves. The pseudo non-linear transfer functions were also used to synthesise stochastic wave load
time histories which were then injected to a time domain model of the wind turbine. The results obtained
from the use of spectral analysis and stochastic time domain analysis of extreme wave loads demonstrated
that the non-linearities associated with large waves were extremely important. The generation of pseudo
non-linear transfer functions was largely unsuccessful because of the difficulties in the necessary step of
fitting a sinusoidal wave load to an irregular time history. There does, however, seems to be potential for
further development of this method.

hi the case of conventional offshore structures it is generally the case that the dynamic amplirV ~tion of the
design extreme wave is small. This is not the situation for offshore wind turbines where the extreme wave
loading contains frequencies which are high enough to cause significant dynamic response of the tower
support structure. In calculating the dynamic response to a deterministic wave there is uncertainty with
regard to what initial conditions should be assumed for the support structure. For the calculations reported
in [1] two approaches were investigated, both making use of BLADED. First a single wave was applied to
the wind turbine structure which was assumed to be initially at rest and second, the extreme wave was
assumed to be periodic and the steady state solution to the periodic loading was obtained. In both cases the
wave load time histories were based on the Morison formula and the wave particle kinematics computed
using stream function theory.

The dynamic transient response to the 50 year return 14m height wave is shown in Figure 3 for the tower
base. The response is dominated by the fundamental tower mode although higher modes also make a
contribution. The maximum bending moment at each station along the tower is compared with the quasi-
static bending moment in Figure 4. Near the tower base the dynamic response and applied load are similar
and a quasi-static analysis would probably be adequate. However, higher up the tower, particularly above
the wetted area where the quasi-static applied bending moment is of course zero, a dynamic analysis is
necessary.

In the case where the extreme wave was assumed to be periodic, the dynamic response of the tower was
shown to be considerably greater than for a transient analysis based on a single wave. It is believed that
whereas this approach may be rather conservative, the calculation of extreme loading based on a single
wave transient analysis may lead to an under-prediction. Further investigation of this issue is required.

The results of various calculations of the extreme wave and wind loading of the tower base and the blade
root are tabulated below. Results are shown in Table 3 for the wind turbine in normal stand-by and under
fault condition for external conditions corresponding to Case 1 and Case 2 as defined above
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Bending mom
[MNm]

Tower base:
Wave load
Wind load
Combined
Blade root:
Wave load
Wind load
Combined

Normal stand-by
50 year return period

Casel

117.7
20.5
138.2

1.08
<0.1
1.18

Case 2

58.0
33.9
91.9

0.15
<0.1
0.25

Fault condition
1 year return period

Case 1

57.2
47.4
104.6

0.35
4.23
4.58

Case 2

41.4
68.5
109.9

0.18
5.75
5.93

Table 3 Extreme loads calculated for the tower base and blade root

The combined loads have been obtained by simple addition of the extreme wave and wind loads. A second
method has also been used based on the assumption that the extreme sea state occurs at the same time as
the extreme hourly mean wind speed, but that the wind and wave loading are uncorrelated at time scales
shorter than one hour. According to this method [17], the extreme combined load is given by adding the
wind load associated with the hourly mean wind speed and the square root of the sum of the squares of the
wave load and the fluctuating wind load. The loads obtained with this second method were consistently
higher, but only by about 3%, than those calculated by simple addition of the extreme wind and wave
loads and tabulated above.

It is evident from the extreme loads tabulated above that for the tower base it is, as expected, the wave
loading which dominates and as a consequence Case 1 leads to the highest value of extreme loading On
the other hand for the blade root, the wind loading dominates and Case 2, corresponding to the wind
turbine in fault condition at zero blade pitch, yields the highest load.
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Figure 4 Applied load and transient response to the 50 year return wave: tower bending moments

3.2 FLOAT - A concept design for an offshore floating wind turbine

The FLOAT [2] project was undertaken by Tecnomare (UK) Ltd, BMT Offshore Ltd and Garrad Hassan
to assess the feasibility of using floating platforms for offshore wind turbines. The project was supported
by the UK Department of Trade and Industry. The floating support system designed in the project was
based on a SPAR buoy moored to the sea bed by eight lines. The wind turbine is mounted on top of a steel
tnpod space-frame bolted to the deck of the SPAR buoy. Garrad Hassan had the responsibility for the
design of the wind turbine, rated at 1.4 MW and having a three bladed rotor of 60m diameter, mounted
downwind of the tower. The blades of the rotor are coned to 10° to ensure good quality free yaw tracking
of the wind. A schematic of the floating system is shown in Figure 5

The calculation of the fatigue and extreme loading of the wind turbine was undertaken by Garrad Hassan.
For analysis of the fatigue loads a frequency domain approach was adopted based on the software tool
TURBLOAD described above.

In order to establish an appropriate representation of the system dynamics, the resonant frequencies and
modeshapes of the coupled rotor-tower-floater system were evaluated using a component mode synthesis
The rotor and tower were modelled using beam elements. The floater was considered rigid and mounted to
the sea bed by means of a representation of the rotational and translational stiffness of the system of
mooring lines.
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Figure 5 The FLOAT wind turbine system

In addition to the bending modes of the rotor and tower, the coupled modal analysis was concerned only
with the surge and pitch motion of the floater. The hydrodynamic mass associated with these degrees of
freedom is a function of wave period and as a consequence the resonant frequencies of the floater are also
weak functions of wave period. The resonant frequencies of the principal modes of the coupled system are
tabulated below for a wave period of 8s. The resonant frequencies of the surge and pitch degrees of
freedom are clearly much lower than that associated with the fundamental bending mode of the tower.

Mode
Surge
Pitch
First rotor flapwise bending
First tower fore-aft bending
Second tower fore-aft bending

Frequency [Hz]
0.014
0.032
1.10
1.73
2.52

Table 4 Resonant frequencies of the FLOAT system
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Based on these degrees of freedom, the modal model of the structural dynamics of the coupled rotor-tower-
floater system was developed in accordance with the description presented m Section 2.2 of this paper. It
should be noted that the modal mass matrix includes components due to the mass of the structure and the
hydrodynamic mass. The damping matrix includes components due to structural, aerodynamic and
hydrodynamic radiation damping. The added mass and radiation damping are frequency dependent and
hence the frequency domain approach to the calculation of the dynamic loading and response has, in this
case, significant advantages over the time domain approach

In the FLOAT project two sites were considered for the floating wind turbine, one in the Northern Irish
Sea and one in the Central Aegean A detailed assessment of the environmental conditions was undertaken
for both sites leading to a definition of the joint distributions of wind speed, wave height and period. Based
on this information a series of load cases were defined for the fatigue and extreme loading analysis. The
JONSWAP model was adopted to represent the wave elevation spectrum and the wind turbulence was
modelled by means of the von Karman description. As an example of the results obtained from the
dynamic analysis of the floating wind turbine, Figures 6 and 7 present the auto spectra of blade root
flapwise bending moment and tower head axial load for operation of the machine at a mean wind speed of
12 m/s, turbulence intensity of 9%, and a significant wave height of 1 6m.

The auto spectrum of blade root flapwise bending indicates significant turbulent wind loading at low
frequencies and harmonics of the rotational frequency (0.64Hz). Resonant loading of the blade at the tower
fundamental modal frequency (1.75Hz) is also evident. The effect of wave loading is to excite motion of
the tower head and introduce inertial loading of the rotor at a frequency of approximately 0.18Hz. This
frequency corresponds to the peak of the applied wave load spectra in the surge and pitch degrees of
freedom. It is clear that the additional loading of the blade as a result of wave loading of the floater is
small relative to that associated with the direct wind loading of the rotor. This feature of the results is
confirmed by the presentation of the annual fatigue load spectra in Figure 8. The effect of the wave loading
on rotor fatigue is minimal.

Figure 6 Blade root flapwise bending moment, combined wind and wave loading
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The auto spectrum of the tower head loading indicates that the wave loading in this case has a substantial
impact, again centred on a frequency of 0.18Hz. The fatigue load spectra, shown in Figure 9, show the
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significant effect of the wave loading. In general, it is evident from the results of the analysis of the
floating wind turbine that the influence of wave loads on the fatigue loading of the rotor and drive train is
minimal. For the tower support structure, the influence of wave loading on fatigue is more important.
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Figure 9 Tower head axial load: annual fatigue cycles

4 CONCLUDING REMARKS

This paper has described the software tools developed by Garrad Hassan to calculate the fatigue and
extreme loading of sea bed mounted and floating wind turbines. Software tools based on both time and
frequency domain models have been described and example results of calculations have been presented.

The time domain approach is essential for dealing with deterministic descriptions of wind and wave
loading such as wind gusts, wind direction changes, design waves, breaking waves, sea currents etc. The
time domain approach can also accommodate non-linearities in the wind and wave loading as well as the
non-linear features of the wind turbine structural dynamics, power train and control system. The approach
has the disadvantage that it is computationally expensive.

The frequency domain approach is based on a linear representation of wind and wave loads and wind
turbine behaviour. These assumptions will inevitably lead to some loss of accuracy. A further limitation is
that the method requires the wind and wave loading to be acting in the same direction. The major
advantage of the approach is that it is possible to model a turbulent wind field and a complete sea state in a
single analysis, thereby easing and speeding fatigue load calculations for offshore wind turbines. The
frequency domain approach is ideally suited to the parametric analysis required in the early stages of a
design project.

There is an increasingly urgent need to validate analytical methods capable of the prediction of the loading
and dynamic behaviour of offshore wind turbines. With the growing interest in offshore wind power over
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the last decade, there is a need to provide the manufacturing industry with design tools which can deal
reliably with the complexity of combined wind and wave loading. As prototype offshore wind turbines are
installed it is important therefore that detailed measurement programmes are undertaken to provide the
data necessary for such validation work.
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CHANGE IN FATIGUE AND EXTREME LOADING WHEN MOVING WIND FARMS OFFSHORE

Sten Frandsen and Kenneth Thomsen
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DENMARK

ABSTRACT

Measurements of loads, wind climate and turbulence, power and other parameters have been conducted
for several years on the 5MW Vindeby Offshore Wind Farm. The wind farm is located 2-3 km off the
coast of one of the Danish islands in the south of the Baltic Sea and consists of 11 wind turbines of each
450 kW, arranged in two rows with 5 and 6 machines, respectively. Online measurements of fatigue
loading (rain-flow counting) have been gathered, resulting in approx. 13,000 sets of valid Vi hour
statistics (mean, standard deviation, maximum and minimum); in case of fatigue the concept of
equivalent load has been applied to store results in a compact format.

The good data quality and the (obvious) homogeneous terrain surface (water) facilitate detailed analyses
of both pure offshore effects and the combined effect of being offshore and having increased loads due
to wake effects.

Thus, in the paper extreme loads and fatigue loads are analyzed and compared to loads onshore. The
results may possibly be applied when re-designing wind turbines from inland climate to the climate of
offshore locations in identical climate rigions.

The work was co-financed by the European Union under contract JOU2-CT93-0350.

KEYWORDS

OFFSHORE, WIND TURBINES, WIND FARM, FATIGUE LOADS, EXTREME LOADS.

1 INTRODUCTION

Engineering structures must be designed to - throughout their design lifetime - withstand ultimate
stresses and repeated (smaller) stresses, fatigue loading. While ultimate stresses occur once or a few
times during the target lifetime, fatigue life consumption is constantly accumulated. In this paper we
investigate and model the increase in loads due to wakes from neighboring machines by means of data
from the Vindeby Offshore Wind Farm. In the analysis emphasis is on material fatigue due to dynamic
structural loading.

1.1 Test Site and Data

The wind farm consists of 11 Bonus 450kW machines located 2-3 km off the west coast of the island
Lolland in southern Denmark. The hub height of the stall regulated machines is 38m, rotor diameter 35m.
Water depth at the site is 2-3m, the separation between the units is 300-330m, see Figure 4.

Two machines, 4W and 5E, are instrumented for structural measurements: flap- and edgewise bending
moments on one blade, bending moment in tower base, active and reactive power (voltage and current),
yaw position and status. Three approx. 45m meteorological towers have been erected: one is located
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on land to provide information on the change of wind characteristic when the wind is coming from land,
one is placed to the west of the wind turbines (serving basically as a reference mast, but in certain wind
directions it will measure double-wake conditions), and one is placed at an imaginary wind turbine
position in the western row to provide data on multiple wake situations. All meteorological towers are
equipped with cup anemometers at least 5 levels, wind direction and temperature sensors.

Structural and meteorological data are sampled continuously at 25 Hz and stored as 30 minute records.
Statistics such as mean, standard deviation, maximum and minimum of all signals and for the structural
measurements also damage "equivalent stress" (constant amplitude stress variation at the rotation
frequency causing the same fatigue as the real stress sequence) are computed on-line and stored. And
finally, each 30 minute record is categorized (binned) according to wind speed and wind direction and
stored until an adequate number of time series has been accumulated in each bin. Approx. 13,000 half-
hour data series have been recorded, of which all have been statistically analyzed (including the so-
called rain-flow analysis that provides the stress range spectrum from which the equivalent stress is
calculated) and a limited number has been stored in its entirety.

1.2 Generalization of Results

We devise in the paper a model for "effective" turbulence to account for wind farm effects. The analysis
to support the model is based on the flap-wise blade bending moments. The validity of the analysis
applying only flapwise blade bending moment depends on whether other loads display similar
dependencies on the basic load input parameters, turbulence, wind speed and wind direction. Figure 1
shows equivalent loads of wind turbine unit 4W as function of wind speed for flapwise (Flp) and edgewise
(Edg) blade bending, tilt (Tit) and yaw (Yaw) bending, and tower base bending cross-wind (TMy) and
along-wind (TMx). Edgewise blade bending equivalent load is as expected only moderately dependent
on wind speed (and thus turbulence level). The remaining loads change quite similarly with wind speed
variations.

Equivalent loads of tilt moment, yaw moment, along-wind tower moment, and flapwise blade bending are
shown in Figure 2 for 7<C<10m/s as functions of wind direction for the multiple wake case with wind from
NW. The loads have here been normalized. It is seen that except for proportionality constants the
different loads have identical behavior moving from no-wake to wake situation.

Therefore, it seems well justified to assume that the flapwise blade bending moment represents all loads
- for the considered wind turbine - as far as fatigue loads are concerned.

Wind turbine fatigue loading is sensitive to a range of parameters. However, we know that turbulence
(and thus mean wind speed) is a primary factor and we argue that from a statistical point of view
turbulence can represent other parameters: in the unobstructed flow field in neutrally stratified atmo-
sphere both vertical shear and turbulence are proportional to wind speed, and under wake conditions
turbulence and speed deficit (and thus horizontal shear) are proportional to the wind turbine thrust
coefficient CT. While this on the one hand makes it difficult to separate the effects, it does on the other
hand imply that a turbulence parameter may correlate well with loads. We did try, though with poor result,
to correlate fatigue loads with shear and standard deviation of e.g. wind direction. As stated, the reason
may be the coinciding changes of these parameters with turbulence, possibly reinforced by the large
wind turbine separations (>8.6D) in the Vindeby Wind Farm.

Thus, we center on the along-wind turbulence component, au, and the free flow mean wind speed at hub
height, U, as (only partly) independent parameters causing fatigue. In other words, seeking the loadwise
impact of the machines being placed close together we assume that turbulence is a good representative
for load generating factors in the free flow as well as in wake flow. The analyses to follow aim at verifying
simple physical models or empirical expressions for turbulence, mean wind speed and equivalent widths
and the inter-connection of these parameters, by means of the data available. We seek to evaluate the
fatigue loading as function of annual mean wind speed and turbulence of a machine exposed to the free
flow and exposed to the flow inside a wind farm.
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To make a generally valid model for fatigue loadings,
it is necessary to know the wind turbine thrust coeffi-
cient CT as function of wind speed. Here, CT has been
found by means of the tower base bending moment,
which is expected to fairly closely represent thrust. In
Figure 3 rotor thrust for unit 4W is shown as function
of wind speed. In absolute terms, it is difficult to trust
the strain gage measurement, and the y-scale in the
figure in arbitrary; however, in relative terms the
experimental thrust - and thus CT, also shown in the
figure - curves appear reliable with little scatter of the
30 minute averages. The doubt of the absolute level
makes it necessary to estimate the level, e.g. the
maximum of CT. Here, we choose max{C£/=1 for the
further considerations, while in section 5 another value
has been chosen for reasons explained in that section.
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Wind speed [m/s]

16 18 20

Figure 3
arbitrary.

Measured thrust (Thr) and Ct; units

In pursue of a simple fit to the CT curve we utilize the
observation that the wake speed deficit measured seems constant (not dependent of wind speed)
measured at the distance 8.6D downstream, Au(s=8.6J = 1m/s; thus, assuming that Au is only a function
of downstream distance, that Ai/=1m/s at the distance s=8.6, and that max{C}^ lead to the following
expression for the thrust coefficient:

C =
7

~ 3-5)
JT2 (1)

As seen this curve is a good approximation although the fit drops off slower than the measured C r curve
for increasing wind speed. It is assumed that the fit to a good approximation can be applied for other
machines than the Bonus machine of Vindeby.

2 FATIGUE LOADING

Analyzing the equivalent loads - as well as other loads - a considerable "scatter" of the data is noticed.
In many cases it is not possible to identify the reason for the scatter; is it caused by the large separation
between met tower and wind turbine, real changes in load conditions or the method of data analysis (e.g.
rainflow counting)? There are indications, that the scatter is due to the large separations of met towers
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and turbines, and we thus counter, if necessary, this problem by averaging of the '/zhourly statistical data
over 5-10 data sets.

The dynamics - fatigue load spectrum
as well as standard deviation - of the
structural components of the wind
turbines depend on wind direction as
illustrated in Figure 5, where equivalent
widths for flapwise bending of blades
are shown as function of wind direc-
tion. In the figure, the equivalent width,
s ( denominated ew in the figures) -
has been smoothed over 9 '/jhour esti-
mates. For westerly wind directions
(230° to 300°) the 4W turbine unit, see
Figure 4, and for easterly directions
(340° to 120°) the 5E unit is not in the
wake of other wind turbines, and s is
basically constant though with some
variability. Notably, s increases for both
machines from the approximate direc-
tion 140° to 220°, for the 5E unit with a
wake condition from 5W superimposed.

In the following we first disregard wake
effects by choosing load situations F ' 9 u r e 4 Map. of the Vmdeby Wmd Farm showmg the wmd
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without obstructing turbines and investi- directions, where one or both instrumented wind turbines are in
the wake of one of the other machines.gate how fatigue loads are altered on a

stand alone wind turbine when moving
from land to offshore. Secondly, the turbulence and the equivalent load "wake shapes" - i.e. the change
of turbulence and equivalent load across the wake of one or more wakes - are analyzed. Thirdly, we
investigate as far as it is possible maximum turbulence levels in the wake. Fourthly, we analyze
maximum equivalent load under wake conditions. Performing these analyses, we also try to devise more
general expressions for the quantities involved, valid for other wind turbine separations and other ambient
turbulence.

2.1 Free-flow Fatigue Loads

A sensitivity analysis, Frandsen et al 1996, more or less pointed to proportionality between turbulence
and dynamic response (standard deviations and equivalent loads). Disregarding possible response
amplification at structural eigenfrequences that observation makes sense directly for the standard
deviation of response quantities. For the equivalent load the same would be expected if the turbulence
scale is unchanged. Here, we shall further investigate the dependency of s to U and turbulence.

As it was seen in Figure 5, there is a distinct increase in s for wind directions from the land side of the
wind farm.

In Figure 6 and 7 equivalent widths and auare averaged over 10 Vz-hour values and plotted against wind
spee"d at hub height, for wind from land and water, respectively. It is seen that the equivalent width rather
neatly follow a simple curve a-<ru, where a = 36. This is much different from what obtained in the previous
analysis, though end-results are similar.

Finally, a regression analysis is performed on azimuthal averaged values of s and au in the transition
between land conditions and water conditions, wd=180°-224°. This way it is possible to obtain wind
speed binwise regression lines, Table 1. An expression that fits the binwise regression lines of Table 1.
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has been found:

Table 1. Regression analysis on azimuthal bin
values ofs and au, in land-water transition, wd=1-
BO>-22(f.

s = (24 - 0.25 I/) au + (O.155L03 + 7.6 (2)

Thus, if both this expression and the simpler a-au

are valid we may - indirectly - find the turbulence
variation with wind speed over water as function of
wind speed by equalizing the two:

(O.155L03+7.6
0.25U+12

(3)

L/-bins

4-6 m/s

6-8 m/s

8-10 m/s

10-12 m/s

12-14 m/s

14-16 m/s

16-18 m/s

ew (s)

22.9 au + 7.6

22.4 crv + 8.6

21.0 -au+ 11.1

19.8 -au+ MA

2o.3 -au+ 15.1

20.1 -cru + 21.4

15.7 •©•„+ 32.8

This turns out to be a good approximation of
turbulence under free flow conditions over water for
wind speeds less than 16-18 m/s, matching the
findings of section 5. It is concluded that under
neutral stratification - and thus over long-term
averages - the flapwise fatigue loading represented
by the equivalent load is as a good approximation 36-cru for this particular machine.

Before turning to wake effects, the difference in fatigue loading on- and offshore on a single machine is
compared. Applying The European Windatlas, Petersen and Troen (1989), it is found that for constant
geostrophic wind speed the difference in wind speed at hub height fr=38m for terrains with zo=10Jim (sea)
and zo=0.03m (typical Danish farmland), respectively, is approx. 17% Thus, comparing fatigue loads in
terrains with different surface roughness, also the difference in mean wind speed must be taken into
account. The life time equivalent width is (numerically) calculated as

- { J . sm(u) fw(u) du\ (4)

where fw is the Weibull distribution with shape parameter /c=1.8, s=36-<ru, aulan^=0A4-U(=U/ln(h/zo)) over
land and auwater is found from (3).
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Figure 5 Equivalent widths offlapwise bending moment of the instrumented units 4W (full line) and
5E.
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In Table 2 equivalent loads are given for two different annual mean wind speeds. The difference in the
two wind speeds applied is 17%. In the right-most column the differences in equivalent loads are given.
It is seen that for the same annual mean wind speed the difference in equivalent width is 22-25%, but
with different turbulence.

Table 2. Equivalent width for unit 4W with wind coming from west (water) and south (land),
respectively; no wake effects.

uyear
(m/s)

8.80

7.38

A
(m/s)

9.89

8.29

Water
'water

s&=M2.9kNn

se=36.5kNn

"Land"
(1=12%)

se=56.0kNm

s^=51.1kNm

6

-23%

-29%

The fatigue load-level for pure offshore conditions and for the wind from over land, /=12%, are shaded
in the table, showing an approx. 15% lower equivalent width for offshore conditions compared to onshore
conditions with the same geostrophic wind speed distribution.

2.2 Wake Fatigue Foads

Wake shapes and widths. Figure 8 shows equivalent widths, s, of flapwise blade bending of unit 5E
when more or less in the wake of unit 4W (i.e. single-wake condition), for wind speed between 8 and
9m/s. Also shown is the data smoothed over 7 '/zhour estimates of s as well as the model-fit of
expression given in Table 3. Though considerable scatter of the data it is seen that the "bell" model fits
quite well. For the selected wind speed range the width parameter is fi=8° and the peak value of the
modelled wake is s^^cfi +crJ=30(1+0.7)=51kNm.

Figure 9 shows measured values of s, smoothed curve for the data and the bell fit, in the rare 3-wake
case of wind from the north-west. Also indicated is the equivalent wake, explained later, to be applied
when adding up fatigue loading for different wind directions. Interestingly, there seems to be less scatter
in the data; however it is even more noteworthy that the peak value of s, speak=c( 1 +q)=25(1+0.9)=48kNm,
is about the same as in the single-wake case. Also the wake width is only slightly - if at all - larger than
in the single-wake case. This indicates, as was found in Frandsen et ai (1996), that basically only the
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wakes of the nearest turbines contribute to fatigue life consumption.
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In Figure 10 and 11 smoothed curves of equivalent widths, 3 x erUp and turbulence intensity are given for
single wake conditions (though double-wake forturbulence intensity) and 3-wake conditions, respectively.
The single-wake curve is somewhat ragged due to few data points. Two things should be noted here:
1) for fixed wind speed, 9m/s<L'<11m/s, equivalent width and standard deviation of blade bending are
nearly identical except for scaling, and 2) both follow the variation in turbulence intensity quite closely.
A priori, this should not be expected since turbulence in measured in one point whereas flapwise blade
dynamics are affected by flow parameters over the whole swept area of the rotor. Also, one could expect
loads to be a function of partial wake conditions. However, horizontal shear in the wake and turbulence
level are most probable correlated and it is therefore difficult to separate their effects on loading.

An explanation of the good correlation between turbulence and loads under wake conditions could be
that the wake generating turbine produces a more fixed - though different - vertical shear and turbulence
level as well as a more constant turbulence length scale.

With the wake conditions of Figure 8 to 11 it was seen that the wake parameter H is not dependent of
the number of wind turbines upstream. With the data available it is also possible to investigate &'s
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dependency of wind speed and wind turbine separations (larger than 8.6-D). It is found that B is basically
constant, pointing to linear wake expansion. For smaller turbine separations, the wake width as
experienced by a downstream observer is bound to be wider, see proposal in Table 3.

Wake turbulence. The meteorological offshore towers have deliberately been placed so that their
positions relative to the wind turbines correspond to imaginary wind turbine positions in a larger wind
farm with unchanged distances between row and machines in the rows, see Figure 4. The southern
tower (SMS) is exposed to multiple wake (wind turbine separations are 8.6D) when wind direction (wd)
is approx. 314°, single wake (turbine distance 9.6D) when wds=23°The multiple wake turbulence may
statistically be assumed to be same as the turbulence causing loads on 4W and 5E. The western tower
(SMW) measures double wake (turbine distances 9.6D) turbulence for w/d«23° and wd«77° and single
wake (turbine distance 15.5D) for wd«= 105°. Neither instrumented wind turbine unit 4W nor 5E are
exposed to double wake turbulence, but for wd«105° the SMW tower measures turbulence which
statistically should be identical to turbulence experienced by unit 4W.

In all, there are possibilities to measure wake turbulence as seen by the wind turbines, for turbine
separations larger the 8.6D.

Figure 12 shows wake turbulence for single wake and double wake, respectively. In the wind direction
of Figure 12 there is no free flow reference wind speed; the indicated wind speed range measured in
wake correspond to free flow wind speed of 6<l/<10m/s. Horizontal variation as well as center line
turbulence for single and double wake are approximately the same. In Figure 13, turbulence is shown
as function of wind direction for the 5-wake situation of wind from north-west. Comparing with Figure 12
is it seen (note that scales of ordinates are different) that wake amplitudes are not distinctly different.

In Figure 14, center wake hub height turbulence is plotted for single, double and multiple wake cases,
the lower straight line corresponding to au with fixed turbulence intensity of 0.075. In this presentation
there is some differences between the three cases. A closer analysis have shown that these differences
are due to different free flow turbulence. Several sets of wake turbulence data selected similarly as the
data shown in Figure 14 to represent center line turbulence - a wind direction sector of ±2° around the
stipulated maximum was used - show that maximum wake turbulence, cruwake is the same whether there
is one, two or several wind turbines upstream to for the wake. It is found that the following expression
does match measured maximum wake turbulence well:

1.2
"6<U<9m/s"

1.1 -

1.0-

0.7-

0.6-

0.5-

0.4
5 10 15 20 25 30 35 40 45

Wind direction [deal
Figure 12 Turbulence profiles for single (SMS)
and double (SMW) wake, and fit.

1.2
6 <U<8m/ s. Multi-wake

1.0-

0.2"

0.0

rms(u)
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Figure 13 Turbulence profile for 5-wake case,
with fit and also showing s of unit 5E.
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Figure 14 Center-wake, hub height turbulence
for single, double and multiple wake.

where CT is the (nearest) wake generating wind turbin-
e's thrust coefficient, st~x/D the non-dimensional
turbine separation, and Io=(r/U turbulence intensity of
the undisturbed flow field. This result is in fair agree-
ment with the results of Frandsen et al. 1996, for single
wake, but not as good for multiple wake cases; how-
ever, (5) is in good agreement with a careful analysis
of the Vindeby data and has a simple form which
makes is well applicable in engineering calculations.
Crespo and Hernandez (1992) argues that maximum
turbulence in the near wake is 0.36; Hejstrup (personal
communication) states - based on experience from va-
rious wind farm measurements - that wake turbulence
never exceeds 0.25. We apply in the following sensitivity analysis a maximum limit of (5) of 0.30 for small
values of s. exceeds that value.

Maximum equivalent width under wake conditions. Previously it was seen, Figure 10 and 11, that
loads follow turbulence closely in the wake when wind direction changes, i.e. the "wake shape" of load
and turbulence are more or less identical. We also found that equivalent loads in the free stream - under
certain conditions - were proportional to turbulence, tru. The working hypotheses applied in the analysis
has therefore been that maximum equivalent load in the wake is proportional to turbulence, as it is in the
free stream.

Figure 15 to Figure 19 give center wake equivalent loads for single and multiple wake conditions, and
for different wind turbine spacings. Also free stream turbulence (lowest curve, full line) as well as wake
turbulence (when it is possible to measure it, full line) and modelled wake turbulence (broken line) are
plotted in the figures. First, it is worth noting how well the wake turbulence model work, both for different
wind turbine separation, and for single and multiple wake cases.

73<wd<81 !02<wd<108, single-wake

8 10 12 14 16
Wind speed [m/s]

20

Figure 15 Single wake on 4W; lowest curve are
free-au, wake-au and wake-au-model, respectively;
data points are data and thick line model.

20 *

8 10 12 14
Wind speed [m/s]

16 18

Figure 16 single wake on 4W; lower curves are
free-au, wake-au and wake-tru-model; points are
data and thick line model of s.
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137<wd<143, single-woke 251<wd<257, single-wake
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Wind speed [m/s]
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Figure 17 As for last figure, for 4W and 5E; only
modelled wake turbulence.

8 10 12 14 16
Wind speed [m/s]

0
18 20

Figure 18 As last figure, but 5E in wake and 4W
free; only modelled wake-cru.

3.0
312<wd<318, muiti-wake

Secondly, it is seen that equivalent loads in the
wakes have a more complicated development with
wind speed than was found for free stream condi-
tions; for wind speeds up to about 10-12 m/s with
wind turbine spacing 9.6D (Figure 15) and for 15D
spacing up to 8-9 m/s (Figure 16) the equivalent
loads increase with wind speed at a significant
higher level than what was seen in the free stream.
For wind speeds above 10-12 and 8-9 m/s, respect-
ively, s drops off or at least levels out and continue
upward at a lower level of increase. Looking at
flapwise blade bending moment (no illustration is of-
fered) this development with wind speed is even
more pronounced. At this point we can only offer a F i g u r e 1 9 As / a s f fjgure multj wake Qn 4W an 5

qualitative explanation to the phenomena, namely p
that for low wind speeds, with large C/st

2, the
structure of turbulence including turbulence scale
and coherence are dominated by the turbulence generated by the wind turbine, and for higher wind
speeds the turbulence structure becomes more identical to free flow turbulence.

8 10 12 14 16
Wind speed [m/s]

20

The following expression fits data rather well:

= 36 1 +
0.2

(6)

where lsd<j=(lm,2-l0
2f is the wake added turbulence. The expression has the property that it approaches

free flow conditions for / ^ =#• 0 and increasing values 1^ approaches a value of AZau for the whole wind
speed range.

As stated the expression fits well for the particular wind turbine type of which Vindeby Wind Farm
consists, for wind turbine separations larger than 8.5D. Another wind turbine make may be expected to
show different characteristics, e.g. if pitch and not stalled regulated. However, we assume that the
formula can be applied for extrapolations to lower sf. It is difficult to find suitable data to justify that
assumption, though Poppen and Dahlberg (1992) report measurements of standard deviation of flapwise
bending moments on 4 stall regulated wind turbines in Alsvik, Sweden, under conditions similar to
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Vindeby. The machines are sited so that it is possible to measure wake conditions for non-dimensional
separations s, = 5, 7 and 9.5. It is found that flapwise bending standard deviation follows fairly well th
e expression (5), scaled with an arbitrary constant.

s

•

•

•

l row

s s •
s

9 •
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• • « 9 S
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• «
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•'• LJ ' v

wind farm

2.3 Fatigue Load Modelling

The intention of the method of the data
analysis chosen in this section is to
model parameters of importance in
order to be able to extent the measure-
ment results to other wind turbine con-
figurations and separations. The
models developed allow us to general-
ize results and thus to make state-
ments of wake effects in broader terms
than the specific wind farm configur-
ation and the specific type of machine
at Vindeby.

Table 3 summarizes the approximate
expressions derived for the parameters
needed for calculation of the final,
integrated equivalent load. The deriva-
tion of each expression is explained
previously, except for the wake width
expansion, which is based on the ob-
servations of wake widths at 8-15D downstream measurements, an assumption of linear wake expansion
(the Vindeby data do not allow verification) and simple geometrical considerations in the near wake. In
general, the formulas are based on the Vindeby measurements, basic knowledge of atmospheric flow
and structural response, basics from other wind farm measurements, and mathematical representation
of more complicated physical realities. In the right column of Table 3 it is hinted - in order - the nature
of origin of the formulas (empirical, physical).

The following assumptions have been applied: 1) An important finding in the Vindeby measurements -
as well as other measurements - is that only wakes of the machines in the immediate vicinity of the
considered machine is of importance to fatigue loading. It is assumed that this finding extends to wind
farms in general; 2) Dynamic characteristics of flapwise blade root bending moment are in general a
good representative for other wind turbine loads; 3) The Bonus machine of Vindeby is response-wise a
typical representative of present day wind turbines, and the results are valid also for other machines; 4)
Turbulence - standard deviation of along wind fluctuations of wind speed - is the main load parameter,
in free stream and in wake(s). Other load factors such as horizontal and vertical flow shear in wake
situations are possibly also of major importance, but these may be expected to be related to/proportional
to turbulence, and thus be implicitly represented by the turbulence parameter.

Figure 20 3 of 4 considered wake configurations; spacings are
equal in all directions.
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Parameter

Turbulence, on
land

Turbulence, off-
shore

Turbulence,
wake(s)

Thrust coeffi-
cient

Wake "shape",
all parameter

Wake width ex-,
pansion

Effective wake
width

Equivalent width,
land and
offshore

Equivalent width
in wake, land
and offshore.

Expression

*"•* ' * ln(/?/z0)

u. water ""

u.wake _

u

O.155^03+7.6
0.25U+12

1.2CT 2

r 3.5(2U - 3.5)

x =c(1 +oexp( / d^ r a - ) 2 )

p = % (tan-1(A) + 10°)
s

2 0 be ,
. 2 + Jm~a"2S

2 + m a1 2 5

s = 36 <ru, for s<75,

s ^ e = 36
0.2

1 + [o.i(A)^10

Comments

Physical. Generally accepted.

Empirical. Possibly only valid for shallow
waters like Vindeby.

Physical/Empirical. Fits well the Vindeby
data; in agreement with some other expe-
riments.

Empirical/Physical. Fits well Vindeby wind
turbines; fits in general terms a number of
other machines.

Empirical. Should be acceptable in general,
possibly except for very small s. E.g.
"s=Swake/c - 1; am=auwajc - 1, c is non-wake
level.

Empirical. Fits for large s; is logical for
smaller s.

Mathematical. Should be generally accept-
able.

Empirical/physical. Is turbine specific, though
the same (with different constant) has been
found for a number of other stall-regulated
wind turbines.

Empirical. Is turbine specific; should apply
(except for constants) to other stall-regulated
aiasachines.

Table 3 Summary of analytical expressions derived from the Vindeby data, to be used for computation of
"equivalent turbulence intensities".
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On basis of these assumptions, the expressions of Table 3 and an extra assumption that wind direction
is uniformly distributed (for all wind speeds) it is possible to compute the "integrated" equivalent width
under various conditions. We use the idealized wind farm layouts illustrated in Figure 20: 1) 1-wake
situation, corresponding to two machines close one another (not shown), 2) a single row, 3) 2-rows
similar to Vindeby, and 4) "wind farm conditions", which is regarded as one case since we found that the
number of layers of wind turbines around the target wind turbine were of little or no consequence to
fatigue loading. The number of wakes taken into account is illustrated in Figure 20.

Since a is a function of wind speed we find first the equivalent width of the (1m/s) wind speed bins;

(16)\2i0(s,)be)
= !—r_

360
V = 360

360 - {2ifi{st)b,+2jfi(j2st)) ,
360

where for case 1) ftv?={1,0}, case 2) f/,y}={2,0}, case 3) //j}={3,2} and case 4) /y,y}={4,4}. Since we in this
simplified approach assumed the wind speed Weibull distributed, with the same parameters, in all wind
directions the final equivalent width becomes:

- {\ (17)

First, this result is applied to produce a table similar to Table 2, but here comparing loads on a machine
in a 2-row configuration, offshore and onshore. The result is given in Table 4, where it is seen that for
the same mean wind speed the equivalent load is 23-29% less offshore, the difference increasing for
decreasing annual mean wind speed. If it is taken into account that mean wind speed is higher offshore
than onshore for the same geostrophic wind, the difference decreases to 14%. Comparing this to the
stand alone case, Table 2, we see that increased fatigue loading due to wind farm effects are slightly
more pronounced at sea for the Vindeby configuration.

Comparing Tables 2 and 4 it is also seen that for Uy=8.8m/s the difference in equivalent load for offshore
free flow and offshore wake conditions with the Vindeby wind farm configuration is about 5%.

Table 4 Equivalent loads, 2-row case,
onshore and offshore.

(m/s)

8.80

7.38

(onshore)
(kNm)

56.9

52.2

Su.tot

(off-
shore)
(kNm)

44.7

38.8

Differ-
ence

-21%

-26%

Next we will apply the setup of models to estimate the total, integrated equivalent load for the four cluster
configurations. Figure 21 show for the offshore case for an annual mean wind speed of 8 m/s. For
approx s(>8-10 there are small wind farm effects for all considered cases. For s.<8-10, the wake effects
increase and reach levels up 40% of free stream values for the "farm" case for separations of AD and
less than that for the other cases.

Figure 22 shows what we call the effective turbulence, leff, defined as the free stream turbulence causing
the same fatigue life consumption on a stand alone unit as the wake effects cause on the machines in
the wind farm. leff follows much the same pattern as s in the previous figure. Most notable in Figure 22
is that /e^does not under realistic circumstances reach the presently internationally (IEC (1993)) applied
reference turbulence intensity of 17%, when considering offshore installations.
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Extrapolated EW, Offshore-case
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Separation s

Figure 21 s as function of wind turbine separation
for offshore conditions; 4 machine configurations;
Mean wind speed U=8m/s.
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Extrapolated EW, Offshore-case

0.05

0.00

EC: 1=0.17
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Figure 22 Effective turbulence uncertainty giving
the same s as integrated wake action; Mean wind
speed U=8m/s.

Finally, Figure 23 illustrates an attempt to point to
future criteria for design of wind turbines for offshore as
well as onshore. The figure shows s for case 4), the
wind "farm" case, for offshore and onshore conditions
(full lines), and a very simple model for the effective
turbulence intensity to be applied. It is similar to the
model applied for wake turbulence, inspired by a
model, Emeis and Frandsen (1993) and Frandsen
(1992), which results in expressions for speed deficit
and turbulence. Her it has been given an even simpler
form:

Farm-case, Offshore, and land fc=0.12

(18) 8 14

S.

10 12

Separation s

Figure 23 Comparison of integrated and simple
models for farm-case, onshore and offshore; U
=8m/s.where kn = 0.1, 0.2, 0.3 and 0.4 for the four cases

outlined above. The curve fits of Figure 23 have been
obtained simply by using an equivalent load of s=36-lef_
,-U (s<75) and integrating as in (17). As seen the fits are excellent except for the smallest separations.

The modelling presented above is based on data with rather large wind turbine separations, and scarce
experimental evidence on dynamic loads for smaller separations. However, while in detail the complex
of models are incomplete, we. find that the end result is fairly reliable and may serve as input to
preparation of future design codes.

3 EXTREME LOADING

Extreme loading may occur either under common wind conditions with the wind turbine in operation or
under extreme wind conditions (50 years recurrence wind gust). With the machine in operation loads
increase with increasing wind speed up to, say, 14-15 m/s and -depending on specific design -continue
to increase. At higher wind speeds (>15 m/s) wake effects are rapidly decreasing since C r is decreasing,
making the wind farm more "transparent". Under extreme wind conditions the wind turbines will be
parked, with little or no wake effects from neighboring machines.
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Thus, it is not all clear how to evaluate the increase in extreme loading when moving from a onshore
wind farm site to a offshore site close by. However, considering alone extreme wind conditions we
estimate, Frandsen et al. 1996, that the 50 years recurrence 10 minute average wind speed at the
Vindeby site is 37 m/s and the corresponding 2 second average gust approx. 51 m/s, both values
estimated for the height z = 38 m. The Danish code for wind turbine design, "Last og sikkerhed for
vindmollekonstruktioner" 1992, states the approximate same extreme wind speeds for "farm land with
few obstacles". Analysis of the difference in wind speeds recorded at the met mast of land and the
western met mast offshore at Vindeby points to a larger difference in off - and onshore conditions,
possibly up to 25 % (i.e. up to approx. 50 % increase in loads under extreme wind conditions). Thus,
data analysis so far does not provide a clear picture of extreme loads on offshore wind turbines.

4 CONCLUSION

Data from the Vindeby Offshore Wind Farm were used to analyse increase in fatigue loading due to
wake effects. The natural homogeneity of the sea provided the background for measurements of
sufficient quality to explicit identification of "uncontaminated" wake load cases and in turn to verify a
model of "effective turbulence", that accounts for fatigue load increase due to wake effects.

Further, assuming the same geostrophic wind speed distribution on- and offshore, we found

that equivalent loads for both a stand alone wind turbine and a wind turbine imbedded in a wind
farm fatigue load are approx. 15% lower offshore than onshore, and
that only the nearest wind turbines contribute to fatigue loading of the considered unit.

As for extreme loads, the results are less clear: extremes could occur at wind speeds corresponding to
stall/start of power regulation, during periods of yaw misalignment or during extreme wind conditions (e.g.
50 years event). There are indications that higher loads could be expected offshore than onshore.
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ABSTRACT

Dynamics are an important issue for offshore wind energy converters (OWEC) especially in case of large
machines and sites with considerable hydrodynamic loading. The paper analyses the overall dynamics of an
OWEC by means of time domain simulations of the aerodynamic, hydrodynamic and structural dynamic
behaviour. As reference case two different configurations of a 3 MW OWEC are chosen which are located
in the Baltic and North Sea, respectively.
Global conclusions are drawn about the effect of different support structures, e.g. soft or stiff characteristics,
mono- or lattice tower type, the importance of aero- and hydrodynamic loading and the influence of site
parameters.

KEYWORDS

Off-Shore : Wind Energy : Offshore Wind Energy Converter (OWEC): Dynamics : Stochastics

1 INTRODUCTION

Offshore wind energy converters (OWEC) are subjected to various dynamic loads with origin in the
aeroelastics (e.g. aerodynamic forces due to the (un-)steady wind field and the structure-flow interaction, etc.),
the machinery (e.g. cyclic loading due to rotor revolution) and hydrodynamics (e.g. wave, current or ice
impact). Moreover, the dynamic foundation behaviour is important.
While some effects can be studied on a sub-system level, e.g. local stresses inside the rotor blades, other
require the investigation of the dynamics of the entire systems i.e. rotor, support structure, drive train and
generator including grid connection, controller and the interaction between them. In the case of an OWEC the
support structure experiences hydrodynamic as well as aerodynamic loading (via the wind turbine).

Within the JOULE III project Opti-OWECS ('Structural and Economic Optimization of Bottom-Mounted
Offshore Wind Energy Converters') dynamics are an particular point of interest [1]. The paper presents the
first year's work on the analysis of the dynamics of entire offshore wind energy converters which is done under
three objectives:

• Investigation of the overall dynamic behaviour due to the offshore environment (wind field, wave
conditions and soil properties)

• Check on the validity of the simplified assumptions on the interactions between the wind turbine and the
support structure made in the concept development of the OWEC sub-systems [2], [3].

• Further development and refinement of the simulation approach for its application in the integration
phase of the project in the second year.

In this study emphasis is given to dynamic aspects of the entire OWEC and their relevance for fatigue. In
contrast, during the design process carried out so far it was necessary to consider a variety of aspects e.g.
extreme as well as operational loading, stability, installation, eigenfrequencies requirements, etc.
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2 OWEC REFERENCE CONFIGURATIONS

2.1 Wind turbine WTS 80

The reference turbine is taken from Kvaerner Turbin 's (KT) latest development, the geared variant of the third
generation of the Nasudden design line, denoted WTS 80. Table 2.1 shows some technical data.

Particular features of the turbine design are several 'soft elements': a flexible yaw system, relatively soft and
damped blades and a soft drive train. Furthermore a soft-soft tower is preferred for the onshore version of the
WTS 80.
Especially the flexible, hydraulic yaw system is applied to reduce dynamic loads on rotor, nacelle and tower
which inherently occur due to a two-bladed rotor on a rigid hub. Since no mechanical brake exists the nacelle
is free to do small oscillations around the tower axis. In the hydraulic yaw system this motion is used to
dissipate energy which introduces damping not only on the yaw motion but also on other vibration modes of
the system.

Rotor / Nacelle
concept
rotor diameter
rotational speed
rotor position
gear box
total nacelle mass
Electrical System
generator
(syncr.) rotational speed
rated electrical power
Wind Speed at Hub Height
cut - in
rated
cut-out

Technical data wind turbine WTS 80

two-bladed, rigid hub, full span pitch control
80 m
fixed 19 rpm (lower speed of 12.7 rpm, not considered here)
upwind, active yaw
epicyclic or combined epicyclic / parallel
132 t

asynchronous
1500 rpm, (lower speed of 1000 rpm, not considered here)
3MW

= 5 m/s
14.15 m/s
25 m/s

Table 2.1: Technical data of the WTS 80 wind turbine

Opti-OWECS project: KEW monotower

hub height 51.5 m

water depth 15 m

Hiameter 25 m

Opti-OWECS project: KEW lattice tower

hub height
59 m

water depth
25 m

leg distance
50 m

Figure 2.1: Support structure concepts considered
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2.2 Support structure configurations

Two support structure have been developed on a conceptual level by Kvaerner Oil and Gas Ltd. (KEW): the
so-called 'monotower', a tubular steel tower on a partly self-floating caisson; and the so-called 'lattice tower',
a steel space frame structure founded on slabs at each of the three legs (figure 2.1). The gross data, as used
in the modelling here, are listed in table 2.2.
During the design particular consideration has been given to a simple installation procedure of the fully
equipped OWEC by means of auxiliary buoyancy rather than by large and expensive lifting equipment. Other
design drivers have been the design range for the fundamental eigenfrequency and fatigue due to wind
turbine. A fixed set of tower top loads for extreme and fatigue conditions and no interactions between turbine
and support structure were assumed.
Within the Opti-OWECS project the dynamic characteristic of the structures, i.e soft-stiff for the monotower
and stiff-stiff for the lattice tower have been chosen with particular consideration of the offshore siting.1 Soft-
stiff and nowadays even soft-soft towers are the preferred option for onshore wind turbine towers because
of less required material and the generally lower dynamic tower top loading for a more flexible design. For
OWEC the decision is more involved. Soft-soft designs tend to conflict with the dynamic wave excitation
range. This might become a problem even in sheltered waters if the support structure design is sensitive to
wave excitation [4]. For soft-stiff designs (see monotower) the design range for the fundamental
eigenfrequency of the support structure is still close to the dominating wave frequencies and it is (especially
for a two bladed turbine) quite narrow if the inherent uncertainties in the soil properties are considered. Thus
stiff-stiff design (see lattice tower) could be a viable option for an OWEC if considerable hydrodynamic loading
exists. Moreover, the design range for the fundamental eigenfrequency is larger.
In shallow waters and on a stiff foundation OWEC support structures are stiffer due to their lower height in
comparison to the land equivalent. The optimum hub height offshore is likely to be lower than onshore since
the increased energy yield for a greater hub height is not compensated by the enlarged cost for installation
[5].

hub height (above MSL)
total height (above seabed)

dynamic characteristics

lowest eigenfrequencies
(rotor park position:
horizontal / vertical)

horiz. tower top stiffness
tower top torsional stiffness

mass steel
mass ballast
mass marine growth

caisson size

monotower

51.5 m
66.5

soft-stiff

0.52 Hz (x- and y-bending)
1.93 Hz (x- and y-bending)
2.02 Hz / 2.32 Hz (torsion)

1.9E6N/m
1.4E9Nm/rad

253 tonnes
3000 tonnes
= 18 tonnes

25 m 0 x 3.5 m height

lattice tower

59 m
84 m

stiff-stiff

0.70 Hz / 0.72 Hz (bending)
0.75 Hz / 0.75 Hz (bending)
0.91 Hz/1.31 Hz (torsion)
2.52 Hz / 2.20 Hz (heave)

4.E6 N/m
2.4E8 Nm/rad

401 tonnes
1000 tonnes
= 102 tonnes

9 m 0 x 2 m height
leg distance 50 m

Table 2.2: Gross data of the support structure concepts

' Support structures of wind energy converters are characterised by the relation between the
fundamental eigenfrequencies f0, the rotor frequency fR and the blade (passing) frequency
fB = Nb fR respectively.

f0 < 1P : soft-soft design
1P < f0 < NbP : soft-stiff design
NbP < f0 , : stiff-stiff design

In case of a turbine with variable rotor frequency fRmin <, {, s %„
rotational frequencies fR1 < fR2 analogous definitions are valid.

fo
fR
fs

<
<
<

fR
fg

fc

or
< 4 or

or
or with two constant
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2.3 Reference sites, environmental and wind farm conditions

Two sites in the Baltic Sea, south-east of the Swedish mainland near Karlskrona and in the Dutch North Sea,
west of the island of Texel, respectively, have been considered. The Baltic location has also been considered
by an earlier Swedish study (Blekinge study [6]). Due to the different site conditions, e.g. water depth,
presence of ice loading, etc., the monotower concept is applied at the Baltic site and the lattice tower at the
North Sea location.
In both cases a considerable distance to shore exists (about 10 km and 50 km, respectively) therefore the
influence of land on the wind field is rather low and reduced wind shear (power law exponent 0.11) and low
turbulence intensity (< 12%) can be assumed. The annual mean wind speeds at 10 m height are estimated
to be 6.7 m/s (8.0 m/s at hub height) and 8.3 m/s (10.1 m/s at hub height), respectively.
The wave conditions at the particular Baltic site with 15 m water depth and an annual significant wave height
of about 3.5 m are less severe than those of a more exposed or deeper water location in the same region of
the Baltic Sea where the annual significant wave height is up to about 5 m. In the entire region significant ice
loads have to be taken into account.
In contrast, the ocean environment at the Dutch site with 25 m of water depth and a considerable distance
to shore can be classified as quite demanding. The annual significant wave height and the significant wave
height with a return period of 50 years are approx. 6 m and 8.4 m, respectively.

Efforts have been made to get data sets of environmental conditions over a long period of time for both
reference sites. The data sets should contain detailed information about wind, wave and current as necessary
for the simulation of the combined hydrodynamic and aerodynamic loading.
Only uncorrelated wind and wave statistics were available for the Swedish Blekinge site [7]. Therefore a
synthetic relation between the cumulative distributions of the mean wind speed and of the significant wave
height Hs has been derived by a curve fitting procedure. Associated wave periods for the Blekinge site have
been derived from a Hs

Baltic Sea [8].
- Ts - relation based on corrected ship observations for the considered region in the

For the Dutch site it was possible to
consider the actual wind-wave
correlation from a hindcasting period of
three years obtained by the NESS
database [9]. The wave parameters
show a considerable spread within
certain wind classes (approx. 1.5 m
spread in Hs [10]). In a preliminary way
for each wind speed class the linearly
averaged sea state parameters are
used. In contrast, wind and wave
direction show good correlation and are
assumed to be parallel in the further
work.

8 -

7 -

o. 6 -
IA

N

H1 A-
•ocn

t "
1 -

0 -
i

-»-T_z[s] North

' - • - T_z [s] Baltic

. — H_s[m]Nort

— H_s [m] Balti

Sea site

site

h S«>a site

c site ^ ^

^ J -̂ ^

1 9 14 19 24

wind speed at hub height [m/s]

Figure 2.2: Used sea state parameters at function of wind speed
at hub height at the two sites
(The wind speed at 10 m is approx. 0.8 times lower than at hub
height.)

For both sites the sea state parameters
are assumed to be independent from the
wave/wind direction. This means that
fetch influences are averaged over all
directions. Furthermore, no current has
not been considered, so far.
From figure 2.2 it can be seen that the Baltic site has a significantly lower severity; the significant wave heights
are approx. VA - 2 m lower than in the North Sea.
No detailed wind farm layout has been available, yet. Therefore wake effects are considered in a preliminary
manner by a moderate increase in the ambient turbulence level from 12% according to Germanische Lloyd
[11] to 14 % inside the cluster. This assumption is conservative for a turbine spacing of seven diameters and
larger. Taking into account that the ambient turbulence at the two sites is likely to be lower than 12 % even
smaller spacing would be valid [12].
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3 SIMULATION APPROACH AND MODELLING

3.1 Simulation approach

In general, two basic methods exist for the stochastic analysis of dynamic systems:
• simulation with a random realization and time series analysis

(so-called 'time domain approach' or 'Monte-Carlo-simulation')
• linear spectral analysis (so-called 'frequency domain approach')

In wind turbine engineering it is state-of-the-art to use the time domain approach [13] because it is widely
proven and capable of treating non-linear and unsteady systems with non-Gaussian input or output as well.
This powerful method has a certain price because many and long realizations are required for sufficient
convergence of the statistical variables in the output time series. This remark is of particular importance for
OWEC since wave simulations of 3 hours are state-of-the-art in offshore technology.
In contrast, the linear spectral analysis is the widely followed method for assessment of the fatigue of offshore
structures and long experience exists with its application. For instance, the Germanische Lloyd explicitly
allows such methods for OWEC support structures. So currently, also for wind turbines fast frequency domain
methods have been developed that give reasonable results. However, up to now such an approach is used
only in the early design phase and is regarded to be more an addition rather than an alternative to the time
domain method.

The two offshore wind energy converter configurations are modelled with the DUWECS code, the in-house
design tool of the Institute for Wind Energy, capable of dynamic time domain simulations of an entire OWEC
[14]. The general purpose finite element code ANSYS Rev. 5.0 [15] is employed as a preprocessor for the
generation of the support structure model which is subsequently used in the simulation code. Furthermore,
both the modal and strength analyses as well as verification calculations are performed using the ANSYS
code.
In the following two sections some particular features of the wind turbine and the support structure modelling
are highlighted.

3.2 Modelling of the wind turbine

The WTS 80 machine is described with standard blade element momentum theory extended by dynamic
inflow effects and a simple aero-elastic model, comprising degrees of freedom for individual flap and lead-lag
blade flexibility (first mode, each), horizontal nacelle motion in rotor axis direction and variable rotor speed.
The spatial and temporal structure of the atmospheric turbulence as well as the deterministic disturbances,
i.e. wind shear, tower shadow, deterministic changes of the wind direction are considered as input.
It is assumed that above the rated wind speed the generator torque is controlled by a single loop PI control
system. By means of pitch variations the (mean) generator torque is limited to the rated value. The
characteristics of the pitch actuators have been considered.

Within the scope of the project it was not possible to accurately model the characteristic of the flexible and
highly damped hydraulic yaw system, this might effect the system dynamics in a significant way. A proper
representation would require therefore a cumbersome new derivation of the equations of motion in the rotor
module and subsequently models for unsteady aerodynamics and yawed flow should be used. Furthermore
in the control system some simplifications have been made in respect to the real implemented PLC system.
For the time being an increase of 3% in the modal damping of the support structure in addition to the assumed
2% damping for material, soil and hydrodynamic effects has been considered in order to account for the
damping introduced by the yaw system.

3.3 Modelling of the support structure

The response behaviour of the two support structure concepts is described by a modal representation (10 -
20 eigenmodes) based on beam elements with a consistent mass formulation. Further, the nacelle mass and
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the mass for additional equipment (10% and 15%, respectively) and the water added mass have been taken
into account.
The variation of the rotor inertia with respect to the reference frame of the tower during operation has not been
considered since the modal approach, applied for the support structure sub-system, is not capable of time
invariant (periodic) properties of the system. For the monotower this simplification is valid since the influence
of the azimuthal position of the rotor on the lower eigenfrequencies is rather small. In contrast, the torsion
natural frequency of the lattice tower shows large variation depending on the azimuth angle of the rotor (e.g.
horizontal or vertical). This behaviour is also regarded as the main reason for the differences in the values
of some eigenfrequencies as presented here and by two other recent papers [2], [10] dealing also with the
lattice tower.

The foundations are modelled with linear translational and rotational springs with stiffnesses according to
Germanische Lloyd [11].
The nacelle-tower system is loaded by the full set of the six components of the rotor loads resulting from the
aerodynamics, blade damping and inertia, mass unbalance and gravity effects.
A potential flow solution for a cylinder is used for the disturbance of the wind field by the presence of the
tower. For the monotower such a model is straightforward. However in case of the triangular configuration of
the lattice tower equivalent parameters have been estimated.

Hydrodynamic forces are calculated with the Morison equation and the linear wave theory modified by
Wheeler stretching, which is a justified approach for the tower structures in an analysis of fatigue loading due
to waves. Note for extreme wave loading non-linear wave theories have to be used. The API standard [16]
is applied for the drag and inertia coefficients (smooth: Cd= 0.65, Cm = 1.6 , rough: Ca= 1.05, Cm = 1.2) whilst
the marine growth profile is provided by KEW [2].

The internal dynamic member forces of the monotower are calculated dynamically by mode superposition.
Here the 20 lowest eigenmodes with frequencies up to 43 Hz have been considered as a compromise
between accuracy in the determination of the stresses and computational burden due to the small time steps
required in the explicit integration scheme of the simulation code.
For the lattice tower the approach is distinct for the simulation of displacements and member forces (stresses).
Whilst dynamic response is taken into account for the deformation it is not for the stresses since mode
superposition does not converge even for a high number of considered modes. For the time being there was
no alternative to the modal approach, e.g. direct integration of the equations of motions. Thus, external loads
i.e. tower top and hydrodynamic loads derived from the dynamic simulations, are transformed by a static
strength analysis to the member forces.

4 DYNAMIC EFFECTS DUE TO THE WIND TURBINE LOADING

4.1 Aerodynamic damping of the support structure and the rotor

As an example of the particular importance of various interactions for OWEC here the aerodynamic damping
of the support structure is explained. In addition, this effect is an indication for the magnitude of the dynamic
rotor - tower coupling. The aerodynamic forces on the rotor blades also depend on the motion due to flexibility
in the tower and/or blades. Normally, the flexibility adds (aerodynamic) damping to the support structure. Note:
in case of stall the damping can become negative which in certain circumstances can lead to instability.
From aeroelastic stability analysis it is well-known that the aerodynamic tower damping is inversely
proportional to both the fundamental tower eigenfrequency and the modal tower mass. Therefore from a
dynamic point of view, considering only the rotor -tower interaction and an onshore wind energy converter,
softer and lighter support structures are in favour.

The aerodynamic damping of the fundamental support structure fore-aft mode is analysed numerically with
a perturbation technique as implemented in the DUWECS code. Figure 4.1 displays the aerodynamic damping
expressed as a percentage of the critical damping against the wind speed at hub height. The WTS 80 is a
pitch regulated machine which results in a nearly constant aerodynamic damping of approx. 3 % over the
whole range of operational wind speeds. In contrast, for a stall regulated machine the aerodynamic damping
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vanishes or may even be negative in the stall region.

Although the two support structures are distinct in the
fundamental eigenfrequency and the associated
mass, the difference in the aerodynamic damping is
remarkably small; only a quarter percent of the
critical damping. Application of a simple analytical
estimate [17] provides similar results. Obviously for
the lattice tower the reduction in aerodynamic
damping due to the higher eigenfrequency is partly
compensated by the opposing effect of a lower modal
mass.
No significant difference with respect to the support
structure concepts used is found either in the flapwise
or lagwise aerodynamic damping of the rotor blades.
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Figure 4.1: Aerodynamic damping of the first fore-aft
mode against wind speed

4.2 Response behaviour on wind turbine excitations

From the experience in wind turbine engineering a distinctly different response behaviour of the two support
structures can be expected due to the different dynamic characteristics i.e. soft-stiff for the monotower and
stiff-stiff for the lattice tower.

Most forces acting on the wind turbine have their origin in the aerodynamics and are transferred by the nacelle
on to the support structure. The dashed lines in figure 4.2 compare the auto spectral density of the
aerodynamic thrust force on the rotor at a rated wind between the mono- and lattice tower. A strong and
narrow banded excitation at the blade passing frequency 0.63 Hz exists as a result from the deterministic wind
field (wind shear, tower shadow, yawed flow) and the rotational sampling of turbulence. In comparison to the
dominating 2P excitation the other harmonics (1P, 4P, 6P, etc.) have a relatively low energy content. The
lattice support structure is subjected to a slightly lower loading due to reduced tower shadow effect from the
truss in comparison to the single column of the monotower.
The dynamic amplification of the response is determined to a large extent from the ratio between the
fundamental eigenfrequency and the (dominating) excitations. In case of a soft-soft or soft-stiff design the 2P
excitation is beyond the first eigenfrequency and has therefore in general a lower amplification factor
compared to a stiff-stiff design which first eigenfrequency is above 2P .

Figure 4.3 relates the dynamic amplification factors (DAF's) of both support structures as function of the
dimensionless excitation frequency i.e. the ratio of the excitation frequency and the fundamental
eigenfrequency. Although the diagram is based on a simple model with only one degree of freedom [11] the

lattice tower tower top force (response)

monotower tower top force (response)

monotower thrust loading

lattice tower thrust loading

2 3 4 5 6 7 8 9 10

harmonics. I.e. frequency as multiples of rotor freqency [-)

Figure 4.2: Spectral density of the aerodynamic
thrust force (loading) and the structural tower top
force (response) of mono- and lattice tower as
function of rotor harmonics

— 10.

2
s a.

vibrations in x-dir.

vibrations in y-dir.

• monotower (soft-stiff)

• lattice tower (stiff-stiff)

DAFtor
1P excitation

>~

i

/ j \
!/ \

DAF for 2P excitation

0.4 0.6 0.8 1 1.2
excitation freq. / fundamental elgenfreq. f_r / f_o resp. f_b / f_o [-]

Figure 4.3: Dynamic amplification factors of the
mono- and lattice tower as function of dimensionless
excitation frequency
(x-direction: parallel to rotor axis,
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main characteristics can be explained.
The DAF's in rotor axis direction (x-direction) and perpendicular to it (y-direction) are different due to the effect
of aerodynamic damping which is active only in the former direction. Between 1.6 and 2.2 times higher DAF's
with respect to the 2P excitation are found for the lattice tower than for the monotower. Even if the
fundamental eigenfrequencies of both designs would have an equal distance of 25 % to the 2P excitation the
stiff-stiff design still suffers an about 60% higher response in the direction of the rotor axis. In order to achieve
the same DAF's for the lattice tower as for the monotower the first eigenfrequency of the stiff-stiff support
structure has to be increased by 40% from 0.73 Hz to 1.0 Hz.

In figure 4.2 also the estimated spectral density functions of the response of the tower top force (including
static, damping as well as inertia forces) are shown. The distinctly different response behaviour of the two
support structures can clearly be seen. The tower top forces of the lattice tower are significant higher although
the deflection at the lattice top are 60% lower compared to the monotower (due to the two times higher
stiffness). For the soft-stiff monotower only in the region of the first bending frequency (0.52 Hz i.e. 0.82 P)
and the 1P and 2P excitations dynamic amplification occurs. In contrast, the lattice tower response is amplified
in a wide frequency range between the 1P and the 5P harmonics. Moreover, the energy contents of the lattice
tower response in the resonance region close to the 2P excitation is about 2.8 times higher compared with
the monotower.

160 -

140 i

Dmonotower: thrust loading

• monotower: response force

_. 1 2 0 - D lattice tower: thrust loading

12 14 18

wind speed class [m/s]

Figure 4.4: Standard deviation of the rotor thrust
force (loading) and dynamic tower top force
(response) of the mono- and lattice tower

The behaviour of both designs in the entire
operational wind speed range is shown by figure 4.4
as standard deviation of the rotor thrust force
(loading) as well as tower top force (response). The
response of the lattice tower is between 1.3 and 1.8
times higher than that of the monotower. The large
dynamic amplification for both designs at post-rated
conditions might be a result of the simple controller
used, however.

In contrast with the structural tower top forces, the
aerodynamic forces or the flapwise and lead-lagwise
response of the rotor blades only minor differences
between the two OWEC configurations are found.

4.3 Fatigue analysis of the support structures due to wind turbine excitations

A fatigue analysis based on the combination of time domain simulations and the Rainflow-Counting Method
has been carried out for the two support structures considered. Load specifications were taken from the
guidelines of the Germanische Lloyd (GL) [11]. Further appropriate environmental data of the actual selected
sites has been used instead of using the values provided by the (O)WECS design classes of GL. Such a
special certification based on the particular conditions seems reasonable since the proposed offshore wind
farm should comprise between 40 and 100 OWEC units.
Experience from the conceptual design of the support structures [2] and the analysis presented in the following
section 5.3 indicate that fatigue due to wind turbine loads dominates fatigue due to hydrodynamic effects.
Therefore particular attention is given to the wind loading in this section.

Procedure, parameters and locations considered

In accordance with GL the following influences have been considered in the analysis:
• struc'iral dynamics of the entire OWEC;
• gravity forces;
• eccentricity of the rotor (radius of the centre of gravity equal to 0.5 % of the outer radius as typical for

a balanced rotor);
• tower shadow effects;
• normal wind gradient (wind shear exponent: offshore 0.11, onshore 0.17);
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• normal change in wind direction (yawed flow) of ± 30 ° w.r.t. rotor axis (The wind direction is varied by
a sine law during the duration of the simulations.);

• temporal and spatial structure of wind turbulence (von Karman power spectra and exponential
coherence function);

• wind farm effects (modelled by an increase of the ambient turbulence level from 12% to 14% and 17%
to 20% for offshore and onshore case, respectively);

• variation of the mean wind speed according to a Rayleigh distribution (The operational range of the
turbine has been divided into 7 wind speed classes.).

Some other, minor effects mentioned by GL have however not been modelled so far:
• start-up and shut-down procedures;
• deviation of the wind direction from the horizontal (less relevant offshore);
• operation of the yaw system;
• aerodynamic asymmetries (which may arise from the rotor blade production or assembly tolerances).

Furthermore partial safety factor and thickness correction of the reference fatigue strength has been
considered according to GL. The reference fatigue strength and stress concentration factor are assumed as
80 MPa, SCF=1.0 and 100 MPa, SCF=3.0 for the monotower and tubular joints of the lattice tower,
respectively. In both cases a design lifetime is taken as 30 years.
For the lattice tower it is assumed that the wind turbine axis is always orientated towards the North. In addition
to this base case for the monotower the influence of the wind rose is investigated by consideration of a typical
wind direction distribution and application of the tower top loading under 8 orientations of the rotor axis.
The fatigue damage has been estimated at 3 and 4 cross sections for the mono- and the lattice tower,
respectively (figure 4.5).
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Figure 4.5: Considered locations for the fatigue analysis (Figure provided by KEW)
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The severity of the fatigue loading is measured by the required (reference) fatigue strength for a damage of
unity, so-called K1 - value rather than by using the damage or the predicted lifetime as parameter for a
comparison. Such a treatment has two main advantages. Firstly, (small) changes in the load amplitudes can
have quite a distinct effect, either small or large on the damage depending on the degree of deterioration.
Secondly, the ratio of the (provided) reference fatigue strength AaR (also commonly denoted as K- value)
and required fatigue strength, K1, is a good measure for the existing amount of safety or the reserve in wall
thickness. So the K1 - value is particularly convenient during the design process when a optimization of the
material utilisation is desired.

Results for the monotower

Under the mentioned conditions for the monotower a non-uniform distribution of the fatigue loading along the
structure is found. The higher in the tower the smaller the fatigue damage (figure 4.6). At the base fatigue
failure due to turbulent and deterministic wind turbine loads is found. If a distribution of the wind direction is
not considered the middle section is just at the fatigue limit. Consideration of the distribution of the wind
direction results in a smooth averaging of the damage along the circumference of the tower (figure 4.7).
The results of the fatigue analysis indicate that the monotower design with some design modifications would
be save or near to save with respect to wind turbine induced fatigue. For instance one could think of a more
tapered distribution of the wall thicknesses (increase at the base from 45 mm to 60 mm and decrease at the
top from 30 mm to 18 mm). It should be possible to balance the changes in such a way that the first
eigenfrequency remains constant.
It is likely that the existing monotower design or even a lighter structure might fulfill the criteria if an improved
controller (model) will be applied. However, this should be subject of further investigations.
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Results for the lattice tower

The fatigue analysis of the lattice tower has a more qualitative nature due to different reasons. Firstly, the
design process of the lattice tower with respect to the design fatigue loading is not fully finished, yet. Secondly,
only a few members have been investigated in this paper and depending on the local geometry and the
loading direction the fatigue damage might have quite an irregular distribution over the structure. Finally, for
the stress concentration factor a preliminary but reasonable value has been chosen which, however, does
not consider the local member sizes and the geometry of the joints. Nonetheless some general remarks can
be made about the fatigue behaviour.
At all considered cross sections relatively high fatigue damages were found which probably results from the
higher dynamic tower top loads of this stiff-stiff support structure concept in comparison to a softer design
(either soft-stiff or soft-soft). Note that a simplified load spectrum derived for a softer tower has been used for
the conceptual design.
In general the damage due to wind turbine loads in the submerged part of the structure is considerably lower
than in the truss near to the tower top.
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5 DYNAMIC EFFECTS DUE TO THE OFFSHORE ENVIRONMENT

5.1 Influences of the soil

OWEC support structures should be insensitive to variations in the soil properties since the prediction of
foundation characteristics is inherently uncertain and additional variations will occur within the wind farm area.
In order to limit the dynamic amplification of the periodic rotor excitations the actual in-situ natural frequencies
should have a distance of at least 10% from the rotor speed (1P) and the blade passing frequency (2P for
a two-bladed rotor). Interference with other higher integer multiples of the blade passing frequency (4P, 6P,
etc.) is generally less important but the actual effect will depend on the particular OWEC design and the wind
conditions. Considering the uncertainties in the prediction of the structural behaviour the design values of the
natural frequencies should have a distance of approx. 20% to the 1P and 2P harmonics. Furthermore, as a
weaker criterion one may demand also an approx. 10% distance to the higher harmonics 4P, 6P, etc.
Note that the values mentioned for the minimum clearance between periodic excitations and natural
frequencies are based on a rule of thumb. If considerable interaction is expected the actual effect has to be
further investigated by means of simulations of the OWEC.
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Figure 5.1: Sensitivity of the eigenfrequencies of
the monotower to changes in the soil stiffness
(Solid horizontal lines: rotor excitations, dashed
horizontal lines: boundaries of the excitation
ranges, 6P excitation not considered.)
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In figure 5.1 and 5.2 a sensitivity study of the support structure eigen-frequencies on the soil shear modulus
Go is shown for the monotower and the lattice tower, respectively. Firm soil condition with a value of Go = 8.3
MPa are chosen as reference point.
Strictly interpreted the monotower is just beyond the limit for 'fit for purpose' design. Nonetheless, even on
an infinitely stiff foundation still a 10% distance of the first eigenfrequency to the strong 2P excitation is given.
In the direction of softer behaviour a 50% variation of the soil parameter would be allowed before higher
natural frequencies reach the 4P resonance range (note the 4P excitation has a lower energy content than
the 2P harmonic). The actual degree of the dynamic amplification for different soil conditions might be a
subject for further investigation. Depending on the outcome a slight increase in tower height (approx. 3 - 5 m)
might be worthwhile.
The lattice tower design is exactly on the limit of the 2P resonance range. So for the reference site and
moderately softer conditions the design is acceptable. Taking into account the considerable dynamic
amplification factors of the 2P excitation (section 4.2) even for the reference conditions a larger distance than
20 % to this excitation might be worthwhile. However this would require a structural redesign since a simple
decrease of the tower height is no option in this a case, where the tower height is governed by the air gap
requirement.2

2 Note in the modal analyses underlying the sensitivity study the (time variant) rotor inertia has
not been considered. Therefore some eigenfrequencies and modes differ with respect to the
values given by table 2.2.
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5.2 Comparison of the onshore and offshore wind loading

The influence of the offshore wind conditions on the dynamic loading is investigated and compared to the
onshore equivalent. In this section the monotower support structure at the Baltic Sea site is taken as a
reference case for a number of fatigue analyses as described in section 4.3 .
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he effect of three parameters on the fatigue loading is studied in some detail: turbulence intensity, wind shear
exponent and mean wind speed at hub height.
The Rayleigh distribution of the wind speed for an onshore site ( ~v = 6.5 m/s) and the two offshore locations
in the Baltic Sea ( ~v = 8. m/s) and the North Sea ( v = 10.1 m/s), respectively, are compared in figure
5.3. The wind speed range with high dynamic loads i.e. post-rated and near cut-out conditions has a
considerably larger probability of occurrence for an offshore location than for an onshore location. Even the
distributions for both offshore sites differ significantly.
Figure 5.4 reflects the influence of the different wind field i.e. turbulence and wind shear at the three sites. The
fatigue loading for an onshore location is approx. 40 % more severe than for an offshore location assuming
identical mean wind speeds. However, this is not a fair comparison since obviously offshore the wind blows
harder. As a result of the particular conditions the benefits of the more friendly offshore wind field are nearly
entirely offset if one relates the onshore site to the one in the Baltic Sea. As a contrast, for the North Sea site
the loading is even about 20% more severe than onshore due to the higher median wind speed.
Note that this result should be considered carefully since it might be valid only for the particular reference
turbine and the simulation model used here. The contribution of the higher wind speeds to the total damage
might be reduced considerably if a better controller model would be applied.

5.3 Effect of combined wind and wave loading

A limited number of time domain simulations of the two OWEC configurations are carried in order to study the
effect of combined aero- and hydrodynamic loading. It is assumed that wind and waves are correlated
according to the relation plotted in figure 2.2 and are applied under the same direction. The sea states are
described by a modified Pierson-Moskowitz spectrum [11]. For the monotower dynamic response has been
considered for the both wind and wave excitations. In contrast, a quasi-static response on wave loading is
presumed for the lattice tower. This assumption, which has been established by [10], is required if internal
member forces should be calculated since the applied modal superposition technique is not capable of a
stress analysis of such a complex structure.

302



- responu on wind & waves r responsa on wind

iMMgiistm
Hydrodynamic overturning moment " Z T e » ;

IA A * ~^/Zr* A ' A j j

180 190 200 210 220 230 240
time [sj

Figure 5.5: Example time histories of the wind and
wave profile for the Baltic site (V^ =14 m/s, Hs = 2.9
m, Tz = 5.5 s)

7 -

o

| 5 -

11-
11,

st
an

da
rd

 d
ev

. o (0
1

c

— O T M wind & waves
(dyn. response)

OTM pur
(dyn. res

aerodyn.
(loading)

hydrody
(loading)

e wind
ponse)

OTM

i. OTM

1 Z/^

y
> • ' . - -

/
-

f ""f
5 10 15 20 25

mean wind speed at hub height Im/s]

Figure 5.7: Standard deviation of the overturning
moment of the monotower against wind speed
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Figure 5.6: Example time history of the overturning
moments of the monotower at Vhub = 24 m/s
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Figure 5.8: Cumulative Rainflow Cycle counting of
bending stress at the monotower base due to pure
wind loading and combined wind and wave loading,
respectively (lifetime 30 years)

The investigation of the monotower is demonstrated by figures 5.5 to 5.8. From the time histories of the
uncorrelated wind speed and the water elevation the dominant frequency components of both excitations can
clearly be seen. Moreover in the wind speed time history which is observed in a rotating frame of reference
at several time instants e.g. at 212 or 218 seconds the effect of the rotational sampling of wind gusts can
clearly be detected; where a gust covering only a part of the swept area is seen as an excitation periodic in
the blade passing period (= 1.6 s) and its integer multiples. In the comparison of the response of the
overturning moments for the particular time history the wave effect is hardly visible (figure 5.6). The amplitude
of the hydrodynamic load is approx. half of the response due to wind turbine loading. Nonetheless the overall
response is still dominated by the wind effects.
This finding is established by a comparison of the standard deviations of the overturning moments due to pure
wind or combined loading in figure 5.7. For the monotower significant wave loading exists only for high wind
speeds; however, for this particular site the fluctuation of the wave loading is always lower than the variation
in the wind loading (dashed lines in figure 5.7). Comparing the hydrodynamic loading with the response of the
structural tower top loading (solid lines) shows clearly the dominating influence of the wind turbine loads, A
likewise results is found by a fatigue analysis for both types of loading. The effect of the waves can be
detected only in the low cycle range of the cumulative rainflow cycle counting in figure 5.8 and results only
in a small increase of the effective fatigue loading. The required fatigue strength at the tower base becomes
72 MPa for combined loading instead of 69 MPa for pure wind loading.
It should be noted that the hydrodynamic forces will have a significant larger contribution to the overall loading
at extreme conditions and for a deeper water site, a larger distance from shore or a more exposed sea
environment e.g. in the North Sea.
The analysis of the lattice tower is more involved due to the complexity of the structure. For instance the
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magnitude of the overall wave loading also depends
on the wave direction. In the considered wind speed
range southern waves are more severe than those
propagating with other directions. Figure 5.9
compares the standard of the hydrodynamic base
shear (integrated horizontal force) averaged of the
three directions with the rotor thrust loading and the
response of the structural tower top force. The wave
force and the structural tower top force have quite
similar magnitude for higher wind speeds. However
the overturning moments (not shown here) which are
a better indication for the loading are again entirely
dominated by tower top loads. Note the lever arm of
the wind turbine forces is 84 m whilst the effective
wave force acts between approx. 23 m and 8 m
above the sea bottom depending on the wave height
and wave length.

The situation becomes totally different at extreme conditions when the drag force on the turbine is strongly
reduced and hydrodynamic forces dominate. According to environmental parameters each with a 50 years
return period the aerodynamic force is only 13% of the total base shear [10].

Figure 5.9: Standard deviation of horizontal force
(base shear) at the lattice tower against mean wind
speed at hub height

6. CONCLUSIONS

The dynamic behaviour of two distinct OWEC configurations have been investigated by consideration
of the integrated system.
In the simulations of the reference wind turbine rather high dynamic loads were found at post rated
conditions; probably related to poor behaviour of the used controller model.
For this large two-bladed wind turbine with a rigid hub concept and constant speed operation the
inhomogeneity of the wind field results in a pronounced excitation with the blade passing frequency (2P).
In comparison the magnitude of the other harmonics, e.g. 1P, 4P, 6P is small.
Onshore and offshore wind conditions differ significantly and can have a large effect on the fatigue
loading of the OWEC. The more severe wind speed distribution offshore partly offsets or may,
depending on the design, even overrule the load reduction due to reduced wind shear and turbulence
level in comparison to typical onshore conditions.
The differences in the response of the wind turbine part (e.g. aerodynamic damping) due to the two
different support structures i.e. soft-stiff monotower, stiff-stiff lattice tower, seems to be minor. In
contrast, the stiff-stiff support structure characteristics results in very significantly higher dynamic tower
top loads (in the order of 1.3 to 1.8 times larger) than the soft-stiff design.
The dynamic behaviour during the power generation state is driven by loads with the origin in the
particular wind turbine due to different reasons. In case of the monotower the wave conditions at the
particular Baltic site are relatively friendly. The lattice tower located in a more demanding environment
is a transparent multi-leg structure where partial wave force cancellation occurs. Moreover the wind
turbine induced loads are considerably higher due to the stiff-stiff characteristic and the larger height
above the sea bottom.
In the choice of the dynamic characteristics of OWEC support structures a balance has to be found
between the sensitivity with respect to the aerodynamic and hydrodynamic excitations. Obviously, this
compromise will depend on several parameters, e.g. wind turbine and support structure design, soil
conditions, wind and wave climate, etc.
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7. RECOMMENDATIONS

Interactions between wind turbine and support structure and full fatigue load spectra derived from
dynamic simulations should be considered in the further OWEC design work.
The further development of a stiff-stiff support structure of the lattice type in combination with the used
reference turbine has to account for high fatigue loading from the wind turbine and unfavourable stress
concentration factors. Therefore, a soft-stiff design either based on the monotower, a re-designed lattice
tower or a braced monotower might be an alternative if dynamic excitation due to waves is limited.
The determination of the dynamic stresses in a braced support structure under hydrodynamic and wind
turbine loading should be improved. Direct solution techniques might have an advantage with respect
to mode superposition.
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ABSTRACT

The northern coast of the Gulf of Bothnia has a great potential of wind resources and shallow waters. The
majority of the wind turbines in Finland are located ashore along the coast line of the Gulf of Bothnia. The
useful area is narrow making the offshore area very promising for wind energy. There are potential offshore
sites for major wind parks in many locations along the 300 km coast line.

The real challenge is to develop a technology for wind turbine foundations to withstand high loads caused by up
to 1.3 m thick ice during the winter time. The behaviour of ice has to be thoroughly understood. The maximum
lateral ice load level can reach to an order of ten MN when high winds drive ice against the foundation
structures. The larger the solid ice field the larger are the loads. Pressure ridges, which are causing a lot of
trouble for marine operations, are not considered to be a major problem for wind turbines in shallow waters
(max 7 m deep), because of a deep keel which will stop the ice well before the wind turbines. Ice may also
cause uplift loads during water level changes. This force can reach a magnitude of one MN depending of the
dimensions. The most dramatic case is caused by ice blocks piling up against the tower and foundations. This
pile-up can reach a height often meters or even higher and cause damages to the tower structures. Thermal ice
expansion can also induce lateral loads on the foundation structures.

The paper describes ice properties, ice action against structures, and presents different options for solving ice
related problems in wind turbine foundations with some recommendations on how to avoid hazardous situations.

KEYWORDS

Offshore, Wind Park, Ice, Wind Energy, Foundation, Load
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Figure 1. Wind speed across a coast line

Introduction

The highest wind speeds are found in open sea areas.
Figure 1 shows the wind speed change across the coast
line. Wind turbines work best in open sea areas where
the flow is less turbulent and the wind energy highest.
Hundreds of turbines can easily be built offshore. The
increase in wind speed will compensate for the higher
cost of construction. The large size of modem wind
turbines has brought us to a point, where the ice and
rough sea can be challenged. We know from maritime
winter navigation experience how to build offshore
lighthouses and aids-to-navigation on an open sea even
if the ice thickness is more than one metre and the sea is deeper than 10 metres. The wind society can now start
to use ice infested sea areas for energy production. The technical Research Center of Finland has started a
development program in which a prototype wind turbine foundation will be built in the waters of the Gulf of
Bothnia.

This paper describes what can be expected from moving thick ice, presents ice load scenaria, and advises how
to select a location for an offshore wind park. A practical problem in design is the uncertainty in estimating the
ice loads and ice behaviour. Before a decision about the
wind park site, the local environment should always be
checked and discussions held with local seamen,
fishermen and people who have lived years dealing with
the ice and know it by heart. In the Gulf of Bothnia
there are lots of excellent places for wind parks where
the ice loads can be limited to a reasonable level and the
production of clean energy is feasible.

Figure 2. Slow ice movement and failure against the
Kemi-I lighthouse with a test cone

The ice load cases and their order of
importance

Offshore structures will be influenced and stressed in
many different ways by the ice around them. In the Gulf
of Bothnia at the open sea, outside the fast ice zone, the
level ice thickness is typically below 80 cm. However,
the ice fields are heavily ridged. The pressure ridges are
typically 4 to 6 m thick. However, an above water sail
of a ridge can be more than 2 m high and an underwater
keel more than 10 m deep. The ridged ice fields are often moving due to winds and currents causing high loads
on offshore structures. Thus the areas, where heavy ridging occur, are not economically possible locations for
wind turbines.

At the coastal region ice is moving only in autumn before the land fast zone is formed. Thus, the thickness of the
moving ice is significantly lower than at the open sea area. When a strong wind drives a large ice floe, it may
move at a speed up to 1.3 % of the wind speed. When such a floe meets a wind turbine foundation, it will either
be stopped or broken by the structure. In the coastal area the level ice thickness may grow more than one metre
thick. Temperature changes in the fast ice field will either expand or shrink the ice cover. The foundations at the
coastal region have to be designed to withstand the loads due to relatively thin moving ice and thermal
expansion of the thick fast ice.

In the Gulf of Bothnia the water level will rise due to storm surges from the south. The water level rise in
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Kokkola can be about 1 metre and in Kemi up to 2
metres. After the storm surge, or during northerly winds
the water level sinks. In winter the ice cover will reduce
these maximum water level changes. When the rising
water level lifts the ice. it causes uplift loads
on the foundation.

Moving ice.

Shear forces created by the wind will push the ice. The
driving force F [kN] is depending on the wind kinetic
energy and on the surface roughness of the floe. Ill

(la)

in which

(lb)

F=A*\a*qk

9^/1600

Figure 3. Moving ice thickness on the Gulf of
Bothnia. Note the 0,3 m zone nearest to the coast

A = the area of the ice float, m : ,. / i r w

, . . r line/10/
u = friction factor.

= 0.0010 for smooth ice
= 0.0015 for snowy ice;
= 0.0020 ... 0,005 for rough and pack ice

ck = wind kinetic pressure, KPa
vk = wind speed, m/s
We can see from this fonnula that if the area of a floe is large enough, the force will be extremely high. In
designing the maximum area in this fonnula should be chosen. In the Gulf of Bothnia the floe may easily be 30
x 30 km- and a 20 m/s wind will create a shear load of 0.5 ... 1.0 Pa on the surface and up to 900 MN to the
whole floe. In a storm the wind speed may reach 35 m/s for few hours. It is evident that such a driving force is
too large for any wind turbine foundation to resist. Practically there are two options, either the ice or the
structure has to break.

Near the coastline the ice thickness in a landfast ice zone may reach 1.3 metres while further offshore in the
actively moving ice zone an 0.8 m ice thickness is
frequent. The structures to break such a thickness have
to be extremely strong and heavy. This is an obvious
threat to the economy of a wind turbine structure. The
site for wind turbines should be chosen in the landfast ice
zone so that there are natural or man made objects to
prevent too large moving floes to hit the structures. From
a long experience we know that in many locations there
is a few kilometre-wide zone along the coast, where only
thin ice, less than 0.30 m thick, can move at the
beginning of the winter before getting thicker and
stabilizing, (Figure 3). In these areas the thicker ice can
also move during spring, but then its strength has already
detonated. The landfast ice zone is a natural choice for
wind generator foundations as maximum ice forces will Figure 4. Wind driven ice movement at the active

ice zone, Kemi-2 Lighthouse
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there be limited due to the limitation of the moving ice
thickness.

Forces and means to break moving ice

I ce properties will vary with time due to environmental
conditions. The salt content of the water, time history of
the temperature, snow coverage and consistency of ice
will affect ice strength and ductility. We have to look at
different load cases and then be sure that the structures
are built for those requirements.

Solid ice in the autumn is the strongest and most ductile
but not yet very thick The strength in compression at
a high loading rate would reach up to 10 MPa. or even
higher with small test pieces. Ice strenght decreases with
decreasing loading rate, and with increasing size. Thin
ice cover may buckle and fail by bending before the
normal stress reaches the compressive strenght limit
along all the contact area. The wind friction on smooth
level ice is very low and causes low pushing force. When
snow covers the ice, the friction increases with the height
of the snow dunes.

At the coldest time in winter, the ice has normally
experienced a few temperature fluctuations which bring
with thermal cracking and make the ice not homogenous
anymore. There may be some ridges, cracks, long leads,
and other discontinuities in the ice field. Weathered cold,
moving ice breaks easier than virgin autumn ice.
Compressive strength is still high, but during interaction
with a structure the average pressure against the whole
contact area falls below 3 MPa. Later in spring when the
temperature is close to the melting point the compressive
strength goes down to 1.5 MPa and later to 1.0 MPa,
when the ice has weakened through melting. And if the
ice is moving very slowly as in the case of a thermal
expansion, the compressive strength falls below 0.5 MPa
and the behaviour of the ice is ductile. All these stress
values are subject to arguments and may vary depending
on the winter.

When ice is pushing a structure, it is compressed and
possibly bent due to the eccentric or inclined contact area.
Highly stressed ice will break and due to the brittle nature
of the ice, the cracking will continue. Cracked pieces will
be forced away, to bypass the foundation, above or
below the ice cover depending on the surrounding
conditions and the slope of the contact area. The ultimate
load depends on the ice properties, dimensions and the
geometrical shape of the obstacle.

The crushing load will be dynamic and fluctuate either

Figure 5. Principle of isolation of dynamic loads of
a lighthouse. System allows lateral movement of
the upper part of the tower.

Figure 6. Vibration isolated Kemi-2 Lighthouse.
Wind generator on the top has been running
smoothly since construction in 1981

310



randomly between near zero and a certain maximum, or there is a dominant frequency depending on the ice
thickness, speed, and structural response. Load amplitude also has random fluctuations. The thicker the ice, the
higher the forces. Eigenfrequencies of the structure may control the ice failure frequency resulting in resonant
vibrations. This situation is very dangerous for a wind turbine with a nacelle weight at the top of a narrow long
tower. The foundations have to be designed in such a way that there is no chance for a resonant loading, or that
the tower itself has vibration isolation to prevent oscillations and high dynamic loads. In Finnish offshore steel
lighthouses the superstructure has been installed on top of a vibration isolation section. This concept has been
proven in the field for more than twenty years in practice (Figures 5 and 6).

The initial crushing strength of ice is high if the structural shape does not stimulate bending or initiate crack
propagation. To avoid extreme loads we could enhance the breaking of the ice before it reaches the wind
turbine, or prevent the ice from moving by locking it in place. This is the normal situation in the landfast ice
zone near the coast line, where there are natural blocks like rocks and islands to prevent ice from moving.
Islands and skerries will also limit the maximum size of a floe, and prevent all but only thin ice movements.
Figure 3 shows a landfast ice zone, approx. 3 -5 km wide, in the coastal area of the Gulf of Bothnia. Here thick
ice is locked by natural stoppers. By knowing the local geography and long term ice behaviour, we can
approximate the maximum size and pushing force of moving floes and use this information when designing
foundations.

Loads to a vertical, cylindrical foundation, when the ice starts to move or is moving.

In literature the formula for the maximum static force due to ice crushing against a vertical structure is 151 111:

(2) Pl=k1*k2*k3*b*h*a.p

where k, = shape factor for the structure
= 0.9 for round shape
= 1.0 for rectangular shape

k: = ice to structure contact factor
= 1.0 when an adfrozen floe starts moving
= 1.5 when a thick ice collar has adfrozen to the structure
= 0.5 when ice is cracking continuosly

k) = shape ratio factor

(3)

b = width of the structure ( at a level V6h down from the ice upper surface)
h = ice thickness
01? = compressive strength of ice

= 3.0 MPa for intact ice moving by the wind or current at the coldest time of winter
= 2.5 MPa for intact ice moving very slowly e.g. by thermal expansion or shrinking at the
coldest time of winter
= 1.5 MPa for intact ice moving in the spring and the temperature is close to melting point
= 1.0 MPa for partially weakened melting ice moving at a temperature close to melting point

This formula suggests that the worst situation is at the very moment , when a thick ice collar, adfrozen to the
structure, starts to crush. Here the ice compressive strength m a y be o^p = 3.0 MPa and the contact factor £? =
1.5. However, as the ice movement starts, the loading rate is so low that the loading rate dependent ice strength
is also low resulting in loads less than in the case of faster moving ice with a lower contact factor but higher
strength. Hence it is the combination of all factors that has to be considered. Measurements have proven that the
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initial ice failure with good contact induces the highest
loads, and thereafter, the load decreases suddenly close to
zero and rises again to a new maximum, which is a lot less
than the initial one because of the reduced contact factor

Loads to a conical foundation

As moving ice hits a conical foundation, both horisontal „
and vertical loads will develop. An ice sheet breaks easier
by bending than by crushing. This makes bending failure Figure 7. Ice failure and pile-up against Kemi-2
dominant, even though crushing and shearing modes are cone at active ice zone.
present simultaneously to some extent. In addition the
mode of ice failure depends on the shape and size of the structure. It also depends on ice properties, ice velocity
and the friction between the structure and ice. In a loading cycle local crushing and shearing will occur initially,
smoothening a large enough contact area, making higher ice loads possible. Increasing vertical forces first
cause radial cracks and later a circumferential crack, which yields to the final bending failure. Thereafter, a new
cycle can start. The ice load is at its maximum just before the formation of the circumferential crack. Clearing
mechanisms involve pushing broken ice pieces upwards and aside of the structure. Figures 2 and 7.

The cone ice force calculations are based on loads needed to break the ice in the bending mode, to raise broken
pieces up, and to bypass the structure. An upper bound plastic limit analysis solution can be calculated by
Ralston's model. Later more refined FEM-analysis and full-scale measurements have indicated that Ralstons's
model in general overpredicts maximum loads. The procedure for cone ice load calculations is too demanding
to be presented here, see References 151 and /6/.

Dynamic load

Ice failure against a structure is mostly dynamic causing dynamic load fluctuations. In dynamic ice structure
interaction energy from the moving ice is being transferred and stored as elastic and kinetic energy in the
structure. A dynamic crushing load PD may have a random frequency between 0.5 Hz and 10 Hz. A resonant
state may develop while an eigenmode of the structure controls the ice crushing frequency. The theoretical
explanations for dynamic ice-structure interaction are based on forced or self-excited vibration models.
Resulting ice force history can be solved with numerical integration of dynamic equations of motion.

In practise, however, the dynamic ice load is simply assumed to be a fraction of the static level ice load Eq.2,
e.g. 50 %. If this load amplitude is applied at the frequencies of lowest eigenmodes of the structure, a
conservative design against dynamic ice action is achieved. Another case is the hit of an ice edge which causes
dynamic amplification of the superstructure displacements.

When ice is cracking by bending, the frequency varies from 0 to 1 Hz. The amplitude of the load varies between
zero and PD. the Conical shape of the foundations has a great importance in lowering the dynamic stresses.

Pressure ridges and ice pile-up

Pressure ridges are formed, when ice is compressed, buckled and crushed together. The pressure will lift up the
crushed area. Some of the crushed ice blocks go under the water forming a ksel,which typically has the depth
10 and width 30 times the height of the parent ice sheet. Pressure ridge formation takes place in the active ice
zone beyond the landfast ice zone. It is not recommended to install wind generators in such areas.
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Ice pile-up frequently occurs in shallow waters, or when moving ice hits the shore or the wind turbine
foundations. This can occur also in the landfast ice zone before the ice thickness has grown over 0.4 m. Local
loads against the structure are not too high but the threat is in the height of the pile-up, up to 14 m high
formations have been recorded. The access door to the wind turbine may be blocked. Removable ladders may
be required to enter the tower. The ice blocks may damage all protruding obstacles like a landing stage from the
tower and foundation. The lower end of the tower must be strong enough to withstand these impacts. The impact
is caused by single ice blocks sliding down and hitting against the foundation. The pressure load is low and the
situation looks much worse than it really is. In the wind park area the the formation of pile-ups should be
initiated on top of natural or artificial hindrances, well before the wind generators.

Rising water level makes the ice force to lift the foundations

High winds induce water level changes also during winter time even though the sea is ice covered. As ice is
normally adfrozen to the foundation or tower, it results in the vertical uplift loads on structures. The surface
properties of the contact area determine the maximum force. Wind turbine foundations are usually heavy enough
to resist this force. The vertical load can be estimated by a formula

(7)

where A = adhesion or contact area, m2
j \ = aanesjon or contact area, vor
T = adhesion strength (e.g. at - 10°C T = 0.1 MPa for plastics and up to 1 MPa for concrete)

How to select a proper site for offshore wind park

The wind park location should be in the landfast ice zone in a shallow place, surrounded by some islands, reef
or skerries to prevent large floes from pushing the wind turbine foundations. This will limit the maximum
moving ice thickness below 0.4 metres which correspondingly limits ice loads against the foundations. If some
stones or rocks are seen above the water level, they are excellent stoppers and ice breakers. Shallow water
depth in front of a wind park induces ice pile up preventing further ice movement closer to the coastline.
However, there should be a waterway to the site for building the foundation and transporting the material.

Summary

An offshore wind park in ice infested waters is a challenge. Moving ice exerts severe loads against the
foundations and ice pile-up can reach to the propeller
blades or prevent access to the tower.

By choosing the wind park site inside the landfast ice
zone significantly reduces the thickness of moving ice,
resulting ice forces, and other adverse ice actions. By
proper foundation design the ice failure mode can be
controlled, which on its behalf further reduces ice loads

Thorough knowledge of the ice dynamics history in the
proposed site is essential in finding optimum solutions,
which limit ice loads to a reasonable level and make
offshore wind parks not only technically but also
economically feasible. Large coastal areas even in ice
infested waters can thus be utilized to produce wind
energy efficiently. Figure 8. Slow ice movement and failure against a

lighthouse at landfast zone in Kokkola
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ABSTRACT

Offshore wind power generators assure some advantages of reduced environmental impact, but in
saline conditions corrosion protection becomes a major problem. The design of protective coatings and
the careful testing are critical parameters for the extended service life.
In the present work, samples of multilayer organic coatings on bare and galvanised steel were
examined and compared with thick monolayer of a modified epoxy paint. For coatings evaluation
results related to electrochemical impedance spectroscopy (EIS), salt spray and adhesion were
correlated. Both type of coatings are highly protective in case of steel sheets, but in case of galvanised
steel detachment of coatings was observed. Furthermore is shown that by using impedance
measurements prediction and interpretation of coating behaviour is possible and useful.

KEYWORDS

Corrosion protection, organic coatings, wind power generators, electrochemical impedance
spectroscopy.

INTRODUCTION

Offshore wind power generators assure some advantages of reduced environmental impact, but in
saline conditions corrosion protection becomes a major problem1. The design of protective coatings
and the careful testing are critical parameters for the extended service life2.
The traditional approach for the evaluation of the corrosion protection properties of organic coating
consists in some artificial weathering tests, as salt spray test, wet and dry cycles test, UV radiation test,
etc., followed by the observation of the conditions of the coating, or mechanical tests as adhesion pull
off test or scratch test, etc3.
For the study of corrosion prevention by organic coatings, the electrochemical approach appears to be,
in principle, more useful because it can give quantitative information on physical and chemical
properties of the system and on the degradation mechanisms; moreover it is more reliable and
independent on the operator judgement4.
Electrochemical impedance spectroscopy (EIS) is an electrochemical technique widely used in many
materials science and engineering fields : corrosion science, dielectric properties of materials,
electrochemistry, battery, etc. In particular it is used with good results for the characterisation of
protecting organic coating on metals5.

To the studied system is applied a perturbing sinusoidal signal with frequency 03:

E = Eo sin (G5t)

causing, if the system is linear, a current

I = l0 sin (rat + cp)
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The ratio between potential and current is defined complex impedance, composed by a real and an
imaginary part. The set of impedance values measured at different frequencies is the impedance
spectroscopy result. In the case of electrochemical systems the signal amplitude must be very low
(about 10 mV for bare metal, 10-50 mV for organic coated metal) in order to have the linearity of the
system6.
For studying protecting organic coatings, the cell usually consists in a coated metal sheet with a plastic
cylinder fixed with adhesives on the coating surface containing the test solution. A platinum electrode
(the counter electrode) and a reference electrode complete the cell.
The system, which consists of a metal covered by an organic film, is generally quite complex and it
may consider a large number of different metal substrates, pretreatments and paint layers with
different chemical composition and the presence of anticorrosive pigments.
All these parameters can influence the electrochemical behaviour measured by EIS, which is also a
function of the environment and the general condition of measuring (temperature, oxygen
concentration etc.). The final purpose of the EIS characterisation of protecting organic coatings is to
obtain information about the system properties such as presence of defects, reactivity of the interface,
adhesion, barrier properties to water, etc7.
It is evident that to obtain this result it is necessary to distinguish the impedance values as a function of
the frequency in the single contribution due to the components of the system, for example
distinguishing the part of the impedance due to the coating from the part due to the substrate. In other
words, this means to propose some equivalent electrical circuits which can model the impedance
results. It is possible to choose a limited number of electrical elements (capacitance, resistance etc.)
with an impedance equivalent to the impedance of the system studied for every frequency.
From the complex situation previously described about organic coatings and metal, it clearly emerges
that such models (or equivalent electrical circuits) will be different according to the different materials,
and they will have to be chosen carefully. In order to use the correct equivalent circuit, all the
information obtained about the system, including those measured using non-electrochemical methods,
can be very useful, also because it is important to remember that mathematically there are a large
number of different equivalent electrical circuits with the same impedance.
An example of phenomena which can be measured by EIS in organic coating is the water uptake8. The
evaluation of the water uptake process into an organic coating immersed in a solution is important
because this phenomenon is related to the adhesion and corrosion protection properties.
The water uptake changes the dielectric constant of the polymer and therefore the total capacitance of
the coating (Cc). In this way, considering the evolution during time of the coating capacitance, it is
possible to measure the water uptake using, for example, the Brasher-Kingsbury equation9:

logCt/Co
° " log 80

where <t> is the volume fraction of water penetrated, Ct the capacitance at time t and Co the
capacitance at time t=0; the value 80 is the dielectric constant of water at 25°C.
This formula is based on the following conditions:
a) water homogeneously dispersed;
b) no water-polymer chemical interaction;
c) penetration of a low volume of and no swelling of the matrix.
The typical evolution of C> vs. time shows an increase after immersion, reaching a constant value after
some hours. This final value <J>s, (saturation value), is important in order to evaluate the barrier
properties of the coating.
Another important parameter that can be obtained by EIS measurements is the pore resistance Rp,
that is the ionic resistance through the organic coating. This parameter is related to the barrier
properties of the coating to ions, that is the main corrosion protection mechanism in paints without
anticorrosive pigments1 . By EIS data it is moreover possible to obtain indirect information on the
adhesion properties of the coating and on the corrosion rate of the substrate11.

MATERIALS AND EXPERIMENTAL PROCEDURE

In this work two different protecting organic coating systems were considered (a multilayer and a
monolayer system) on three different substrate: hot dip galvanised steel, sand blasted steel and
brushed steel. The coating thickness and compositions are reported in table 1. The dimension of the
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samples sheets, from industrial production, are 20x8 cm. The thickness of the zinc layer for the
galvanised steel samples is 85 \im.

SAMPLE

A

B

C

D

E

SUBSTRATES

galvanised steel

sand blasted
steel

brushed steel

galvanised steel

brushed steel

LAYERS

primer

intermediate

top

total

primer

intermediate

top

total

primer

intermediate

top

total

ORGANIC

COATING

epoxy-
polyammide

epoxy-vinyl

polyurethane

....

epoxy-
polyammide

epoxy-vinyl

polyurethane

epoxy-
polyammide

epoxy-vinyl

polyurethane

....

epoxy

epoxy

THICKNESS
u.m

60

95

55

210

70

80

60

210

40

100

40

180

345

310

Table 1: Studied samples.

All the samples were weathered in a salt spray chamber following the DIN 50021 standard. The time
of testing was 480 hours, the temperature 35CC and the sodium chloride concentration of the solution
producing the fog 5%. The salt spray test is a typical industrial procedure for the evaluation of organic
coating in aggressive marine environment. In order to evaluate the adhesion properties of the coating,
a scratch reaching the metal substrate was produced in the coating, following the standard indications.
The metal-organic coating adhesion was measured by the pull off test (ASTM D4541). The adhesion
strength was measured considering 5 different measurements before and after 150 days of immersion
of the samples in 3.5% NaCI solution.
For each sample an electrochemical impedance spectroscopy (EIS) characterisation was carried out in
order to assess the phenomena of water absorption and corrosion protection properties. The
measuring cell consisted in a work electrode (coated metal) of about 40 cm2 of area immersed in a
3.5% solution (typical solution simulating the marine environment), a platinum counter-electrode and a
reference electrode (saturated calomel electrode SCE, +245 mV vs. SHE). For the electrochemical
measurements a potentiostat EG&G PAR 273 and a Solartron 1255 frequency response analyser were
used, the frequency range for the measurements ranged from 10,000 Hz to 0.001 Hz with a signal
amplitude of 30 mV. The cell consisted in a plastic cylinder fixed with adhesives on the coating surface
containing the test solution (figure 1) and the time of testing was 60 days..
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In order to minimise external perturbation, all the EIS measurements were obtained in a Faraday cage.
For the analysis of the electrochemical result and the choose of the equivalent electrical circuit, the
Equivcrt software was used12.

Faraday cage

plastic tube

metal sheet

Figure 1 : Cell for electrochemical measurements

RESULTS AND DISCUSSION

Salt spray test

The salt spray test shows evident differences in the behaviour of the different samples. In particular the
major differences concern the substrate. The samples with galvanised steel (sample A and D) show in
correspondence of the cut coating white, corrosion products (zinc oxides) already after 24-48 hour of
testing while, after 240 hours of testing, it is possible to see the presence of blister of the organic
coating indicating loss of adhesion. After 480 hours of testing in the salt spray chamber, at the end of
the test, the coating was lifted with a sharp knife, in order to measure the depth of delamination. All the
samples D show a total coating delamination, proving a poor metal-coating adhesion, as shown in
figure 2. Also the samples A show delamination after 480 hours of testing.
The samples B,C and E with steel substrate (both sand blasted and brushed) show after few days of
immersion the presence of corrosion products (rust) in the scratch. After 480 hours of immersion in all
the samples the delamination was negligible (figure 3).
From the salt spray test it is possible to conclude that the adhesion of the coating on the galvanised
sheets is very poor, while in the case of steel substrate the adhesion in presence of high humidity and
chlorides remains good. Such a behaviour appears to fairly independent on the type of organic coating
used.
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Figure 2: Sample D after 480 hours of salt spray test.

Figure 3: Sample B after 480 hours of salt spray test.
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Adhesion test

All the samples having steel substrate (B,C and E) show a very good adhesion measured with the pull-
off test, both in dry and wet condition (the wet condition are considered after 150 days of immersion of
the samples in the NaCI solution) with adhesion strength values higher than 140 Kg/cm2 (the limit of
the pull-off instrument). The failure is localised between the intermediate layer and the primer for the
sample B and C (figure 4) and shows organic coating decohesion for samples E.
The organic coatings on zinc substrate show a good adhesion in dry condition (>140 Kg/cm2), while
after immersion the adhesion decreases reaching 75 Kg/cm2 for samples D and 85 Kg/cm2 for sample
A with detachment of the coating from the zinc substrate (figure 5).
These results (table 2) are confirmed by the salt spray test indications, proving the insufficient
adhesion of the coatings on hot dip galvanised steel. Moreover, according to the salt spray results, the
monolayer coating (sample D) seems to show lower adhesion performance than the multilayer organic
coating.

SAMPLE

A
B
C
D
E

DRY ADHESION
Kg/cm2

>140
>140
>140
>140
>140

WET ADHESION
Kg/cm2

85
>140
>140

75
>"!40

Table 2: Adhesion results.

Figure 4: Morphology of failure for coating E after pull-off test
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Figure 5: Morphology of failure for coating D after pull-off test.

Electrochemical test

A typical impedance diagram in Nyquist form is shown in figure 6. This figure is representative of all the
samples after some days of immersion in the testing solution. They have shown very high total
impedance and this result is a qualitative indication of very good barrier properties for all the studied
materials and therefore of low corrosion rate of the substrate. With the aim to obtain quantitative
information distinguishing the properties of the different organic coating-metal systems, the
electrochemical data were analysed and an equivalent electrical circuit modelling the impedance data
was found. This circuit (figure 7) is very simple and consists in the electrolyte resistance Ro in series
with a capacitance (the coating capacitance Cc) in parallel with a resistance (the ionic resistance
through the coating or pore resistance Rp). From the impedance spectra it was impossible to obtain
clear information on the corrosion process of the substrate because the impedance of the coating is
very high due to the good barrier properties of the paint.
From the values of the coating capacitance, as previously discussed, it was possible to measure the
amount of water uptake.
The results obtained after 60 days of immersion are shown in table 3. The values of water uptake are
the sum of the water absorbed in the polymer matrix of the paint and the water condensed at the
coating-metal interface, causing loss of adhesion and delamination.

SAMPLES
A
B
C
D
E

WATER UPTAKE (%)
27
15
15
12
3

Table 3: Water uptake values.
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Figure 6: Typical impedance plot in Nyquist form: sample D after 30 days of immersion

rA/Wi

cc

Figure 7: Equivalent electrical circuit.

For all the materials, except sample E, the water uptake values are too high to be considered mainly
due to the water diffusion in the bulk of the coating, without condensed water on the metal surface. It is
possible to make the hypothesis that loss of adhesion (delamination phenomena) occur for all the
coatings, except sample E.
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Comparing the behaviour of the different coatings and substrates it is possible to propose some
considerations. The water uptake values are higher, maintaining constant the coating type for the
galvanised sheets (D compared with E and A compared with B or C). The lower adhesion between the
paint and zinc, previously discussed, is highlighted by the water uptake values too. Moreover, the
substrate being equal, the coating system with lower values of water uptake is the monolayer paint, (A
compared with D and C with E).

The values of Rp obtained by using the model of figure 7 after 60 days of immersion in the testing
solutions are shown in table 4.

SAMPLES
A
B
C
D
E

PORE RESISTANCE (ohm cm2)
2 1011

3 1011

2.5 1011

1.3 1010

8.71O1U

Table 4: Pore resistance.

The first aspect to be considered is the very high value of Rp for all the studied samples after two
months of immersion in the sodium chlorides solution. For comparison it is useful to remember that the
barrier properties of a coating are considered good when the Rp value is higher than 108 ohm cm2.
Despite the very high values of Rp, it is possible to recognise some differences: the monolayer
coatings show lower Rp values. This result is a consequence of the lower barrier properties of coating
consisting in a single layer, compared with multilayer systems. In fact the presence of different painting
cycles reduces the ionic mobility through the coating because of the presence of more blocking
interface13. In this case the monolayer system show lower (but good), barrier properties if compared
with the multilayer coating, although it has higher coating thickness. Another small difference can be
noted comparing the materials with zinc substrate with the steel samples: the first ones, maintaining
constant the coating, show lower Rp values.
This result seems surprising, because the coatings properties, as Rp, are not generally dependent on
the substrate. In this case, however, the delamination process in the galvanised samples can induce
deformations or stress in the paint, reducing the barrier properties and therefore the Rp value.

CONCLUSIONS

• The use of an electrochemical approach, together with traditional corrosion and adhesion testing,
can be very useful for the evaluation coating based corrosion protection systems. The evaluation of
the barrier properties (ions and water uptake) obtained with EIS measurements allows to distinguish
the performance of different products for the protection of steel structure, as wind power
generators.

• The electrochemical data, according to the adhesion and salt spray tests, show the inadequate
durability of the organic-coating-metal adhesion for the galvanised steel sheets. A chemical
conversion pretreatment on the zinc surface can be suggested for improving the adhesion, and
therefore the corrosion protection performances, of the painted galvanised steel systems.

• The different surface pretreatments on steel (sand blasting and brushing) are substantially
equivalent regarding adhesion and durability of the corrosion protection properties and both seem
adequate as surface preparation for painting.

• The monolayer system appears very interesting because, despite the slightly lower ions barrier and
adhesion properties, it shows good water barrier performance and generally good corrosion
protection properties. Moreover the costs of application of a monolayer coating are supposed lower
than for a multilayer system.
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ADAPTATION OF A WIND TURBINE FOR OFFSHORE SITING
Contribution to the Joule III Project Opti-OWECS

Bengt Goransson*

*Kvaerner Turbin AB

SWEDEN

ABSTRACT

This paper gives an overview of the work carried out in the EU-project "Structural and Economic
Optimization of Bottom-Mounted Offshore Wind Energy Converters (Opti-OWECS) by the turbine
manufacturer Kvaerner Turbin, Kristinehamn, Sweden. Kvaerner participates in the project with 20 years
of experience in the large turbine development. The objective is to study the prospects for an offshore
turbine with the on-land design as a starting point.

Attention is here given to the most important fields in offshore turbine design, such as loads, availability,
size and maintenance.

KEYWORDS
Wind Turbine Design, Loads, Large Sized Turbine, Maintenance, Upscaling, Offshore.
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1 BACKGROUND

Engagement in wind turbine design started at Kvaerner Turbin already in 1975, at that time under the
name of Kamewa. The initial work was to study the possibilities for participation in the Swedish national
development program aiming for a utilisation of large wind turbines.

In the first part of this paper the experience and state of the art technology at Kvaerner is presented. This
is followed by a description of the design situation for an offshore environment. Finally two specific tasks
are reported: an investigation of different maintenance scenarios and an upscaling of the wind turbine to
find an optimum size.

1.1 Nasudden 2 MW

An order for a 2 MW turbine was placed in 1978 and the design and manufacturing took place 1979 -
1983. The turbine was one of two large machines ordered and was placed at Nasudden, Gotland. The
second prototype was delivered by Karlskronavarvet and sited at Maglarp in southern Sweden. The 2
MW Nasudden turbine was operated for 5 years and produced 14000 MWh. The turbine had a two-
bladed rotor of 75 m, a planetary gearbox and an asynchronous generator, and was erected on a
concrete tower. The most important experience was that the technology of large wind turbines was
feasible, and with some refinement of the technique, an acceptable availability could be reached. The
machine was taken out of service in 1988 and scrapped due to high maintenance costs. At the same
time it was decided by the owner Vattenfall to start the development of a new generation of wind
turbines, "Nasudden II"

1.2 Nasudden II

The development of the second generation of turbines started in 1988. The main goals with the new
project was to increase the availability compared to the first prototype, and to decrease the O&M costs.
The turbine was ordered in 1989 and commissioned during 1992. A Swedish-German co-operation for
the continued development of large turbines was formed between the manufacturers as well as between
government and utility interests. PreupenElektra and Vattenfall ordered one turbine each for Germany
and Sweden respectively. Kvaerner Turbin was responsible for the Swedish order and for manufacturing
of the structural parts. MBB was the main contractor for the German turbine, called Aeolus II, and had
the project responsibility for loads, dynamics and for blade manufacturing. There are two important
differences between the Swedish and German concepts: Aeolus II has a new designed tower while the
Nasudden turbine reused the old concrete tower from Nasudden I and Aeolus II has variable speed while
Nasudden features a two-speed concept.

So far, the main targets of the project have been reached. The machines have been in successful
operation for 3 years with a higher availability than expected. The maintenance is significantly reduced
compared with Nasudden I. It has been found though, that the machine cost is on an unacceptable level
for a commercial introduction of the turbine.

Main data for Nasudden II /Aeolus II
Rotor diameter
Rated power
Number of blades, material
Rotor speed
Power control
Hub height
Hub design
Drivetrain

80 m
3MW
2, CRP/GRP
14/21 rpm/variable 10-21 rpm

Full span pitch
78 m / 90 m
Stiff
Planetary gearbox + bevelled stage
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Main data for Nasudden II / Aeolus II
Generator
Yaw system
Tower
Operating range
Tower head mass
Energy yield

Induction 2 speed / synchronous + inverter
Brakes + pinion
Concrete
5 - 25 m/s
160 t
7800 MWh at Vave=7.6 m/s

Table 1-1: Main data for Nasudden II and Aeolus II

Figure 1-1: Nasudden II

1.3 Blekinge offshore wind energy study

The Blekinge project was a comprehensive Swedish offshore study 1989-1991 between a group of
companies all interested in the future of wind energy. The idea was to study the prospects for an offshore
windfarm of 300 MW outside the Swedish south-east coast. Kvaerner participated in this project as the
turbine manufacturer with the Nasudden II turbine concept. The economic input to the project was the
estimated long term production cost for this machine. Most of the work was spent on site issues,
manufacturing arrangements and on logistics. Another large portion of the project was electrical system
design. The final OWEC design had a concrete caisson as the submarine section with a steel tower
above the water. The turbines were grouped in clusters of 7 machines.

The most important conclusions from this project were:
• The energy production cost was 80% -100% higher than for a commercial land based unit.
• With the power system conditions in Sweden at that time, and still, there is no economic incentive that

could promote a realisation of a project.
• The turbine costs are more than half of the total cost and has to come down considerably to make the

costs reasonable.
• The site was a good choice. No planning restrictions or climatological obstacles were found.
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1.4 Development Study III

Development Study III (DS III) was initiated as a way to find out the possible commercial future for the
large turbine concept. The project was planned to be performed in three independent stages:

1. Definition stage, with specification of loads and technical requirements. Definition of cost goals.
2. Preliminary design study to investigate the chances to reach the cost goals from phase 1.
3. Design of complete concept if the goal in phase 2 was reached.

The most important result from phase 1 was the cost target for a turbine in series production.

In phase 2, the overall turbine concept was considered, and the conclusion was that a radical redesign
was the only way to reach the cost target. The concept from phase 2 is a turbine (WTS 80) with a
straight drivetrain with a 3-stage planetary gearbox, an asynchronous 2-speed generator and, as bed
plate, a welded steel structure with an insulated nacelle cover. A cost calculation of 50 units showed that
this design would have the possibility to reach the commercial cost level.

At the start of phase 3 the former German partner MBB introduced a new generator concept worked out
by the company Heidelberg Motor (HM) in southern Germany This interesting alternative was incorpo-
rated into DS III and was developed in parallel with the geared concept. The alternative (WEC 3000) is a
design with a direct driven multi-pole generator directly on the turbine shaft, whereas the nacelle itself is
the load carrying structure.

Common designs for both alternatives are pitch regulation with hydraulics, including a redundant
emergency stopping system, a soft yaw system and a soft steel tower. One target has been to develop a
dynamically soft system in order to reduce loads. The reduction of the weight is 30 % from Nasudden II.
A new blade wooden blade concept is an alternative to the further developed CRP/GRP blades.

The cost analysis carried out shows that the two concepts differ very little from each other. The cost for a
series of 5 units is estimated to 3,80 SEK/kWh,year. Turbines following the 5-series are believed to be at
a level of 3,50 SEK/kWh,year.

Main data for WTS 80/WEC 3000
Rotor diameter
Rated power
Number of blades, blade material
Rotor speed
Power control
Hub height
Hub design
Drivetrain
Generator
Yaw system
Tower
Operating range
Tower head mass
Energy yield

80 m
3MW
2, wood epoxy
13-19 rpm
Full span pitch
70 - 90 m
Stiff
Planetary gearbox/direct drive
Induction/permanent magnet
Soft, active
Steel
4 - 25 m/s
1301
7800 MWh at Vave=7.6 m/s

Table 1-2: Main data for the concepts derived
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Figure 1-2: WTS 80

Figure 1-3: WEC 3000
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2 SPECIFIC DESIGN PROBLEMS IN OFFSHORE WIND TURBINE DESIGN

2.1 Machine Design

The WTS 80 is originally developed for an onshore installation. The Kvaerner machines built so far have
all been installed on land. Many of the principles guiding offshore design and installation are also valid for
onshore development. Therefore these items are already, in many cases, integrated into the design
process of the land based concept. However an additional development has to take place to achieve the
targets for the different cases in this study.

The dominating problem in offshore turbine design is that most of the sub-systems used today do require
some manual maintenance to work properly with reasonable economics. The typical maintenance is
lubrication and exchange of worn out parts. At an offshore siting the cost of maintenance hours is higher
than on land related to the considerable difficulties to reach the turbines. This fact puts pressure both on
the turbine designer and the maintenance planners.

It is probably efficient to deal with very large turbines for offshore siting. The initial costs are high for
handling equipment and infra-structural investments. Therefore 3 and 4 MW machines can be used with
the same, or better economy than 500 -1500 kW turbines. The philosophy during the Blekinge project
was to use the land based turbine design as much as possible. So far this is also the case in this project.
It is a huge problem to model the relation between an increased function of a component and the
corresponding reduction of maintenance. In the existing database we have neither MBTF for the
components or systems used, nor an adequate knowledge about detailed maintenance requirements for
each component.

2.2 Loads

For the offshore design some important addmendments has to be taken into account. The wave
interaction with the structure gives an additional fatigue load. This can also interfere with the dynamics of
the tower For turbines placed in the North Sea or the Baltic also ice loads must be considered. The total
dynamics are as important as for a land based turbine. The soft-soft tower design for WTS 80 with the
first bending frequency at about 0.30 Hz can not be used due to wave interaction. Instead a stiffer des;c i
has to be implemented. Loads for the reference machine in the Opti-OWECS project has been calculated
at the tower top according to [1]. These loads are used to determine the dimensions of the support
structure. The following three load cases were investigated:

E1.1. Extreme operation gust
E2.1. Occurrence of 50 year gust
Fatigue loads for a lifetime of 30 years

A lifetime of 30 years was assumed and the GL S/N-curve for welds was used. When the three investi-
gated load cases were compared it was noticed that the fatigue loading was the design driver. The
equivalent load range for the different load components at the tower top are as follows:

Load component
AFXT

AFy-r

AF^
A M X T

AMYJ

AMC T

Land based turbine
153 kN
310 kN
324 kN
1052 kNm
9577 kNm
3196 kNm

Offshore turbine
183 kN
490 kN
262 kN
1069 kN
9265 kN
3107 kN

Table 2-1 Design fatigue loads for the onland and offshore 3 MW turbines
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Coordinate system is from [2]. When the wind loads were compared to the wave loads it was shown that
the wind fatigue loads were considerably higher.

3 ADAPTATION OF WTS 80/WEC 3000 TO AN OFFSHORE ENVIRONMENT

3.1 Machine design

The Kvaerner concept WTS 80 is designed for an onshore installation. Below some measures are
described which can be taken in order to adapt the design for an offshore environment. The designers
have to decide about the adequate steps with the design drivers and requirements in mind: availability,
cost, safety, etc.

• Heating, pressure inside nacelle.
To avoid vapour and salt from the marine environment, causing corrosion and other damage inside
the nacelle, it may be necessary to seal off the nacelle interior very carefully.

• Battery backup
For monitoring of the turbine and for maintaining the most critical functions, a battery backup has to
be installed. The time required for backup is decided from the maintenance procedures.

• Passive, redundant parking brake equipment.
To ensure a safe parking of the turbine during a longer period of power failure the blades must be
feathered, the rotor must be parked in horizontal, or near horizontal, position and a parking brake.

• Increased insulation of electrical equipment can be necessary even if the nacelle is closed.

• Redundant feeding of local power.
To ensure power feeding from the group transformer to the local unit, the transmission line for local
power and the equipment may be doubled. A remote control for shifting of line must be installed.

• Radio link for communication.
A radio link was in the Blekinge project considered the most adequate way for communication
between the single turbines and the control station. An optic cable may also be investigated.

• De-icing of wind sensors.
The wind sensors can easily be heated with an electric heating element. Heating of the blades is
probably not necessary. Aerodynamic performance and possible mass unbalance due to ice, will be
monitored by the control equipment. De-icing equipment for the blades is not realistic. Here is proba-
bly an energy deficit, i.e. the system consumes more energy than it saves.

• Control system changes.
Remote monitoring is an important tool for collection of information about the status of the turbine.
Optic fibre and galvanic isolation should be used to avoid break down from high voltage interference.
To decide the causes of an error, the machine should be equipped with additional transducers for
parameters which are not essential for the normal run. The control system could be separated into
several computers to ease maintenance and to reduce the risk that software changes cause fatal
errors for the turbine.

• Fire protection system
For the onshore machine no automatic fire protection system is foreseen. For an offshore unit this
may be adequate if it can eliminate the need for a total replacement of a nacelle hit by fire. It may also
be required if personal is staying in the machine e.g. overnight.
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3.2 Maintenance reduction

The maintenance costs for a wind turbine installation at sea will be considerably larger than for the same
wind turbine installed on land. This is mainly due to the higher transport cost for the maintenance
personnel and equipment. It is therefore important to look at the maintenance requirements and costs.
The main problem is to find the equilibrium between the maintenance cost and the proper design level for
the components to increase the MTBF.

The starting point in this project is the assumed maintenance for WTS 80 with Nasudden II as reference.
From this level the first scenario is a low level maintenance philosophy for the offshore turbine. The
second approach is a no-maintenance level. The following definitions are used here:

Preventive maintenance (PM) - Maintenance carried out in order to avoid unplanned stops of the
machine. It can be divided into two categories of work:

• regular planned maintenance (R-PM)
Maintenance carried out from a previously made planning and instruction

• state conditional planned maintenance (S-PM)
Maintenance performed after inspections and conditional tests

Corrective maintenance (CM) - Performed after a fault in order to put the faulty system into normal
operation again. At the Kvaerner prototypes there has been a lot of this type of action. It is however at
the present level of experience, impossible to quantify any rate of corrective maintenance. There is no
information on MTBF, resource requirements etc. for the components.

3.4 Maintenance of Nasudden II

The preventive maintenance at Nasudden II and Aeolus II has during the 3 years of operation been at a
lower level than foreseen. Most of the non-available time is of the category corrective maintenance,
related to repair and rebuilding of systems due to malfunctions, faulty designs or faulty components.

The preventive maintenance covers 70 hours annually as an average for the two units. The maintenance
is at present not logged in detail. Therefore the different times are only estimates. Most of the mainte-
nance is state conditional, i.e. carried out only if necessary. The inspection rounds are carried out with a
considerably high frequency, with the smallest interval of once per week.

3.5 WTS 80

The philosophy for WTS 80 is to increase the maintenance interval to 6 months in step 1 and to 1 year in
step 2. Step 2 will therefore be equal to the "Low maintenance" alternative for the offshore unit. For WTS
80 is therefore only step 1 shown in the tables below.

Low maintenance (Low-M) - The low maintenance level is based one a 1 year recurrence period. It is
assumed that the unit is normally not visited by a personel in between the maintenance excursions.

0-Maintenance (0-M) - in this model the turbine is supposed to operate for a long time without mainte-
nance. The assumption is that after commissioning and grid connection, a supervised test run is made.
Engineers and mechanics can stay at the turbine, or in its vicinity, for some days having the possibility to
repair and adjust malfunctions of components or systems. After the test run and the required adjust-
ments, the turbine shall be left at its own and no maintenance should be carried out during a set period of
time. The length of this period has to be set as a result from this work. In this model the maintenance free
penoa is assumed to be at least 5 years. This time interval is used as there is a reasonably good chance
to design systems with such a maintenance free operational period. Any longer period than that is
beyond our knowledge today.

334



3.6 Component Investigation

Single components and subsystems are investigated with the experience from the earlier turbines and
with the above maintenance philosophies in mind. The maintenance times are estimated from the
Nasudden II operation and with the system layout of WTS 80 as a reference. The numbers on the line
"TOTAL" are all calculated with a 25 year operational time. The 0-M figures are complicated to estimate
as the philosophy is totally different. These figures are quite clear over the 5 year period. The extrapola-
tion over the life time is more unsafe.

Preventive maintenance hours for the Kvaerner turbine concepts

System
Leading edge
Surface
Blades
Blade bearings
Pitch bearings
Pitch bearings
Hydraulics
Pitch system
Turbine brake
Turbine shaft
bearings
Gearbox
Gearbox
Drivetrain
Electric system
Yaw brake
Yaw bearing
Yaw gear
Hydraulics

Hydraulic syst
Hydraulic syst
Hydraulic syst
RrepKJisy&t
Others
TOTAL 2& years

Action
Refurbishment
Lightning repair

Grease lubrication
Grease lubrication
Exchange
Refurbishment

Exchange of linings
Grease lubrication

Exchange of oil
Exchange of filters

Exchange of linings
Grease lubrication
Grease lubrication
Refurbishment
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Exchange of oil
Refurbishment
Refurbishment

Annual man-hours
N II
5
1

e
16
2
3
1

22
10
-

2
1

13
2
5
4
0.5
2

mmmm
2
2
4
5 |

a
1788 :

WTS 80
5
1
6
8
1

3
4

18
-
2

2
1
5
2
-
4
0.5
4

mmmmm
2
2
4
0.2
6

1193

Low-M
5
0 5

5.5
2
0.2
1

4

7,2
-
2

2
1

5
1
-
2
0.2
4

1
1

2
4

898

0-M
5
0
5
-
-
1

0.5
1»5
-
1

1
0

2

a
-
0
0
0.5

iiisiiiii
0
0

a
2
2
32$

Type
S-PM
S-PM

R-PM

S-PM
S-PM

R-PM

S-PM
S-PM

S-PM

R-PM
S-PM
S-PM

S-PM
S-PM

B-PU

Table 3-1: Planned maintenance for the different turbine concepts
Nil = Nasudden II

3.7 Conclusions

From the investigation the most important results are:
• Blade refurbishment extent is not well defined. Two categories are found: Lightning impact repair and

erosion damage to the leading edge.
• Automatic greasing has to be introduced to increase the maintenance interval over 6 months.
• The hydraulic systems used must have high availability and a long service life.
• Grease and oiled systems require the largest part of the total maintenance.
• Introduction of a simplified and robust turbine concept with e.g. stall control and direct drive may will

reduce some of the "oil and grease" work but will not necessarily reduce the total operational costs.
• As a turbine manufacturer we feel it is doubtful that the 0-maintenance philosophy will work. Normally

a complicated system as a wind turbine, is dependent on almost 100% function of all components.
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Well trained inspectors are also very efficient in finding not only errors but, what is more important,
indications about rising errors which can be taken care of in an early state.

4 AERODYNAMIC AND STRUCTURAL UPSCALING

4.1 Description

As part of phase 2 of Opti-OWECS an upscaling of the 3 MW turbine has been carried out in a study at
FFA, the Swedish Aeronautical Institute. The project has studied three options of turbines:

• rotor diameter 90 m, rated electrical power 3 MW
• rotor diameter 90 m, rated electrical power 4 MW
• rotor diameter 100 m, rated electrical power 4 MW.

The starting point has been WTS 80 and the wooden blades, where FFA originally made the aerody-
namic design. The study has focused on the feasibility of the design for the three rotors. A scaling of the
original rotor has been used for the new designs. It is assumed that the noise emission is of less
importance and that a higher tip speed than 80 m/s can be allowable. The energy output increase is
calculated for all three cases with equal wind parameters. The energy payment is set to 3.5 cECU/kWh.

4.2 Results

Parametric study of turbine size options
Case

80 - 3(base)
9 0 - 3
9 0 - 4
100-4

Thrust
range

1
1.5
1.5
1.8

Blade mass

1
1.4
1.4
1.9

Structure
mass

1
1.13
1.13
1.21

Turbine
cost, kECU

0
44
195
227

Energy yield

1
1.24
1.35
1.6

Energy
income,
kECU
0
70
105
192

Table 4-1: Turbine size options. Economic comparison.

The turbines derived from this study all have acceptable aerodynamic performance. From table 4-1 it can
be concluded that it is economical to increase the rotor diameter to 90 m but not to increase the rated
power. In that case the rotor diameter has to be increased above 100 m. This is a very rough study but
still of some value. It confirms the conclusion from the DS III that the turbine WTS 80 is not at an
optimum rating point. The decision for phase 3 is then to increase the rotor size or to decrease the rating
to e.g. 2.5 MW.
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WINDFARM 'LELY'- FIRST OFF-SHORE PROJECT IN THE NETHERLANDS

Mr. A.M.C. (Louis) van de Sande, Account Manager
NedWind bv

THE NETHERLANDS

ABSTRACT
Application of wind turbines off-shore in the IJsselmeer (NL) proved feasible, with certain
modifications to turbine construction and installation. The project with NedWind 500 kW turbines has
established proof that off-shore wind energy is a promising option for the Dutch energy supply and has
given insight in the effect of this wind turbine project on its surrounding (water landscape, birds, fish).
Building wind turbines on water is more expensive than building on land, primarily due to costs for
foundations, grid connection, hoisting and security measurements for shipping. Since output and
performance of modern wind turbines are steadily increasing, it is to be expected that an off-shore
project consisting of several larger turbines can operate even more cost efficiently. However, due
attention should be given to the choice of foundation, mooring and hoisting facilities, provisions for
connection to the grid. These aspects will vary and are directly related to the projected site for a wind
farm on water.

KEYWORDS
Wind farm, Off-shore, Special provisions, Dynamic behaviour, Measurement program.

OFF-SHORE APPLICATION
Some five years back wind turbines were relatively rigid generators, designed for application in a
coastal wind climate and constructed in accordance to respective wind conditions and load spectra.
On inland sites performance of such wind turbines decreased, however application off-shore in the
IJsselmeer proved feasible, with certain modifications to turbine construction and installation.
The project has established proof that off-shore wind energy is a promising option for the Dutch energy
supply.

"V

Fig. 1 - WIND FARM LELY - OFF-SHORE

Near Medemblik in the lake IJsselmeer
NedWind installed three turbines (Lely 1, 2 and
3) on behalf of the energy board ENW (formerly
NV PEN) in what is called the First Dutch Off-
shore Wind Farm 'Lely'. On behalf of the
project development company WEOM bv, a
fourth turbine was placed in deeper water.
The distance to the coast is 800 meters; the
water depth varies between 5 and 10 meters.
The NedWind turbines were at that time the
largest commercially available and were
therefore chosen in order to achieve minimal
operational costs. The turbines have a nominal
power of 500 kW each, two blades and active
stall power control (ASC).
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The turbines are placed on steel monopiles. This type of foundation is more flexible than the
conventional concrete foundation usually use- on land.
Parameters for the design calculations inclu-t ground data, ice loads, permissible material load and
wind turbine data on frequencies and loads at the foot of the tower. Foundation design is such that
natural frequencies of foundation/turbine do not coincide with those of the rotor or their harmonic
frequencies. Interaction between foundation piles and the soil necessitates the use of different piles at
distinct locations.

Other reasons to apply steel monopiles for the foundation are that this type of foundation can be
delivered pre-fabricated, can be placed quickly, can easily be adapted to the turbine placed on top of it.
Natural frequency of the construction required the diameter of the monopiles to be 3.7 meters. The
monopiles stand on clay in the sand layer in the bottom; the length of the piles was determined by the
depth of this sand layer and varies from 26 to 28 meters.

The diameter of the turbine tower is 3.2 meters; a concrete floor on the monopile anchors the tower to
the foundation. At 2.5 meters above water surface a base with mooring facility with special rubber
shock absorbers is constructed around the tower to prevent serious damage to ship and foundation in
case of a collission.

For connection to the grid each turbine has a 10 kV station in the tower, containing a transformer from
400 to 10.000 Volt and a switching system which could be used to turn off the particular turbine.
The wall of the transformer station is insulated to prevent condensation on the inside and mechanical
ventilation prevents high temperatures in the transformer area. Moulding resin transformers were
applied in order to prevent oil leakage.

In view of extensive nautical activities in the vicinity of the wind farm and to limit hazard to shipping,
security measurements were taken. Red colour accents are used on the towers and nose cones;
horizontal positioning of the blades when the turbines are not operational is implemented; at night the
wind turbines are marked with orange flashing lights; instruction signs for shipping on the bases are
illuminated.

For this off-shore pilot project a measurement program was defined and was executed. The target of the
measurement program was to gain experience in the performance and behaviour of off-shore
windturbines. Three phenomenas have been studied:
- the influence of waves on the dynamic behaviour and consequently the influence on the

dimensioning parameters:
- measurement of the dynamic behaviour of the turbine;
- measurement of the power curve.

For the pilot project a study has been done with the obective to lower the exploitation cost by decreasing
the risk of failure. Secondly it has been studied how and if the maintenance frequency can be lowered.

For the off-shore application some special provisions have been applied, especially in turbine WEOM 1.
These are:
- lightning protection;
- fog sensor for parking with horizontal rotorposition;
- extra sealings to prevent leakage of oil and grease into the environment;
- a lubrification automat;
- provisions for a hoisting device.
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SPECIAL PROVISIONS
Lightning detection
Off-shore turbines have a greater chance of being struck by lightning than on-shore windturbines. This is
because there are no other covering objects. The chance of lightning strike depends largely on the height
of the object and the effective area derived from this height. A big advantage of a two-bladed turbine is
the possibility to park the turbine with the rotor in horizontal position when thunderstorms are detected.
According to NEN 1014 the effective area with the blades placed:
- vertically equals 99.751 m^ and;
- horizontally equals 53.837 m^.

With an overall chance of 2.5 strikes per km^ per year the number of strikes per year with the blades
parked vertical equals 0.27 and with the blades horizontal equals 0,15. The chance on a lightning strike is
reduced with about 40%.

The windfarm is provided with an Electrical Storm Identification Device, ESID. It detects thunderstorms
within a 40 km radius, detects both cloud and cloud to ground lightning, differentiates between these two,
determines its range, and activates user defined actions. The user defined action exists of a normal stop of
the turbine with the blades horizontally parked. The use of the ESID is an initiative of the energy board.

The lightning detection system operates without any problems and offers an interesting protection
mechanism for two bladed machines. As damage due to lightning on a yearly basis is considerable, as a
spin-off of this project NedWind decided to offer lightning protection by detection as a standard option.

Fog detection
To prevent large sailing ships to hit a rotating rotor in fog the turbines are equipped with a fog detection
device. It measures the visibility between two points on the device. When fog occurs, the rotor is parked
horizontally and warning lights are switched on. The fog detection system operates without any problems.

Anti-pollution provisions
The nacelle as well as the tower have been provided with anti-pollution provisions. This is to ensure that
oil or grease can not pollute the water, as the IJsselmeer is a potable water reservoir.
The provisions are the following:
- a grease gutter on the outside of the tower top flange;

it prevents leaking grease of the into the water;
- a double sealing of the main shaft bearing;
- the upper platform of the tower is sealed and can contain

the complete oil quantity of the gearbox;
- oil level detection on gearbox and hydraulic set;
- leakage oil drain on yaw cylinders;
- the rear of the nacelle chassis is sealed to contain the

complete oil quantity of the gearbox and hydraulic set.

All anti-pollution devices are proven designs and thus not tested. Maintenance and inspection has to
guarantee a proper functioning. Since the time the turbines were put into operation, no major oil or grease
leakage occurred.

Personnel hoisting device
At sites where cranes for blade and tower maintenance are expensive and/or hard to get, a personnel
hoisting device is an option. The windfarm Lely is equipped with such a device which has been custom-
made out of standard components.
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The device can be used in two configurations, the first is to maintain the tower, the second is to maintain
the rotor blades. Several additional hoisting points to the rotor and nacelle are made to secure safe
operation. The device has proven to be successful after some initial problems. For instance, the device
was unstable when used for tower maintenance. This was corrected by the supplier. One disadvantage of
the system is that it takes a few hours to mount the device. The device is useful for off-shore and iarge on-
shore windfarms because it does not depend on cranes. Especially the costs for a crane on off-shore
windfarms are excessive. It is necessary to redesign the device in such way that it can be assembled in a
shorter time. For the off-shore windfarm Lely the pay-back period is three years.

Automatic greasing system
Greasing is one of the maintenance activities. Adding grease to the several bearings in the windturbine is
needed to secure the lifetime of those bearings. During assembly of the turbine all greasing points are
filled. Due to use the grease gets dirty; for instance due to wear, the quality of the lubricant decreases and
a certain amount of new grease has to be added. Most greasing points have to be regreased at least every
six months.
The WEOM turbine is provided with three automatic grease systems. The amount of grease is triggered to
the conditions of the windturbine. The systems frequently add grease in small amounts to the greasing
points. The first system is located in the rotor and is of a mechanical type. The blade pitch system controls
a pump which forces grease to the blade bearing nipples. The other two systems are fitted in the nacelle,
each for a different type of grease. The pump is electrical powered and controlled.
The blade bearings as well as the main shaft bearing were overgreased initially. This is adapted by
adjusting the amount of grease per pump cycle. Since then the system operates without any problems.

DYNAMIC BEHAVIOUR
Due to the lower natural frequency of tower and foundation compared to on-shore turbines, measurements
have been performed in order to verify calculations.
The foundation is a monopile, being a steel tube with a wall thickness of 35 mm.
Lower natural frequencies are to be expected as the monopile foundation is a relative soft construction
compared to the concrete block used as on-shore foundation.
The dynamic behaviour of the turbines have been checked by measurements although the water depth and
soil constitution of the Usselmeer are not the same for all turbines.
The calculated frequencies lie between 0,65 and 0,7 Hz.

wind*
austs

soft-soft
structure

rotational*
frequency

soft-stiff
structure

blade passage*
frequency

stiff-stiff
structure

0 0 .1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1.0 1.1 1.2 1.3
* = forbidden area because of critical excitation frequencies.

A windturbine has three forbidden frequency areas being excitation frequencies due to wind gusts, the
rotational frequency of the rotor rpm and the blade passage frequency. If the natural first bending mode
frequency of the structure lies between the rotational frequency and the biade passage frequency the
structure is of the soft-stiff type (one under critical frequency). If the natural frequency equals frequencies
in those forbidden areas, loads will be higher than calculated due to bending moments.

The tower is flanged to the top of the tube. This construction has been chosen because the tower diameter
at the bottom is the same as the pile diameter.
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Measurements
The measurements have been carried out with two accelerometers installed in the nacelle to measure the
accelerations in the (horizontal plane X- and Y-direction) during different operation conditions:
- during parked situations;
- during energy production;
- during turbine start-up and shut down.

At start-up there is an acceleration level in both directions (X and Y) of+/- 0.4 m/s2.
At shut down there are high acceleration peaks at the moment of mechanical braking:
in the X-direction +/- 0.5 m/s2 and in the Y-direction +/- 1.4 m/s2.
In parked situation there are no high accelerations.

The acceleration measurements have been carried out on the tower in longitudinal and transverse
directions. The measurements show a difference in natural frequencies of the first bending mode of the
towers due to differences in soil constitution or, with other words in foundation stiffness. The frequencies
lie between 0.63 and 0,72 Hz.

During wind turbine start up no high acceleration peaks occur. Shut down of the wind turbine leads to
high accelerations at the moment of mechanical braking at low rotor speed. The movement in longitudinal
direction, parallel to the main shaft, is highly damped and in transverse direction badly damped. Measured
frequencies, match with the specified allowed frequencies.

Model analysis
In order to predict the behaviour of off-shore windturbines in combination with the monopile foundation
an analysis has been made of the fatigue damage of aerodynamic and hydrodynamic loading. The
modelling has been done with a finite element code (ANSYS). With the model natural frequencies are
calculated. The response of the model on aerodynamic and hydrodynamic loading has been calculated
with DUWEX. This is a wind turbine simulation program developed by the Institute for Windenergy -
TUD. The wind field is generated with a stochastic wind generator (SWING). The model has been taken
from the preliminary IEC 1400-1 standard. For the hydrodynamic loading only wind generated waves are
considered.

A complete fatigue calculation has been done for the turbine type for two configurations, i.e. a stiff-soft
structure being the case for the Lely turbines and a soft-soft structure which is to be expected for
monopile foundations in deeper waters. In case of the soft-soft model excitation due to waves and thus the
contribution to the fatigue loading on the towerbottom was considerable. The rotor and nacelle however
are mainly wind loaded. In case of the stiff-soft structure the influence of the hydrodynamic loading
appears to be approx. 30% of the total loads, which still is a considerable contribution.
The study does not show final results. However, it gives insight in the qualitative behaviour of the total
windturbine system. It can be concluded that for the excitation frequency of waves also a 'forbidden area'
has to be defined in order to limit excitation forces. The sea state of off-shore locations have to be studied
thoroughly even in relative undeep waters.

PERFORMANCE OF AN OFF-SHORE TURBINE
The performance of a wind turbine can be expressed in the power curve (PV curve) which gives the
relation between electrical power versus windspeed. This windspeed shouid be the undisturbed windspeed
measured on a meteo mast at a prescribed distance and location of the turbine. The wind farm Lely is not
equipped with such a meteo mast because of the nature of the off-shore location.
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There is however a anemo meter placed on every wind turbine. The meter is placed on top of each
nacelle. Wind measurements on a nacelle however are not accurate enough due to the disturbancy of the
rotor. It is highly desirable to measure the turbine performance because it is expected the off-shore
turbines will behave differently from the on-shore turbines. The performance has been optimised by
turning the blade angle for the local conditions.

Calibration factor anemometer
Experiments and measurements on other windturbines showed that there is a linear relation between the
windspeed on top of the nacelle and the windspeed on a meteo mast.
This depends on the rotor configuration and the dimensions of nose cone and nacelle cover. In this case
the windspeed measured on the top of the nacelle is higher then the actual (meteo mast) windspeed. In
formula:

Vmeteo-mast = 0.71 * Vnacelle + 0-78

This is probably caused by a 'hole' in the rotorplane where the aerodynamic effect is not present, simply
because the aerodynamic profile starts at a radius of 5.25 m and the anemo-meter is at 1.5 m. Another
contribution may be the Venturi effect due to the nose cone.

If we use this formula to calculate the true windspeed from the measured nacelle wind speed, a proper
estimation of the real PV curve is obtained.

Energy production and PV curves
To compare the off-shore turbines of wind farm Lely, some other locations were considered. First a
comparison of the energy production is made between three NedWind turbines in wind farm Lely and
three NedWind turbines in the Van Pallandt wind farm located in the area of Middelharnis in the south-
west of Holland. The energy production of the Lely turbines is significantly higher than the other turbines.
Over a period of eight months the average energy capture is 30% higher for the windfarm Lely.

The increase in energy production has to be related to the local average windspeed. To do so a power
curve was made according to the data from 1-09-95 until 14-11-95 of turbine 6 of wind farm Volkerak
(NL) and turbine 20 of wind farm Kreekrak (NL) and these were compared with the PV curve of turbine 1
of Lely. This was done for practical reasons as both the locations of Kreekrak and Volkerak are close to
Van Pallandt. The wind speed of Lely was corrected according to the formula given earlier. The
evaluation showed that turbine 1 of Lely has a better curve.

Although the comparison is not accurate enough to draw final conclusions, it seems terrain roughness has
an influence on the power curve. A low roughness height gives a better power curve. An explanation for
this is the turbulence caused by this roughness height in combination with the blade profile. A relatively
turbulent flow around the profile has a negative effect on the efficiency.

For a hypothetical windregime with an average of 7 m/s, the difference in energy production is approx.
30% in favor of the Lely location. This number seems relatively high, however a cross check with the
corrected wind data from Lely compared with data measured on a location 8 km nearby (Medemblik)
over a period of 4 months gave the same average.

Optimization of the PV curve
The NedWind turbines use Active Stall Control (ASC) to control the generated power. When the turbines
do not operate under rated power the blade-angle is fixed on a design work-position value.
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By varying this work position value in various intervals as a function of the generated power, the energy
production and generated power of the turbines is optimized. The control system used in the turbines of
windfarm Lely offer the possibility to add a control algorithm to the standard control program that
controls the blade angle. The control algorithm is given below.

power interval [kW]

P<75

75 < P < 150

150 < P<350

350<P<450

P>450

work position blade angle

-2°

-4°

-6°

-4°

-2°

Tab. 1 - CONTROL ALGORITHM

Verification of the results
The PV curves of turbine Lely 3 were measured during two months with different weather conditions.
Next to this for both curves the anemo meter of Lely 3 was used, which gives an additional offset on the
measured windspeed. To verify if the difference in curves would also appear under equal conditions and
with a correctly placed anemo meter, an additional experiment was performed.
In this experiment one of the turbines is used as meteo mast. To rule out the influence of the rotating
blades on the windspeed measurement the turbine is switched off with horizontal parked blades to ensure
the correct measurement of the wind speed.

The other three turbines are running. Lely 1 and 2 use the improved control strategy and WEOM 1 uses a
fixed work position blade angle. The simplified map below shows the positioning of the turbines.

GS8H •
HHHB _

LELY 1

WEOM 1

LELY 2

LELY 3

N

• ; - -

!

Fig. 2 - SIMPLIFIED MAP OF WIND FARM LELY

Measurements show that turbine Lely 1 performs better than Lely 2, but both produce considerably better
than turbine WEOM 1. The three curves are almost similar in the upper region of this interval (around 7
m/s). Still there is a difference between the curves which could be explained by some transient effects or
due to the number of measurements.
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For a hypothetical windregime with an average windspeed of 7 m/s an improvement of the energy
production of approx. 10% could be achieved by an optimized blade pitch control.

Conclusions
The energy production of the off-shore wind farm with NedWind turbines is better than of similar
turbines on on-shore locations. Three land locations have been considered and show an approx. 30%
lower energy production than the off-shore location. There is no accurate windspeed measurement
available for the off-shore location but the windspeed measured on the nacelle is corrected and shows a
good comparison with nearby measured data.
The number of measurements of the second experiment to optimize the power curve of the Lely turbines
is too small and too limited to draw any final conclusions. On the other hand the modified control
algorithm with the variable work-position of the blades increase the performance of the turbines with an
estimated 10%.
Combining these two results shows that turbines on the off-shore location produce 20% more than similar
ones on the on-shore locations. This figure seems high and should be verified over a longer period. The
influence of turbulence on the performance however can be considerable and it is adviced to study this
phenomena more in detail and more detailed measurements will give more insight in this matter. The new
control system offers the possibility to do these experiments relatively simple and fast.

OPTIMIZATION OF MAINTENANCE
Machine condition monitoring
The possibilities of machine condition monitoring have been studied. The study has been divided into six
phases.

1. Selection of machine parts and mechanism of damage.
2. Selection of measurements techniques.
3. Selection of hardware.
4. Installation of equipment.
5. Performance tests.
6. Evaluation.

Critical components are those where wear can cause damage. In order of criticality these are:
- transmission;
- electrical system:
- hydraulical system;
- rotor:
- mainshaft;
- generator.

Condition monitoring of bearings and gearwheels can indicate the development of damage or failure. The
indicated measurement techniques for this are vibration measurements. A useful addition is the
measurement of bearing temperatures. For the condition protection of bolted connections an indication
method can be developed, however this is not considered to be a useful addition. Recent developments are
promising concerning systems for small stand alone units like windturbines coupled to a central analizer
which can be integrated in a monitoring system.

Machine condition monitoring is commonly used on installations with high capital investment cost like
power stations. The relatively high cost of machine condition equipment is the reason why the method is
not widely spread. It is recommended to execute fase 3 to 6.
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The control unit of the turbine is also provided with features that allow the operator to anticipate on the
condition decline of certain components like:
- hydraulic system;
- cooling system of the gearbox;
- yawing mechanism;
- regular comparison of the power curve (to check the performance of the turbine).

Maintenance frequency
The inspection and maintenance procedures for NedWind turbines are laid down in a manual. This
manual is accompanied by a checklist to assist maintenance personnel. Preventive maintenance is done by
a half yearly and yearly inspection. Two major items determine the maintenance frequency. These are the
torqueing of bolts and greasing as discussed earlier.

Analysis of maintenance efforts led to the improvement of the assembly procedure such that the chance of
loosening of critical pretensed bolts has become much smaller. Thus maintenance frequency can be
lowered after said improvement.

Experience from failure data can be gained from service maintenance sheets. As not enough and
significant data could be derived from the operational experience of the Lely turbines, generic data from
handbooks and statistics were used for a fault hazard analysis and criticality analysis.
A first analysis was made to identify weaknesses in the design, making use of qualitative reliability
analysis techniques. The following table gives a ranking of the criticality of the different components. The
criticalitv has no unity; values are relative to each other and are not absolute.

Component
Rotor
Blade pitch mechanism
Mainshaft
Transmission
Coupling gearbox generator
Generators
Brakes
Yaw mechanism
Yaw sensors
Hydraulic system
Electrical system/control unit
Nacelle
Tower
Cool ins system

Criticality
0,02
0,0012
0,018
0.070
0,005
0,0155
0,014
0,012
-
0,0105
0,078
0,003
0,0035
0,005

Ranking
4
12
5
!
13
6
7
8
-
3
2
11
10
9

Tab. 2 - RANKING OF CRITICALITY OF COMPONENTS

Transmissions and electrical system have the highest ranking and further analysis should be done to
improve these systems. A fault tree analysis was started.

Overall conclusions and recommendations
When maintenance is properly executed and the use of a monitoring system extended with a low cost
system for machine condition monitoring, maintenance on a yearly base should be possible.
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RESULTS
The installation of the wind farm Lely was realised within a few months. Foundation work started mid
April 1994. Within four weeks monopiles and concrete floors on top of the piles were realized. Cables
were laid and turbines bases were placed. Early June preparations for mounting the turbines were
started. Towers were pre-assembled and rotors were mounted on the nacelles in the nearby working
harbour. Due to calm weather and tight planning mounting the four turbines off-shore was done in two
days. After that the transformer stations were installed and remaining assembly work was completed.
The NedWind turbines were put into operation before the end of June 1994.

Originally the annual output of wind farm Lely was prognosed to be some 3.5 million kWh, sufficient
to supply electricity to some 1.300 households. After the first year of operation it was concluded that
the four turbines in the Lely wind farm generate enough electrical power to provide in the electricity
needs of over 1.500 households, mainly due to the unimpeded wind supply on water.

The wind farm is well-known among those living in the area. 95% of the inhabitants have no objection
to the wind farm. After one year op operation, 80% of the pleasure sailers on the IJsselmeer have no
objection to the project. It is felt that the wind farm fits well into its environment and the colours are
judged positively. Inhabitants in the area are positive about new off-shore projects, although
ecological/environmental interest groups are reticent.

Studies show that the effect of wind farm Lely on shipping is very small. No effect on the behaviour of
fish was shown. The effect on bird life is no different from the effect already known on land. The wind
farm (like one on land) has a limited effect on birds which use tne area as foraging field in that they
keep at a distance of a few hundred meters.

FUTURE APPLICATIONS
Off-shore implementation
Building wind turbines on water is more expensive than a comparable project on land, primarily due to
costs for foundations, grid connection, hoisting and security measurements for shipping.
After building the first off-shore project in the Netherlands, the project at that time proved to be some
30% higher in cost as compared to an identical windfarm constructed on land.
Since output and performance of modern wind turbines are steadily increasing, expectations are that an
off-shore project consisting of several larger turbines can operate even more cost efficiently.
Optimizing support structure design, turbine and wind farm size and hub height leaves room for cost
reduction. Cost price can be reduced, e.g. by implementing a universal generic foundation and tower
design, less complex towers and less provisions with respect to noise emission.
However, due attention should be given to the choice of foundation, mooring and hoisting facilities,
provisions for connection to the grid. These aspects will vary and are directly related to the projected
site for a wind farm on water.

Important factors in favour of implementing wind energy off-shore are:
- growing scarcity of suitable sites for wind energy on land;
- limited terrain roughness and unimpeded wind supply;
- less opposition with respect to visual impact of the turbines;
- length of licencing procedures.

Studies are undertaken to determine the potential of wind farms off-shore, be it either close to the
Dutch coast or far out at sea. Or even in windy regions in neighbouring foreign countries like Scotland,
Norway or the Shetland Islands. The wind energy potential in the latter areas is substantial (hundreds
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of GW) in view of the respective wind speeds ranging from 8.3, 7.7 and 10.5 m/s in average. However,
technically this option will have to cope with the problem of the High Voltage Direct Current
transmission cables which will have to convey electrical power over distances ranging from 6^0 to
1 200 km and up till now cannot transmit more than 600 MW. However, cables with capac.tit.es of 1
GW are expected to be developed in due course. In any case a transmiss.on loss of 12/o should be
reckoned with.

In the Netherlands itself the potential of semi-off-shore sites like sand banks or in shallow water along
the coast could represent 2.800 MW in total. Feasibility of a 100 MW pilot project near shore, to be
realised within 2 to 5 years is being studied under the auspices of Novem.

The most futuristic option in the long run is implementation of wind energy some 30 to 100 km to the
north of Holland, outside of the oil rigging areas and shipping routes. Within a surface of 7>0 square
km some 8.000 MW of capacity could be feasible, for instance the installation of several wind turbines
on one platform, constituting a total capacity of several MW.
Research will have to be done with respect to e.g. foundations in environments with waves of some 10
meters high and water depths of some 10 to 40 meters. Also the technical limits to turbine capacities
will have to be investigated. Last but not least turbine construction will have to be adapted with respect
to aggressive environmental influences like saline air and extreme fatigue factors.

Alternative plans for oil rig disposal
In 1996 Shell issued a competition in which industries were mvited to submits plans for d.sposal or
reuse of the o.l platform Brent Spar. A Dutch consortium put forward an imag.nat.ve plan to transform
the disposal of the Brent Spar platform from an environmental problem into an environmental asset
and simultaneously accelerate the development of renewable energy systems. NedWind has
contributed extensively to the wind energy part of the plan.
Although this alternative was not accepted by Shell in the end, it gives much to reflect upon.

The revolutionary concept was from the desks of a group of companies with expertise in the field of
construction, structural engineering, wind and wave power, electricity generation and d.stnbut.on and
environmental management.

The proposal was to create an ecofriendly floating power station by refurbishing the topside structure
and equipping it with three NedWind megawatt wind turbines. Implementation of megawatt-scale
turbines implies optimal utilization of a site. The world's first megawatt turbine t o t e commerc.a y
operated is of Ned Wind make. The design is basically similar to that of the NedW.nd 500 kW -series,
p r o v e n technology has meanwhile resulted in the deve.opment of further NedWind turbine types
in the megawatt class.'Dimensioning of rotor diameters, towers and other components match the
requirements of specific wind characteristics at a site.

The plan was to have the base structure of Brent Spar towed to a new location off the west coast of
Scotland where it would be rejoined to the refurbished topside. The next stage would have been the

1Stanat on of the initial set of wave power units, with a capacity of 0.7 MW. The whole structure
would have been connected to the grid by means of a power line to the shore. The number of wave
power units would gradually have been increased until the power capacty of the whole structure would
have reached 19 MW.

The new method would have been subject to further intensive studies. It might have proved to be the
ideal solution for other off-shore structures like the Brent Spar.
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SUMMARY

During the Summer months of 1991 Bonus Energy A/S erected 11 turbines in the world's first offshore
wind farm at Vindeby, Denmark. The project has now been running for well over five years and substantial
experience has been gathered. The purpose of this paper is to present to project, to outline the experience
from the manufacturer's point of view, and to offer an opinion concerning further developments.

PROJECT BACKGROUND

It has long been clear that shortage of available
sites on land and environmental issues may be the
limiting factor in large-scale exploitation of wind
power in Denmark. The Danish government aim
of 10 percent contribution from wind in the
domestic production of electrical energy can be
reached with onshore sites, but for significantly
higher penetration offshore sites must be consid-
ered.

In 1989 the board of the ELKRAFT (now sk-
Energi) power company decided that ELKRAFT
should aim at building a 5 MW demonstration
offshore Wind farm. The purpose was to gain
experiences with offshore applications well in
advance of the time when such applications could
become necessary. The offshore wind farm would
be built as part of the first 100 MW agreement
between the Danish Ministry of Energy and the
Danish utilities. Due to the innovative character
the project received grants from both the Danish
government and from the EC Thermie
programme.

The site of the project was selected as a result of
the work of a committee established under the
auspices of the Danish Department of Energy.
More than 20 potential sites were investigated.
Contrary to expectations, siting problems offshore
turned out to be even more severe than onshore.
Numerous interests were potentially affected,
including naval, shipping, fishing, yachting.

ornithological, dumping and others. At the end of
the analysis the potential field had been reduced to
only two sites. The best of these was selected, off
the north-western coast of the island of Lolland.

Competitive tendering was carried out in the early
months of 1990. Bonus Energy A/S was selected
as supplier of the wind turbines and a contract was
signed June 1990. Foundations and electrical
infrastructure were supplied by others.

PROJECT LAYOUT

The selected site has a sea-bed characterized by a
number of ridges and ravines oriented at approxi-
mately right angles to the coastline. The sedimen-
tary soil is Pleistocene in origin and consists of
boulder clay overlaid with a thin layer of sand and
silt. The sea depth over the ridges varies from 2.1
m to 5.1 m. Regular tidal variations are of no
importance in this part of the Baltic, but sea level
variations of +/- 1 m occur as a result of wind
effects in periods of prolonged gales from certain
directions.

The 5 MW rating was achieved using 11 Bonus
450 kW turbines. Since the direction of the sea-
bed ridges is NNW and the prevailing wind
direction is WSW, the turbines were placed in two
parallel rows roughly perpendicular to the prevail-
ing wind. Five turbines were placed in the upwind
row and six in the downwind row. The turbine
spacing in the rows is 8.5 D, and the spacing

HST 1/8

349



Paper presented at the OWEMES '97 Seminar. La Maddalena, Italy 10-11 April 1997

between the rows is also 8.5 D.

Figure 1 Layout of the Vindeby wind farm

FOUNDATIONS

Several different types of foundations were con-
sidered. Given the significant ice loads to be
considered in this part of the Baltic, a reinforced
concrete caisson foundation type was selected.
This type of foundation offers very good ice
breaking capacity when designed with a conical
top section. This foundation type is placed on top
of the sea-bed, and stability against the overturn-
ing moment of the wind turbine is provided by
gravity.

Each foundation has a bottom plate 14 m in
diameter and 0.6 m thick. The cylindrical part of
the caisson has an outer diameter of 10 m and in
the conical section the diameter is reduced to 5 m
over a height of 4.5 m. The upper surface of the
foundation is 2.5 m above sea level. A landing
jetty is placed on the downwind side of the foun-
dation. It has a self-supporting steel deck at the
level of the foundation top, and mooring supports
made of wood.

The caisson foundations were built in a dry dock
excavated on the beach close to the project and
were floated to their final destination. Here they
settled when filled with sand to achieve the neces-

sary weight. The foundation masses are 700-1000
tons, depending on the sea depth at the individual
sites.

ELECTRICAL INFRASTRUCTURE

The voltage level of the 450 kW turbine genera-
tors is 690 V. In the bottom of each wind turbine
tower a 10 kV transformer is located. The turbines
are interconnected through 10 kV submarine
cables and the wind farm is connected through a
main 10 kV submarine cable to a 50/10 onshore
transformer station.

The submarine cables are three-phase PEX-insu-
lated aluminium cables with four embedded
optical fibres for communication purposes. The
cables have a lead encasing and steel armour. The
distance from the closest turbine to the onshore
transformer station is approximately 10 km. The
total length of submarine cables in the wind farm
is 6 km.

Due to the very strong boulder clay of the sea-bed
it was necessary to use a submarine chain excava-
tor for the burying of the submarine cables. In
Danish waters it is normally possible to wash
down submarine cables.

TURBINES

The Vindeby turbines are commercially available
machines of the "Danish Concept". Key technical
data are presented below.

Type Bonus 450 kW
Rated power 450 kW
Number of blades 3
Power control Stall
Rotor diameter 35.0 m
Hub height 37.5 m

For the Vindeby project the turbines had a number
of modifications:

- Air-tight tower and canopy
- De-humidifying systems
- Heat-exchanging cooling systems for gearbox

and generator
- North Sea offshore type corrosion protection
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- Permanent crane in nacelle for small compo-
nents

- Moveable crane (stored onshore) for large
components

- Transformer and switchgear built into tower
bottom

- Retractable roof over nacelle for use during
maintenance works

- Navigational aid illumination of towers con-
trolled by visibility detector and twilight relay

The turbines were completely assembled on shore
and were floated in pairs to their foundations
where they were erected by a floating crane.

COSTS

The actual costs of the project were as follows,
given in MECU, 1991-prices:

Foundations 2.3
Sea cables 1.3
Cables on land 0.3
50/10 kV transformer station 0.3
Wind turbines 4.3
Turbine transformers 0.4
Transportation and erection 0.6
Service vessel 0.1
Others 1.0
Total 10.4

The actual costs amounted to 96 percent of the
ELKRAFT budget. Savings were mainly on
cables and main transformer station, largely due to
purchasing coinciding with another wind farm
project.

At the time of the Vindeby project a correspond-
ing onshore project would have cost approxi-
mately 5.7 MECU, or 55 percent of the Vindeby
project. The Vindeby maintenance cost per MW
was estimated to be 200 percent of the mainte-
nance cost on an onshore location. The additional
Vindeby output due to the offshore location is
estimated to 20 percent. Consequently, the 1991
energy price from the Vindeby project was esti-
mated to be roughly 60 percent higher than the
energy price from a corresponding onshore pro-
ject.

INSTALLATION EXPERIENCES

The turbines were assembled at the quay in the
port of Nyborg, Denmark, some 35 nautical miles
from the Vindeby site. Assembly commenced a
couple of weeks before the shipping of the first
turbines.

The turbines were shipped in pairs on a barge,
completely assembled and ready for erection.
Erection was carried out with a standard 275 t
mobile crane driven onto another 30 x 60 m
barge. By using the standard crane normal erec-
tion routines were retained.

Turbine erection was carried out over a period of
12 days, commencing 25 June 1991. Erection
work could be carried out under moderate swell
conditions only. This created some difficulties,
since June 1991 had a lot of high wind. Wind was
not a directly limiting parameter, however, since
the build-up of a swell was offset by several hours
from the wind picked up. On the other hand,
frustrating waiting periods occurred after the onset
of calm conditions as the swell tended to remain
high for hours. Large parts of the assembly work
had to be carried out in the very early hours of the
midsummer morning, from 2 to 4 am, since this
turned out to be the typical time of the minimal
swell.

Following erection the turbines were fairly rapidly
connected to the grid, and the first power produc-
tion took place 11 July 1991.

The general experiences of the Vindeby turbine
erection and commissioning process were very
good, with no major setbacks other than weather
problems.

COMMISSIONING EXPERIENCES

Commissioning works were carried out in the
months following turbine erection, and the tur-
bines were taken over by ELKRAFT 26 Septem-
ber 1991. Part of the adjustment works continued
after the formal take-over.

Some difficulties were encountered in the com-
missioning period:
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The tip pitch angle had to be adjusted to a
more negative value to prevent overproduc-
tion. Stall appeared to be delayed compared
with normal experiences due to the very low
offshore turbulence conditions.

A troublesome hardware error developed in the
turbine controllers. It turned out to be caused
by optical fibre communication problems and
was solved by the replacement of certain opto-
coupling circuits.

The jetty arrangement, very sensibly placed on
the downwind side of the foundation, turned
out to provide unexpectedly rough mooring
conditions with wind in the prevailing direc-
tion. A standing wave develops on the down-
wind side of the conical foundation, and it is of
sufficient size to make landing difficult in
wind speeds above 12 m/s.

Access problems were generally larger than
expected. The nominal number of inaccessible
hours became somewhat larger due to the jetty
problems, but the problem was increased by
the transportation time requirements. The first
half year of operation from take-over the
project was inaccessible for more than 20
percent of the time.

The de-humidifying systems were saturated for
the first few months due to incoming spray
through a drain channel in the foundation.
When a flap valve was built in the drying
worked as intended.

EXPERIENCES WITH MODIFICATIONS

As mentioned above, the turbines were modified
in several respects. For each of these modifica-
tions it is now possible to evaluate the experiences
of the first five years.

- The air-tight tower and canopy arrangement
has worked well, and corrosion of nacelle
components has been caused only by rain and
spray during service.

- After the initial problems mentioned above the
de-humidifying systems have been able to
maintain the internal humiditv of tower and

nacelle below the 60 percent corrosion thresh-
old. However, the systems are power-consum-
ing.

The heat-exchanging cooling systems for
gearbox and generator have worked well and
have given no problems.

The North Sea offshore type corrosion protec-
tion has worked well and the general condition
of the corrosion protection is very good.

The permanent nacelle crane for small compo-
nents has worked well and has become a
valuable tool.

The moveable crane, one for the project,
normally stored onshore, has been installed
once for a brake disc replacement but has not
been used since. The assembly times and the
difficulties in handling the big components
make it unattractive compared with a mobile
crane on a barge. Furthermore, whenever any
major component needs replacement a barge is
needed anyway, so it is easier to use a slightly
larger model, thereby very easily getting the
necessary platform for a crane.

The arrangements of the transformer and
switchgear built into the tower bottom have
worked well. No over temperature problems
have been experienced despite the sealed
enclosure. Similar arrangements are now
supplied by Bonus as a standard for onshore
wind farms.

The retractable roof over the nacelle for pro-
tection during maintenance works is used only
rarely, since the fitters do not consider it worth
the effort to raise it.

The navigational aid illumination of the towers
has worked well after initial adjustment prob-
lems. No collisions have been experienced.
The visibility detector caused troubles for a
while but now it is working as intended. How-
ever, the entire illumination system is rather
power-consuming.
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GENERAL OPERATING EXPERIENCES

The general operating experiences of the Vindeby
project are good. The project has performed as
predicted, and the availability has been high.

During the two year warranty period Bonus
carried out all works on the project. After the
expiration of the warranty period the owner,
SEAS A/S. has had the responsibility of both
operations and maintenance.

Some general operating experiences are character-
istic to Vindeby:

- The incidence of lightning strikes has been
significantly higher than for onshore wind
farms. Since the Vindeby blades were manu-
factured before lightning protection was devel-
oped, some blade damages have occurred.
Furthermore, in one case a main bearing has
been damaged by arcing at a lightning strike.
The bearing had to be replaced.

- Access problems are the main cause of lost
availability. For example, during the winter
months of 1995-96 the wind farm proper was
iced-in for two weeks, while the harbour of the
service boat was blocked for some further six
weeks.

- Since the service boat is used for other pur-
poses also, it does not have the stock of tools
and spares of an ordinary service vehicle. This
often leads to additional boat trips whenever
anything out of the very ordinary has to be
carried out. The net sailing time of a return trip
is one hour, so exact planning is crucial to the
service efficiency.

- The parasitic power losses due to de-humidify-
ing, heat exchanging and illumination are not
marginal.

- The power transmission losses of the 10 kV
sea cable arrangements are considerable,
amounting to about 7 percent of the annual
output.

CHANGES FOR THE NEXT PROJECT

On the basis of the Vindeby experiences it is
possible for Bonus to draw a number of conclu-
sions with respect to suitable changes for the next
project.

- The air-tight tower and canopy arrangement
and the de-humidifying systems must be con-
sidered as somewhat of an overkill with
present-day turbine technology. General corro-
sion protection has been improved, and the
nacelle layout has been simplified to reduce
the number of small components needing
additional protection. Consequently,
marinisation of a modern turbine is expected to
be of smaller magnitude than on the typical
turbine of 1990.

- Simplified versions of the heat-exchanging
cooling systems for gearbox and generator
have become standard features, and no
changes are envisaged for offshore turbines.

- The North Sea offshore type corrosion protec-
tion has worked well and will be retained, at
least in the splash zone.

- The permanent nacelle crane is a must. It is
already a standard feature of most new turbine
types, including the Bonus 1 MW.

- The moveable crane has not fulfilled its pur-
pose (even though working as intended), and
it is unlikely that it should be retained.

- The arrangements of the transformer and
switchgear built into the tower bottom will be
a standard feature.

- The retractable roof over the nacelle for pro-
tection during maintenance works is superflu-
ous. Large machines will also provide a totally
enclosed working environment.

- The navigational aid illumination of the towers
has worked well and will be retained if re-
quested by the authorities.

- Modem lightning protection, including light-
ning attractor in blade tip, will be necessary.
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- It is worthwhile to spend a lot of design effort
in efficient jetty arrangements. Great emphasis
should be given to the mooring possibilities in
high winds.

- The service boat should be dedicated for the
wind farm purpose, thereby allowing it to have
the stock of tools and spares of an ordinary
service vehicle.

- The power transmission losses of the 10 kV
system are unacceptable.

As a result of the above it is likely that a future
offshore project could have the following charac-
teristics:

- The turbine will be a standard model with
built-in transformer and switchgear, modified
only by higher-grade corrosion protection in
the splash zone.

- The transformer and switchgear arrangements
will be rated at 33 kV.

- It is perhaps premature to conclude on founda-
tion design, but the cost of the caisson-type
used at Vindeby (approximately 10 times more
expensive than onshore foundations) and its
restriction to fairly shallow water depths make
it likely that piled foundations will be more
attractive.

- The jetty arrangements will be more elaborate,
possibly with a boat-sized docking station, and
perhaps even with mechanical locking of the
boat when docked or with a remote-controlled
landing platform lowering on the boat deck.

- Remote monitoring facilities will be more
extensive to facilitate planned repairs.

OFFSHORE APPLICATION IN GENERAL

In addition to the conclusions with respect to the
technical aspects of future offshore applications
we have also considered the subject in broader
terms.

A manufacturer's experience is generally that
ultimately it is always the bottom line of the

economics which matters. A customer may be
willing to pay a premium for certain special
details of a project, such as it being built with very
large turbines or very quiet turbines. But in most
cases the premium is small. At the end of the day,
energy price is what matters in the typical project.

The additional energy price of Vindeby was 60
percent. It was a pilot project, paying in the bud-
get both very large development costs and the
unavoidable costs of the first try.

At the second offshore wind farm in Denmark, the
Tuno Knob project built by Midtkraft and Vestas
the offshore premium on the energy price has
dropped somewhat, to 40 percent or so. However,
it is still above the allowable margins of commer-
cial projects. And this is after all in the shallow,
friendly waters of the Danish archipelago, with
minimal tidal and wave effects.

Increased energy capture is often used as a strong
argument in the promotion of offshore wind
energy. However, it should be made clear that
energy capture may be as good or even better for
many onshore sites in a not too distant environ-
ment. Several onshore Bonus 450 kW turbines in
Denmark outperform the Vindeby machines,
simply because they are sited in locations with an
overall higher resource and/or because they bene-
fit from local terrain effects such as speed-up over
hills.

Infrastructure cost is the main cause of the higher
energy price from offshore applications. There is
little doubt that the infrastructure costs at Vindeby
are higher than they would be with present day
technology. Furthermore, there is little doubt that
the foundation costs would not increase much by
a significant increase in turbine size. Conse-
quently, it must be expected that the civil infra-
structure for large wind turbines can be built at a
considerably lower cost per MW. Likewise, but
perhaps to a lesser extent, electrical infrastructure
costs are likely to go down as projects increase in
rating. On the other hand, the starting point for the
reduction in cost is high (at Vindeby. civil and
electrical works both about 10 times more expen-
sive than onshore), so it takes high efficiency
optimization to reach a level comparable to on-
shore energy prices.
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An aspect which is sometimes overlooked in the
evaluation of offshore prospects is the influence of
accessability on performance. Turbines are more
likely to shut down due to errors under high wind
conditions. When this occurs onshore a conscien-
tious operator will ensure that the turbine is reset
as soon as possible, which is often almost immedi-
ately. If the error is of a type which requires
presence by a technician at the turbine this is no
problem unless the weather conditions are particu-
larly severe, and even then the delay will only be
small. However, if the same thing happens off-
shore it will typically be impossible to reach the
turbine until the high wind event is over. In other
words, lost availability will tend to coincide with
high wind. Consequently, each percent of lost
availability could mean 2-3 percent of lost annual
production. This problem is likely to increase with
distance from the shore.

On this basis we have the following opinions
concerning offshore applications:

- The additional cost of offshore project estab-
lishment due to the electrical and civil infra-
structure requirements is typically so high that
the corresponding gain in output can not offset
the added investment.

- Necessary infrastructure cost reductions are
most likely achieved not by innovation but by
skillful application of present day technology
(steel foundations, high voltage electrical
infrastructure)

- The additional cost of installation and service
of offshore projects is not marginal, particu-
larly not when moving to larger distances from
the shore. Similarly, the energy lost due to
access problems should be taken into account.

- Large turbines (MW range) are likely to offer
some benefits in relation to infrastructure. On
the other hand, installation and service works
will offer interesting challenges.

- As a consequence of the above, offshore appli-
cations are for some time in the future likely to
be relevant mainly where local planning re-
strictions make onshore applications particu-
larly difficult and/or when projects have grown
perhaps an order of magnitude larger than

HST

typical onshore wind farms of the present day.
For large projects dedicated land facilities for
the service organisation should be planned in
the shortest possible sailing distance.

Given that the magnitude of some problems,
e.g. access, was quite surprising at Vindeby,
despite the fact that such problems had been
evaluated in advance, pilot projects with tur-
bines in the megawatt range would be wel-
come. They could reveal any changes in prob-
lem importance when moving to large ma-
chines. Experience from such pilot projects
would be valuable prior to large-scale imple-
mentation.
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WIND FEASIBILITY ON OFF-SHORE OIL PLATFORMS ON THE CASPIAN SEA
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ABSTRACT

The possibility of answering the power needs of an off-shore oil-platform in the Caspian sea with a small
size WECS for the sake of both autonomy and saving was investigated and illustrated in this paper.
The wind characteristics shows to allow high efficiency energy exploitation, that can approach 30% if the
suitable windgenerator is chosen.
Three different pilot plants are proposed and analised. All plants are integrated systems with three main
components: 1) a windgenerator to produce primary energy, 2) a standby Diesel-electric set, to cover the
lack of energy during calm periods, and 3) a storage batten.- bank to cover lack of balance between power
production and power load during the day.
The benefit analysis shows that the three wind systems become advantageous on the Diesel systems after 7,
10 and 18 years depending on the configuration, with an overall balance period of 12 years.

KEYWORDS

Offshore Windplant. Economics. Standby Diesel-electric

INTRODUCTION

Platforms for crude oil extraction are wideh employed in the Caspian Sea, at tens and hundreds kilometers
off-shore. For the human living (lighting, heating, cooking, etc.) they are to be provided with autonomous
electric delivery systems and usually diesel-generator sets are used for this. However, the diesel generation
is expensive because of the fuel consumption; moreover, as the fuel has to be carried on the platforms by
boat from the coast, the fuel supplying is expensive and the electric supply is conditioned by the storage
turnover.
On the other hand, one should rely on a free energy resource that usually is quite rich off-shore: the wind.
The more suitable solution to produce really autonomous electric energy on oil-platforms is to convert
locally the wind energy by means of wind generators set up on the platforms. Although the capital cost of a
Wmd-Electric Conversion System (WECS) is higher than that of a Diesel-Electric Conversion System
(DECS), owing to fuel saving in few years the WECS generation becomes cheaper than the DECS'.
Moreover, the WECS gives real autonomy to the electric supply.
On the basis of these considerations an evaluation of the feasibility of a pilot set of WECS for Azerbaijan
oil-platforms on the Caspian Sea has been carried out and the results are presented.
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A) ANALYSIS OF THE DATA AND PRELIMINARY DESIGN

A. 1 - ASSESSMENT OF THE ENERGY REQUIREMENTS

The energy and power requirements for living on an oil-platform are very variable during the day and the
year. Moreover, they depend on the size of the platform and the number of employed people.
In order to study the feasibility of some pilot systems, we shall consider a small size platform, whose
overall requirements are shown in Table 1.

Table 1: LIVING DATA AND ELECTRIC NEEDS FOR AN OIL-PLATFORM

People: 10 Living area: 150 m2

Power needs

Lighting
day: 300 W
night: 1500 W

Heating
water (5 h/d): 1000 W
warming (8 h/d): 2000 W

Electric appliances
refrigerator (24 h/d): 300 W
stove (2 h/d): 2000 W
radio. TV (6 h/d): 100 W

Annual energy needs

The total amount of energy
requirements is approxima-
ted by excess, as the
warming is accounted during
all the year instead of winter
only.
In order to design the
storage system, beside the
overall amount it is needed
to define the daily
distribution of the energy
needs. The supposed power
needs distribution during the
day is plotted in FIG. 1. This
hystogram shows a large
difference between the
minimum load (600 W) and
the maximum load (5.2 kW), with an average value of 2.3 kW. A WECS able to supply continously 5.2
kW should drive the load without any storage, but should be overpowered; a WECS able to supply
continously 2.3 kW is correctly designed but should need an electric storage of 17.5 kWh, that is a very
large battery bank.
A compromise between these two opposite solutions will be shown later.

8132 kWh/v 7700 kWh/y 4300 kWh/v

Total needs
Energy per year: 20130 kWh
Mean energy per day: 55 kWh
Annual mean power: 2.3 kW

P(kW)
5 H

Daily distribution of the power load

Mean daily energy needs: 55 kWh

12
HOURS FIG.l
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A.2 - THE WIND ENERGY RESOURCE

The suitability of a WECS strictly depends on the amount and the distribution of the wind energy resource.
The following evaluations are based on wind data measured at 5 meters of elevation on a platform at Neft
Dashlari during 1986. The wind data have been reduced at 20 meters of elevation, that is approximately the
hub-height of a small size wind generator, plus the elevation of the platform above sea level. Table 2 shows
the main overall data.
These data show that the wind energy resource is
quite rich. Assuming a precautionary value of
20% for the overall system efficiency, in a year a
WECS should supply 780 kWh per square meter
of the turbine disk area. A 6m-diameter turbine
should supply 22,000 kWh per year, that is
enough to answer the annual energy needs.
Fig.2 shows the distribution of the mean wind
speed over the day and over the year. The daily
distribution of the wind intensity is not very
variable and can be considered constant during
the day. The annual distribution of the monthly
mean wind speeds varies between a minimum (April) of 7.1 m/s and a maximum (November) of 9.4 m/s.
If the WECS is precautionarly designed for the minimum monthly energy resource, we have 193 kWh/m2

available specific energy and 38.6 kWh/m2 energy output for all April. As the daily energy needs is 55
kWh. that is 1,650 kWh for all April, a 1,650/38.6=42.7 m2 turbine disk area is needed, that is a 7.4 m-
diameter turbine.

Table 2: MEAN WIND DATA AT 20 m OF HEIGHT,
(NEFT

Annual mean wind speed
Annual cubic mean wind

Monthly mean and cubic
minimum (April)
maximum (November)

Annual available specific
Weibull parameters:

DASHLARI)

8.4 m/s
speed: 9 m/s

mean wind speeds:
7.1 m/s 7.6
9.4 m/s 9.9

energy: 3.900 kWh/m2

k=4.5 c =

m/s
m/s

9.2

10'

8 .

4 _

2-

DAILY DISTRIBUTION OF THE YEARLY MEAN WIND SPEED

Site Neft Dashlari Elevation- 20 m

6
f,J s/ */j s-1 I JV JSS fs-r <rs*

S * <r * 4 ^'

YEARLY DISTRIBUTION
OF THE MONTHLY MEAN WIND SPEED

•£%

12 18
HOURS

24 6 9
MONTHS

12
FIG.2

It is more questionable to consider the daily mean wind speed fluctuation day by day, that is random.
Shorter or longer (up to many days) calm periods take place randomly; to cover the energy needs during all
the calms the turbine diameter and the electric storage should be much overdesigned, giving excessive rise
to the capital costs. Therefore it will be assumed that the calms are to be covered by a standby DECS
(Diesel generator set).
Fig.3 shows the frequency distribution of the wind speed and of the available energy. The shape of the plots
indicates that both wind speed and wind energy are concentrated in a narrow range, with small shifting
between the plots. This indicates that the site is suitable to exploit with high efficiency the energy from the
wind, provided the wind system is choosen properly. This can be clearly seen from Fig.4, where the site
effectiveness -that is: that part of the system efficiency which depends only on the site- has been plotted
versus-the cut-in speed Vc of the wind turbine, for some values of the rated speed VT.
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The system overall efficiency rjT = e r|max is given by the product of the maximum efficiency of the wind
machine, r|max. by the site effectiveness, s, that measures the suitability of a given WECS to the site. This
term depends only on the w ind frequency distribution of the site and on the speed characteristics of the
WECS (see: Pallabazzer. [1] to [3] for details about this method of potentiality analysis).

8

0 . 8 -

0.B -

a* -

0.2-

SITE EFFECTIVENESS
Site: AZO-Neft Dashlari
Elevation: 20m

4 6
Cut-in Wind Speed (m/s)

FIG.4 shows the plots of the site
effectiveness versus the cut-in speed Vc of
the turbine for some -.alues of the rated
speed. It can be seen that for rated speeds
about 11 m/s the site effectiveness can
approach the optimum (about 85%) when
the cut-in speed is around 5 m/s. If a
windgenerator with these characteristics
and a maximum system efficiency of 35%
should be chosen, about 30% overall
energy generation efficiency will be
obtained, that is quite high for this kind of
plants.

FIG.4

A 3 - OPERATIVE REQUIREMENTS OF THE INTEGRATED WECS-DECS

Because of the regularity and the intensity of the winds in the site, it can be prescribed that the energy
output has to be mostly delivered by a Wind Electric Conversion System (WECS), assisted by a Battery-
Storage System (BSS) and by a Diesel Electric Conversion System (DECS).
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Table 3: ELECTRIC STORAGE DATA

Period:
Mean wind speed
Cubic mean wind speed
Daily mean available specific energy
Daily mean output specific energy
Minimum turbine disk area
Minimum turbine diameter:
Assumed turbine diameter
Mean power output:
Mean energy output per day
Energy needs per day (+20%)
Daily overall electric storage needs
Battery energy capacity

A).precautionary
April

7.1 m/s
7.6 m/s
6.44 kWh/m2

1.29 kWh/m2

51.2 m2

8.1 m
8m
2.7 kW
64.7 kWh
66kWh
13.6 kWh
1000 Ah x 24 V

B) average
Year

8.4 m/s
9m/s
10.7
2.14
30.8 m2

6.3 m
6.5 m
2.9 kW
70kWh
66kWh
11.6 kWh
900 Ah x 24 V

balance the differences between WECS output and load during the day,
excess of generation and returning it when there is a lack.

P(kW)

The DECS is required to
answer the load when both
the WECS and the BSS are
unable to do it, which takes
place during long calms
(more than 6 hours). As the
DECS must be able to
answer the maximum load
(5.2 kW), being regulated for
reduced load, a standby 6-8
kW generator set is to be set
up and its operations are to
be regulated by a control
device.
The duty of the BSS is to

storing energy when there is an

a)

P(kW)

b)

A) PRECAUTIONARY EVALUATION

Mean wind speed: 7.1 m/s (April)
TURBINE DIAMETER: 8 m
Electric storage: 13.6 kWh

lean power output: 2,7 kW

mean power load: 2.3 kW

B)AVERAGE EVALUATION

Mean wind speed: 8.4 m/s (Year)
TURBINE DIAMETER: 6.5 m
Electric storage: 11.6 kWh

mean power output: 2.9 kW

mean power load: 2.3 kW

FIG.5

9 12
Hours

The correct size of the batten bank depends on size and dynamic characteristics of the wind turbine and
cannot be prescribed without knowing the WECS. However, as it is expedient to have a 20-30% of

361



overcapacity, we will calculate the battery size supposing the WECS able to supply about 20% excess
energy. As the daily wind fluctuation is very small (Fig.2), constant intensity can be assumed.
As shown in Table 3, we carried out two different calculations: A) precautionary solution: the available
wind energy of the less windy month (April) was considered; B) average solution: the annual mean energy
was considered.
Fig. 5 shows the hourly distribution of the energy deficit that must be covered by electric storage with
battery bank, for the solutions A) and B). The electric energy needs have been calculated with a 70%
efficiency coefficient and about 30% overdesign coefficient (to avoid whole discharge of the batteries).
As it can be see from Table 3, the energy storage can be answered by a 1000Ahx24V battery bank (for
example: ten 1000Ah x 12V batteries). The only difference between solutions A) and B) is the size (and the
cost) of the wind-turbine, as the difference between storage requirements is very small.
The battery bank is an additional cost that must be compared with other solutions, such as the duplication
of the wind-turbines, that should enable to generate directly all the energy needs.
With solution A, as 13.6 kWh are about 25% of the daily needs (55 kWh), the batteries are able to cover
calms up to 6 hours, after which the load is to be covered by the Diesel.

B) SYSTEM DESIGN AND ECONOMICS

B . l - SYSTEM CONFIGURATION

Owing to the foregoing considerations, the feasibility will take into account the hypothesis that three oil-
platforms are to be equiped with an integrated wind-diesel pilot plant.
Fig.6 shows the integrated energy system with its components on the platform. Here a short description af
these components follows.

INTEGRATED WIND-ELECTRIC CONVERSION SYSTEM

-rv-

1: Wind Generator

2: Standby Diesel Generator

3: Diesel control

4: Current Rectifier

5: Battery bank

6: Inverter

7: Battery control

8: ac delivery

9: platform

10: lodgement

11: Electric box

FIG.6
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a) Wind Generator
Three different solutions for three platforms will be considered:
plant A: one 8 m-diameter (50 m2 disk area, 25 kW rated power) wind turbine able to deliver 66 kWh per
day during the less windy month (April), with storage battery bank;
plant B: one smaller turbine (6.5 m-diameter, 33 m2 disk area, 15 kW rated power), able to cover the load
on yearly average and charging the DECS to support any energy deficit as regards the average availability,
with storage battery bank;
plant C: one larger turbine (11 m-diameter, 98 m2 disk area, 35 kW rated power) or two turbines (2x8m
diameter, 2x50 m2 disk area), in order to answer all the energy needs during one day of the less windy
month (April), removing battery storage at all.
The wind-generator is to be considered as an autonomous electric delivery sistem, including wind machines
(turbine and generator), control system, pole and control box.

b) Standby Diesel Generator
A 6-8 kW Diesel-electric set able to answer the peak load during the wind calm periods is needed.
However, as the yearly mean duration of the calms is not known and the yearly fuel consumption cannot be
correctly calculated, while the Diesel electric groups are actually settled on all the platforms, in the estimate
of the integrated system they will not be accounted directly but only as regards their control and regulation.
The cost of the Diesel-generator sets will be introduced instead as economic reference to evaluate WECS
benefit.

c) Batterv bank
The energy capacity of 24 kWh is needed for the battery bank, which can be obtained with five 1000 Ah x
24 V batteries or ten 1000 Ah x 12 V batteries.

d) Electric box
The electrical control box of the integrated system includes:
- Diesel control and regulation, that allows the Diesel operation to be relayed by the battery charge level
- Batten control, that regulates the charge level of the batteries
- Current rectifier (battery charger), that rectifies the alternate current produced by the windgenerator or by
the Diesel generator in order to feed the batteries
- Inverter, that transforms the direct current fed by the batteries in alternate current for the service

B.2 - COSTS

B.2.1 - Fixed (capital) costs
The costs of the components and of the installation works are rated supposing that three pilot plants are to
be realized exploratively, as indicated in the previous section (item a). Because of the small number of
plants, no discount on the prime costs is supposed and the overall costs will be rated summing up the unit
costs. All economic data are summarized in Table 4.

a) Wind-generator
The unit cost of small-size wind-generator is preferably defined per square meter of disk area rather than
per installed kW, and can be rated at 1000 $/m2. International transport costs and installation lump costs
can be rated each at $ 13,000. Therefore the overall cost of the three systems previously defined are:
A) one 8 m diameter wind turbine: $ 63,000; B) one 6.5 m diameter wind-turbine: $ 46,000; C) two 8 m
diameter wind-turbines: $ 126,000
b) Diesel generator
As the wind system will integrate an existing Diesel group, the Diesel cost is not included in the system
costs (it will be introduced when calculating the benefit of the wind system).
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Table 4.

Item

Capital Costs
Wind-generator
Battery bank
Electric box
Consult&Manag.

(Diesel-generator)

Fixed and

Plant A

63,100
3,500
1,700
15%

(8,000)

Variable costs (per year)

Wind System
Operation & Maint.

Diesel Svstem
Repair and Maint.
Fuel

5.9%

Variable

Plant B

46,000
3,500
1,700
15%

(8,000)

7.8%

Costs ($)

Plant C

126,000
-
1,700
15%
total

(8,000)

2.6%

total

Total

235,000
7,000
5,100

37,000
284,000
(24,000)

13,100

2,800
6,000
8,800

The unit cost of a small size
locally built Diesel generator
can be rated $ 1,200/kW. A
lump cost of $ 1,000 can be
supposed for transport to the
platform and for installation.
Therefore the 6-8 kW Diesel
groups can be supposed to cost
$ 8,000 each.
c) Battery bank
Considering a bank of 10
batteries of 1000 Ah x 12 V,
each rated $ 350, the cost of
each bank will be $ 3,500. As
the pilot plant C doesn't include
electric storage, only two
platform are to be equiped with
batteries, and the total cost will
be $ 7,000.
d) Electric box
The cost of each system
(including inverter, rectifier, switches and control panel) can be rated at $ 1,300, to which $ 300 for
shipment and and $ 100 for installation are to be added. Therefore the unit cost of the control box is $
1,700 and the total cost for three boxes can be evaluated $ 5,100.
e) Consulting and management
A 15% overall rate for these responsibilities is to be considered

B.2.2 - Variable costs
In order to evaluate the benefit of the the wind system the variable costs both of the wind system and of the
diesel system are to be considered.
a) Wind svstem
- Operation and maitenance

As routine maintenance of the wind-system will be duty of the platform personnel, it will be not charged, as
well as the small repair costs.
For each wind-generator a scheduled service every two years is to be computed, with a cost of $ 7,000 for
an engineer coming from the manufacturer, that is an annual rate of $ 3,500. The rate for operation and
ordinary maintenance can be evaluated $ 0.02 per KWh of produced energy; as every plant will produce
20,000 kWh per year, the rate for operation and maintenance of each plant is $ 400.
As the battery bank must be replaced after 5 years of running, a rate of $ 700/year will be considered for
each system including batteries.
The total annual rates for repair, replacing and maintenance are shown in Table 4, as percent of the capital
costs.
b) Diesel system

- Repair and maintenance
The rate for repair and maintenance can be evaluated 20% of the capital cost per year, that is $ 1,400/year.
As the running life of a Diesel engine hardly exceeds 5 years, an additional yearly rate of 1/5 of the capital
cost must be considered to replace the group: that is an additional cost of 1,400 $/year.
The total repair, maintenance and replacing cost is $ 2,800/year (35% of the capital cost).

- Fuel consumption
With fuel unit cost of $ 0.6/liter and fuel mean specific consumption of 0.5 liters/kWh the specific fuel cost
is $ 0.3/kWh. This cost must be increased for transportation from the coast to the platforms, many of
which are at hundred kilometers far from; precautionary, it will be doubled. As the total yearly energy
needs is 20,000 kWh (55 x 365), the yearly rate for fuel consumption will be $ 6,000/year.
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B.3 - ECONOMICS

B.3.1 - Generation costs
The energy generation costs have been calculated with the following simple formula:

($/kWh/year)

where:
C = capital cost
i = annual charge rate on capital
M = annual operation, maintenance and fuel costs (fraction of the capital cost)
E = annual energy yield (20,000 kWh per plant)

Data and results are listed in Table 5.
The energy generation costs of the proposed
wind plants are quite higher than of a medium-
size turbine (~150 kW of rated power), that
usually are 0.15-0.2 $/kWh/year; this is due
both to the smaller size of the WECS and to the
charge of the maintenance costs as the WECS
must be bought abroad.
Anyhow, the energy generation costs of the wind
plants on average are comparable with the

energy generation costs of the diesel system, as regards which one must weight the merit of the autonomous
generation.

B.3.2- Benefit
The benefit rate will be considered in order to compare the WECS energy generation cost with the Diesel
energy generation cost. The total unit cost is given by:

Table 5 : Energy generation costs

E = 20,000 kWh/year; interest rate = 10%
jriant
A
B
C
Total
Diesel

C($)
78.400
58,800

146,800
284,000

8.000

M (%)
5.9
7.8
2.6
5.4

145.0

G (S/kWh/year)
0.62
0.52
0.92
0.73
0.62

($/kWh/year) (N = number of year for mortgage)

r i 0,000
COMPARISON BETWEEN COSTS

A+B+C = PLANT A + PLANT B + PLANT C

A = PLANT A

B = PLANT B

C = PLANT C

D = DIESEL ANNUAL SAVING

A+B+C as regards D

UNIT ACTUAL COSTS

10 15
N (years) Fig.7
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The total unit actual costs are plotted in FIG.7 for the five solutions (plants A, B, C, A+B+C and Diesel).
As it can be seen from these plots, Plant B becomes cheaper than a Diesel plant after 7 years, Plant A after
10 years and Plant C after 18 years. The full proposed solution (all three WECS plants) becomes
advantageous altogether after 12 years. As the life time of a wind plant is usually about 20-25 years, for all
the plants the benefit as regards the Diesel generation is warranted within the life time.

In FIG.7 the overall annual saving of the proposed system (Plant A + Plant B + Plant C) as regards the
Diesel system in also plotted (upper right corner). This diagrams shows that the annual money saving will
be for instance $ 4,440 after 15 years and $8,760 after 20 years

CONCLUSIONS AND FINAL PROPOSAL

Provided the local wind resource is quite rich, the power generation from the wind resource by means of
Wind-Electric Conversion Systems (WECS) is a suitable way to produce energy at low cost, particularly in
remote places where the alternative is the Diesel-electric generation. Windgenerators often offer this
opportunity when set up off-shore, as the winds have high intensity and good regularity on open sea.
The possibility of answering the power needs on an oil-platform off-shore on the Caspian sea with a WECS
both for saving and generation autonomy was investigated and illustrated in this paper.
The wind characteristics shows to allow high efficiency energy exploitation, that can approach 30% if the
right windgenerator is chosen.
Three pilot plants are proposed and analysed. All plants are integrated system with three main components:
1) a windgenerator to produce primary energy, 2) a standby Diesel-electric set, to cover the lack of energy
during calm periods, and 3) a storage battery bank to cover lack of balance between power production and
power load during the day.
The three plants have the following characteristics:

Plant A: 8 m diameter wind-turbine + Diesel-electric set + battery bank
the wind-turbine is able to answer the power load during the less windy month (April) on average;
monthly deficit will be covered by Diesel, daily deficit by batteries : Capital cost: $ 78,400

Plant B: 6.5 m diameter wind-turbine + Diesel-electric set + battery bank
the wind-turbine is able to answer the power load during the year on average; yearly deficit will be
covered by Diesel, daily deficit by batteries : Capital cost: $ 58,800

Plant C: two 8 m diameter wind-turbines + Diesel-electric set
the wind-turbines are able to answer the full daily power load during the less windy month (April) on
average; monthly deficit will be covered by Diesel, batteries are not needed : Capital cost: $ 146,800

When earning out the economic analysis, the cost of the Diesel-electric set was non accounted, as these
groups are already set up on the oil-platforms actually generating all the energy needs.
The benefit analysis shows that the proposed three pilot wind-power generation plants become
economically profitable as regards Diesel-electric generation after 12 years of running, allowing a saving of
$ 4,440 after 15 years and $ 8,760 after 20 years.
The capital cost for plant installation should be at present $ 284,000 turnkey.
Operation and maintenance costs for 5 years amount to $ 65,500.
The total investment that is required for installation plus 5 year maintenance service is $ 349,500.
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BOCKSTIGEN-VALAR 2.5 MW OFFSHORE WINDFARM

Gote Niklasson *

'Vindkompaniet AB
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ABSTRACT

The installation of offshore wind farms in the Baltic sea off the coast of Sweden
requires a building permission process that is different from that for land based
projects. Bockstigen-Valar was the first application for an offshore windfarm to be
dealt with by the authorities in Sweden. The process was a learning experience for
both the local authorities and the applicants Vindkompaniet AB. All relevant
permissions have now been secured for the project which is due for completion in
1997. This paper presents a short summary of the Bockstigen-Valar project and
discusses the application procedure for the project.
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1. Introduction

Building permission for Bockstigen-Valar 2.5 MW wind farm was granted in Dec
1996. The project is supported by the European Commission under the Joule -
Thermie programme.

1.1 Background
Vindkompaniet AB, is a privately owned company based on the Swedish isle of
Gotland, which is situated in the middle of the Baltic sea. The company has been
involved in the development of wind energy installations ever since its first co-
operatively owned wind energy project was completed in 1991.

Gotland an island with approx 53,000 inhabitants today has more than 10% of its
electricity consumption supplied by wind power. The greater part of the development
has taken place on the Nasudden peninsula , a large part of which was designated
as an area of national interest for the development of wind power. This designation
eased the building permission process and lead to a rapid development of wind
energy projects in the area. Today the land based areas suitable for windpower on
the island are almost fully developed. Because of the island's special cultural and
natural heritage there is pressure to restrict the development of further land based
wind farms on the island.

The island's municipality aims to become a zero-emissions zone and is actively
encouraging the development of the use of island's natural energy sources. If there
is to be significant further contribution to the island's energy balance from windfarms
then it is most likely that these will have to be sited offshore.

Although the wind resources offshore are expected to be significantly greater than
on land the high cost of construction and operation of offshore wind farms have
hitherto been the main hindrance to their development.

1.2 Purpose

The aims with the project are to demonstrate that by combining two innovative
techniques: Monopile foundations and a control system that enables connection into
a weak grid, that an offshore wind farm can be constructed and connected to an
existing grid more economically than previously believed.

The project also aims to provide better knowledge of

• Offshore wind resources in the Baltic sea
• Operating costs
• Impact on seal life
• Flora and fauna
• Landscape impact
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1.3 Project description

The site of the project has an estimated mean annual windspeed of 8 m/s at 40m asl.
and is on shallow ground 4km from the coast of Gotland. The wind farm will consist
of 5 stall regulated WEC's type Wind World W- 3700/500kW, located 350m apart in
a V-formation. The estimated average annual output is 8000 Mwh/yr.

The WEC's are to be specially modified to facilitate service and maintenace
offshore. The modifications will involve the provision of special access decks and
0.69/10 kV transformers wil be installed into the base of each of the towers. New
control systems by 'Westcontrol' will be installed into the bases of the WEC's. These
will enable the wind farm to be connected into the existing electrical grid without the
need for further grid strengthening. One of the conditions for granting of support from
the European Commission was that the project should be used to evaluate the
benefits of the new control systems that enable the project to connect to a weak grid.
In choosing the site in preference to others around the coast of Gotland the
prescence of an electrical grid connection point that would facilitate the assessment
of the performance of the new controllers was an important factor. The controllers
will improve the voltage quality of the output from the wind farm and enable the
WEC's to operate at variable speed.

The WEC's will be installed at water depth's between 5.5m and 6.5m using rock-
socketed steel monopile foundations 2.25m dia by 16m long. Erection will be
facilitated by the use of a stable jack - up barge. This simplifies the drilling and
erection procedure and minimises the number of delays due to adverse weather
conditions, resulting in a total erection period of 35 Days.

On the Nasudden peninsula which lies to the north-east of the site are sited 75
WEC's, 25 of which are of the same type as those intended for use at Bockstigen-
Valar.This will provide an excellent opportunity for comparing the performance
between land and sea based turbines.
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1.4 Foundations

The foundation for each turbine will consist of 2.25m dia. steel monopile which will
be set into a 8.0 - 10.0m deep hole drilled in the sea bed. Once the pile has been
grouted in and set the wind turbine will be lifted into place with the aid of a crane
mounted on board the same jack-up barge that is used to locate the piles. The
turbines will be delivered direct to site with the use of a floating barge.
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1.5 Arrangement

The WEC's will be arranged 350m apart in a V- formation orientated to the south
west.

1.6 Location

The site of the project is at
Bockstigen Vaiar 4km from the
coast of Gotland and 2km from the
Nas reef lighthouse. The shallow
reef can be considered as an
underwater extension of the
Nasudden peninsula that is located
4km from the site.

The site is approximately 4km from
the mouth of Burgsvik bay where
there is an existing harbour and a
waterdepth at quay of 3.0 - 3.6m.
This sheltered location provides a
suitable base for service staff.

Maritime access to Burgsvik's harbour is in a channel located approximately 1.5km
southeast from the site. Shipping traffic is slight and consists mostly of leisure boats
visiting the harbour in the summertime.

During the site selection procedure careful investigation of the sea bottom took place
with the help of scuba divers and a GPS/Echo - sounding survey. The entire actual
area has an even and smooth limestone ground and is free from vegetation.
Geotechnical investigations were subsequently carried out on the proposed sites of
the WEC's prior to finaiisation of the foundation designs.

1.7 Project Authorisations

The construction of the wind farm requires authorisation according to the Swedish
Maritime Law (Vattenlagen), the Environmental protection law (Miljoskyddslagen)
and also requires Building Permission ( Byggnadslov). The right to develop a
publicly owned site has been granted from the Swedish state by the National Judicial
Board for Land and Sounds (Kammarkoilegiet).

According to Swedish Law consultations were required during the applications
process with all the relevant central , regional and local authorities, etc. The
consultation procedure began in October 1995 and involved the following
organisations:

- Naturvardsverket
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- Boverket
- Fiskeriverket
- Sjöfartsverket
- Luftfartsverket
- Militärkommandot
- Kustbevakningen
- Länsstyrelsens miljöskyddsenhet
- Länsstyrelsens naturvârdsenhet
- Länsstyrelsens planenhet
- Länsstyrelsens kulturmiljöenhet
- Länsstyrelsens Fiskeenhet
- Kommunens stadsarkitektkontor
- Kommunens miljö- och hälsoskyddskontor
- Naturhistoriska riksmuséet

In addition to this there were consultations with representatives from all the national
broadcasting bodies and telephone operators.

As part of the applications process environmental impact assessments were carried
out for four alternative sites and visual impact studies carried out for each of the
locations. A method statement for the construction period and eventual
decommissioning of the plant was also required as part of the technical description
of the project.

Because of the prescence of two seal colonies, one at Näsravet 2km north of the site
and at Killingholm 2km southeast of the site concerns were expressed by the
Department for Nature Protection about the impact the project would have on seal
life in the area. Seal experts believe that the risk of disturbing the seals is greatest
during the construction phase of the project. However during the drilling undertaken
as part of the geological survey no disturbance to the seals was noticed.

During the geologica] survey the seals appeared to be undisturbed by the drilling activity.
(Photo K. Melander 1996)
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As a condition of the building permission Vindkompaniet AB have agreed to
undertake an investigation of the seal numbers in the area before, during and after
construction. The aim of this is to gather further information as to the impact of the
project on seal life. In addition to this a requirement for lighting of the towers in
order to prevent collisions with traffic was also imposed as part of the planning
conditions.

After completion of the appeals process all necessary permissions were acheived in
Decemberi 996.

1.8 Wind Farm Facts

Number of turbines
Type
Power control
Hub height
Rotor diameter
Start wind
Weight
Distance to shore
Water depth
Foundation type
Foundation weight

Windspeed at Hub height
Max ice thickness
Max ice, packice
Significant waveheight
Max waveheight

5
Wind World W3700/500 Offshore
Stall regulation
41.5 + 16.0m foundation
37m
4.5 m/s
61 tonnes
4 km
5.5 -6.5m
Steel monopile
40 tonnes

8 m/s
c25 cm
c 50 cm
4.5 m
8.0m

8SEXT PAGE(S)
left BLAfSSC
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ABSTRACT
The paper describes design characteristics of large size axial-flux permanent magnet generator for off-
shore applications. The axial-flux permanent magnet machines (AFPMs) are appropriate for off shore
wind energy conversion system, since it allows a mechanic structure more simple and reliable than
conventional generators. Li fact AFPM generators can be directly driven by a wind turbine; therefore the
step-up gearbox generally used in conventional off-shore wind energy conversion systems can be avoided
Moreover AFPM generators have machine efficiency comparable with that one of conventional
generators having same rated power.
The paper describes geometrical and electrical relationships that characterise the design of AFPMs. These
relationships constitute an useful and powerful tool that allow a first instance design of the machine For
off-shore application the design of AFPM generator requires an appropriate design criteria which lead to
the best solution. To achieve the optimum design of this kind of machines, it has been implemented a
suited computer program. The use of this program in conjunction with some fundamental geometrical
parameters allow the optimum design solution for this application, an accurate description of this
optimising process is reported.
Finally, in this paper the general arrangement and the characteristics of 600 kW prototype for offshore
application are discussed

Keywords: Axial-flux PM generator, Gearless, Off-shore application

1. INTRODUCTION
Standard wind energy off-shore conversion system employs a step-up gearbox which is necessary for
coupling a conventional generator to the wind turbine. Such an arrangement of the wind generator dnve
train is needed because of the low speed at which the wind turbine must rotate in order to limit the
mechanical stress on the blades and achieve a high energy capture for usual values of the wind speed.
However, the use of a gearbox influences negatively weight, efficiency, cost and reliability of the wind
energy conversion system, and thereby advantages arise from the consideration of novel electrical
machine topologies which allow the design of efficient and cost-effective generators for the direct
coupling to wind turbines.

A number of studies of possible forms of direct drive generator are in progress in various countries.
However, most of the proposed direct-drive generators rely on the conventional radial-field machine
concept which generally results in a relatively cumbersome generator arrangement due to a poor torque-
to-weight ratio. The advent of high-field permanent magnet materials have opened up opportunities for
electrical machine topologies with substantially improved performance, typically in terms of higher
torque-to-weight ratio and improved efficiency. Materials such as Nd-Fe-B, for example, enable adequate
flux densities to be produced, even with quite large air gaps, thus improving the prospects for designs of
direct drive electrical generators. For such low-speed high-torque applications slotless AFPM machines
have proved to be a particularly advantageous solution, as they allow direct-drive generator designs
which result in extremely high machine lightness and compactness if compared with conventional radial-
field generators.

This paper describes design characteristics of large size AFPM generators for off-shore applications The
study of the design was carried out by means of a computer design procedure which allows the evolution
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of machine significant characteristics. For off shore wind energy conversion systems the design of AFPM
machines appears to be more convenient if the torque/weight ratio is maximised, and such a new
approach is illustrated throughout this paper. According to that the paper reports an analysis of the
geometrical parameters which affect the machine performances, and the design optimisation is achieved
considering the machine torque/weight ratio as well as the efficiency.

Finally the paper illustrates the general arrangement and the characteristics of 600 kW AFPM generator.
The study and the analysis of the design of 600 kW AFPM generator allow to different solutions. The
first is the design of a single-stage generator that is indicate in the case of not limitation for the generator
diameter. The second solution is required if the available space is too small a diameter, then the torque
required at the machine shaft can be achieved by means of a multistage arrangement of the machine. So
600 kW axial-flux PM generator may be arranged by means of 2 machine stages, rated 300 kW for each
stage, or 3 machines stages, rated 200 kW for each stages.

2. MACHINE STRUCTURE AND PRINCIPLE OF OPERATION
AFPM machines differ substantially from conventional electrical machines because of the direction of the
flux into the air-gap, which is in this case along the machine mechanical axis. The basic layout of an
axial-flux permanent magnet machine is shown Figure 1.

STRIP WOUND
TOROIDAL CORE

ROTOR DISC
PERMANENT MAGNET

HOUSING

BEARING

COOLING HOLE

DIRECT COUPLING
TO WIND TURBINE

PERMANENT

MAGNET

ROTOR DISC

WINDING COO.

STATOR CORE

PATH OF
MAGNETIC

FLUX

(A) (B)

Fig. Cross-sectional side view (A) and schematic top view (B) of slotless axial-flux permanent
magnet direct drive generator

The new magnetic material Neodymium-Iron-Boron has the necessary remanence together with a
coercivity which permits a slotless winding to be used which brings further improvements [1,2]. So the
machine stator structure can be realised simply by means of a slotless tape-wound magnetic core which
carries a toroidal three-phase winding. The stator core is positioned between the two rotors which are
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realised by means of discs of steel rigidly connected to the mechanical shaft. Each rotor disc carries
axially-magnetised Nd-Fe-B permanent magnets which are mounted radially on the surfaces facing the
stator structure.

The final arrangement of the machine stator is achieved by enclosing both core and winding with a fiber-
reinforced epoxy resin body. This epoxy resin support is used to improve the mechanical resistance of the
stator structure, but is also used to fix the machine stator to either the turbine nacelle or a flange which is
then connected rigidly to the nacelle.

Since the two rotating discs act naturally as fans, the rotor structure can be designed suitably in order to
remove the machine heating due to copper and iron stator losses. Hence, this machine configuration
permits an exploitation of active materials higher than in conventional machines. The task related to heat
removal can be achieved by means of holes positioned near the mechanical shaft, so that a flow of air is
sustained radially through the machine air-gap and cooling is provided thereby.

The flux path into the machine can be represented as indicated schematically in Figure 1 B, where only
two poles of the machine are considered. As is shown, the magnets drive flux from the rotors across the
two resulting air-gap into the stator core back across the air-gaps and PMs,- and then through the rotors
back iron.

Fig. 2 Finite element analysis

Figure 2 shows computer traces resulting from a F.E.M. analysis carried out on an AFPM machine
having the configuration described above [3]. Because of the machine geometrical symmetry only a
machine pole is represented.

Since the stator winding is wound in a toroidal fashion and two working surfaces of the core are used, this
machine configuration allows a higher percentage of copper that produces torque compared with
conventional machines having winding placed in slotes. The current flowing through each coil interacts
with the flux generated by magnets producing a force tangential to the machine axis. Hence, the machine
torque results from the contribution of all forces which act on both the two working surfaces of the
toroidal core.

AFPM generators could be the best solution for off-shore wind applications because of their very high
torque to weight ratio with designs in the low-speed range. Besides slotless AFPM generators can be
designed for higher machine efficiency, since the PM rotors only have mechanical losses and the machine
copper losses are reduced because of the short end windings resulting from the slotless arrangement of the
stator winding. The main characteristic of axial-flux machines is that a significant increase of the rated
torque can be accomplished by a slight increase of the diameter. In fact, the machine torque increases
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with the third power of the radius. A drastic reduction of the machine dimension results also in a lighter
structure, so that the generator can be easily mounted inside a nacelle on the top of a carrying structure.
The adoption of a high number of poles allows direct coupling with the turbine. In such machines, in fact,
a high number of poles do not affect greatly the efficiency, whereas it can eliminate the reduction-gears
and can reduce the rotor thickness. The AFPM arrangement allows a better use of materials which the
machine is made up for, as the percentage of active sides, along radial direction, is higher than in
traditional machines. So the compactness of the overall mechanical arrangement together with significant
improvements of the electrical performances suggest that AFPM machines can their advantages
application in arranging electrical drives having requirement of a low shaft speed and a relatively high
mechanical torque, such as in the case of off-shore gearbox-less wind power plants.

The directly coupling between generator and wind turbine is of a great importance for off-shore wind
generating systems, as it allows the following advantages:

- mechanic structure is simpler than that of conventional off-shore wind energy conversion system, since
the mechanical arrangement proposed compounds a single low speed shaft which is supported in the
middle and by means of two side flanges couples the AFPM generators with wind turbine;

- the avoidance of gearbox reduces maintenance requirements and the cost, since it is also very expensive;

- the direct drive between the generator rotor increases the robustness of the system as well as its
reliability, therefore overall efficiency is benefited by the avoidance of a step-up gearbox which is
usually used in wind generator.

- direct coupling between wind turbine rotor and electric generator allows a reduction of the nacelle
weight which reflects positively on the tower design.

Benefits arising from the use of direct-coupling slotless axial-flux PM generators may became
particularly significant for large-power off-shore wind energy conversion system that have particularly
design requirements such as generator outer diameter restriction and very high rating torque. In fact
slotless AF PM machines can be realised by means of a multi-stage machine arrangement.
The multi-stage machine arrangement is shown in Figure 3. The basic module for the arrangement of
multi stage machines is the machine structure above descript and shown in Figure 1.

MACHINE STAGE

PM ROTOR DISC TOROIDAL STATOR

Fig. 3 Multi-stage arrangement for a three-stage axial flux permanent- magnet machine
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If j is the machine number of stages, than the machine has j toroidal stators and (j+1) PM disc rotors. The
(j+1) rotors have a common mechanical shaft, whereas the terminals of the j three-phase windings can be
connected either in series or in parallel among them. Each machine stages is rated for a share of the
machine rating power.

Multi-stage AFPMs may be used for improvement of the operation reliability, as well as they allow an
improvement of the machine efficiency at light load conditions which can be achieved by switching off
some of the machine stages. However, a multi-stage AFPM has weight of active materials which is
slightly higher if compared with that one needed in a single-stage AFPM having same rating power.
Hence, multi-stage axial-flux PM generators should be considered advantageous only for the direct-
coupling to large-size wind turbines which have nacelle size constraints.

3. DESIGN CRITERIA
As mentioned above, the machine electromagnetic torque results from the interaction between the current
flowing in the stator winding conductors and the flux produced by PMs. By considering the two working
surfaces of the toroidal core, the electromagnetic torque can be expressed as :

T = 27t-B-J-Kp-{Kr-Kl)-Rl (1)

where B is the average value of the air-gap flux density, J is the current linear density of the stator
winding, Kp is the percentage of the stator winding conductors which interact with the PMs flux, and Kr

is the ratio between the inner radius Rj and the outer radius Rg of the toroidal core. Considering the
thermal balance related to an overtemperature AT of the stator winding with respect to the environment
temperature yields an expression of the current linear density such as:

(s/Ks+yKa)4p(l+/Kf)
(2)

where hp represents the axial thickness of the magnets, Kgj. is the stator winding fill factor, s, Ks, and Ka

are factors related to heat dispersal, p is the winding resistivity value at the machine working temperature,
and Kf is the ratio between the axial and radial lengths of the conductors.
From the equations of electromagnetic torque (1) and current linear density J (2) is clear that torque is a
function only of the geometrical characteristics and in particular it depends on the external radius Rg and
the internal radius Rj. These values, in fact, define the active zone of the machine.
Thereby, by using eq. (2) into eq. (1), the expression of the machine electromagnetic torque can be
arranged in a form which puts into evidence the dependence on the machine outer radius Rg . Hence, the
machine torque can be written as:

T=A ft5 (3)

where A is a coefficient which depends on thermal and geometrical parameters of the machine

The fundamental parameter for the machine design and sizing is the ratio Kr; between internal and
external radius [4]. From design optimisation studies it is found that Kr influences mainly torque and
torque-to-weight ratio, whereas it has a small impact on the machine efficiency. To put in evidence the
influence of Kr different torque characteristics have been calculated for diverse value of Rg. The result is
a family of curves which allows to choose the appropriate machine among a series of possibilities
.Although all these machines are able to work up the same torque, they exhibit different values of size,
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weight, specific torque and cost. For this reason is necessary to establish design criteria which allow to
obtain the best solution, according to the application.

It could be possible to dimension a machine which develops the maximum torque in a fixed volume, or
fixed weight, or else, best efficiency for a fixed torque. Concerning the cost analysis is clear that for each
solution the final purpose is always to reduce the costs of the machine.

Is possible to increase the maximum torque value even if Re is fixed just increasing the magnet thickness
sm. So if we consider sm and Kr as independent variables it is possible to trace a family of curve of the
torque. For a given value of the electromagnetic torque couples of parameter sm and K r can be calculated
and also the curve representative of the machine cost can be drown. This curve always presents a
minimum value for a particular couple of the parameter sm and Kr which must be selected for the design
of a low cost machine.
To achieve the optimum design of an AFPM machines, it has been implemented a suited computer
program, Figure 3 shown the process above descript.
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15823.72
1513jlB4
14524L96
13994.82
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90724.38"

19063-37
20156.06

128498.3
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Fig. 3 Family of curve of the torque vs Kr for diverse value of the thickness sm and curve of the costs.

However for off-shore applications the design of AFPM machines appears to be more convenient if the
torque/weight ratio is maximised. In fact the results obtained in this research show that direct-coupling
AFPM generators have efficiency which is comparable with that of conventional wind generators, but in
comparison the weight is significantly lower. This fact is of a great interest for medium and large size
wind generators, since it allows a reduction of the nacelle weight which reflects positively on the tower
design. Furthermore, a cost comparison between slotless axial-flux PM generators and conventional

380



generators shows that avoiding the gearbox in the wind turbine drive train, it pays back the increase of the
cost of the generator due to PMs.

4. EXAMPLE OF 600 kW AXIAL-FLUX PM GENERATOR
FOR OFF-SHORE APPLICATIONS

Above-discussed criteria were taken into account to design a 600 kW AFPM generator for off shore
applications. Results achieved from the design study has led to three possible solution. The first solution
is a 600 kW single-stage AFPM generator the other solutions deal with multistage arrangement In fact in
AFPM machines the electromagnetic torque is mainly a function of the machine outer diameter. If the
available space is too small a diameter, then the torque required at the machine shaft can be achieved by
means of a multistage arrangement of the machine. So 600 kW axial-flux PM generator may be arranged
by means of 2 machine stages, rated 300 kW for each stage, or 3 machines stages, rated 200 kW for each
stages.

4.1 600 kW single-stage axial-flux PM generator
Since for off-shore wind applications rated 600 kW the generator diameter might not be a concern, this
design study was specialised to single-stage generators.

Concerning the wind generator design particular attention has been payed to the achievement of a high
machine efficiency together with a machine weight reduced as much as possible. Such machine features
were pursed by means of design study, which allowed to put into evidence the influence of Kr on both the
machine efficiency and the machine torque-to-weight ratio. Results of the study are shown in Figure 4.
It can be noted that the machine geometry which results in the maximum torque-to-weight-ratio does not
allows the achievement of the maximum machine efficiency. However, the efficiency vs. K r has a quite
flat trend,, and thereby a good compromise was achieved by selecting a higher values of K r (i.e. Kr=0.85
approximately) for the design of the off-shore generator.

Frequency

i

ii

ii

li

m
KR

Fig. 4 Machine efficiency and the machine torque-to-weight ratio vs Kr
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By using the design approach discussed above, a 96 poles axial-flux PM generator was designed for the
direct coupling to three-blades wind turbine, which has rotation speed of 22 rpm. Table I reports the
main characteristics of the generator in terms of botn electrical and geometrical parameters. Notice that
this machine exhibits a high value of the specific torque together with reduced overall losses, which fact
corresponds to a good exploitation of the active materials.

Table I Design characteristics of an AFPM generator rated 600 kW, 22 rpm

Rating power (one-stage) [kW]

Number of poles

Rating torque [kNm]

Phase peak EMF [V]

Air gap peak flux density [T]

Magnets thickness [mm]

Core inner diameter [mm]

Core outer diameter [mm]

Core axial thickness [mm]

Number of phases

Number of coils

Number of turns per coil

Winding electrical loading [A/m]

Machine axial length [mm]

PM weight [kg]

Rotor weight (without PMs) [kg]

Iron core weight [kg]

Winding weight [kg]

Machine weight [kg]

Torque-to-weight ratio [Nm/kg]

Rating efficiency

Single-stage
arrangement

600

96

260

2 1 1 •

0.59

20

3870

4500

36

- t

288

10

45

164

817

580

1103

1698

4778

55

9 6 %

Two-stage
arrangement

300

96

130

271

0.585

18

3060

3600

28

3

288

15

43

14!

501

312

592

1045

2762

48

9 5 %

Three-stage
arrangement

200

96

86.6

264

0.585

18

2752

3200

25

3

288

20

42.6

135

372

207

392

804

1982

45

94%
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4.2 600 kW two-stages axial-flux PMgenerator
The multistage structure of the machine is suited to overcome the restriction on the machine diameter and
meet the torque required for the direct coupling with the wind turbine. The expression (3) of the machine
electromagnetic torque puts into evidence the dependence with the 3rd power of the outer radius. If the
generator outer diameter could not exceed a given value, then the torque required at the machine shaft can
be achieved by means of multi-stage arrangement.

So if the design requirements are as above mentioned, 600 kW rated axial-flux PM generator can be
realised by means of a two-stage machine arrangement. To this purpose, the two-stages of the machine
with independent flux paths are assembled among them to share a common shaft. Each stage is rated half
the power of the complete machine, so that it can deliver half of the total torque, i.e. 130 kNm at rated
speed (22rpm).
Table I reports the main characteristics of the design concerning 600 kW two-stage axial-flux PM
generator

4.3 600 kW three-stage axial-flux PM generator
In off-shore wind energy conversion systems with wind-turbine-directly-dnven electric generator, the
multi-stage arrangement allows the accomplishment of various power ratings simply combining a certain
number of standard-size machine stages. In this way, it easy to achieve a significant reduction of
manufacturing costs.

The three-stage arrangement for 600 k-W AFPM generator emphasises the above discussed features.
Table I reports design characteristics of one stage which has 86.6 kNm rating torque at rotating speed of
22 rpm. A 600 kW AF PM generator is arranged by means of 3 machine stages, being each machine
stage rated at 200 kW.

5.CONCLUSIONS
This paper has discussed the design criteria of AFPM which can find their advantageous application in
off-shore wind energy conversion systems. Slotless axial-flux PM generators exhibit compactness.
reduced weight and high efficiency, and because of such characteristics they can be advantageously
considered for direct coupling to large size wind turbine.
Design criteria of axial-flux PM machines have been illustrated and it has been shown that for a machine
structure characterised by a high number of poles, the design criteria which maximises the torque /weight
ratio permits also achievement of a high machine efficiency.
For large-power off-shore wind energy conversion system having particularly design requirements such as
generator outer diameter restriction and very high rating torque multi stage arrangement can be adopted
In fact the multistage structure of the machine is suited to overcome the restriction on the machine
diameter and meet the torque requirement for direct coupling with the wind turbine.
Finally the paper has discussed possible arrangement solutions the design of a 600 kW AFPM generator.
The first solution is single-stage arrangement, while the others takes into consideration multi-stage
arrangement.
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ABSTRACT

The blade profiles of the horizontal axis wind turbines (HAWT) are mostly derived from
aeronautical applications, however in recent years some unconventional profiles have been
developed especially for the variable speed HAWT. These profiles were particularly aimed at
getting an high aerodynamic efficiency, a less sensitivity to roughness, "smooth" stall
characteristics and an implicit boundary layer control, thus increasing the reliability and the
availability of the aerogenerators, and the operative range. The above mentioned profiles are
well suited for the offshore Mediterranean sites characterized by a more uniform air-flow and a
lower turbulence level. These new profiles may be also particularly profiteable for the very
aggressive sea environment, for their lower sensitivity to the surface damage. A significant
reduction of the high offshore maintenance costs may be then obtained. For the prediction
of the turbine rotor blade performances, in the design and off-design conditions, a great
amount of experimental data are needed. For the new profiles only the values of the overall
coefficients calculated by numerical codes are often available, as the wind tunnel experimental
data acquisition is long and expensive. In order to get sufficiently accurate data, for a
preliminary turbine design, experimental tests on a water table, based on Lamb's Analogy may
be of great advantage. In this paper the aerodynamic performances of some recent profiles,
FFA-W1-152, MEL-002 and DU-W1-251, measured on the water test bench are reported and
compared.

KEYWORDS
OFF-SHORE, HAWT, BLADE, AIRFOIL, AERODYNAMIC EFFICIENCY, ROUGHNESS, WATER
TABLE, LAMB'S ANALOGY.

1. INTRODUCTION
In the last decades the total installed power of WTG (wind turbine generator) has

continuously grown up, reaching 4.8 GW in the 1995, the 50% of which is in Europe and in
the Mediterranean area.

An increasing attention is given to the energy costs and competitiveness with other
conventional and renewable energy sources. Even if the cost of the produced energy are still
high, this sort of "green" energy may be credited with other non economic benefits.

The development of wind farms extends the land occupation to even poorer sites. This
renews the interest in the exploitation of offshore and onshore areas, successfully performed
many years ago in the Netherlands for the location of wind mills.

A more recent example is, the VENDEBY PLANT in Denmark, [JESPERSEN (1992)].
However the expected development of these plants must face the specific constraints

imposed to the coastal structures and the severity of the marine environment.
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First of all the machine diameter must be optmized, based on the site occupancy constraints.
Very often for terrestrial applications medium size generators (of nearly 500 kW and 30 m in
diameter) are employed, because of their more consolidated technology and the cost benefits
of their mass-production. Therefore the corresponding wind farms need wide areas.

On the other hand, the Mediterranean sea is an enclosed region, densely populated, with
crowded naval traffic, a considerable number of parks, natural reserves and military areas, and
windy but narrow regions (as in the Aegeus Sea, for example). A reduced plant occupancy is
therefore needed and isolated or in small cluster big machines may be the right answer to these
constraints. For reduced power offshore installations, as for example sea-lights, small floating
installations, and so on, also medium size or small machines may be usefully employed. Some
pilot experimental plants with marinized machines are in operation in the North Sea on oil
platforms (VERGNET).

The offshore generators are being now subjected to specific norms. The material
characteristics and the machine, as well as the component, protections, are carefully
considered.

For the offshore applications is very important to hold the original performance in the
severe offshore environment. In the North Sea, for example, in addition to the salt corrosion,
also the frequent blade icing must be considered.

In the Mediterranean sites, the icing phenomena are not significant but some difficulties
arise from winds carrying large amounts of erosive sands, as those from desert areas in the
North Africa Coast, as the aerogenerators operate in the lower planetary boundary layer,
where the abrasive particles and dirty dust are concentrated [BOWEN (1984) and HILL &
GAJRRAD (1989)]. Due to the consequent blade erosion and the dirt accumulation, the profile
geometry may be significantly modified in time and the aerodynamic performances decay,
causing lower power output and machine efficiency. To restore the machine efficiency more
frequent maintenance work is then necessary and the inherently higher offshore maintenance
costs are even more increased.

The development of new profiles less sensitive to the geometry modifications and the
employment of more suitable materials will be profitable in increasing the efficiency and
availability of the machines thus reducing the number of maintenance operations and its overall
cost.

These new profiles are under evaluation on large size machines [DE PRATTI (1996)], but
their extensive use is prevented by the lack of performance experimental data as compared
with the classic aeronautical ones. So at now the older NACA profiles are employed in the
40.1% of the machines and this figure increases to the 63.35% if the more recent NACA
profiles and the symmetric ones for VAWT (Vertical Axis Wind Turbine) are added.

Experimental effort is therefore concentrated on performance data acquisition of the
profiles, such as those developed by: SERI (SOLAR ENERGY RESEARCH INSTITUTE) [TANGLER

et al. (1990)], HILL & GARRAD (1989) (GARRAD HASSAN & PARTNERS), DELFT UNIVERSITY

[TlMMER & VAN ROOY (1992)], MEL (MECHANICAL ENGINEERING LABORATORY)
[MATSUMIYA et al. (1990)] and Swedish Aeronautical Institute FFA (FLYGTEKNISKA

FORSOKSANSTALTEN) [BJORCK (1989) and (1990)].
Data are here reported for some of them tested on the water table, by Lamb's Analogy.

2. PECULIARITIES OF THE OFFSHORE SITES
In the offshore, the turbulence intensity of the planetary boundary layer is lower due to the

lower wrinklness of sea surface as compared to land; as a consequence the mean exponent "n"
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of the corresponding exponential boundary layer velocity profile is about 0.11 and 0.135
respectively [CoUNffiLAN (1975)].

A more stable flux causes a more regular WTG running and a remarkable increase of the
blade efficiency and the energy production. Even if the meteorology of the Mediterranean
Region is complex, the wind energy potential is high and must be exploited it in an optimized
way.

In Italy highest offshore wind energy potentials are found in the most open geographic
areas, such as in the Tyrrhenian Sea and Ionian one, in the southern coast of the Adriatic Sea
and in the different coastal sites in Sardinia and Sicily. Other very interesting Mediterranean
offshore sites are in the Aegean Sea, in the southern coast of France, in the Balearic Islands
and in the northern Africa coasts.

However, as mentioned in the introduction, a lot of constraints are to be taken into
consideration. In addition, the blade operational life is strongly influenced by the content and
quality of the dust carried by the wind, as by the Scirocco in the North Africa, and also the risk
of bird impact, both the migratory and resident ones that often in a crowded way build their
nests close to the coast, should be carefully evaluated. Unfortunately a complete set of data
(about overflights, nestings and so on) for a quantitative estimation of the risk are generally not
available [ETSU (1996), CEREROLSet al. (1996) and SCHLEISER (1996)].

The combined effect of the salt corrosion, as well as of the internal humidity condensation,
due to the daily temperature cycles, accelerate the damage all of the structures, even more
reducing their useful life. Therefore the generation costs strongly depend on the site ambient
conditions.

Salt deposits on the structure surfaces owing to the evaporation of the sea water sprays.
The typical and faster corrosion under stress then arises. The structures loads being variable,
fatigue resistance must also taken into consideration in the material selection. Most often in the
past aluminium, light alloys, steel, and only occasionally stainless steel, on the blade leading
edge (L. E.), were employed for the aerogenerators. Plastic and reinforced fibre materials are
now widely employed, particularly for the rotor blades. Paints and anti-corrosion coatings also
contribute to improve the material's resistance and then machine life and energy costs. For this
purpose, the blade design and its manufacturing process are also vital, and any effort is often
spent to improve the surface polishing. To withstand the erosion process and reduce the
maintenance costs, strips are sometimes applied on the blade L. E. Beginning from the 80s a
wide number of different materials are used for the aerogenerator structures. Most of the
material failures seem to be due to their wrong selection or manufacturing process, combined
with the effects of the ambient conditions and of severe structure loads [BOWEN et al. (1984)].
Unfortunately data on the strength of the new materials particularly in the actual working
situations are still not widely available. Some significant data are reported in BLOM et al.
(1992). Here mention is also given to the delamination damage of some blade composite
material as the glass fibre reinforced epoxy of the WECS (wind energy conversion system)
prototype at Maglarp. Attention must also be paid to the adherence to the surface of dirty
particles, whose deposition modifies in time the blade geometry and the surface roughness,
thus producing an efficiency decay. Mention of the ambient influence on the different structure
components of the aerogenerators is given by COMAND et al. (1994).

Due to the higher regularity of the offshore winds and the consequent higher energy
utilization, much more effort must be devoted to improve the machine availability by increasing
their reliability.

The maintenance timing depends on the rate of the performance decay.
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The profile characteristics are highly influenced by the dust depositions; LlSSAMAN (1994)
reports that in some cases the efficiency decays till to the 33% or more and shows that the
profile sensitivity to the dirty effects strongly depends on its geometry. In some tests on the
MICON 65/13 aerogenerator an efficiency decay of the 33% was measured with SERI rotor
blade profiles and nearly 47% with NACA 4415-24 ones. Some data for small aerogenerators
[LlSSAMAN (1994)] evidences that these effects are greater in the fixed blade rotors controlled
by stall, as the surface conditions strongly influence the maximum value, and the slope of its
curve.

The same Author shows that the effects of dirty are appreciable in more than 60% of the
operative life of the machines; the machine efficiency and thus the overall exploitation of the
sites, may be significantly improved by less sensible blade profiles; on the basis of the above
mentioned characteristics LlSSAMAN (1994) estimated an increase of energy production of
24%, at least, for rotor blades made by SERI profiles, as compared with conventional ones.

The new profiles are most profitable for the offshore applications, where the cost of the
maintenance operations are inherently higher, due to the ambient situation; in some windy
periods may be also impossible to approach the aerogenerators [GAUDIOSI (1994)].

Some data are now available about the effect of the L. E. reinforcing strips on the blade
performances [MUNAKATA et al. (1990)] and about the erosion of the strips in large size
machines [BLOM et al. (1992)]. MUNAKATA et al. (1990) also report the results of tests,
carried out on wind tunnel, on a rotor of 1.4 m diameter. Therefore aluminium strips on the
blade L. E., reduce the power coefficient decay only to a 10%, and give an improvement about
60% of its value.

The experimental investigation of the new profile performance, here reported will be
extended to evaluate the effects of the above mentioned modifications.

3. CHARACTERISTICS OF THE NEW PROFILES
The new profiles taken into consideration in the present paper were FFA-W1-182 and FFA-

Wl-152, MEL 002 and 003 and DU-W1-251. They were specifically designed for the HAWTs
in order to assure high maximum lift coefficient values ( C ^ ^ and more larger sections at the
blade root, "smooth" stall characteristics and a reduced sensitivity to the surface roughness at
the maximum profile lift.

The MEL series is very interesting, as it wasn't derived from existing, but was
autonomously designed based the HAWTs requirements. The variation of Reynolds number
was also carefully taken into consideration [MATSUMIYA et al. (1990)].

The investigated profiles are shown in fig. 1.
The corresponding characteristics, mostly obtained by numerical simulations, are shown in

figs. 3-4-5, MATSUMIYA et al. (1990), BJORCK (1989), BJORCK (1990) and TlMMER & VAN
ROOY(1992).

As mentioned before saltness, abrasive sands, dust, flying insects, and birds mainly modify
the L. E. and highly site-dependent at a rate. Some L. E. erosions were also reproduced in the
experimental tests, fig. 2, for a rough estimation of the overall blade modification.

4. THE WATER TABLE TEST BENCH
The experimental apparatus consists of the water table test bench of the "La Sapienza"

University of Rome. The experimental technique is based on the Lamb's Hydraulic Analogy
that expresses the similarity of the equations of motion of a 2-D, irrotational, isentropic flow of
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a perfect gas with specific heat's ratio of 2.0, and a 2-D, irrotational, frictionless flow of an
incompressible liquid with a free surface in an horizontal channel of rectangular cross section.
Pressure waves in the gas flow correspond to gravity waves in the water flow; the gas shock
wave corresponds to the hydraulic jump. In the Analogy the pressure wave propagation speed
in the gas corresponds to the shallow water wave propagation speed; the Mach Number (Ma)
corresponds to the Froude Number (Fr), the density ratio p/pQ to the height ratio h/hg; the
pressure ratio p/po to the squared height ratio (h/hg)^, and the temperature ratio T/TQ to the
height ratio; being h the depth of the water in the channel, and the subscript "0" is for the
reference condition.

According to SHAPIRO (1949) for low Mach flows the linearized theory indicates that the
pressure distribution is independent of the gas specific heat's ratio; hence, under these
conditions, there's no appreciable influence of the value of gas constant (k=2).

5. TEST RESULTS
The wind speed taken into consideration was in the range 10-12 m/s. For a rotor diameter

of 30 m and a running speed of 55 rpm, the relative velocity at 3/4 of the blade length was
about 140 m/s . The Froude Number value was 0.44 and a 30 mm water depth was imposed on
the water table. The Reynolds Number in the experiments ranged from 30,000 to 60,000. The
incidence angle was taken each degree from -16° to +24°.

For the FFA profiles only theoretical data are at now available. In the fig. 6 the lift
coefficient curve of the FFA-W1-182 is reported, measured in two slightly different conditions,
compared with the BJORCK forecasted one, in order to show a typical dispersion of the
measured points. The difference of the curve slope and of the Cimax value may be ascribed to
the different values of Reynolds and Mach numbers; as the C ^ x value increases at increasing
Reynolds Number and on the other hand increasing Mach number the curve slope decreases.
Some influence may be also due to surface roughness.

Some uncertainty in the assessment of the effective angle on the water table may be
accounted by imposing the zero crossing value. A better comparison is made possible by taking
mean values over a series of the profile tests, as shown in fig. 7 for the FFA-W1-152.

In the fig. 8, the results for the MEL 002 and 003 are reported. The disagreement, of the
Cimax values, as compared with the wind tunnel results of MATSUMIYA et al. (1990), may be
still due to the different Reynolds and Mach Numbers values.

Nevertheless the smoother stall behaviour of the 002 was verified along with the lower
value of its maximum lift.

The same considerations may be extended to the DU-W1-251 results, shown in fig. 9.
In view of a wide investigation on the influence of the profile modifications due to the

erosion on the L. E. and abrasion and dirt deposition near the T. E. (trailing edge) of the blade
some data are reported taken from tests on a compressor blade profile, and a modified FFA-
Wl-182 in which the lower T. E. region was flattened and the profile width was reduced from
18,2 % to 17%, fig. 2. As shown in tab. 1 a C\ decay of about 6% at a=4° was detected, in the
eroded profiles with a chord reduction of 1,924%.

The characteristics of the modified FFA-W1-182 profile, compared with the original profile
data, are shown in fig. 10 (the averaged test data are reported). A reduction of the lift curve
slope and Q m ^ was clearly seen, but the smooth stall behaviour was preserved.
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6. CONCLUDING REMARKS
The usefulness of the experimental apparatus in obtaining at a low cost quick informations

about the aerodynamic profile performances were still proved by the reported results.
The experimental data showed the very good performances of the new profiles for the

specific HAWT applications in view of field tests on actual aerogenerators.
By comparing the curves obtained for the MEL profiles a smoother 002 stall behaviour was

detected for the 002, therefore it would be advisable to concentrate the research efforts in
order to improve its maximum lift value, to get closer to the 003 one, while maintaining its stall
characteristics.

Further tests will be concentrated on the evaluation of the environment effects on the profile
performances.
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APPENDIX: TABLES AND FIGURES

Incidence
(angle of attack)

-2°
0°
2
4

Q
(original profile)

1,375
1,6
1,75
1,875

Q
(eroded profile)

1,275
1,45
1,6
1,75

relative
difference

(%)
-1,213
-9,375
-8,571
-6,667

Tab.l: Lift coefficient decay of eroded profiles
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OPTIMISATION OF A HYBRID STAND-ALONE WIND-PV PLANT FOR A SMALL APPLICATION ON
THE BLACK SEA COAST
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ABSTRACT

This paper presents some aspects of a hybrid wind-PV stand-alone plant designed to supply energy for
a remote household located on the Black Sea Coast. This work started by assessing the wind and solar
potential of the location and also the load profile. It is shown that the two sources of energy are
complementary, so there is possible to have a better utilisation factor of energy using them together.
This fact leads to an almost continuous energy supply and a smaller size of the storage unit. To realise
the system, a 1500 W wind turbine and a 750 Wp photovoltaic array were chosen. Since wind and
solar energy converters are finite sources of power, the efficiency of energy capture is improved by using
a power conditioner (which includes a peak-power tracer and a battery regulator). An inverter is used to
supply 220V/50Hz voltage for all the consumers. In addition, an auxiliary load were taken into account to
get the extra energy when available. This system was tested for one year in our Test Facility, also
located on the Black Sea Coast. The behaviour of the system is presented.

KEYWORDS

Hybrid Wind-PV Plant, Wind and Solar Potential, Load Profile, Energy Capture

WIND AND SOLAR POTENTIAL

The Black Sea Coast represents a good area for the use of wind and solar energy from many reasons:
first, due to the good wind and solar potential, second because they are unpolluting - the zone being
pollution sensitive and third, because there are many insulated household unconnected to the grid,
especially in the northern part of the coast.

The meteorological data shows that the level of wind and solar potential on the coast is higher than in the
rest of the land. The number of consecutive unproductive days is also lower. For instance, the wind and
solar energy values, as they are measured in our Test Facility, located on the Black Sea Coast (15 km.
south of Constanta) are:
- the annual wind speed: 5m/s;
- the annual specific wind energy: 861 kWh/m2;
- the annual average of daily solar energy: 4.2 kWh/m2;
- the annual specific solar energy: 1545 kWh/m2.
The wind energy is higher during winter and lower during summer, whereas the solar energy is vice-
versa. So, those energies are complementary, as it is shown in Fig.1.
The wind speed and solar irradiance for a typical summer day and winter day are presented in Fig.2 and
Fig.3 respectively. It also can be shown the complementary of these energies.
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Fig. 1 Solar and Wind Potential on the Black Sea Coast
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THE LOAD PROFILE

Beside the wind and solar data, the load profile is required in order to size the hybrid wind-PV system. To
determine the load profile, there were taken into account the typical demands for a household. This
includes lighting and different domestic appliances: TV set, refrigerator, washing machine, vacuum
cleaner, flat iron, coffee maker, etc. A small water pump and a water boiler were considered to get the
extra energy when available. Electric heating was not taken into consideration. The load profile is
presented in Fig.4.

Rg.4 Load Profile
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SYSTEM DESCRIPTION

The system sizing was done on the basis of solar and wind energy potential and load profile. The block
diagram is presented in Fig. 5

Fig. 5 Block Diagram
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The main block components are:
- Wind turbine (WT)
For this purpose a 1500 W wind turbine was chosen. Its main features are: low rated wind speed (7 m/s)
and pitch-controlled turbine. Those mate the wind turbine to capture energy even at low wind speed (the
cut-in wind speed is 3m/s). The wind turbine power characteristic is presented in Fig. 6.

Fifl. 6 WT Characteristic

2000 •

4 5 6

Wind Speed (m/s)

- PV array
Having 750 Wp it consists of five parallel rows, two modules series connected each. The modules are
made of monocrystalline silicon cells and they have the following characteristics: 75Wp rated power, 17V
rated voltage, 4.4 A rated current.
- Battery (BAT)
The energy storage unit consists of a vented lead - acid battery with 450 Ah rated capacity and tubular
positive plate. It is formed of three parallel rows of four blocks (6V, 150 Ah rated capacity) series
connected.
- Regulator (REG)
This block contains two distinctive components: the charge regulator which always keeps the battery
voltage within the settings and the peak-power tracer - a very important element - which regulate the
system to get the maximum wind and solar power available. The regulator is microprocessor controlled.
In addition, the regulator can connect an auxiliary load (water pumping and boiling), to get the extra
energy.
- Inverter (INV)
Its characteristics are: 24 V input voltage, 220 V, 50 Hz output voltage and 3000 W rated power.

RESULTS AND DISCUSSIONS

The system has been tested for one year in our Test Facility on the Black Sea Coast. The results have
proven that this hybrid system is well fitted for the coastal zone. The complementary of the two energy
sources (wine" and solar) made the system to work property, both in winter and summer. On the Black
Sea Coast, the wind speed is high during winter while in summer the solar irradiance is high. But the
more important is that, almost always, we can rely on one of them, at least. On the basis of multiannual
meteorological data for this site, the number of consecutive unproductive days is less than five. Fig. 7
and Fig. 8 show the contribution of the wind turbine and PV array for a winter day and a summer day
respectively. Starting from the measured currents, the corresponding powers were calculated. The
amount of energy in the two opposite cases is larger than the load demand.
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One of the advantages of a hybrid wind-PV system is a smaller storage unit than in a wind or a PV
system. This is because at least one of the power sources is able to provide energy almost all the time.
Another advantage of a hybrid system is that the battery lifetime is longer, because it is in a belter state
of charge (SOC). This fact can be seen in Fig. 9.

During the system testing there was not any failure of the components.

CONCLUSIONS

Hybrid plants are good solutions in areas where the individual renewable sources are not in phase, as is
the case of coastal zones. The optimisation of the hybrid wind-PV plant depends on the particular
meteorological characteristics of the site and on the control strategy. A better utilisation factor of local
power potential is possible. The fluctuations of the sum of the two energies are lower and, hence, the
size of battery is smaller. One of the important features of this system is the wind turbine. It is designed
for a relative tow rated wind speed (7m/s) and it has a pitch-controlled turbine, unusual for small units,
which makes the turbine to work almost continously. In addition, the peak-power tracer, both for wind and
solar equipment, which always regulate the load to have the maximum conversion efficiency, increase
the global utilisation factor of the wind and solar energies.
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COST-EFFICIENT FOUNDATION STRUCTURES FOR LARGE OFFSHORE WIND FARMS

Juhl H.*, Lorin Rasmussen J.*, Birck C.°, Gormsen C. °,Lyngesen S."
*RAMB0LL, °NNR and **LICengineering A/S

DENMARK

ABSTRACT
This paper presents the results of the development of a cost-efficient foundation for large (1.5 MW) offshore wind
farms at water depths of 5 to 11 m. Previously, in Denmark medium sized wind turbines (500 kW) have been
installed offshore at water depths of approximately 5 m on concrete gravity foundations. The installation of larger
turbines at greater depths does, however, hold great promise in terms of wind environment and environmental
considerations. The costs of a traditional gravity foundation at these increased water depths is expected to be
prohibitive, and the aim of the project has been to reduce the foundations costs in general. This paper describes the
theoretical basis for the geotechnical and structural design of three alternative concepts and presents an optimised
layout of each based on a research and development project. The basis has been a wind farm consisting of 100
turbines.

The R&D project has been undertaken by the consulting engineers Nellemann, Nielsen & Rauschenberger A/S
(Gravity foundation), LICengineering A/S (Mono pile) and RAMB0LL (Tripod) in co-operation with the Danish
utility engineering companies ELKRAFT and ELSAMPROJEKT A/S. The project was partly financed by the
participants and by the Danish Energy Agency through their 1996 Energy Research Programme (EFP-96).

KEYWORDS
Foundation. Offshore wind farms, Cost-efficient, Ice loading, Installation, Steel structures. Gravity foundation,

Mono pile foundation, Tripod foundation.

1. 0 - INTRODUCTION
The use and development of wind turbines have been a hot topic in the debate of energy resource management and
environmental issues for the last couple of years. The focus of which has switched from how to provide a financial
basis for the construction of onshore wind farms to the environmental impact imposed by these wind farms. The
different environmental problems associated with the operation of onshore based wind turbines such as noise,
reflections, impact on wildlife, architectural consideration etc. has urged the turbines to be placed where these
problems are at a minimum i.e. away from populated areas. Consequently the idea of placing the wind farms
offshore has been developed. The offshore deployment also holds promise in terms of better wind environment and
higher efficiency of the turbines due to an allowed higher noise emission, yielding at better economy for the turbine
operation.

In 1991 Elkraft constructed the world's first offshore wind turbine farm at Vindeby consisting of 11 turbines with
at total rated capacity of 5 MW. Following the power company Midtkraft erected 10 turbines at Tune Knob in 1995
likewise with a rated capacity of 5 MW. Both these parks were founded on concrete gravity structures as depicted
in Figure 2-a.

One of the lessons learned has been that the offshore farms are approximately 50-100% more costly per installed
rotor area as compared to conventional onshore projects. The reasons for this is primarily the added complexity of
having to install foundations and power cables at sea and secondly the increased costs of the foundations itself. The
common expectation has previously been that the costs of the completed foundation were approximately
proportional the water depth squared (quadratic rule). Thus a strong incentive exists to reduce the foundation costs.

In terms of relative costs the foundations at Tune amounted to 23% of total costs to be compared with typicaly 6%
for onshore based turbines.
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1.1 - Present project
The aim of this study has been to develop new foundation concepts in order to reduce the foundations costs and
thus improve the overall economic performance of future large offshore wind farms.

Both the installation techniques and costs estimates included in this study assume that the development of such a
farm will be done in steps of 100 turbines covering a number of subtypes with minor deviations. The turbines are
chosen to be placed in a 10 x 10 grid with an internal distance of 400 meters covering an area of 16 km2.

In order to make the results apply to possible future wind farm developments a range of external conditions (soil,
environment and weather conditions) has been defined for the study.

The water depth has been set at three levels 5, 8 and 11 meters to cover the most probable conditions and to allow
the costs to be related to the water depth.

Among a number of locations identified in the Danish waters as potential locations for future offshore wind farms
two locations have been chosen for the study. The locations are Horns Rev (a reef) west of Esbjerg on the Jylland
peninsula and Redsand west of Gedser at the southern tip of the island Lolland in east Denmark. The locations are
indicated on Figure 1

The two locations have been chosen since they represent two
extremes in terms of soil conditions with Horns Rev being an almost
pure sand profile, and Radsand having soil conditions with very stiff
clay till formations. In terms of environment Radsand is typical for
conditions found in most inner Danish waters with relatively
shallow water, breaking extreme waves and possibly solid sea ice
during the winter season. Horns Rev on the other hand represents
the harsh North Sea environments as found along the west coast of
Jylland, with fairly large (breaking) waves and large swells even in
the calm summer months.

The study has been based on normal design practices as stipulated
by the Danish codes of practice (DS system).

1.2 - Initial Design
The starting point for the three foundation concepts are widespread.

The gravity foundation was the true and trusted concept applied at
the two earlier parks as shown in Figure 2-a, and from the beginning
thought as a concrete structure to provide the weight required. The
fabrication methods and materials are straightforward and well
established amons Danish contractors.

HornsMev

Red sand

Figure 1 Locations used for the presented
foundation study. Redsand at the southern tip
of Lolland and Horns Rev west of the Jylland
peninsula

Mono pile foundation: Installation of very large diameter piles has become common within the offshore sector.
Piling equipment has been developed and theories for laterally load piles have been established (Reese 1974, Ref.
/18/). Mono piles have been used for laterally loaded offshore constructions such as lighthouses, mooring posts
and free standing well conductors. Within the last years they have also been employed as foundation for offshore
wind turbines. The present study has focused on piles with diameters of approximately 3 to 3.5 m and penetration
depths of approximately 20 m and further on the connection between tower and pile. See Figure 2-b.

Tripod foundation: The tripod concept is the minimum structure resulting from the wish of having three steel piles
located at a distance from a central element attached to the turbine tower. The concept has been applied for a
number of years for marginal platforms within the oil/gas industry and is as such a well proven concept. The basic
idea has thus been to try to apply the lessons learned in the oil/gas industry to a new area. Figure 2-c.
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a) c)

Figure 2 The three basic concepts as envisioned at project start, a) Concrete gravity foundation, b) Steel mono pile and
c) Steel tripod

2.0 - DESIGN BASIS

2.1 - Soil Conditions
At the chosen location close to Homs Rev the soil is characterised as a post glacial accumulation area consisting of
gravel and stone covered with sand. North west of the area Homs Rev (a reef) is located. The reef is an area of
terminal moraines of glacial till deposits, which is the source for the materials at the location of the wind farm. The
geotechnical design profile for the site is shown in Figure 3.
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Figure 3 Geotechnical design soil profile for Horns Rev location
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Rodsand is also a terminal moraine between the islands Falster and Lolland. The soil consist of hard to very hard
moraine and at some locations covered by post glacial sand deposits. The design profile is given in Figure 4. The
design profile is in accordance with DS/API with respect to unit skin friction and unit tip resistance for the piled
concepts.
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Figure 4 Geotechnical design soil profile for Redsand location

2.2 - Environment
The environment induces loads on the structure due to wave motion, current, buoyancy, gravity and ice loads. The
environmental conditions are listed below for comparison.

2.2.1 - Water depth
Since one of the primary objectives of the present study is to find a relation between water depth and costs of the
foundation at the chosen locations, the water depth is not held fixed but chosen to vary in an interval found to be
interesting for the future developments of the offshore wind farms. The water depths at Horns Rev and Radsand are
thus chosen as 5, 8 and 11 m. The depths are representative for the areas, but not linked to specific locationa within
the areas.

2.2.2 - Splash zone and corrosion allowance
The zone partially submerged and thus very prone to corrosion is denoted the splash zone. The Danish code
DS 449 (Ref. /I/) which is generally applicable for water depths above 35 m states the extent of this zone in
absolute terms. The requirements by DS 449 do, however, originate from the DNV rules. Thus the present
study is based on the DNV rules (Ref. 121) in which the zone is defined from LAT (lowest astronomical tide)
- 35% of the extreme wave to HAT (highest astronomical tide) + 65% of the extreme wave height. Within
the splash zone a one sided corrosion allowance of 12 mm is added to the optimised design.

Thus for the two locations the splash zones in Table 1 are found
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Location

Radsand

Horns Rev

Water Depths
. /:..:.::(MSL):,

5.0 m
8.0 m
11.0 m
5.0 m
8.0 m
11.0 m

•-•••• L A T •:•••:

(Rel. tomudHne):
4.20 m
7.20 m
10.20 m
4.20 m
7.20 m
10.20 m

:(Rei. to mudline)
5.80 m
8.80 m
11.80 m
5.80 m
8.80 m
11.80 m

Splash Zone pe l : to MSL) :
,..LO$£t:;£:j:

-2.2 m
-3.0 m
-3.5 m
-2.2 m
-3.0 m
-3.8 m

:::...iilSpper.:-.: :.-••'.

3.3 m
4.8 m
5.7 m
3.3 m
4.8 m
6.4 m

::,;Length§'j
5.5 m
7.8 m
9.2 m
5.5 m
7.8 m
10.2 m

Table 1 Splash zones at Horns Rev and Redsand relative to mean surface level (MSL)

2.2.3 - Waves and current
The maximum wave which may occur on the two locations will be limited by wave breaking due to the
shallow water. The extreme wave heights and the corresponding periods are given in Table 2

Location Water Wave Wave
Depth Height period

Horns Rev

Rjadsand

5m
8m
l l m
5m
8m
l l m

3.9 m
6.2 m
8.6 m
3.9 m
6.2 m
7.6 m

7.0 s
8.2 s
9.1 s
7.0 s
8.2 s
8.8 s

Table 2 Extreme wave heights for Horns
Rev and Redsand with corresponding
period

Breaking waves are expected at the study locations and the
structures are locally designed for shock pressure (Ref. 141).
The maximum speed (speed of wave slam) in the breaking
wave is taken as:

u = 1.25 yfgh

where h is the water depth and g is the acceleration of gravity.

The 50 years-current is at surface level as given in Table 3.
The current profile is given by the following equation:

u.50 yean CO = h+z

1 Horn Rev
Radsand

1.5 m/s
1.3 m/s

Table 3 50 year extreme current velocities
at surface for the study locations

where h is the water depth and z the vertical distance from
surface level calculated positively upwards.

2.2.4 - Hydrodynamic loading
The near breaking waves has been modelled by use of stream function theory to find the velocities and
accelerations associated with the extreme waves. In general the hydrodynamic loading is calculated using
Morison's formulae with the appropriate coefficients.

The presence of marine growth of the structural members below MSL is taken into account by increasing
the outer diameter of the structural members. In accordance with DS 449 (Ref. /I/) the thickness of the
marine growth is taken as 100 mm from seabed to MSL for both locations. The depth regime considered
allows for sufficient light and air for the growth profile to be constant, thus no reduction of marine
growth thickness with depth is taken into account.

2.2.5 - Ice properties
Solid sea ice is regularly observed at Rjadsand during icy winters whereas on Homs Rev no ice load is encountered,
due to the more harsh wind and wave environment and the increased salinity. The 50 year extreme values for the ice
properties are given in Table 4.

Location
Rjadsand compressive strength (aL)

bending strength (af)
ice thickness (m)

•v:: ̂ Value,:,;,.,:

1.65 MPa
0.36 MPa

0.55 m

Table 4 50 year extreme ice properties for the Redsand location. No ice is present at the North Sea location (Horns Rev)
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2.3 - Wind turbine data
The study has been based on the expected properties of a 1.5 MW offshore wind turbine anno 2000 based on
leading manufacturer's estimates.

The reference turbine is a 1.5 MW pitch/active stall regulated wind turbine with properties as listed in Table 5.

Turbine/Nacelle
Height of hub above MSL (Mean Sea Level)
Diameter of rotor
Weight of nacelle
Weight of blades (3 pcs.)
Operational RPM
Nacelle dimensions (H x W x L)
Nacelle centre of gravity (COG)

Tower
Diameter of tower below nacelle (elev. +55 m above MSL)
Diameter of tower at lower flange (elev. +2.5 m above MSL)
Weight of tower
Eigen frequency of tower (incl. nacelle and rotor)
Infinite stiff foundation.

55 m
64 m
60 tonnes
15 tonnes
20 rpm

4.5m x 3.7m x 10.2m
1 m in front of tower CL

2500 mm
4200 mm

75 tonnes
0.5 Hz

Table 5 Constants and properties for the selected 1.5 MW offshore wind turbine as estimated for the year 2000 based on
leading manufactures estimates

The loads imposed by the turbine and tower on the foundation structure are given in Table 6, for three load condition.
All loads refer to elevation +2.500 m MSL

Load condition
[kNJ [UN] [UN] {kNm| [UNm]

Characteristic load
Extreme load
Dynamic load
(2.5- 107 cycles)

120
400
120

±60

0
0
0

±0

-1500
-1500
-1500

±0

6500
22000
6500

±3550

0
0
0

±0

0
800
0

±625

Table 6 Characteristic loads on foundation from the 1.5 MW reference wind turbine. Loads are given without any-
partial coefficients for the different operating conditions. Extreme load corresponds to 50-year extreme values

3.0 - RESULTING STRUCTURAL CONCEPTS
Below follows separate descriptions of the three structures together with various observations from the design
work. In general the structures are delivered ready-to-be-installed from the yard and can be transported directly
from yard to site.

3.1 - The gravity foundation
The gravity structure consists of a light weight steel frame with a centre column and is fully ballasted with high
density material. The final concept is a development of the caissons previously designed for Vindeby and Tuno
Knob in Denmark as shown in Figure 2-a. Early in the development work it was found that due to the need for a
very short installation time a new concept were to be designed in which time spend on casting and form work as
well as costs for preparation and operation of the construction site where minimised.

The first concept was based on a concrete substructure with a concrete centre column. The basic concept is shown
in Figure 5-a. The advantage of this lay-out was that for a concrete solution the amount of casting and framework
was reduced compared to the traditional caisson solution. This concept is nevertheless too time and resource
dependent and requires a large construction site in sheltered waters close to the final location of the park. Finally,
the high weight requires several installation vessels in order to accomplish the installation within the scheduled
time.
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This lead to the preparation of the final concept as being a pure steel
structure. The basic structure is a circular frame with internal
stiffeners and a total height of 1.6 m. The basic concept is shown on
Figure 5-b. Consisting of a centrally mounted column with the
diameter of 4.2. On Horns Rev, where no ice exists, the diameter of
the centre column is constant from seabed to the bottom of the wind
turbine. On the Radsand location the diameter decreases in a zone
from approximately 1 m under MSL to approximately 1 m above
MSL to the diameter of 2.5 m. This design is used to break the ice so
only a minimum of ice loads are to be considered. If the diameter was
not decreased the ice loads would have been the design giving criteria.
This reduction in diameter requires additional stiffening inside the
small diameter. On top of the centre column a heavy flange is
connected on which the wind turbine is mounted.

3.2 - The Mono pile foundation
The mono pile foundation consists of two parts. A pile with a
diameter of 3.2 m and a wall thickness of 35 to 60 mm driven 18 to
21 metres into the seabed and a conical transition section. The loads
acting on the foundation are primarily due to wind load. For the
Horns Rev location fatigue load was found to be governing for the
design. At Rodsand the extreme load from drifting ice dictated an increased wall thickness compared to the Horns
Rev location. The length of the pile was selected in order to have only elastic deformations of the soil when
exposed to fatigue loading. Please refer to Figure 6. Due to the large variations in the water level, it has not been
considered feasible to install an ice cone.

Figure 5 Intermediate (a) and optimised (b)
design of the gravity foundation

Figure 6 Overall lay-out of the optimised mono pile foundation, proposed access platform and boat landing

3.3 - The Tripod foundation
The concept is based on the experience with light-weight and cost-efficient three-legged steel jackets for the

marginal fields in the oil/gas industry. The concept consists of a steel space frame transferring the sectional forces
from the tower to primarily tension and compression loads in three hollow steel piles driven into the seabed. From
below the tie-in flange a large diameter tubular referred to as the centre column extends downwards. On the upper
section immediately below the flange the dimension of the centre column is identical to the tower. Below this a
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conical transition section reduces the diameter and increases the wall thickness. This concept is found advantageous
for several reasons:
- the steel volume applied as corrosion allowance (12 mm one sided corrosion) is reduced since the diameter is

reduced
- the punching shear capacity of the connections between the upper braces and the centre column are increased
- the conical section will decrease the design governing ice loading somewhat, although the cone would have to

be higher to provide full reduction for all sea levels depending on the environmental conditions
- the hydrodynamic loading is reduced.

Each leg frames consists of a pile, a pile sleeve and two braces.
At the bottom of each pile sleeve a mudmat is located to
support the structure on the seabed prior to the pile driving.
The annulus between pile and pile sleeve is filled with grout

~ after completed pile driving to form a rigid connection. The
optimal pile is found to be a 36" (OD 914 mm) hollow steel
pile with wall thickness varying from 16 to 43 mm depending
on location and location on pile inclined 8°. The pile is driven
20-21 meters into the seabed at Horns Rev whereas the very
stiff soil at Rodsand despite ice loads requires a penetration of
only 10-11 meters. The optimised concept is shown in Figure
7.

Being a slim and optimised structure stiffness aspects i.e.
dynamic behaviour must be paid attention to. Thus an analysis
of the possible dynamic interaction between ice loads and
natural frequencies has been performed. It has been found
impractical to base the design on a large ice cone to eliminate

Figure 7 Side view of the optimised tripod lay-out

ice crushing, and to avoid destructive interlocking between the crushing frequency and the eigenmodes of the
structure. The structure has, however, shown a limited dynamic amplification (15-30%) due to the large
aerodynamic damping associated with oscillations of the rotor itself.

Within the depth and environment regime considered, the wave loading plays a relatively insignificant role
contributing approximately 10-25% to the overall overturning moment depending on water depth. Thus the design
is governed primarily by fatigue and extreme ice loading.

The tripod structure is not found to be compatible with low water depths. This is caused by the requirement for a
sufficient water depth above all parts of the structure to allow service vessels to approach the foundation. At very
low water depths the distance between upper and lower braces becomes to short for the forces to be transferred in
any reasonable cross section. A solution with the braces protruding the water surface is not desirable due to the
possible interlocking or packing of ice and the possible collision from service vessels. For the above reasons no
concepts has been shown for the 5 meter scenario. This does not imply that a piled solution is not feasible at this
water depth, but it requires a different layout and in keeping with the overall layout of the concept no solution has
thus been presented.

3.4 - Dynamic interlocking of ice/structure
Crushing of ice against a structure with finite stiffness is to be considered as a dynamic phenomena. The load
spectrum from the ice crushing contains two major components: a high frequency component generated by
crushing and a low frequency component generated by bending failure of the ice at a distance from the impact
point.

Research (Ref. /15/) has shown that within a certain domain given by the ice velocity and ice properties
interlocking between the structural eigenfrequency and the ice bending failure frequency can take place i.e. the two
frequencies are identical and if a static approach is used a dynamic amplification must be taken into account. The
foundations with vertical sides are found to be susceptible to interlocking. The dynamic amplification factor is as
the dynamic response divided by the corresponding static response yields a factor to by applied to loads for a static
analysis. A typical response from he structure to the loading condition as sketched in is shown below in Figure 8.
The detailed results including plots of the response may be found in Appendix B.8 to this report.
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Figure S Typical response of structure from ice loading. The static response for this configuration is identical to the peak
value reached in the first cycle

4.0 - FABRICATION
The three optimised structures have been presented to a large Danish steel contractor with general experience with
the manufacturing of onshore/offshore steel structures for review and cost-estimations.

4.1 - The Gravity foundation
As the optimised foundation structure now uses only one construction material, the manufacturing program is the
same no matter where the foundation is to be manufactured. Furthermore, the limited number of materials and
volumes ease the manufacturing and the control procedures. The total number of structures may be manufactured at
more than one yard, inside as outside Denmark. This will lead to competitive prices and the possibility of speeding
up the fabrication if time becomes the important factor.

4.2 - The mono pile foundation
The overall simplicity of the mono pile opens up the possibility to procure the pile directly from the steelwork to
the site. This approach has not been utilised for the present study.

4.3 - The tripod foundation
The tripod is fabricated with well known and proven techniques from the yard/offshore industry. The only complex
task is the manufacturer of the intersections of braces to centre column which may not be common knowledge in
the yard industry. Due to the limited overall weight and size of the foundation they may be produced outside the
country and subsequently transported to site.

5.0 - INSTALLATION
As the installation costs constitute a considerable part of the total costs the logistics and planning of the offshore
works are very important. The basis has been that the foundations (100 of) will have to be installed in one summer
period. The option of speeding up the installation works exists at the expense of using more equipment (vessels).

In general the transport and installation methods applied are similar for all three concepts. The methods and
requirements have been reviewed by a large offshore contractor.

A number of foundation structures are transported on a barge and placed at the location by a crane vessel. For all
three concepts the number of foundations that can be transported is limited by the size of the barge, as the weight of
the structures are in the 80-125 tonnes range. At the Radsand location the crane vessel can be a shearleg type of
vessel i.e. a floating vessel. The large swells encountered in the North Sea area require a more stable platform for
the Horns Rev location with a jack-up type as the most suitable.

Description of the particulars of the installation procedures for the three concepts are found in the following.
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5.1 - The gravity foundation
The gravity foundations are transported on a large barge from yard to site. Only the size of the barge limits the
number of structures to be transported, as the weight of the structures only is approximately 100 tonnes. At the final
position a floating crane or jack-up rig is sited and ready to lift down the structures on the adjusted seabed. Shortly
after a second craft ballast the whole structure with high density material and seales it. On erosion prone positions a
scour protection must be installed.

5.2 - The mono pile
The concept is optimised with respect to a fast installation. During driving the pile will be exposed to very large
accelerations and therefore it was found to be impossible to pre-install anything on the surface of the pile.
Consequently the conical transition and the boat landing will have to be installed after driving.

The pile driving is performed from a crane barge or jack-up rig using an IHC S-500 hydraulic hammer. After
pile driving, the driving head is cut off by flame cutting. Then, the conical transition is positioned upon the top of
the pile and temporarily welded to the pile. Finally the boat landing is installed by clamping upon the surface of
the pile. The installation cycle has a duration of 18 hours at R0dsand using a crane barge and 30 hours at Horns
Rev using a jack-up.

The conical transition is pre-fitted with an access platform. Further temporary internal and external scaffolds are
fitted for welding of the transition to the mono pile. The welding may be carried out by means of automatic
welding machines. They are operated by a small crew supported by a vessel moored at the boat landing. After
welding and final examination of the weld, the wind turbine can be erected upon the flange at the top of the
conical transition.

Power cables are encased in a J-tube from the seabed to the wind turbine. At Horns Rev the J-tubes is pre-fitted
on the boat landing and will further have to be strapped upon the surface of the pile using kevlar straps. At
Redsand it,is not feasible to sustain the ice load within the J-tubes, and therefore the cables are pulled through
holes drilled in the pile near mudline after installation.

The analysis has shown that the mono pile is not so sensitive to scour, but a scour protection consisting of
shingles will be installed some time after pile installation, in the scour hole. Resulting in a cheap and stable scour
protection.

5.3 - The Tripod foundation
The tripod structure is transported with the piles pre inserted in the piles since the study of available crane vessels
has indicated that the combined lifting weight (95 to 125 tonnes) is in general not a problem. This eliminates a time
consuming stabbing operation to insert the piles in the pile sleeves and reduces complexity of the installation.

6.0 - REMOVAL AND REUSE
Keeping the overall ecological line of thought of wind generated energy in mind the removal and reuse of the
foundations have been considered. In general the costs of removing the foundations are estimated to be comparable
to the installation costs.

The steel structures presented herein display a significant advantage to heavy concrete structures which are difficult
to handle in terms of their ballasted weight. Furthermore, the steel lends itself far more easily to recycling than
concrete. The combined tasks of removing and recycling the structures thus results in a minimised life cycle costs.

6.1 - The gravity foundation
The gravity foundation has an advantage as it can be removed fully with no parts of the structure left. Before
removing the structure the ballast material is removed by grabbing and/or suction. The structure can then be reused
on other positions if needed. The transport can be done by "under water dragging" or by floating crane.

6.2 - The mono pile foundation
The pile can be removed using one of two methods. After dismantling the wind turbine the pile may be extracted
from the soil using a vibration hammer. This may not be possible at Radsand and therefore the pile is cut several
metres below mudline using cutting equipment originally developed for the offshore industry. Then, only a small
part of the pile will remain in the seabed.
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6.3 - The tripod foundation
The tripod is easily removed from the seabed by cutting off the piles at or preferably below mudline. The pile steel
section thus left behind poses no ecological thread. Total removal of the pile can be accomplished by an inverse
driving procedure and/or by vibration equipment but at the present it is not considered worthwhile.

7.0 - BUDGET COSTS
The costs found in this project are primarily a means of comparison between the concepts. Large variations in
"true" costs are to expected due to variations in market conditions, type of contacts etc. Thus the costs in absolute
terms must be applied with care.

The costs listed below are all-inclusive costs for the foundations (i.e. geotechnical/- geophysical survey, detailed
design, procurement and fabrication of steel structures incl. surface protection, on/off loading, preparations of
seabed, positioning, transport and installation, post installation jobs, documentation, etc.).

To arrive at total project costs the following items needs to be added: boat landing and access platform (estimated
at 250 000 DKr ~ 35 000 ECU), certification of the foundation, miscellaneous insurance, grid connection and
remote control systems among others, as well as the obvious - the turbine itself (procurement and installation).
Bearing all this in mind the costs are given in Table 7.

•Gravity foundation;:•: vMono pilefoundation

;ts [MDKr]
Costs [KECU]

Homs Rev

iRedsand

Costs [MDKr]
Costs [KECU]

2.14
289

2.34
316

2.59
350

2.15
291

2.56
346

3.05
412

N/A
N/A

2.49
336

2.72
367

Table 7 Budget costs for the three foundation concepts studied as function of water depth and geographical location (1
ECU = 7.40 DKr)
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Figure 9 Total foundations costs as function of water depth at Horns Rev location
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Figure 10 Total foundation costs as function of water depth for the Red sand location

8. 0 - OVERALL CONCLUSION AND OBSERVATIONS
A number of conclusions and observation have been made:

• All three concepts are steel concepts. The primary draw backs of the concrete structures are the overall weight
which complicates transport and installation operations, and the requirements to build the structures at a
temporary established construction site close to the final location of the park which imposes restrictions on
weather. For all three steel concepts it has been demonstrated that installation of the park (100 foundations) can
take place in one summer period. The logistics, management and dimensions of a temporary construction site
for the concrete structures have been considered to severely hamper the economics of the concrete structure.

• The results of the study is that for water depths of 5.0 - 11.0 m and for 1.5 MW turbines the costs of one
foundation (of a series of 100 pcs.) amounts to only 2.1 - 3.0 MDKr (285 000 - 415 000 ECU). As comparison
the costs of one Tune Knob foundation (of a series of 10 pcs.) with an average depth of 4.0 m for a 0.5 MW
turbine was 1.9 MDKr (260 000 ECU). This is estimated at 16% of total costs for the complete farm as
compared to the experienced 23% at Tune Knob.

• Interesting for all three foundation concepts is a rather weak dependency of depth, totally disqualifying the
expected "quadratic rule" mentioned in the introduction. While this tendency is expected to extend to even
greater water depths for the two piled concepts, the costs for the gravity structure is expected to rise more
dramatically - at least where the seabed has to be prepared before the installation of the structure. Therefore the
potential areas for offshore wind parks can be extended, either to increase the energy volume produced from
offshore wind farms or more likely to minimise the possible conflicts with third parties (wildlife, recreational
areas, industrial used of the waters, architectural aspects and ship traffic among others)

• Although not investigated in details the costs do not rise proportional to the size of the turbine and the known
installation equipment (cranes, barges, platforms) for the foundation may handle the turbine and tower in one
operation. This means that for the potential turbines of 0.5 - 1.5 MW the rule of tnumb must be:" The bigger the
turbine - the smaller the relative foundation costs"

• Another observation from the project execution is the obvious advantage of pooling the resources from more
than one source. The benefit of this being a more differentiated debate and a friendly yet competitive spirit, all
to the benefit of the project.
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While most of the deviations in costs between the three concepts analysed - in spite of all effort - really lies
within the tolerance/uncertainty, the tripod concept seems to have the lowest costs at greater water depth.
Likewise the gravity structure is a strong candidate on shallow water with ice.

However, a true tender process among international contractors with different capabilities may change the
picture. Furthermore, in a very stiff Clay-Till with boulders, - like that at Radsand - there still might be
problems with the drivability of piles and thereby the obtainable resistance to tension for the tripod-piles or
horizontal resistance of mono piles. The best suited concept for a given location end environment may thus
depend on qualities other than cost. Some advantages and disadvantages of the three concepts are given in
Table 8

Foundation type Advantages Disadvantages
Gravity

Mono pile

Tripod

• no piling
• can be removed completely

and possibly repositioned
• all parts visible for inspection
• simple
• no preparations of seabed
• insensitive to scour

• adaptable to increased water
depths

• low blocking effects
• a minimum of preparations

required at site prior to
installation

• seabed preparations required
• time consuming welding details
• space requirements at

construction site
• requires heavy duty piling

equipment
• not suited for geotechnical

location with large boulders
• specialised fabrication methods
• not suitable for geotechnical

location with large boulders
• not suitable for low water depths

(< 6-7 m)

Table 8 Advantages and disadvantages of the three foundation concepts studied

9.0 - FUTURE AREAS OF INTEREST
The present study has provided a revised background for evaluating the benefits of offshore wind parks within the
Danish waters, but has also pointed out shortcomings and areas where additional knowledge must be gained. Some
of these includes:

• The foundation of offshore wind parks are not properly covered by the Danish codes and rules of practice.
Especially in the load area a revision is required. Probabilistic load modelling may be one of the means to this.

• The present knowledge of ice/structure interaction is typically based on concrete structures such as bridge piers
where fatigue is not design giving. Thus little information has been found on ice loads apart from the extreme
loads (50 year recurrence period) therefore the fatigue contribution from other ice conditions can not be
assessed, but may influence the design.

• In general a more detailed understanding of the combined structural behaviour of the complete wind turbine
system (rotor, nacelle, tower, foundation and soil) must be sought.

• The use of skirts (bucket foundation, suction foundation) penetrating into the seabed must be researched with
respect to the load history of the wind turbine and the time dependant capacity of these principles.
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ABSTRACT

The designer of an OWECS is faced with a barrage of technical options from which to chose. The
task of designing an 'optima!' configuration, in the sense that it provides electricity at the least
possible cost, is daunting. A concept analysis has been undertaken to identify and evaluate the
range of options available to the designer. Using this information, a spreadsheet 'cost model' has
been developed to facilitate initial comparisons of those options identified as most suitable for
future OWECS development. The model has been used for a preliminary comparison of some
hypothetical OWECS proposed for development in the Dutch North Sea and in the Baltic.
Parameter studies have been performed to investigate the sensitivity of the energy cost at these
sites to changes in design, environmental conditions and economic conditions.

KEYWORDS
Offshore, OWECS, Concept Analysis, Cost Modelling, Economic Comparisons

1. INTRODUCTION

Land based wind turbines produce electricity at a price level competitive with conventional energy
sources. Siting a wind turbine offshore is intrinsically much more expensive than land based
construction, making the electricity less economic. At the same time, offshore wind turbines offer a
number of attractive advantages over their land based colleagues, in particular (i) stronger, more
reliable winds, (ii) more space, (iii) the absence of any (human) inhabitants who might be disturbed
by the development. Despite currently adverse economics, there are then strong reasons to pursue
offshore wind energy. These reasons, though, are not sufficiently strong that it is likely to be widely
adopted without an improvement in the overall costs. Substantial development work is necessary in
order to stand any chance of making electricity from offshore farms competitive with existing
sources.

Perhaps the greatest technical difficulty in improving the economics of Offshore Wind Energy
Converter Systems (OWECS) is in identifying optimal combinations of the many design options. To
make matters worse, environmental parameters have a strong influence on OWECS design, and
thus what is optimal at one location is unlikely to be the best choice for another. One approach to
identifying optimal configurations is through the simulation of the initial stages of the OWECS design
process in the form of a cost model, which can rapidly provide estimated energy costs for outline
designs. After a brief review and preliminary selection of the options open for OWECS design, this
paper describes the development of such a cost model along with the tentative results of some initial
investigations. The results of this work form an integral part of the CEC Joule III project Opti-OWECS
[1].
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2. CONCEPT ANALYSIS

2.1 Definition of an OWECS

An offshore wind energy converter is 'defined' by five
major features : (i) the choice of location, (ii) the
choice of turbine (or turbines), (iii) the turbines'
support structure, (iv) the number and physical layout
of the turbines and (v) the connection of the plant to
the shore and the public electricity grid. In turn, each
of these features comprises a number of subsystems
that together make a conceptual specification.

There are a number of options open for each of the
features listed. The more 'technical' subsystems, the
turbine, the support structure and the grid connection,
have a limited number of technologies available.
Tables 2-1 - 2-3 list the overall conceptual choices for
each of these systems. Some systems, and in
particular the site variables and the farm layout, are
continuous, able to take an infinite number of values
in principle. While the scope of the project limits the
range practically available, it is not sensible to
attempt to specify the possible values explicitly.

Turbine subsystem
Power control system

Blade options

Rotor speed options

Drive train

Safety system

Major Choices

«

• Blade pitch control
(passive or active)

• Stall control
(passive or 'active')

> Yaw control
« Tip pitch control
> Flexible or rigid
> Material
> Fixed speed

Dual speed
> Full variable speed
> Partial variable speed
> Modular gearbox
> Integral gearbox
• Direct drive

Aerodynamic brakes
(stall/pitch)

• Mechanical brakes
• Yaw controlled braking

Electrodvnamic brakinq

Table 2-1: Major turbine subsystem
options

Grid connection subsystem
Power collection within wind farm

Transmission to shore

Major choices
• Connection concept
• Current type

-AC
-DC

• Physical cable type
- undersea
- above surface

• Current type
-AC
-DC

Support structure 'sub-system'
Overall concept

Tower

Installation

Foundation

Major choices
. Stiff-stiff
. Soft-stiff
• Soft-soft
» Monotower
« Braced monotower
» Lattice tower
. Lifted
• Floated
. Skirted
• Gravity
. Piled

Table 2-2: Grid connection major options Table 2-3: Support structure options

2.2 Costs of an OWECS

2.2.1 Analysis

The major cost of an offshore wind energy converter system is the expense of the initial investment
required to establish the project. This cost itself has three approximately equal components: the
turbine machinery, the support structure and the electrical equipment/grid connection. Parameters
relating to the site itself influence the precise contribution each of these makes to the overall cost.

Aside from the initial investment, the next largest expense confronting the owner of an OWECS is
the cost of its operation and maintenance (O&M). Indeed, earlier studies [2] have shown that
operation and maintenance can account for as much as one-third of the cost of the electricity
produced. Furthermore, there appears to be a strong linear relationship between the financial burden
of O&M and the resulting electricity price, such that even relatively small changes in O&M costs
could have a substantial influence on the economic viability of an OWECS project.

2.2.2 Deductions

There are therefore, four technical areas in which a project to (economically) optimise OWECS
design should focus, specifically, the support structure, the turbine design, the electrical
equipment/grid connection and the operation and maintenance procedures. The first three areas
have been examined in some depth individually, both within the offshore wind energy field and by
workers with a wider interest. There is, as an example, considerable experience of constructing
efficient offshore support structures among those involved in the exploitation of North Sea oil and
gas. Equally wind turbine manufacturers are accustomed to building machines as cheaply as possible
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for onshore use, and the installation of high capacity power cables over long distances offshore holds
few surprises for utility companies.

Several studies have investigated the applicability of these existing technologies for OWECS. In
order to improve upon the successes of these projects, it is sensible to attempt to take a more
integrated approach to OWECS design than has been possible to date. Thus attention should be
focused on the four major technical areas together, taking account of the complex interactions
between them. Inevitably, to make such an integrated approach successful, account must be taken of
the OWECS farm layout and the likely site parameters of the intended locations.

2.3 Selection of options for OWECS design concept optimisation

On the basis of a concept analysis, a number of design options for each of the major OWECS
subsystems have been selected to act as 'base cases' for further investigation with a cost model. In
making choices, the objective was to produce realistic configurations using modern equipment, that
are both representative of the range of OWECS considered to be practical, and adaptable to
parameter studies.

2.3.1 Turbine selection

Wind turbine designs optimised for offshore use will differ significantly from those employed onshore,
as a result of differences in the operating environment. One of the 'clear' facts is that only large
machines, in excess of 1MW should be considered. The large fixed costs of installing each turbine
mean that smaller machines are unlikely ever to be economic for offshore use. At the same time it
would be unwise to plan to use units much larger than 3MW as this effectively represents the limit of
current and near-future technology. The largest size it is realistic to consider for the foreseeable
future is a 'stretched' version of a current 3MW machine, perhaps having 4MW capacity.

Offshore wind turbines need to be marinised in relation to their dry-land counterparts. At the simplest
level, differences might consist only of the avoidance of materials unsuitable for a marine
environment. It seems likely though that there will be advantages in more extensive measures such
as sealed nacelles.

The offshore environment has other implications for the turbine design including:
• An offshore wind turbine will have few if any human neighbours. Thus there is little benefit in

including features aimed at reducing noise.
• At a remote offshore site, a violent machine failure would only result in the loss of the particular

machine. It may be possible therefore to employ machines that operate very close to their failure
condition. Most land based installations must avoid violent failure at all costs.

• Differing wind conditions mean that offshore turbines experience higher static loads but lower
dynamic loads than those onshore.

Two wind turbines have been selected for the study. One is a pre-commercial design in the multi-
megawatt class, while the other is a prototype 1MW commercial machine. It should be noted that
direct comparison of the two turbines is not an objective of the work.

Kvaerner-Turbin WTS80

This is a modern 2 bladed 3MW design that is currently undergoing adaptation for offshore use.

Micon 1000

The Micon 1000 1MW machine has been chosen to allow investigation of the lower bounds of
machine size at which offshore energy might become economic. Moreover in contrast to the
Kvaerner-Turbin machine, the Micon 1000 follows the traditional Danish 'robust' design line.

2.3.2 Support structure selection

Compared to land based machines, design of support structure for OWECS is complicated by the
need to accommodate hydrodynamic as well as aerodynamic forces. Wave loading renders soft-soft
designs, with an eigenfrequency below the rotor rotation frequency, completely impractical.
Difficulties in the accurate construction of foundations offshore mean that soft-stiff designs, with an
natural frequency between the rotor frequency and the blade passing frequancy, must be considered
very carefully, since it would be quite possible for inaccuracies to push the natural frequency into
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either of the forbidden zones. From a structural point of view, a stiff-stiff tower, with an
eigenfrequency greater than the blade passing frequency, is the best option.

Adopting an integrated design approach means that the support structure cannot be considered
independently from the turbine. A soft-stiff structure is preferable from the viewpoint of the turbine
designer, as it provides much needed damping for dynamic forces on the whole assembly. With a
stiff tower, that damping has to be provided elsewhere.

From the outset, some consideration must be given to the means by which the support structure and
turbine will be installed at their offshore site. As an example, lifting an unwieldy nacelle onto a
previously located support structure is not a desirable offshore operation, and therefore it might be
preferable to install a previously mated support structure and nacelle in a single operation. This
would have implications for the choice of foundation, ruling out any possibility of pile driving which
would damage the turbine.

Two support structure options have been identified for further consideration [3]: a monotower with a
gravity base and a lattice/braced tower also with a gravity base. Both of these configurations are of
the stiff-stiff type and would be floated into position. The lattice tower is intended primarily for use in
the North Sea with 25m water depths, while the monotower is designed for Baltic Sea deployment
with 15 m water depths and possible ice flow conditions. In both instances the base case design is
intended to support the 3MW Kvaerner-Turbin machine.

2.3.3 Farm layout and grid connection selection

In order to provide useful electricity, an OWECS must be connected to a land based power grid. The
choice of power collection scheme, however, is closely linked with the array layout, which is why the
two superficially disparate features are considered together.

The grid connection comprises two parts: firstly the individual turbines must be wired together to
'collect' the power, and secondly one or more cables must run between the OWECS and a public
electricity grid onshore. The former could be achieved with AC or DC connections using undersea or
possibly above surface cables. The latter too can use AC or DC, but is practically limited to undersea
cables. Substantial quantities of switch gear, transformers and inverters will be needed for a large
wind farm

Previous studies have shown that an economic OWECS farm should be large. The exact size is hard
to specify, but somewhere in the region of 60 - 300 MW total power appears reasonable. There are a
number of ways to physically arrange the large number of individual machines required for such
installations. The layout chosen will influence both the aerodynamic efficiency of the whole farm, and
the cost of wiring the individual turbines together. Also important is the turbine spacing as while
spacing turbines further apart tends to improve the aerodynamic efficiency of the farm, it also
increases the cost of connecting the turbines with cable

2.4 Operation and maintenance issues

For an offshore wind farm, O&M costs are
dominated by the expense of transportation to
and from the offshore site. A major objective
in considering O&M concepts therefore, must
be to minimise the number of trips necessary.
Table 2-4 lists the concepts along with some
possible options that could be combined to
formulate a maintenance strategy for an
OWECS.

The importance of O&M costs in the overall
energy price means that they could be
considered as a driver for the turbine design.
Some ways in which future turbines for
OWECS use might be designed to reduce
O&M requirements and costs are outlined.

Maintenance concept
Location of maintenance base

Crew transport

Lifting equipment

OWECS reliability
OWECS maintainability
Maintenance approach

Choices
• Onshore
• Offshore e.g.

Support vessel
Support structure
Self propelled jackup

• Helicopter
• Surface vessel
• Helicopter
• Equipment built into OWECS

L • Surface vessel
Dependent on OWECS design
Dependent on OWECS design
Quantity and frequency of
• Preventive maintenance (PM)
• Corrective maintenance (CM}

Table 2-4: OWECS maintenance considerations.
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None of the O&M features outlined here have yet been investigated using the cost model, but means
of so doing are discussed later.

2.4.1 Maintenance strategies

Each of the O&M strategies proposed here attempts to balance operational costs and energy
production in a different way.

No-maintenance strategy

With this strategy neither PM (preventive maintenance: servicing and other activities aimed at
preventing failures) or CM (corrective maintenance: to correct failures) would be carried out. The
inevitable failure and shut down of individual wind turbines would be taken into account in the original
OWECS design. One approach would be to incorporate redundancy in the number of turbines, such
that more wind turbines are built than are initially necessary to produce the farm's design power
output. Alternatively, decreasing turbine availability has to be accepted as a design feature, with the
rated capacity of the farm declining with time.

CM only strategy

Only corrective maintenance tasks are carried out. Turbines are repaired either as soon as they fail
or are left until a number have failed and repaired in batches.

Opportunity maintenance strategy

This scheme is similar to the 'CM Only' strategy in that the main intention is to execute only CM
tasks, more or less on demand. However if a turbine undergoes CM, the opportunity is used to carry
out PM at the same time.

PM & CM strategy

Under this scheme, a full range of PM tasks are carried out to planned timetable. Complete CM is
undertaken as necessary. This is essentially the maintenance strategy currently employed for land
based wind farms.

Light PM & light CM strategy

The idea behind this scheme is to achieve a balance between full maintenance strategies and
radical, zero or minimal maintenance schemes. Both CM and PM would be carried out, the scope of
the operations, however, would be limited to those below a certain cost/complexity. For example,
replacement of small components needing minimal facilities would be carried out, but large
operations requiring heavy, expensive equipment, such as blade exchanges, would not be permitted.

Periodic check strategy

Wind turbines are assessed at regular, scheduled intervals, During each visit the turbines are
inspected after which any necessary PM and CM is completed. No maintenance work is performed
outside of the regular visits, so that failed turbines for example are left inoperable until the next
scheduled visit.

2.4.2 Design concepts for future OWECS

Future wind turbines for OWECS use could be designed to take greater account of O&M
requirements. Each idea takes a different approach to balancing capital costs, operational costs and
energy production, and is intended for use with one or more of the maintenance strategies outlined
above.

Disposable wind turbine

The primary goal underlying a disposable concept is the production of the lowest capital cost
machine consistent with a predictable lifespan. No provision would be made for any maintenance at
all, allowing the adoption of a very tightly integrated component arrangement. This concept has been
formulated with a view for use with a no-maintenance strategy, where failed machines would be
abandoned and no attempt made at repair, other than perhaps replacement of the whole nacelle.
This has two implications. Certainly failures should be minimised. Yet, it should be recognised that
failures are going to occur, and that to minimise wasted investment, a low capital cost turbine is
essential. In view of the need to minimise costs, there would be little room for sophistication in a
disposable machine, unless it brought substantial reliability benefits.
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Reduced failure wind turbine

The objective of the reduced failure turbine is to reduce the failure rate by improving the engineering
of the machine. This improvement in reliability would necessitate a substantial increase in the
machine capital cost. Such a turbine would probably be based heavily on an existing design, in an
effort to avoid the unexpected troubles that are often associated with the adoption of totally new
technology. The reduced failure concept would represent much more of an incremental development
of existing technology than any of the other ideas.

A number of steps could be taken to improve failure rates. Reliability improvements might be
possible by replacing failure prone components with simpler, more robust alternatives such as using
direct drive rather than a gear box and passive rather than active stall power control. Other steps that
could be taken include: redundancy in major systems; on-line monitoring and control, designed to
enable remote correction of as many problems as possible; and using sealed nacelle with a
controlled climate (through, for example, air conditioning) would prevent damaging salt water from
reaching the internal components.

2.4.3 Easy maintenance turbine

The idea underlying the easy maintenance turbine is to reduce the time and costs associated with
offshore maintenance operations. No particular attempt is made to reduce the incidences of failure,
but rather facilities are incorporated within the turbine to simplify rectification of failed machines.
There are two ways in which OWEC turbines could be designed to achieve this.

Firstly, maintenance facilities could be constructed as an integral part of the design. Incorporating
lifting gear into the nacelle for example would make a whole range of operations practical without any
requirement for external equipment. Inevitably, this would have a detrimental effect on the overall
capital cost of the plant and the capacity of the gear would have to be decided with this in mind.

A second way to reduce maintenance times would be through the use of a highly modular design
that allows failed sub-systems to be quickly swapped. Thus, rather than perform extensive
diagnostics attempting to locate the precise cause of a failure, workers would simply swap whole sub-
assemblies. There is scope for taking this approach even further in the original design, by omitting
large components for smaller, more easily replaced alternatives. A case in point might be eliminating
a large gearbox by employing a direct drive machine with power electronics.

2.4.4 Advanced lightweight concept

An alternative approach to offshore design would be to neglect maintenance as a main driver, and
attempt only to optimise the balance between the machine capital cost and performance. The design
criteria are then very similar to those underlying the advanced, flexible turbine concepts proposed by
many forward looking on-shore studies. Such an advanced design would seek to achieve good
survivability offshore by alleviating high loadings through bending and compliance rather than
resisting with pure strength. A particular example of this flexible technology would be the downwind
'coning' blade [4], which reduces loadings by 'folding up' at increased wind speeds.

3. COST MODELLING OF OWECS

3.1 Introduction

An engineering cost model attempts to estimate the costs associated with a technical system.
Starting from an outline specification of the system, the model attempts to simulate the first stage of
the engineering design process. Using a combination of fundamental principles and empirical
relations, a cost model 'sizes' the options available for a system, and estimates their costs. Such
models are extremely useful for investigating the sensitivity of the overall cost to changes in one or
more of the design parameters. Until recently, their application to wind energy had been restricted to
the NASA MOD projects [5] [6], but new contributions are mounting rapidly. The model described in
this text is a direct descendant of three recent models, one developed by the University of
Sunderland in the UK [7], and two by the Institute for Wind Energy at Delft University of Technology
in the Netherlands [8] [9].
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3.2 Development of a cost model for OWECS

The objective of this work is to produce a cost model that can assist in the evaluation of the technical
options open to the development of offshore wind energy. In this respect, the model must be able to
produce a representative estimate of the energy cost (ECU/kWh) that a range of plausible outline
schemes result in. Provision of a cost breakdown, detailing the various contributions, would be an
additional benefit.

The whole structure of the model is dictated by the need to estimate the energy cost. Discussion will
begin by looking at this calculation and move on to consider how the information it requires can be
estimated.

3.3 Economic calculations of energy production cost

In order to calculate a representative figure for the price of energy produced by any particular wind
farm, estimates of four quantities are needed: the total investment cost, the annual energy
production, the total ongoing or 'downline' costs of the farm, and finally economic parameters such as
the prevailing interest rate. Conventional economic practice is to calculate the energy cost from this
information in such a way as to take account of the 'time value' of money. In other words the energy
costs are discounted over the economic lifetime of the plant.

The cost model adopts an approach to discounting suggested by the IEA [10], whereby the levelised
production cost (LPC) is used as the measure of the (minimum) economic price of electricity from a
wind farm. The LPC is defined as

a E , E ,

where ltot is the total investment cost, Ey is the total annual energy output from the farm and TOM
represents the total levelised downline cost. The remaining term in the expression, a, is the annuity
factor and is a function of the real rate of interest, r, over the plant economic lifetime ne such that

L' - I , . . ,
(2)

r
Returning to the total levelised downline costs, TOM, this term is intended to represent all costs
incurred after the initial construction and commissioning of the plant. Many of these are likely to be
'on-going' in nature, and due account must be taken of their time value. Operation and maintenance
costs in particular are likely to be distributed over the life of the plant. A reasonable approach to
discounting these costs is to make annual estimates of each and in effect discount the annual totals.
Thus the contribution to downline costs made by on-going expenses is given by

(3)

where t is a year index and C, represents the total ongoing costs for year t of operation.

3.4 Energy production model

The total energy production of a turbine is given by

E . . _ = t O t a r x | P ( v Y ( v ) . (4)
'wbm |_time

where P(v) is the power produced by a windspeed v and f(v) is the windspeed frequency distribution,
taken here as the Weibull distribution. Within the model, this expression is evaluated numerically by
dividing the windspeed distribution into a discrete series of 'bins' and summing the power durations
associated with each bin.

When multiple turbines are combined to form a wind farm, the model assumes that all the turbines
and are subject to the same wind regime. In practice the turbines in the upwind areas of the farm
'spoil' the wind for those further downwind. This reduced performance is accounted for by the use of
an array efficiency, such that energy produced by a wind farm of n identical turbines is

•p n v T\ "v C /£̂ \
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A significant quantity of electricity is dissipated in the collection and transmission cables. Electrical
losses are accommodated in the model using a transmission efficiency such the energy available at
the onshore public power grid is

••-•useful ~ 'H transmission * ^ b r a i * (°)

It is the power delivered after accounting for such losses, in other words the power delivered to the
shore, that is used to define the capacity of the OWECS.

Array efficiency calculations

A very approximate estimation method based on data from Lissaman et al. [11] and reported by Hau
[12] is employed to estimate the array efficiency. The original authors calculated array efficiencies for
onshore wind farms with arrays of 16 and 36 turbines as a function of the wind turbine spacing.
Where possible, these values are used directly. For intermediate wind turbine spacings, array
efficiencies are calculated using a cubic spline that interpolates the data points.

Transmission efficiency calculations

As with the array efficiency a model based on the interpolation of 'external' data is employed. A study
by Westinghouse [13] investigated the efficiency of AC transmission from offshore plant to shore at a
voltage level of 138 kV using PE insulated cables as a function of distance. A cubic spline is used to
interpolate the data points so that a range of distances can be investigated.

3.5 Investment (capital) cost model

Turbine capital cost

The turbine capital cost model simply uses two real turbines, along with their real costs and loadings
as calculated by their manufacturers. Of course this is an extremely constraining approach, it limits
the number of wind turbine variations that can be considered to two: specifically those selected
during the concept analysis: the Micon 1MW wind turbine and the Kvaerner-Turbin WTS-80 3MW
wind turbine.

Support structure cost

The support structure cost model has been developed
specifically for the calculations of the Opti-OWECS project
with substantial assistance from other partners in the project.
The calculations are quite involved and it is only possible to
give an overview here.

A flow chart in figure 3-1 illustrates the broad operation of the
support structure model, which essentially performs a 'first-
estimate' sizing of the tower design. The model is designed to
cope with both the monotower and lattice tower configurations
being examined as part of the Opti-OWECS project, using
variations on the same general approach. It should be noted
though that the model is not a general design tool, and is
intended only to deal with design variations (for example
relatively small changes in water depth, or loadings due to
wind speed changes) based on the support structures
selected in the concept analysis. The simpler monotower
model will be developed here and only cursory attention will
be paid to the lattice tower. Of necessity, all the calculations
are extremely approximate.

Make preliminary assumptions
(eg t/D ratio)

Size tower elements
using fatigue calculation
based on pre-specified
6D0F loadings

Check dynamics

Check absolute strength
(buckling)

yoK

Costings |

Figure 3-1: Operation of the
support structure model.

A great simplification in the analysis is brought about by treating both the monotower and lattice
tower designs as if they were made of a number of discrete sections. Figure 3-2 illustrates the
concept for a tapered monotower. Each of the tower sections is of equal height, and there is no
change in properties within each section. Details of connection to the foundation, more of a problem
with the lattice than monotower, are ignored completely. It should be understood that the stepped
towers modelled by the routines are an approximation to a smooth tower. There is no intention of
really designing a 'discontinuous' tower which might pose considerable problems in practice.
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\

Figure 3-2: The stepped tower
approximation.

If, as here, the fundamental eigenfrequency of the
support structure is beyond the wave excitation range, in
general it can be assumed that support structure fatigue
of an OWEC is driven almost exclusively by periodic and
stochastic loadings from the turbine. Thus, the discrete
tower sections are initially sized on the basis of fatigue
caused by fluctuating loads produced by the turbine
alone. Next the natural frequency of the support structure
is calculated treating it as a stepped beam. If the result
falls into a forbidden band where resonance might occur,
too close to either the rotor frequency or the blade
passing frequency, then the initial assumptions are
changed so as to influence the natural frequency, and the
design process starts again from the beginning, with the
tower being resized on the basis of fatigue loadings.
Once a tower that satisfies both fatigue and dynamical
considerations has been obtained, the ultimate strength

of each section has to be checked against the maximum loads on the entire assembly. Unlike the
fatigue calculation the ultimate strength check includes not only forces on the turbine, but also wave
and wind forces on the support structure. Failure at this stage means further respecification of the
tower sections and a return to the fatigue sizing.

With the dimensions of a completely satisfactory support structure design available, a cost estimate
can be made. This includes four contributions: materials necessary for construction, the cost of
construction work within a dry dock, installation at the wind farm sites and other costs such as project
management.

Grid connection costs

The calculation of the grid connection cost is based on a model developed by workers at Siemens
[14]. In its original incarnation, the 'BMFT model was designed to be valid for offshore farms up to
130MW in total capacity, with AC connections to the shore rated at 20kV within the farm itself and
110kV for transmission to the shore. While most of these restrictions remain, the model has been
slightly extended to allow its use with larger windfarms.

There are many ways of connecting together individual wind farms to
'collect' electricity prior to its transmission to shore. It is assumed here
that the turbines are connected in circuits as illustrated schematically
in figure 3-3, a configuration which ensures full turbine availability
should any single link in the circuit fail. It should also be noted that the
turbines are assumed to be regularly spaced.

3.6 Maintenance costs

Figure 3-3: Circuit
connection.

Two methods to assess the operation and maintenance costs of an OWECS are included in the
model. One is an overly simple calculation. The other, when completed, will use the results of a
sophisticated Monte-Carlo simulation of OWECS failures and repair strategies to compare the
maintenance strategies and machine design concepts discussed in the concept analysis. The latter
part of the model is still under development, and the intention is that it will be possible to select either
approach for calculations.

The simple model estimates operation and maintenance costs by taking a percentage of the total
investment cost. Percentages can be specified by the model user, with suitable values being
available in the literature. This simple approach to maintenance costs is highly inaccurate, especially
in view of the wide variation of the published values. It does however have the advantage of good
generality.

The Institute for Wind Energy have developed a computer program that estimates OWECS
maintenance costs from Monte-Carlo simulations of wind turbine failures [15]. The program simulates
the operation and maintenance behaviour of an offshore wind farm over a period of time by following
the state of each 'component' involved e.g. turbine, crew, equipment etc. one time step at a time.
Stochastic events, such as the occurrence of failures or the state of the weather are simulated by
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using a random number generator, acting on assumed probability distributions. Using the program,
maintenance costs for the two prespecified wind turbines (WTS-80 and Micon) employed in
windfarms at certain key sites in European waters can be estimated. Local sensitivities to variations
in some important parameters, such as distance to shore, number of turbines in a farm, and wind
turbine failure rates can also be evaluated. Work is currently underway to estimate these values, and
the cost model incorporates the facility to make use of them.

3.7 Implementation

The vast majority of the model is implemented as a set of routines written in the Visual Basic for
Applications language of Microsoft Excel 5.0 for Windows [16]. The spreadsheet and data graphing
facilities of Excel have been exploited to ease the input of data and interpretation of the results, but
efforts have been made to keep as much of the hard calculation as possible confined to Visual Basic
routines.

This approach has a number of advantages. From the developers viewpoint using a 'proper1

programming language rather than spreadsheet macros and functions eases the work considerably.
Visual Basic code is quicker to write and debug than a conventional spreadsheet. It is also far more
flexible, having a full range of control structures that greatly simplify iterative calculations. From the
end users viewpoint however, there is essentially no difference between the. finished model and a
regular spreadsheet. Data is input into a conventional looking spreadsheet grid, calculations are
performed, and the results presented both in a grid and graphical formats.

3.8 Verification of the cost model

The cost model has been verified by comparing its output to that of some known cases.

Skegness study

The Institute for Wind Energy [8] estimated costs for a 60MW offshore wind farm sited near to
Skegness in the UK. Table 3-1 shows the major parameters used for the original study, which gave a
levelised electricity cost estimate of 0.137 ECU/kWh.

The study was repeated using the new cost
model. Identical parameters were adopted
where possible, and in particular the 3MW
turbine and the 'Baltic' support structure
(designed for 15 m water depth) were employed.
A new cost estimate of 0.117 ECU/kWh was
obtained, which compares fairly well with the
original result.

Figures 3-4 and 3-5 show the breakdowns of the
costs provided by the original and the new
model respectively. While there are
discrepancies, the results are comparable.

Parameter I Value
Turbine cower
No of tirbines
Support struct, heiqht above sea level
Turbine spacinq ratio
Mean annual wind speed
Distance to shore
Distance to qrid
O&M Cost
Decomissioninq costs
Annual interest rate
Economic lifetime
Percentaqe total profit allowed

3MW
20
68m
5 Diameters
6.45 m/s at 10 m
5km
0km
2% of installation costs
0
5%
20 vears
10%

Table 3-1: Parameters for Skegness calculation.

Skegness - original results

OM cost
31% S"

/
I

Grid \jk
connection ^ w

cost
5%

HUP"
Supportcost

24%

Turbine
cost
40%

Figure 3-5: Original cost breakdown for
Skegness.

Skegness - calculated costs

OM cost
31%

Figure 3-4: Calculated cost breakdown
for Skegness.
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SK Power study

The SK Power study [17] produced a cost estimate for an OWECS sited near to Gedser. With major
parameters as in table 3-2, a levelised electricity production cost of 0.0650 ECU/kWh was obtained.

Once again the study was repeated
using the cost model. In this case
the original work employed a 1MW
turbine, so the Micon 1 MW
machine was used for calculations.
For this verification, the support
structure calculation was disabled
completely and the support
structure cost from the original
study employed directly. This
approach produced a levelised
energy production cost of 0.0705
ECU/kWh, while the overall cost
breakdowns for the original and the
new calculations are compared in
figures 3-6 and 3-7.

Parameter
Turbine power
No of turbines
Support struct, height above sea level (hub height)
Turbine spacing ratio
Mean annual wind speed
Distance to shore
Distance to qrid
O&M Cost*
Decomissioninq costs*
Annual interest rate
Economic lifetime

Value
1MW
180
48m
9 Diameters
8.2s at 47m
17km
20 km
2% of installation costs
0
5%
20 years

Percentage total profit allowed* I 10%

Table 3-2: Major parameters for the SK Power Study
calculation. (Note that values marked * are estimated for use

in the cost model, and do not appear in the original study)

SK Study - actual values SK Study- calculated results

OM cost
23%

OM cost
30%,

Grid \ M
connection \ ~ ®

cost
16%

•rsP*"" Support
cost
25%

Figure 3-7: Original cost breakdown for SK
Study.

Figure 3-6: Calculated cost breakdown for SK
Study.

4. PRELIMINARY STUDIES OF OFFSHORE WIND ENERGY

4.1 Comparison of three potential OWECS sites

The reference sites concerned were selected during the course of the project and comprise two
broadly representative of the Dutch North Sea and one in the Baltic.

4.1.1 Dutch North Sea

Both the hypothetical sites considered are based strongly on real sites with the potential for OWECS
development.
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More inshore site

The cost model was applied to a 300MW development sited relatively close to the coast. Table 4-1
gives the major parameters applied to the model. Calculations were performed for the 3MW
Kvaerner-Turbin machine mounted on the 'North Sea' (25 m water depth) support structure. Figure 4-
1 gives the resulting cost breakdown. The estimated leveiised energy cost was 0.107 ECU/kWh, with
an annual energy production at the connection point to the public grid of 695GWh.

North Sea Inshore Site

Decommission
2%

Parameter
Mean annual wind speed
Number of turbines
Spacing ratio
Turbine type
Support type
Distance 1o shore
Distance to qrid
Op. and maint. costs
Decomissioninq costs
Cost added for profit
Annual interest rate
Economic lifetime

Value
10 m/s at 60 m
100
5 Diameters
Kvaerner-Turbin 3MW
North Sea
47 km
7 km
2% of installation costs
10 % of structure costs
10% of installation costs
5%
20 years

OM cost
30%

Table 4-1: Parameters used for the 'more
inshore' North Sea Site.

More offshore site

Grid
connection

24%

- ' \ Turbine cost
29%

Support cost
15%

Figure 4-1: Inshore North Sea cost breakdown.

The cost model was applied to a 300MW development sited relatively far from the coast. Table 4-2
gives the major parameters applied to the model. Calculations were performed for the 3MW
machine mounted on the 'North Sea' (25 m water depth) support structure. Figure 4-2 gives the
resulting cost breakdown. The estimated leveiised energy cost was 0.128 ECU/kWh, for an annual
energy production of 675GWh.

North Sea Offshore Site
Parameter
Mean annual wind speed
Number of turbines
Spacinq ratio
Turbine type
Support type
Distance to shore
Distance to qrid
Op. and maint. costs
Decomissioninq costs
Cost added for profit
Annual interest rate
Economic lifetime

Value
11 m/s at 60 m
100
5 Diameters
Kvaerner-Turbin 3MW
North Sea
70 km
6 km
2% of installation costs
10 % of structure costs
10% of installation costs
5%
20 years

Decommission
1%

OM cost
30%

Table 4-2: Parameters used for the 'more
offshore' North Sea Site.

4.1.2 Baltic Sea

Grid
connection

31%

Turbine cost
25%

Support cost
13%

Figure 4-2: Offshore North Sea cost breakdown.

The Baltic sea site employed was identical to that of the Blekinge project [18]. Calculations employed
the 3MW Kvaerner-Turbin machine mounted on the 'Baltic Sea' (15 m water depth) support structure.
Using the parameters of table 4-3 gave an estimated leveiised energy cost of 0.122 ECU/kWh and
an annual energy production at the grid of 466GWh. The cost breakdown is shown in figure 4-3.
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Baltic Site

Decommission
2%

Support cost
24%

Parameter
Mean annual wind speed
Number of turbines
Spacinq ratio
Turbine type
Support type
Distance to shore
Distance to qrid
Operation and maintenance costs
Decomissioninq costs
Cost added for profit
Annual interest rate
Economic lifetime

Value
8.4 m/s at 90 m
100
5 Diameters
Kvaerner-Turbin 3MW
Baltic
8 km
2 km
2% of installation costs
10 % of structure costs
10% of installation costs
5%
20 years

Figure 4-3: Cost breakdown for Baltic

4.2 Parameter studies

Table 4-3: Parameters used for the Baltic Sea
Site.

The cost model has been used to investigate how variations in two of the configurations of the last
section (offshore North Sea, Baltic) might influence the levelised energy cost. In view of the fact that
more work is necessary to refine the model, the results are presented as an indication of the means
by which the model will be used to optimise OWECS configurations, rather than as major conclusions
in their own right.

4.2.1 Variation of an environmental parameter

The environmental parameter investigated was the mean annual wind speed at each site. Figure 4-5
shows the effect of a +/- 1 m/s change in the wind speed at the Baltic site and similarly figure 4-4 at
the North Sea Site. Unsurprisingly, sites with more wind give reduced energy costs.

Variation of windspeed at one North Sea Site Variation of windspeed at Baltic Site.
0.16

0.2-

Annual mean Windspeed at 60m (m/s)

Figure 4-5: Effect of wind speed at the
"offshore1 North Sea Site.

7.4
Mean windspeed at 90m (m/s)

Figure 4-4: Effect of wind speed at the Baltic
Site.

Such conclusions, that increased mean wind speed reduces the energy cost, can of course be arrived
at in general terms without the use of a cost model. The great advantage of the model in this
instance is that it provide a quantitative indication of the absolute and relative variations of the costs.

An additional advantage of the model is that it easily takes account of consequential changes in
OWECS subsystems other than that under direct consideration. For example, the cost model predicts
that an increase in 1 m/s of the annual mean wind speed in the Baltic would reduce the levelised
production cost by approximately 26%. This compares to a 'theoretical' reduction, assuming that only

the energy production is increased in accordance with a factor l /V1 , of 29%. Similarly, for a 1 m/s

increase in wind speed at the North Sea site, the cost model predicts a 12% reduction in levelised
cost, compared to a 23% 'theoretical' value.

In both these cases, the discrepancy between the 'theoretical' and the cost model derived values is
due to the fact that the cost model takes account of changes that are necessary in the design of
OWECS as a result of the increased wind speed. The small discrepancy in the values for the Baltic
case suggests, therefore, that the cost changes there are predominantly governed by the alteration in
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energy yield. The large discrepancy for the North Sea site, in contrast, suggests that the design
changes necessary there have a large effect on the energy cost.

4.2.2 Variation of a design parameter

The spacing of the turbines was varied from 2 rotor diameters to 20 diameters at both of the sites.
Figure 4-6 gives the resulting variations in energy costs. It is clear that the additional cable costs
required for a wider turbine spacing are more than offset by the improvements in turbine
performance that result.

4.2.3 Economic parameter

Interest rates for both OWECS were varied from 2.5% per annum to 7.5%, with the effect shown in
figure 4-7. Reduced interest rates reduce the price of energy in both cases.

Effect of turbine spacing

2 5 10 20
Turbine spacing ratio (diameters)

Figure 4-7: Effect of turbine spacing ratio
on energy cost.

0.175 • -

0 . 1 5 - •

0.125 -•
0 . 1 -~r

0.075 ••

0.05 -•

0.025 - -
0 --

2.5

Effect of rate of interest

— - Baltic
—•- North Sea

7.5
Interest rate (%)

Figure 4-6: Effect of interest rate on energy
cost.

5. CONCLUSIONS

1. It has been established that it is not possiole to rationally choose between the options open to an
OWECS designer on qualitative grounds. Certainly some possibilities can be eliminated
without detailed calculations, but quantitative assistance is necessary to distinguish between
those that remain.

2. Two 'real1 wind turbines have been selected to provide a basis for the investigation of
OWECS.

3. The issues surrounding the design of support structures for OWECS use have been considered.
As a result, certain options have been identified as offering the greatest potential.

4. A range of operational and design strategies that might reduce the cost of operating and
maintaining OWECS have been proposed. A method to investigate the merits of the
strategies has been briefly described.

5. It has been demonstrated that the quantitative information necessary to choose between
OWECS options and sites can be provided by a cost model.

6. A cost model has been developed, and employed to compare the options outlined.
7. The Baltic and the Dutch North Sea both have potential for the development of OWECS. Broad

design solutions for each of the sites have been suggested, based on the options outlined
previously, and an initial comparison of the cost of energy undertaken.

8. In general terms, of the sites considered, those closest to shore and those with the highest annual
mean wind speed offer the best economics. Of the two parameters, annual mean wind speed
appears to be more important than distance to shore, but this issue needs considerable
further investigation before definitive conclusions can be drawn.

9. Over the range of values considered (2-20 diameters) OWECS installations with large turbine
spacings appear to offer better economy than those with turbines close together.

10. The rate of interest has a significant influence on the economic viability of OWECS.
11. Environmental conditions (i.e. site selection), careful design, and prevailing economic conditions

all have important roles to play in making an OWECS economically viable.
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6. FUTURE WORK

1. The cost model will be coupled with an atlas of the wind speeds over European waters. This will
allow a wide range of possible OWECS sites to be investigated.

2. The cost model will be employed to chose a near optimal site and design concept for an
OWECS. This selection will be investigated in detail in Phase III of the Opti-OWECS project.

3. An improved Monte-Carlo simulation based maintenance model will be used to investigate the
'future concepts' outlined in the concept analysis. It is hoped that this might shed some light
on the ways in which OWECS might develop.
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ABSTRACT

Some simplified correlations could allow to evaluate economically the project
requirements and optimize the venture. A sensitive analysis, even if very approximate,
highlights the real weight of the different factors entering in the plant budget, as energy
produced and the price to be payed by Italian utility or local energy consumers, the
capability of a small public administration to manage economically and technically a wind
park and so on. Some of them have a particular relevance on the decision to adopt wind
generators or to switch to other forms of electric energy production or to maintain the
actual dependence by the national utility. The first point is the margin of advantage
coming to the municipality, in front of the general and constant costs, and the
environmental effects, as site occupation, visual impact, influence on bird life even if
almost negligible. First of all the economic advantage, which must be sufficiently
permanent as the time goes on, is the major parameter to push towards the wind
generators.

On the basis of wind data knowledge for the northern side of the Sardinia island
considerations can be specifically developed on wind energy production in the La
Maddalena. Some technical solutions, even considering offshore installations, can be
suggested starting from the wind data realistically foreseeable in this region, the electrical
energy consumption, the economic capability of the administration and regional
contributions.

KEYWORDS
Economical consideration, Numerical simulation, Wind Energy, Sardinia Isle, Coastal
Zone.
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1. PROJECT "LA MADDALENA"

The wind energy application in Italy has reached a significant number of units but
yet not so extensive than abroad and not enough to attest a remarkable role in our national
energy program.

Purpose of the present study is to highlight the conditions affecting wind energy
plants that could be operated by the public administration of small islands. Many factors
are peculiar of this situation:
• the dimension of wind park economics for a self producer;
• the compromise in respect of energy need and site availability, the investment required

to install and operate a small wind farm;
• the influence of cost for energy distribution in alternative with the national utility even

for local needs;
• the cost balance of energy produced by this way.

The municipality of La Maddalena includes the namesake island, which lies to the
North-East of Sardinia. The population is about 15.000 people. Inside the municipality we
also find the islands of Caprera and Spargi, S.ta Maria and smaller islands.

The interest in a serious study about the feasibility of the installation of a small wind
park to produce electrical energy rises from the following considerations:

1. it is one of the few places in Italy with optimal conditions for wind plants;
2. some small part of the island is already quite modified by the human presence but

the installation of the plant wouldn't damage the environment,
3. the local public administration is willing to discuss about the feasibility of the wind

energy use;
4. from now already consumers are available for the use of a good share of the energy

produced (the municipality, for lighting);
5. other possible consumers would utilize the remaining share (the naval base, for day-

time consumption).

Considering other experiences made in different zones of Italy, the five above points
give to the project an industrial prospect; this has to be a real economic operation, whith
realistic margin of profit.
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2. WIND CONDITIONS

2.1 Elaboration of available data

A first evaluation of wind conditions by the island was made on the basis of data
recorded by Italian Navy for the Air Force near Guardiavecchia.

The results obtained are shown in figg. 1-2-3.

Fig.l Isocurves of mean wind speed, 10m above the ground
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Fig.2 Mean wind speed, 10m above the ground

Fig.3 Characteristic wind directions
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In particular the two figg. 1 and 2 show a good distribution of winds. The strongest one
blows from the North-West (Maestrale) and the upward side of the island has got mean
wind speeds higher than 6 m/s.

Anyway there are also downward zones with values more than 5 m/s, such as the
channel between La Maddalena and S.Stefano islands. This situation comes from the
channeling effects caused by not constant wind directions (see fig.3) which result in
appreciable rising of the local velocities.

We are particularly interested in the sea area between S.Stefano and La Maddalena
islands, for three reasons:

• good wind conditions;
• area deeply antropic, where the sight of wind generators could be well-tolerated;
• proximity to the consumption points;
• sites with a good availability of services, like roads, area for surface movements.

2.2 Experimental campaign

To evaluate the advantage of a wind park on La Maddalena island it is necessary to
have at disposal reliable data about winds, taken with proper instrumentation for a
sufficient long duration.

To this purpose the University of Bologna, together with the Italian Navy, the
municipality of La Maddalena and ENEA, has started an intense experimental campaign.

Recalling the considerations in the previous paragraph, the University of Bologna has
installed a series of instruments in the area of the channel between S.Stefano and La
Maddalena islands.

To simulate as well as possible the behaviour of wind generators, the height at which
the detections was done wasn't limited at the usual 10-15 meters, but it was risen to 30
meters and more, making it possible to measure the wind speed at the actual height of the
machine's hub.

To obtain this, a lighting tower of the military arsenal was exploited and, thanks to the
collaboration of the Navy, a complete instrumentation (anemometer-wind direction-
moisture-temperature) was installed on the tower's top, and an anemometer right above
its middle height (fig.4/5/6).

441



FIG.4 CLIMATIC INSTRUMENTATION AT 33m.

FIG.5 ANEMOMETER AT HALF HEIGHT TOWER (18 METER)
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FIG.6 TOWER

2.3 Load factor

The load factor is defined as the ratio of energy actually produced to that calculated
theoretically. In a wind plant this ratio can be defined as follows:

F C = (number of hours of wind with speed between Vmin and Vmax ) / (total
number of hours during the measuring test)
= TVActive/TVTot

Where: Vmin = threshold speed for energy production
Vmax = upper speed limit for the plant's energy production
TVA = active wind time
TVT = total time during which TVA was surveyed.
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The minimum period of such a study to balance the effect of season's changes and
to obtain a more accurate value is of one year (TVT=8760 hrs.).

Currently there are not many available data. Furthermore, in our opinion, same
series of these data don't looks like reliable, as they seem to overestimate both the
presence and the entity of wind. From some data collected by LIN near La Maddalena it is
possible to guess a value for TVA of 25%. The so-calculated FC has to be corrected
considering the periods of plants stops due to ordinary or extraordinary maintenance or
technical malfunctions, as follows:

FC=FC' x FR=TVA xFR/ TVT

The reduction factor, FR, is quite hard to be estimated. It could be done with rough
assumptions:

a) during the first 3 years we'll have frequent stops, as the whole plant will have to be
set-up (FR=0.9);

b) from the fourth to the tenth year the plant should be run good enough and
considering its young age the malfunctions should be almost absent. Taking a day
for each stop in four months we obtain FR=0.98;

c) from the tenth year to the end of life (twentieth year) the shutdown periods should
rise considerably (to three-four times), and so we could have FRO. 95.

2.4 Electrical energy production

With a 600 kW wind generator and a load factor determined through the data
given by the numeric simulation of the plant the mean speed in the dockyard of Italian
Navy will reach 5.2 m/sec with a TVA of about 3,680 hours/year. The electric energy
produced by these estimation will be listed in the following table:

l°-3°year
4°-10° year
10°-20°year

FR

0,90
0,98
0,95

Work time
hr/y

3.300
3.600
3.500

Energy/year
kWh/y

1.996.000
2.163.000
2.097.000
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3. ECONOMIC ASPECTS OF THE WIND ENERGY IN SMALL ISLANDS

3.1 Financing program

The economic aspects relevant for our study are essentially linked to money cost
and to an offer of particular founds coming from regional/central administrations or
European Community source. Some variables have to be taken into account for a possible
access to:

1. low cost loans. The venture nature is based on specific conditions which concern the
construction of wind generators parks to produce electric energy for the needs of local
communities with the participation of public administrations. The principal aim to help
the municipality budget by increasing the energetic saving (i.e., by reducing the cost of
the public lightening) and/or to generate clean energy for its uses. This complex of
characteristics could permit to request loans having reduced rates of interest, which
can contribute to introduce a sort of interest control for money lended by banks;

2. sunk capitals. The venture described in the previous point have the requirements
requested by certain administrations (Regions, Sate, Economic Union) to admit the
total investment (or a part of it) to this kind of support, when foreseen for important
activities in favor of local communities.

These two variables create sinking funds to be introduced in the annual budget of
the plant. In the view of reducing the number of components in the cost analysis it has
been decided to consider the total cost of the plant as a yearly installment of amortization
to be evaluated as a percentage of the initial investment for the venture. This procedure is
expressed in synthetic form in fig. 7, where on the axis of abscise is the interest rate, as a
cost of money loaned, and on ordinates axis the yearly depreciation allowance, as a
percentage of the total investment for the plant to be yearly payed. The six curves are
representing the behavior of certain plants for which the amortization is ended in 10-15-
20 years (see the curves named T10, T15, T20) with an initial sunk capital of 20% of the
initial investment (see the remaining curves).
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3.2 Installation cost, initial investment

From data available on existing plants the total cost (manufacturing, transportation,
servicing equipments, etc.) for medium range wind generators (power rates 400-600 kW)
the total cost (tower, nacelle, gears, electric generator/transformer, etc.) ranges between
1.5 MLit/kW and 1.8 MLit/kW with possible reduction in cost as the specific power of
units and the installed gross power are increasing.

The cost evaluation for the foundations and the unit installation depends by many
factors (location, feasibility of site access, ground surface conditions, local availability of
manpower, materials, transportation means, etc.) directly and deeply influencing it.
Taking into consideration that the Sardinian wind farms are again in a preliminary stage
of study and will count very few units it could be credible to estimate an increase of 0.2
MLit/kW on total cost to account the weight for the installation and foundation of each
unit.

The total cost could be considered in an optimistic view not over 1.7 MLit/kW and
2 MLit/kW respectively. Certain corrections will be operate by introducing another
valuable variable, which is the number of units per park. It is evident a saving in cost
could be reached (through delay and accommodations for payment, cost discount, etc.) if
the purchaser will garantee the acquisition of more units.
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The influence of other components on the total cost, like permissions from the
municipality for building site, erection yard, approval of projects, etc., could be positive
because:

a) the participation of municipality to the venture, as owner of the plant could help the
manufacturer, the installation responsible and so on supporting them with all the
permission needed and also collaborating with its own technicians during all the
phases of the plant construction and operation;

b) the presence of the University in the joint venture will permit to develop all the studies
which are requested for many technical and political aspects, like environmental
impact, safety analysis, noise influence, etc., and which can be easily and cheaply
elaborated by means of the competencies, the lab's and the numerical programmes
available in its structures;

c) some expenses can be seconded to other chapters of charges, like overheads,
maintenance charges, etc.

In the chapter of maintenance charges all the components of the maintenance and
the operation have to be considered, like routine and extraordinary maintenance, normal
operation, repairs due to accidental events, surveillance of wind generators farm, and so
on.

4. FIRST ECONOMIC EVALUATION OF THE UNITS ON HARBOUR OF
NAVY DOCKYARD

The energy produced by the units installed on the harbour of Navy dockyard could
be used for the public lightening of the La Maddalena squares and streets. For this service
the municipality absorbs approximately 600 MWh per year by the ENEL network.
To have an idea of the contribution obtainable through the wind energy it should be
useful to evaluate the costs concerning one generator located in that site. The economic
considerations are made on these hypotheses:
• power: 600 kW;
• energy production: as indicated in the par 2.4;
• construction/installation costs: about 2 MLit/kW;
• sunk capital: not over the 20% of the investment;
• yearly interest rate: 12%;
• depreciation period: 10 years;
• cost of the ENEL KWh: 250 Lit/KWh;
• net proceeds of energy sold to ENEL: 140 Lit/KWh during the first 10 years, 50

Lit/KWh from 1 lth year to 20th;
• maintenance costs: 2% of total investment per years;
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• operation costs: 1% of initial investment per year, taking into consideration that the
municipality will be able to operate directly the plant, reducing considerably this kind
of costs.

The following figures describe the profile of the assets and liabilities of the venture
during the life period of the plant (20 years) regarding depreciation, maintenance,
operation and debits/credits for electrical energy in the public lightening and also the
gross balance for all the time duration of the wind generator unit.

ASSEST

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20

50.000.000
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5. CONCLUSIONS

It is evident that the validity of the evaluations, presented in the previous
paragraphs, are the consequence of rough assumptions necessarily adopted to develop
economic forecasts. If these simplified hypotheses could be apparently a limit of the
paper, in reality its aim is to demonstrate the feasibility of the La Maddalena site as
location for many wind generators and also to verify the availability of that island in
generating energy for the uses of the municipality. This approach is consistent with the
scope of the wind energy production assumed as a basis for the economic evaluation,
according to a sufficient energy absorption from the municipality for its public services in
lightening, in water treatment plant or in supplying energy for different uses (hospital,
schools, etc.). Just to maintain the electric loads requested by the energy consumption the
size of the wind farm will be consequently determined, assuming a certain factor to
correspond to the contemporary uses and imposing the correspondence between wind
energy exploitation and electrical energy production.

If we could do so, a real saving in the cost of electric energy consumption will be
assured. To optimize the previous economic estimations it will be necessary:
• to begin a long duration, extensive and well analyzed experimental campaign to detect

the best sites in respect of wind conditions in the island;
• to define the economic quantities (interest rate, sunk capitals, etc.) through direct

contacts with manufacturers, banks, public administrations, etc.;
• to determine the operation/maintenance costs after a detailed analysis and a consistent

evaluation on the plants.

The DIENCA Department and ENEA have already begin an intensive campaign of
measures on different sites of La Maddalena island and the North-East side of Sardinia, as
already explained in par. 2.2. In this frame instrumentations are located on the Navy
dockyard (two sets of wind instruments to map the wind data along the height up to 33
m.), on the small peninsula (corresponding to a location named Chiesa island), and in a
reef sited in the sea between La Maddalena and Palau (with ENEA instrumentation).
Wind measuring devices are already placed by Italian Navy and Air Force in the hill
behind La Maddalena town (Guardia Vecchia location). A connection of this station with
our network will be performed in the next future.
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ABSTRACT

At the present rate of wind turbines installation, the best sites will soon be saturated and
additional sites will have to be found in moderate wind or offshore sites. Even though the
installation of wind turbines offshore is technically feasible, the realisation of such
projects should take into account their visual impact at the planning stage. This is
particularly important in areas where the sea and the landscape are major assets for the
economy, like in the case of the Mediterranean.

The Wind Park Wanderer (WPW) software tool has been developed with the aim to
integrate the environmental intrusion aspects of a wind park in its technical design phase.
It was developed in such a way so as to simplify the time consuming processes involved
in assessing the visual and noise impact of wind parks (onshore or offshore), evaluating
at the same time the proposed potential plants in terms of their energy yield and cash
flows.

The installation of a 5MW offshore wind park is addressed using the WPW software and
three scenaria in terms of turbine size and distance from the shore are hereby examined
with respect to visual and noise impact on one hand and energy and cash flows on the
other.

KEYWORDS

Visual impact, animation, offshore wind parks, computer program

INTRODUCTION

The wind resource and better wind characteristics of offshore wind turbine installations
are some of the benefits compared to onshore wind parks, while at the same time the best
on-shore sites will soon be saturated. Such energy projects though can be realised at an
extra cost for foundations, cables, erection, etc., but even so, it is envisaged that offshore
wind energy development will become economically attractive. The environmental
impact of such installations should also be taken into account, especially in areas where
the sea and the landscape constitute a major asset, like in the case of many Mediterranean
tourist resorts. It is important, for both onshore and offshore wind energy development, to
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be able to agree with the locals on the appearance of a site, even at the design phase, in
order for the designer to be able to optimise the park in terms of energy yield and
environmental impact.

The Wind Park Wanderer (WPW) software tool was developed with the previous notion
in mind. It has the potential to simplify the generation of various scenarios for the
configuration of wind turbine installations in terms of visual impact, energy production
and cash flows for the potential site, in such a way so as to simplify the designers work
when it comes to reaching the compromise between wind park efficiency (thus financial
viability) and environmental impact.

The creation of images for various proposed sites and the capability of animation, in
addition to the capability to calculate and display noise (as contours of noise intensity) on
the examined surface allows the assessment of the environmental impact of various park
layouts. Additionally, for any configuration of turbines the WPW software is able to
determine the energy and the financial outputs, by running the appropriate software in the
same single working environment.

The user can thus readily modify the positions of the wind turbines, the height of their
towers etc., trying to minimise the visual and the noise impact (the stationary and the
animated produced views of all the possible configurations should be compared), while at
the same time checking the effect on energy and financial viability of any wind project.
The major objectives that were set on the character and the features of the tool were:
• The implementation in a single object oriented environment of all the procedures

required for the design of a wind park installation .
• The operation of all the functions of the tool through a graphics User Interface.

Interactive, high quality, real time realisation of the wind park.

Through this process, better aesthetic design of wind parks can be reached, taking into
account not only the machine appearance but also the way that the park set-up matches
the specific area. Additionally, it is important to keep the locals informed about the future
look of their area and secure their acceptance of the installation at an early stage, which
can be achieved through the use of appropriate tools, like the CWPW.

THE TEST CASE OF A 5MW OFFSHORE WIND PARK

The WPW software tool, which has been analytically described in [1], has been applied
to an offshore site and has produced images from three different wind turbine
configurations (size and location) for a total installed capacity of 5MW.

The following three scenarios were examined :

a) 10 Wind Turbines of 500kW rated power each (40m rotor diameter), at a distance up
to 220 m from the coast (figures la, 2a, 3a, 4a).

b) 5 Wind Turbines of lOOOkW rated power each (55m rotor diameter), at a distance
up to 220 m from the coast (figures lb, 2b, 3b, 4b).
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c) 5 Wind Turbines of lOOOkW rated power each (55m rotor diameter), at a distance
up to 1000 m from the coast (figures lc, 2c, 3c, 4c).

The results of a perception survey which took place among people living in the vicinity of
the Lely area (the Lely wind park is the first Dutch offshore wind energy project), showed
that a line arrangement is much more preferable than a cluster arrangement [2], for the
offshore wind turbines configuration. According to this result any alternative
configuration which referred to a cluster arrangement of the wind turbines, was rejected
from the present test case.

Figure 1 shows the plan view of the three different wind turbine configurations where the
positions of the wind turbines are represented by red circles. Figures 2 and 3 present the
views for the three scenarios from observing sites 180m onshore and 1500m offshore
respectively. In each of these figures, the plan view of the loaded site, including the exact
position of the observer and the exact positions of the turbines, has been illustrated
below the corresponding visualisation of the park.

NOISE LEVELS ON THE SELECTED AREA

The noise levels can be estimated using a propagation model that uses hemispherical
noise propagation over a reflective surface and includes air absorbency. The
representation of noise on the selected surface, as contours of noise intensity dB(A) is
presented in figures 4a, 4b and 4c.

ENERGY PRODUCTION

The AIOLOS -T code, [ 3 ] has been integrated in the tool for the estimation of the wind
resource of the area under consideration. This is a hybrid code solving for the
perturbation of the wind speed potential plus the vertical momentum and pressure
equations. For the present calculations, the water surface roughness was assumed equal to
0.0002 [4]. Given the wind field and the positions of the wind turbines, appropriate
software is used to calculate the energy production of the park, that takes into account
the inter - shading of the machines [5].

The results of the energy production calculation, for the three scenaria is shown in
TABLE -1, for a site with a mean wind speed of 6m/sec at 10m agl:

Potential Wind
Park
configurations

a

b

c

Number and
sizeofWTs

10/ 500kW

5 / lOOOkW

5 / lOOOkW

Rated
Power
Installed
(MW)

5

5

5

Total
Annual
Energy
(MWh)
9134

9358

9818

CF

0.2085

0.2136

0.2241

Park efficiency
coefficient for
the dominant
wind direction

0.9766

0.9940

0.9970

TABLE 1: Energy production from the potential wind park of 5MW rated power
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FINANCIAL VIABILITY OF THE PROJECT

Analysing the data from the offshore wind parks of Tuno Knob, Vindeby and Lely, it was
shown that the foundations, submarine electric cables, transportation and maintenance
costs are higher than in the case of onshore installations. In TABLE 2, these categories of
higher costs compared to onshore installations, are presented for each of the three
configurations, as percentages of the total cost. Using the energy production and various
economic parameters as data, the financial model of the WPW software tool calculates
several accounting indices for the three configurations of the potential offshore wind
park. These indices are the Net Present Value (NPV), the Internal Rate of Return (IRR)
and the Pay Back Period (PBP). These indices are shown in TABLE -3.

Total cost

100%
1030

100%
1455

100%
1780

C)
100%
2540

COST
foundation

a)
22.3%
230

b)
30%

448
c)

30.3%
540

PER WINE
electric

10 x 500kW
10.7%
110

5 x lOOOkW
8%
120

5 x lOOOkW

16.8%
300

» TURBINE (ECUxlO3)
cables transportation
200m from the coast

5.8%
60

200m from the coast
7.56%
110

1000m from the coast
8.4%
150

5 x lOOOkW 1000m from the coast with floating
55%

1400
7.9%
200

5.9%
150

maintenance

1.65%
17

1.8%
26

1.7%
30

platform
1.2%
30

TABLE 2: Analysis of cost per turbine, for those costs that are higher in the case of
offshore installations.

Potential Wind
Park
configurations

a

b

c

c'

Number and
size of WTs

10/ 500kW

5 / lOOOkW

5 / lOOOkW

5/1000kW

Rated
Power
Installed
(MW)

5

5

5

5

Net Present
Value
(ECUxlO3)

1200

980

1100

540

Internal
Rate of
Return

0.87

0.76

0.65

0.54

Pay Back
Period
(years)

13.8

12.6

12.9

21.6

TABLE 3: Financial indices for each examined configuration (economic life of the
investment is 30 years)

The main conclusion that can be drawn from the current economic evaluation is in
agreement with the existing experience in that the offshore generation kWh cost is about
60% higher than from an onshore park, for sea bed foundation structures. For floating
support platforms which are used for water depths greater than 35m, the related energy
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cost is evaluated 2-3 times higher than that of the offshore plants, due to the extra cost of
the platform structure. In case that Floating Wind Turbines of 1MW should be used at the
site configuration (c), an estimation of the related costs and the economic indices is
given in TABLES 2 and 3 under (c').

CONCLUSIONS

It can be concluded that the use of tools like the Wind Park Wanderer allows the
simultaneous estimation of the environmental and performance parameters of a wind park
installation. This software tool has been applied to a 5MW offshore wind park, producing
views and noise calculations for three different configurations, in terms of wind turbine
size and position. Additionally, the tool was used to calculate the wind resource of this
medium to low wind speed site, calculating in turn the energy production and various
economic indices for the various configurations. It was shown that by moving the park
away from the shore and thus reducing the noise and visual impact, the payback time was
not significantly affected, provided that sea bed foundations are used.
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a : (10 x 500 kW) rated power wind park, at a distance
up to 200m from the coast.

b : (5x 1000 kW) rated power wind park, at a distance
up to 200m from the coast.

c : (5 x 1000 kW) rated power wind park, at a distance
up to 1000m from the coast.

Figure 1 : Three different configurations of the potential offshore wind park of 5MW rated
installed power. The grid shown corresponds to ( lkmx lkm) distances. The diameter of
the circles corresponds to ( 5 x rotor diameter) dimension.
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Figure 2a : Visualisation of the potential offshore (up to 220m distance
from shore) wind park consisted of 10 x 500kW - WTs. A plan view of
the selected site and the exact onshore position and viewing angle of
the observer (180m distance from the coast line) is illustrated at the left.
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Figure 2 b : Visualisation of the potential offshore (up to 220m distance
from shore) wind park consisted of 5 x lOOOkW - WTs. A plan view of
the selected site and the exact onshore position and viewing angle of
the observer (180m distance from the coast line) is illustrated at the left.
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Figure 2c : Visualisation of the potential offshore (up to 1000m distance
from shore) wind park consisted of 5x lOOOkW-WTs. A plan view of
the selected site and the exact onshore position and viewing angle of
the observer (180m distance from the coast line) is illustrated at the left.
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Figure 3a : Visualisation of the potential offshore (up to 220m distance
from shore) wind park consisted of 10 x 500kW - WTs. A plan view of
the selected site and the exact offshore position and viewing angle of
the observer (1500m distance from the coast line) is illustrated at the left.



Figure 3b : Visualisation of the potential offshore (up to 220m distance
from shore) wind park consisted of 5 x lOOOkW-WTs. A plan view of
the selected site and the exact offshore position and viewing angle of
the observer (1500m distance from the coast line) is illustrated at the left.
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Figure 3c : Visualisation of the potential offshore (up to 1000m distance
from shore) wind park consisted o f 5 x lOOOkW - WTs. A plan view of
the selected site and the exact offshore position and viewing angle of
the observer (1500m distance from the coast line) is illustrated at the left.



Figure 4a : Representation of noise impact, as contours of noise intensity (dBA).
Potential offshore wind park of (10 x 500kW) WTs, at a distance up to 220 m
from the coast.
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Figure 4b : Representation of noise impact, as contours of noise intensity (dBA).
Potential offshore wind park of (5 x 1000 kW) WTs. at a distance up to 220 m
from the coast.
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Figure 4c : Representation of noise impact. as contours of noise intensity (dBA).
Potential offshore wind park of (5 x 1000 kW) WTs. at a distance up to 1000 m
from the coast.
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ANNEX 1
(Oral presentation by Ing. G. Lombardi - Atena)

Offshore wind energy plants: suggestions for the semplification of the
siting authorization procedures

Gioacchino Elefante - Marina Mercantile - Ministero Trasporti Roma

Abstract

A review is presented on the wind energy uses in the offshore conditions.

Suggestions are given to simplify the authorization procedures by the many

authorities involved in the construction permits.

A guidebook, to be published by ENEA, is proposed for the installation of the

offshore wind plants.

Introduzione

E' sempre più frequente apprendere dalla stampa specilizzata ma anche da quella

comune dell'avvenuta installazione, e quindi, dell'utilizzo di impianti ad energia

eolica.

Tali impianti consentono di diminuire l'uso di gasolio e altri derivati dal petrolio

con il conseguente beneficio della minore dispersione nell'ambiente di anidride

carbonica, di anidride solforosa, di biossido di azoto e di ceneri.

L'utilizzo dell'energia eolica registra un incremento anche in Italia (tra le altre

vanno menzionate la centrale di Monteleone Anzano di Puglia da 24 MW (FG) e

quella di Cullarmele (AQ).

L'impiego del tipo di energia in discorso va incrementandosi sia per il grande

beneficio in termini di rispetto dell'ambiente (essa è infatti tra le più pulite e con il

minor impatto ambientale) - e, quindi, di prevenzione dell'inquinamento

atmosferico - sia in termini di complementarietà ai tipi tradizionali di energia, per la

possibile parziale autonomia dall'uso dell'energia tradizionale.

De iure condendo è auspicabile che si arrivi tra gli Stati Europei alla armonizzazione

delle rispettive legislazioni al fine di aprire meglio il campo ad una maggiore

utilizzazione dell'energia eolica.

Pertanto, nell'intento di dare un contributo agli operatori del settore, sembra

opportuno prospettare talune misure che possano essere proficue ai fini della

accelerazione della procedura.

467



Possibili impieghi di impianti eolici in ambiente marino offshore

E' evidente la possibilità di utilizzo dell'energia eolica da parte di talune categorie di

beneficiari, gruppi sociali, ovvero di aree ed aggregazioni territoriali (cittadine,

borghi, etc.) o di strutture ed organismi (Enti militari, consorzi, aziende, comunità di

persone, etc.).

Particolare interesse riveste la possibilità di impiego dell'energia eolica per la

alimentazione di impianti di:

- dissalazione o depurazione delle acque marine;

- depurazione degli scarichi a mare;

- alimentazione di fari e boe di segnalazione o delimitazione;

- piattaforme per la prospczione di risorse sottomarine;

- servizi destinati ai natanti da diporto;

- soddisfacimento di esigenze di piccole comunità su isolotti;

- ponti-radio;

- servizio per strutture della pesca.

Misure programmatone e provvedimenti semplificativi

A tal punto rivestirebbe particolare rilevanza l'approntamento - da parte dell'ENEA

o di altro Organismo specializzato - di un "opuscolo illustrativo" da mettere a

disposizione degli operatori (presso le Capitanerie di Porto e gli altri uffici marittimi,

le Autorità Portuali, le Regioni - Assessorato Demanio e Territorio) contenente gli

elementi-guida basilari in virtù dei quali l'operatore è messo in condizione di agire

con maggiore speditezza.

In detto opuscolo sarà riportato il modello di domanda da produrre alle

Amministrazioni competenti, sì da guidare l'interessato facendogli conoscere le

Autorità a cui - sulla base della giurisdizione territoriale di ognuna - presentare la

istanza stessa e la relativa documentazione.

L'Autorità amministrativa potrà, dal suo canto, provvedere alla adozione di

provvedimenti e strumenti ausiliari semplificativi a monte, quali ad esempio: la

emanazione da parte della Autorità centrale (Ministero Trasporti e Navigazione) -

quale organismo propulsore e coordinatore - con apposita lettera circolare di criteri-

guida alle singole Autorità periferiche sulla opportunità di una indagine ricognitiva

di carattere generale intesa a individuare - nell'ambito dei Compartimenti di
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rispettiva giurisdizione - le aree che abbiano una particolare vocazione alla

utilizzazione per la installazione di centrali eoliche offshore.

Verrebbe in tal modo delineata, nell'ambito dell'area di giurisdizione delle sinole

Autorità periferiche, una "carta dei siti predisposti".

L'operatore, in tal modo, sarebbe in grado di conoscere, già all'atto dell'avvio

dell'iniziativa, i luoghi specifici utilizzabili in quanto naturalmente predisposti

(presenza di vento ed altri elementi favorevoli) e giuridicamente assentibili in

concessione (scevri da vincoli, interferenze con altre attività o impedimenti e
limitazioni).

Tale "carta dei siti predisposti" consentirà, per esclusione, di conoscere a priori tutte

le aree non suscettibili di utilizzazione perché gravate da vincoli, limitazioni o

impedimenti di natura ambientale paesaggistica e di difesa del territorio, di

salvaguardia della navigazione e della attività di pesca, etc.

Ulteriore attività della Pubblica Amministrazione andrà esplicata con concertazione

a livello centrale e locale per la possibile approvazione preventiva - anche sotto il

profilo ambientale - di modelli strutturali tipici con riferimento alla volumetria,

alla tipologia estetica ed altre caratteristiche di carattere strutturale o ambientale da

approvare preventivamente in linea generale, sì che l'operatore possa conoscere a

priori il prototipo di impianto già idoneo sotto il profilo tecnico-strutturale per la

località prescelta.

Da ciò emerge come sia fondamentale l'opera della pubblica Amministrazione a
tutti i livelli.

Obiettivo più facilmente realizzabile nel quadro del programmato decentramento di

funzioni e competenze agli Organi locali, che comporterà una più agevole e spedita

definizione delle procedure ed un più rapido raggiungimento dei risultati da parte

degli operatori.

In tale contesto - quali misure programmatone e decisorie utili ed aggiornate con il

modello opertivo che si intende realizzare - in adempimento alla volontà di dare

applicazione evolutiva agli istituti procedurali amministrativi - rientrano le

Conferenze di servizi tra Organi centrali dello Stato e tra Organi centrali e locali.

In tali sedi è possibile sviluppare la concertazione tra tutte le Autorità competenti

nelle varie fasi ed a tutti i livelli e pervenire a soluzioni più rapide in favore degli

interessati.
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