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Abstract: The modern wind energy industry exploits the (MW) which will on average generate 2,950,146
wind resource in the lower 150m-200m of the atmesph ~ Megawatt hours (MWh) in a year given a 30% load or
The wind energy in the atmosphere increases signifiy capacity factor. While this fast-growing figure repents
with increasing altitude from ground level, but no 68% of the total renewable energy used for eldttric
electrical power is currently generated from higher generation, it still only represents 9% of the lota
altitudes. The wind resource at higher altituddsss well electricity demand [2].
documented from an energy production point of vawl
no commercial products currently exist to expldiist The proposed EU2020 directives covering membee stat
resource. The wind resource at 750m will be modéite effort-sharing and renewable energy directive $ifguthat
Ireland using recent data and comparisons to thetirey Ireland must obtain 16% of its totehergy needs from
wind-energy map will be made. Different candidate renewable resources, this figures is currently 3ld&sing
technologies for exploiting the resource are diseds A a distance to target of 12.6% by 2020.
kite-based system is studied in more detail. Theaciy
factor and performance curves for such a system areVNind is the leading renewable energy type in Ire|aas
calculated. well as being the least expensive and most abundant
Sustainable Energy Ireland (SEI) resource studidsate
Keywords: Wind energy, high altitude energy, kite/airfoil. that it is an order of magnitude greater in potdntnan
other renewable energy source in Ireland, as veeliedng
larger than all other renewable energy resources
combined[3]. Ireland has a national goal of 33% of
electricity from renewable sources by 2020 which is
largely expected to come from wind. Future issedeting
to a major expansion of wind generating capacihg t
location of wind farms in remote areas of the eledy
grid and the inevitable impact on grid quality rém@ be
dealt with. The European commission has, in Sepéemb
2008, adopted a text [4] recommending that higitualk
wind energy be part of the target of 20% of totaérgy
needs being met through renewable sources in 2020.

1. Introduction

The aim of this paper is to assess the high-a#itwthd
resource in lreland and analyse the existing rekear
focussed on exploiting such a resource.

In the context of this report, the high-altitude ndi
resource refers to the energy in the wind at atudé of
750m for which historical windspeed data is avadfh.

The reasons for focussing on this altitude are fivid- In
the first instance, it is known that wind-speedsréase
with increasing altitude but little research hagrbe&one
on estimating the wind-energy resource at altitudgber
than existing wind-turbines and up to the limits tbé
planetary boundary layer.

A large body of research and commercial activitystsx

for renewable energy technologies such as solattohy
geothermal, biomass and low-altitude wind energye T
energy source which is high-altitude wind is siifitapped

for want of a proven technology.

Secondly, the rate in increase in size of individua 2 M ethodology
terrestrial wind-turbines is being affected by anter of
factors including prohibitive engineering/materiassts,
difficulties in site accessibility for larger sttuces and  2.1. Wind-resour ce evaluation
increasing environmental concerns. Future increased
penetration of terrestrial wind-energy may thusbased
on the use of a larger number of sites rather tharuse of ~ The evaluation of the wind-resource at an altitofl@50m
larger turbines. In order to exploit the energyrese that  is done using the NCEP/NCARReanalysis | dataset [1].
exists at higher altitudes, new technologies must b This dataset contains a 40-year record of globalyaes
developed to complement terrestrial wind-turbines. of atmospheric variables such as wind and temperato

a 208km resolution grid with over 18,000 points.eTh
Terrestrial wind energy has been considered thedataset generation process included all available
cornerstone of Ireland’s path to a renewable enfrgye. radiosonde (weather balloon) and pilot balloon dasa
The current grid connected and operational ingtaied
capacity on the island of Ireland is 1086.37 Megtsva

! National Center for Environmental Prediction



well as observations from surface, ship, aircrafid a
satellites. The dataset provides windspeed dadéfatent
pressure levels and for the purpose of this refhartdata
from pressure levels 1000hPa and 925hPa are uséy U
the standard hydrostatic equation these pressweasle
correspond to altitudes of approximately 110m a&@n?
above mean sea level (amsl). Data is availablefdar
readings per day at 00, 06, 12 and 18 hours Greénwi
Mean Time.

The binary data output from the dataset can be
manipulated using NetCDF4Excel tool which is auaia
for free.

The Reanalysis | dataset has been used previoustyei
analysis of vertical wind profiles [5] and also studies
comparing its accuracy with that of ground based
observations[6] with satisfactory results particiylafor
north-western Europe.

The windspeed values derived from the Reanalysis |
dataset will be compared with data from the IrisindV
Atlas[7] which provides annual wind-speed figures a
50m, 75m and 100m covering the Republic of Ireland.
Comparisons will also be made with radiosonde iata
wind sensor/transmitter units used in weather ba#.

Figure 1 : Locations of data sources for high-adi& wind

The locations covered by the Reanalysis | datassdtde
four sites of potential interest in studying thghaltitude
wind resource in Ireland. These sites are humbgred4
in Figure 1. Since no data is available for congmariwith
offshore locations only Sites 2 & 4 will be evalet

These sites are situated at 10 m amsl and 60m ams

respectively.

Radiosonde data is available for two sites on skend of
Ireland, numbered 5 and 6 in Figure 1.

The data from the Reanalysis | dataset is limitgdthe
lack of vertical resolution in the lower 1000m dfet
atmosphere i.e. only two pressure levels/altitudes
available. The corresponding data for North America

contains 5 pressure levels up to 1000m but thislle¥
details is not available elsewhere. Since the tffexf
surface roughness have long since been overcornigsat
altitude it will be assumed that the windspeedsutated
for 750m apply from that altitude to the top of the
boundary layer.

A full year of Reanalysis | data, from 2008, foittbsites 2
& 4 has been used as the basis for this report.

2.2. High-altitude wind technology

The study of technologies to exploit the wind ra@seuat
high-altitudes has been ongoing since the 1930th wi
resurgence of interest following the oil-crisis tfie
1970's, [8,9,10] focussing on airborne versions of
terrestrial horizontal-axis wind-turbines. The puial for
the use of rotorcraft, semi-permanently locatedthe
upper atmosphere, has also been studied [11,13s€eTh
rotorcraft consist of an airframe with two or margors
which have the dual function of providing lift tagport
the airframe and generating electricity when iredirat an
angle to the wind.

The major drawback of the aforementioned systentiseis
fact that the power generating equipment is locatethe
energy source, i.e. at high altitudes. This me&as the
energy extracted from the wind must first be sidfit to
keep the power-generating equipment airborne befoye
excess is available for transmission to the grovadthe
tether. The safety concerns raised by heavy aigborn
systems coupled with the risks/costs associatedh wit
prototype development have hampered the developafient
these proposed systems.

Other proposed technologies de-couple the energy
extraction from the electricity generation throutje use

of kite/airfoils creating tension in a tether caaggithe
rotation of a ground-based generator as the tegeds out
from a drum.




Such proposals fly the kite in a crosswind, figarght
pattern which is shown to increase the apparentd win
experienced by the kite [13] by a ratio definedthy lift-
drag ratio of the kite. Typical lift-drag ratiosrfthe surf-
kites used in simulations and prototyping are Se&ning
that a kite will experience an apparent wind of &8wmhen
flown in a true wind condition of 10m/s.

Dmg

i Weight of kite

Figure 3 : Cross-section of kite

The efficiency of the figure-eight pattern has been
corroborated by research on the control systemd fe
flying a kite for the purpose of energy generafib,15].
Once the tether is unwound to a certain point tite ik
reeled in to a lower level, consuming energy, drareel
out phase begins again. The kite-based system wuwmaild
controlled in such as manner that more electricity
produced in the reel-out phase than is used inwroed in
the reel-in phase [16,17] by altering the anglattdck as
seen in Figure 3.

No experimental data is available for the different
variations of kite-based systems, as no permaresit r
world installations exists at the moment but extens
modelling has been carried out [16,17]. These tesul
indicate that the kite-based system are feasibld an
scalable and form the basis of the data-analysisidsion
section.

3. Dataanalysis, discussion

3.1. Wind-resour ce evaluation

The wind-speed readings from the Reanalysis | datas
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Figure 4 : Monthly average windspeeds, Sites 2 & 4

The chart shows that wind-speeds at 750m are ¢entis
higher than wind-speeds at 110m and that this reififee

in wind-speed is consistent throughout the 12 month
period covered by the dataset.

For Site 2 (located at 55°N,7.5°W) the averagedseed

at 110m is 9.13m/s and at 750m the average windsigee
11.98m/s. This indicates a 31% increase in winagdpe
which translates to a 109% increase in the windggne
potential at the higher altitude, (using the equatnergy

Y% pv3 and allowing for the decrease in density at the
higher altitude)

From the wind-atlas data [7] the average winds@esite

2 is 8.25m/s at 100m. Using the power law equaltid@}

the windspeed at 110m is estimated to be 8.36nils T
shows a 0.8m/s difference between the windspeed
calculated from the Reanalysis | dataset and thed-wi
atlas. The data from the wind-atlas is averaged ave
number of years whereas the calculated wind-speed i
specific to 2008. More years of data should beyeeal to
ascertain the extent of the difference between the
Reanalysis | results and the observed windspeeds.

Similar calculations for Site 4 (located at 52.5N\5°W)
give the average windspeed at 110m is 9.16m/s and a
750m the average windspeed is 11.86m/s. This itefica
29.5% increase in wind-speed which translates 1016
increase in the wind-energy potential at the higitude.

110m and 750m have been averaged on a monthly basis

for Site 2 and 4.



2 In order to allow comparison with the Reanalysigdults
» / a linear regression was applied to the readingbeatwo

_ / pressure levels and only those wind-speed readifith

é 8 / the resulting range were studied. This gave anageer
3, windspeed of 8.45m/s at a height of 165m +25m amd a
= average windspeed of 11.62m/s at a height of 7435mt:

s ¢ Using the power-laws to derive wind-speed values fo

110m and increase in wind-speed of 45% is seendagtw
110m and 745m. While this also indicates a sigaific
0 ‘ ‘ - - - - - - increase in wind-speed/-energy at 750m it is diffido
v e e s s draw direct comparisons with the results of therRégsis

—Windspeed Site 2 Altitude . . . .
. g . . | dataset owing to the geographic location of #sdings.
Figure 5 : Windspeed vs. altitude using power law i e. 197 km from Site 4 and 387 km from Site 2.

The calculated wind speeds provide an almost efiact
with a windspeed curve derived using the power law
equation [18], as seen in Figure 5 although itssuaed
that the power law equation is more suited to theelr

Since the Reanalysis | dataset includes 4 readlingsiay
the average wind-speeds at the different times were
charted on a seasonal basis.
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Figure 6 : Scatter chart of Radiosonde windspe¢a da Figure 8 : Diurnal spread of windspeed variations

Direct comparisons with wind-speed data derivednfro \yhile showing the same seasonal and altitude rlate
radiosonde observations are complicated by thengtwe changes as seen in Figure 4 the diurnal spread also
of the radiosonde data. While Reanalysis | data iSjngicates that in the winter months average wineesis
normalised to ensure that pressure readings camdsio are at their peak for the 18:00 reading at 750magieg

a consistent altitude above mean sea level, thesade 8% higher than the 6:00 and 12:00 readings. Thisfis
data is not. Figure 6 shows the altitude and wiB€dp  jnterest in a commercial context as the 18:00 dtmi-
values corresponding to readings for the first psessure speeds correspond to peak system demand on UK and

levels in the radiosonde dataset for Site 5,Fidure Irish electricity grids and correspondingly highmarket
. values per MWh on the respective wholesale elettric
markets.
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Figure 7 : Linear regression of altitudes for Letednd
Level 2 readings



B0 flown in a crosswind pattern. The drag and lift co-
» o efficients are controlled by the angle of attackahlitis set
by the kite-control mechanism.

50% n f”J\J\vA'\\ y
. eon i f‘\’ [\“‘J'\,’ . These equations can be used to derive a performance
: ! ] \Y \\ curve, and thus a capacity factor, for a f(ite-system
5 o ; 3 with a rated power output of 40kW located at Sitasihg
S . ,{ \‘\ the following parameters:

20% f;r/ ‘u"\‘ \(/\ Table 2 : Parameters for performance curve caioulsit

Lo% / VAR Kite weight 10kg

oo e Tether weight(Dyneema) 264kg (300m * 0.88kg/m)

0 5 10 15 20 25 30 35 C| & Cd 1.05 & 0.21
----- site2 sited Wind speed ms Veable 50% of true windspeed[20]

Figure 9 : Windspeed distribution Sites 2 & 4
Owing to the small size of the kite, and in orderavoid
The Reanalysis | dataset for Sites 2 & 4 allows thethe drag of the tether playing too large a rolee th
creation of wind-speed distribution curves as aensin performance curve will be calculated for an altiudf
Figure 9. The generated curves are similar in féom  300m. The windspeed distribution curve from FigQris
curves derived from ground-based observations whichmodified to reflect the lower altitude using thewsw-law
serve to indicate the reliability of the Reanalyis#fataset.  equation which provides a good fit for the vertieghd-
The wind-speed distribution curves will be used to profile when compared to the observed wind spedds a

calculate capacity factors for the technologiedwatad in 100m and the results of the Reanalysis | dataset.
section 3.2.
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The kite-based systems proposed [16,17] preseunirder
of advantages for the generation of electricityrfrbigh-
altitude winds. Testing of a prototype [19] haswhahe
generation of 40kW with a 10m2 kite in line with
simulation projections.
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The key equations in estimating the power output bite- 10% / 1 \/\ .

based system with surface ai®dift-coefficient ¢, drag- I \/\,

coefficientcy , apparent windspeed,,, and reel-out cable o0% : ' ' ‘ N ' ’
0 5 10 15 20 25 30 35

speedVgpeare:

Windspeed @300m - — —Power \V'mdspeedmfs

Table 1 : Power equations for kite-systems Figure 10 - Performance curve at Site 4

1 The performance curve data gives a capacity faofor
- 2 0 —out- i
Lift Force, L vaapp S 74.1% for a constant reel-out-phase. Assumlpg that
ratio of reel-out/reel-in phase duration is 4:1[16j

1 capacity factor is reduced by 20%. The energy cmesu
=pVippicy S during the reel-in phase, 12% of energy producecbéh
Drag Force, D 20 out phase [19] gives an effective capacity factdd22%.

, The key factor in such kite-systems is the abitifythe
Cable Tension, T VI? + D? control system to adjust the angle of attack while

maintaining the crosswind flight pattern. This alf

control over theV,,, experienced by the kite and stabilises
Power generated, P T Veavte X Vapp”- Veable both the tension in the tether and the stressesriexed
by the kite. Different approaches to the controstegn

exist using neural networks [14] and fast-modeBtve
The equations above do not take into account tlag dr controllers [15]. Both approaches confirm the cohnuf
induced by the cable nor the loss of lift due te weight Vapp by the ¢, /c; ratio and the suitability of crosswind
of the kite. Note that the power produced is prtpoal to flight-patterns to maximis¥p,.
Vapo? While V,, is controlled byc,/c, when the kite is



From an embodied-energy perspective the propoged ki Land requirements will also depend on the altitualege
systems compare favourably with terrestrial windines. chosen for operation. The windspeed distributiorveun

As the kite/tether replaces the rotor of a terrastwind- Figure 10 shows that between altitudes of 300m7&tun
turbine and no tower structure is required, it sireated windspeed increases by 12%. This translates to an
that the embodied-energy would be reduced by 74% [2  increased theoretical power output of 25% (siPce
Vappz). It remains to be ascertained whether the 25%ext
power is worth the increased system costs, duerigelr
tether(s), and operational complexity. Operatiomigher
altitudes also increases the time needed for lawamzh
recovery of the system. Operation at lower altitudell
increase the tension on the tether per unit leagth will
cause extra operational costs in terms of tether
replacement and lower capacity factor.

Overall Project Cost Turbine Cost

Cther

Foundation
6%

Grid '

Connection
9%

The risk posed by lightning must be addressed iy an
operational system. Although the proposed tetheerizd,
Dyneema, is not itself a conductor, a wet tethel wi

Mechanical

Figure 11 : Turbine cost breakdoWﬁ[ZZ] provide a route to ground for lightning. The optiof
landing all kite-based systems prior to lightnirggnditions

project cost for a terrestrial wind-turbine[22], iaglicated  and may be an important element in site selection.
in Figure 11 indicating the potential for reducedtem
cost in the kite-based system. During short periods of calm the kite-based systeitis
have to be reeled in to maintain lift. This probleauld be
While a number of arguments support the proposes ki gvercome by the use kites based on the principle of
based systems, a number of issues remain to bessdr  tensairity [24] whereby the different sections beé tkite
this novel renewable energy technology gains wider coy|d be filled with helium to provide constant iven in
acceptance. calm conditions. Such a kite would greatly facthtahe
launch/recovery phases as the issue of a minimum
From an operational point of view, a launch/recgver yindspeed to allow control would no longer exist.
mechanism must be designed to allow the automated
operation of kite-based systems. While examplestefi  pyrther research and commercial prototyping  will
launch/recovery mechanisms used in marine tractiongetermine the most suitable applications for suith-k
applications [23], the impact on kite-design, afulist  pased systems. Potential for utility scale genemati
efficiency, of such a mechanism is unknown in an (>IMW) can be seen if the control systems prove
electricity generating context. An automated launich themselves to the point to allow scaling up of sstems
recovery mechanism is crucial to the requiremenbéo  through increased kite surface area and/or stacking
able to land all kite-based systems prior to exéem (ites. The largest existing kite application use68m2
weather conditions thus avoiding the need to owgineer  |jte to generate 600KW of traction power for marine
systems to survive such weather conditions. propulsion[25]. Alternately, the automated launch/
recovery mechanism may allow for use at times afkpe
also be studied. While small kites flown at lowéitades when compared to terrestrial wind-turbines, maygss
may be controlled from the ground, as the systetaes  popjle applications such as humanitarian or militar
upwards in size and fly higher the responsivenelss 0 gperations. Powering remote communities in a diesel

ground based steering will pose problems to overallhyprig configuration is another possible applicatio
system stability and performance. The use of aboaie

steering mechanism located close to the kite [ABlhave  pifferent applications may require different coftro
an impact on the lif/drag characteristics and oiverall  g|gorithms. No real world data is available frorthef of
system complexity/cost. the proposed control systems and real-world testnof

] ) ] ) critical importance for the development of robushttol
The planning of groundstation configuration forraup of systems.

operational kite-based systems will depend to aatgre

extent on the level of control provided by the coht  The potential of the high-altitude wind energy rese
systems. Where permitted, groups of kite-basedesyst requires a rethink in engineering terms. Currentdaand
may be flown in formation, thereby reducing theralle  hydro technologies are based on building structuitgish
land requirement. The possibility of flying stackdétes on  ¢an withstand the full force of nature, while hatuey a
a single tether would serve to further reduce ®wedl  fraction. High-altitude wind-energy systems needb®
requirements. more flexible, more controllable to allow the eféiot



extraction of energy in
environment..

4. Conclusions

The wind resource for Site 2 and Site 4 calculatsithg
Reanalysis | data shows a clear increase in wirgkdp
with increasing altitude. Between 110m and 750mdwin
speed is seen to increase by an average of 30%uwifide
speeds at 110m are within 1m/s of observed wineédpe
at the two sites. Radiosonde data for a separ&esisows

this heretofore untapped

[6] Garrad Hassan document 11914/BT/01\0P2.4;
Characteristic Wind Speed Time Series, 2008
[7]Sustainable Energy Irelandind Map of Ireland, 2007
[8]Fletcher,C.A.J., Roberts, B.WElectricity Generation
from Jet-SreamWinds Journal ofEnergy,Vol.3,July—Aug.
1979, pp. 241-249.

[9]Manalis, M.S.,Airborne Windmills: Energy Source for
Communication Aerostats, AIAA Lighter Than Air
Technology Conference, AIAA Paper 75-923, July 1975
[10]Manalis,M.S., Airborne Windmills and
Communication Aerostats, Journal of Aircraft, Vol. 13,

a 45% increase in windspeed between 110m and 745mNO- 7, 1976, pp. 543-544.

The power law equation show a close fit to Reamali/s
data for windspeed at 750m.

The kite-based system is an appropriate technofogy
extracting the wind-energy at high altitudes. Theatity

[11]Roberts,B.W.,Shepards,D.HInmanned Rotorcraft to
Generate Electricity Using Upper Atmospheric Winds,
Proceedings of the Tenth Australian International
Aerospace Congress,Engineers Australia, Brisbane,
Australia, July 2003, Paper AIAC 2003-098.

factor calculated of 52% compares favourably with [12]Fletcher,C.A. JOn the Rotary Wing Concept for Jet

terrestrial wind-turbines with other potential bétseof a
74% lower embodied energy and lower cost per MWh.

Stream Electricity Generation, Journal of Energy, Vol. 7,
No. 1, 1983, pp. 90-92.
[13]Loyd, M.L., Crosswind Kite Power, Journal of

These results are based on modelling and thedreticaEnergy, Vol. 4, No. 3, 1980, pp.106-111.

calculations. The reliability of these results nead be
tested by experimental methods using kites of awirey
scale, at increasing altitudes and with differerite-k
steering mechanisms. This will be necessary torahéte

[14]Furey, A.D.J. and Harvey, Robust Adaptive Control

for Kite Wind Energy Using Evolutionary Raobotics.
Biological Approaches to Engineering, pages 117-120
2008.

the correct balance of system components for maximu [15]lizhoefer, A.,Houska, B.Diehl M, Nonlinear MPC of

efficiency and dependability. Further work on thanirol
systems required to manage such a flexible techgcaioe

kites under varying wind conditions for a new class of
large-scale wind power generators, International Journal

resource at high altitudes.
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