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Abstract

The techno-economic performance of a small wind turbine is very sensitive to the availathl
resource. However, due to financial and practical constraints installersnrébyw resolution wind
speed databases to assess a potential site. This study investigates whethersttee assessment
tools currently used in the UKNOABL or the Energy Saving Trust wind speed estimator, are
accurate enough to estimate the techno-economic performance of a small wind twthirtee Bools
tend to overestimate the wind speed, with a mean error of 23% and 18% WDABL and Energy
Saving Trust tool respectively. A techno-economic assessment of 33 smaluviiime$ at each site
has shown that these errors can have a significant impact on the estinztethdmr of an
installation. Consequently, site/turbine combinations which are not economicablie vtan be
predicted to be viable. Furthermore, both models tend to underestimate the wind resalatieey
high wind speed sites, this can lead to missed opportunities as economically viaivle/diteb
combinations are predicted to be non-viable. These results show that a better understatheing of

local wind resource is a required to make small wind turbines a viable technology id.the U
Keywords: micro-generation; wind; resource

1.0 Introduction

In recent years there has been considerable interest in the potential of microgenecatitnibicte to
a future of distributed electricity generation (DECC, 2011). The UK governmenirbamted the
growth of such technologies through a number of incentives, including the badvoi€ Buildings
Programme, the Code for Sustainable Homes and the Feed-in tariffs Order (Allen et al., 2008; Walker,
2011). As a result there has been an increase in the number of small-wind turipicedy(tyefined
as < 50 kW) installed across the UK (Bergman and Jardine, 2009; RenewableUK, 2@1&)mEny
benefit of small scale wind energy systems is the potential to generaterbmw edectricity close to
the point of use, therefore significantly reducing the energy losses imatiengtransmission and
distribution, as well as the carbon intensity of the generated electricitaddition, from the
perspective of the owner, a small wind turbine can produce an economic return séhersalt of

displacing electricity imported from the grid and/or payment for the generated elgctricit
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To ensure turbines are located at sites at which they are economiahlly;, an understanding of the
energy resource is required. This is not typically a problem for Ergle- wind turbine installations
as extensive wind monitoring can be conducted to identify potential sites. Howevw, fthancial
constraints this is rarely possible for small scale installations; heneeitha reliance on standard
assessment tools. If these tools are too optimistic, people who install sahaltesbines run the risk
of disappointment and financial loss. This could lead to reluctance to suppog fow-carbon
technologies on the basis that they too might be oversold. If however, the tools pesdimaistic,

there could be a significant reduction in the investment in small wind turbines.

Globally, there has been significant research assessing the wind resoureg limcations (Islam et

al., 2011; Fyrippis et al., 2010; Jowder, 2009) and in recent years, due to increaset iimtere
microgeneration, a number of studies have developed techniques for urban ardagt(dlea007;

Drew et al., 2013; Millward-Hopkins et al., 2013; Weekes and Tomlin, 2013). Bkt local
authorities currently rely on the predictions of low resolution wind speedaksds. In the UK, the
DECC wind speed database has been widely used by installers and planners for aohyearerto
evaluate the wind resource at potential sites for a micro-wind turbine (d&naés 2010; Walker,
2011). It provides estimates of the mean wind speed at a 1 km resolution at 10, 25 aatcle m
ground level. The database was produced by a mass consistent flow model, NOABL (Numerica
Objective Analysis of the Boundary Layer), which interpolated wind speed data from Stemweat

stations across the UK (Burch and Ravenscroft, 1992).

UK field trials carried out by Energy Saving Trust and Encraft demonstrated tHaE®€ database
(hereafter NOABL) tends to overestimate the wind speed, particularly abliat close proximity

to buildings (Encraft, 2009; Energy Saving Trust, 2009). Consequently, thisch&s & number of
problems where consumers have been given an unrealistic expectation of the energy production and
therefore the potential economic benefits of their installation. The Energy Samisgfield trial

showed that during a one year observation period, all 38 building mounted tunamitered
achieved a load factor of less than 8%. In comparison, the 17 free-standing turbingseghoni
performed considerably better but still only achieved an average load factor ofnl®fé.Warwick

wind trials showed a mean capacity factor of only 4.2% across 26 rooftop turbines.

In 2009, recognising the need to develop a tool to help local authorities anduaticonsumers
improve the placement of small wind turbines, the Carbon Trust in collabonatibnthe UK

Meteorological Office launched an online wind speed estimator. This providedimatespf the
mean wind speed at a site based on the postcode and a brief description chdemistizcs. The
model was based on the National Climate Information Centre (NCIC) dataset, whiphsesnof

data from 220 sites over 30 years, (in comparison to a 56 site, 10 year dataset f0OABIE).NI'he
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NCIC was used to generate a large-scale wind climatology at a height awathéaonface, which
was then scaled down through the boundary layer taking into account the impact ofahgingd
surface using a blending height method (Best et al., 2008). Energy Saving Tr@t d860Drew
(2011) showed that the Carbon Trust tool provided more accurate predictions of the mespeaihd
than the NOABL. However, this tool is no longer available and consumers arecommended to
use the Energy Saving Trust Wind Speed Prediction Tool (EST tool). TheoBISS treely available
online and provides an estimate of the annual mean wind speed at a height of 10 m based on the site’s
postcode and land use type (either urban, suburban or rural). However, little indarroftihe
calculation process is provided.

The aim of this paper is to investigate whether the tools currently available to estimate a site’s wind
resource are accurate enough to ensure small wind turbines are orlgdrestdocations at which
they are economically beneficial. The first section highlights the importafican accurate
assessment of site’s wind resource when estimating the techno-economic performance of a turbine.
The second section considers the accuracy of the current site assessment tooigpdnyng the
predictions with wind data collected at 91 Met Office weather stations adr@sdK. The final
section considerghe implications of any errors in a site’s wind resource for the predicted energy

production and economic performance of 33 small wind turbines for a range of economic scenarios.

2.0 Assessing the techno-economics of small wind turbines

One metric frequently used to assess the techno-economic performance of energyioproduc
technologies is the levelised production cost, LPC (Heptonstall et al., 2012; Allan 011;
Cockerill et al., 2001). This is defined as the cost of the electricity at thegb@iomnection to a load,
including the initial capital, discount rate and operational costs, and can be calculated from

cC TOM

LPC=—+— 1
C=—+—% (1

Where C is the total investment cost associated with the installation tirbwee, E is the annual
energy production, TOM is the total annualised operation and maintenance (O&Mjncoshe
annuity factor, a, is calculated from

. 1-(1/1+1)

r

(2)
where r is the discount rate and n is the economic lifetime of the turbine (in years).catmgétions

described in this paper an economic lifetime of 20 years was assumed wsitpantlirate of 5%
(IEA, 2005).

The capital cost of a wind energy project can be broadly broken down into equipnd installation

costs. A number of the equipment costs, such as the turbine and the inverter, geredeailyth the



size of the installation (Simic et al., 2013). However, for other components suehwisihg, meters
and isolation switches, the price is generally fixed (Bergman and Jardine, 2009). Cothgetieze
is currently a large range in the specific investment cost, |, of small wirbine installations,
typically between £2,000 6,000 per kW (Bortolini et al., 2014). In comparison, the on-going costs of
aninstallation are relatively longsmaintenance checks are necessary every few year and are likely to
cost approximately £100 (Energy Saving Trust, 2013
The annual energy production may be represented as

E = 8760f1004Pnax 3)
where f,q is the load factor of the turbine ang.Ris its maximum power output. A turbirie
considered to be financially beneficial to the owner if the load factor (enamguction) is
sufficiently high that

LPC<e 4)

where e is the sale price of the generated electricity. In the UKrielkygproduced by a small wind
turbine is eligible for the Feed-in Tariffs, which as of March 2013 are setve¢dr@£0.23-0.326 per
kwh for a period of 20 years, depending on the size of the installation (Ofgen, 2013

Figure 1 shows the minimum load factag.df required for a turbine to be economically viable for a
range of values of | and e. At present in the UK, the best case economic scenatie ¢heapest
available turbine and the highest feed in tariff rate, I=£2,000 per kW and e=£0.326 paekuiids

a turbine to be installed at a location at which it will attain a load fa¢tbd%. However, none of the
38 building mounted turbines monitored in the Energy Saving Trust field triailsvad this level of
performance. The figure also shows that based on the current average performancé foéesmal
standing wind turbines (i.e. a load factor of 19%), if the cost of a turbtheced to £1,000 per kW, it
could be economically viable with an electricity sale price of only £0.11 per k\Wiontrast, based
on current performance (i.e. a load factor of 5%), building mounted turbines aeeammmically
viable even when 1=£1,000 per kW and e=£0.4 per kWh.
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Figure 1 The minimum load factor required for a turbine to be economically viable for a range of turbine capital
costs, | and sale prices of the generated electricity, e.

2.1 Estimating the load factor of a small wind turbine

Figure 1 shows that the techno-economic performance of a small wind turbine sersitive to its
load factor. Estimating the load factor of a turbine at a given site, requitesdarstanding of both
the available wind resource and the turbine’s power output over a range of wind speeds. In general,
when estimatig the potential yield of a small wind turbine, tfiee’s wind resource is represented by
an estimate of the annual mean wind speed, U. A Rayleigh distribution is then assuspddent
the temporal variability of the hourly mean wind speed (Safari and Ga201€; Seguro and
Lambert, 2000). The Rayleigh distribution is a special case of the Weibull distribwhah has a

probability density function given by
k-1

r01=5) G e |-G ®

whereA is the scale parameter, v is the hourly mean wind speed and k is the shape parameter (equal to

2 for the Rayleigh distribution). The annual energy production of a tudsinghen be estimated
from

v_cut_out
F=ac F)P@)dv ©)

_cut_in

whereAt is the number of hours in a year an@) is the power output of the turbine at wind speed
The power output of a turbine over a range of wind speeds is given by a poveepmduced by the
manufacturer. Figure 2 shows the normalised power curves of 33 small wind turbitgeglats

obtained from the urban wind turbine catalogue (Wineur Consortium, 2006).
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Figure 2The normalised power curves of 33 small wind turbine designs divided by the turbine’s rated power (a) <1
kW (b) <5 kW (c) >5 kW (data obtained from Wineur Consortium (2006).)

Due to the noninearity of a turbine’s power curve, a small error in the prediction of a site’s annual

mean wind speed, U, can lead to a large error in the estimated annual energy qurodijciind
therefore load factor of a turbine. For example, for a site with an annual mean wéddo$gans®,

the median load factor across the 33 turbines is calculated to be 15%, however an ynicettant
wind speed prediction c£0.5ms' results in a range of the median load factor of 11-19%. This shows
that in order to determine whether a turbine is economically viable at ars#ecurate prediction of

the annual mean wind speed is required.

3. Methodology

There are two main toolssed in the UK to estimate a site’s mean wind speed; NOABL and Energy
Saving Trust Wind Speed Prediction Tool. This study investigates the impheiroficcuracy on the
estimated economic viability of a small wind turhifide wind speed predictions of each of the tools
have been compared with the long term mean wind speed, U, measured at a nundsxacfss the
UK. Hourly wind speed data recorded at a number of UK Meteorological Qfféagher stations
were obtained from the British Atmospheric Data Centre (UK Meteorolo@iffale, 2012). The data
is collected at standard exposure, which is defasddvel, open terrain at a height of 10 m above the
ground, where open terrain is defined as an area where the distance between thetmemdrany
obstruction is at least ten times the height of the obstrucsives were only selected if data were
available between 2000 and 2011 for a minimum of 90% of the time. Figure 8 #awhe 91 sites
which met this criterion, are evenly distributed across the UK, witlixtura of coastal and inland

locations.
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Figure 3 Thelocation of the 91 M et Office weather stations from which hourly wind speed data has been obtained

At each of the 91 sites, the annual energy production of the 33 turbines (intratseetion 2) has
been estimated using the measured wind speed data in conjunction with the manufacturer’s power
curve. The turbines have been selected to represent the full range of systems awaéallye, both
in terms of the size and the design. Figure 4 shows that 24 horizontal axis wind tuHANéEs)
and 9 vertical axis wind turbines (VAWTS), with a rated power rangioign 0.056 to 30 kW have

been considered.
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Figure 4 Details of the swept area, rated power and design of the 33 turbines considered in this study.



The economic viability of each turbine/site combination has then been calculated, riglithei
method outlined in section 2. The analysis has then been repeated using the modelled wimd data
investigate whether the same economic viability is predicted. Due tuthent variability and future
uncertainty in the specific investment cost of a small wind turbine and thpreslef the generated
electricity, this study considers the techno-economic performance of the 33wsnthliurbines at

each site for a range of economic scenarios, detailed in Table 1.

Table 1 Details of the 12 economic scenarios consider ed

Scenario | Specific Sale price of Minimum load

investment cost | generated factor (%)

of theturbine (£ | electricity (£ per

per kW) kWh)
la 1,000 0.1 22
1b 1,000 0.2 12
1lc 1,000 0.3 9
1d 1,000 0.4 6
2a 2,500 0.1 41
2b 2,500 0.2 22
2c 2,500 0.3 16
2d 2,500 0.4 9
3a 5,000 0.1 72
3b 5,000 0.2 39
3c 5,000 0.3 27
3d 5,000 0.4 15

4. Results

For the 12 economic scenarios, the minimum load factor requiregltiobine to be economically

viable has been estimated (shown in table 1). This has been calculated by finding the magnitude of the
annual energy production (in equation 1) required to fulfil the criteria giveguation 4. The annual

mean wind speed, A}, required for each turbine to achieve this value has then been determined by
assuming a Rayleigh distribution (equations 5 andigure 5 shows that for each scenario there is a
wide range in W}, across the different turbine designs. For example, for scenario 1a, one turbine can
achieve the required load factor of 22% at a site with a mean wind speed ef.4mhs', while

another turbine requires a mean wind speed of 76 s also interesting to note that some of the

turbines can be economically viable at relatively low mean wind speed site$.0fthe scenarigs



there is a median value of,}J of below 5 mg, and at least one turbine viable at sites with a mean
wind speed below 4 riisIn contrast, for scenarios 2a and 3b, a mean wind speed in excess of 8.0 ms
is generally required. For scenario 3a only 12 of the turbines are able toeatttéerequired load

factor, all of which need a site to have a mean wind speed in excess ot.11 ms
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Figure 5 The minimum annual mean wind speed, Ui, required for each of the 33 turbines to be economically viable
for each of the 12 economic scenarios, asgiven in Table 1. Thered point indicates the median value across all turbine
designs.

4.1 Performance of small wind turbines at 91 sites

At the 91 sites the load factor of each turbine has been calculated by comlsimogeétr curve with

each of the measured hourly mean wind speeds. Figure 6 shows the median load factor atross all
the turbines at each site. As expected, the load factor generally increasttewitban wind speed.
However, for two sites with a similar value of U, there can be large variation in thedlkyad factor

of a turbine. This occurs as a result of differences in the wind spedbtufish and is particularly
evident at a number of relatively low wind speed sites (€%, where a small change in the wind
speed distribution can lead to many more hours where the wind speed exceeds ribecturivi

speed.

Figure 6 also shows that at a given site ther@ large range in the load factor across the different
turbine designs. The magnitude of this variation is such that at a giveosieeturbine designs are
economically viable, while others are not. For example, for 7 of the economic scenariderenhs
load facte of 16% or more is required for a turbine to be economically viable (as statadble 1).
Figure 6 shows that averaged across all turbines a mean wind speed in excess bfst8qused to
achieve this threshold. However, with careful turbine selection, the rddamd factor can also be

achieved at sites with a mean wind speed as low as 3.8 ms
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Figure 6 The median load factor acrossthe 33 turbines at each of the 91 sites. The errorbarsindicate the minimum
and maximum values.

The number of turbine/site combinations which are economically vaible forseanario, based on
the measured wind data is shown in figure 7. For 7 of the scenarios, less than 50%rbfribssite
combinations are economically viable, which includes all 4 of the scenarios iheapital cost of

the turbine is high, (I=£5,000 per kW). As expected, as the capital cost deaetsesale price of
electricity increases, more projects become viable. However, for alblcapits, when e=£0.1 per
kWh (secnarios la, 2a and 3a), very few economically viable turbine/site combiraatosisown

25% when 1=£1,000 per kW (scenario 1a), 4% when I=£2,500 per kW (scenario 2a) ande% wh
I=£5,000 per kW (scenario 3a).
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Figure 7 The per centage of turbine/site combinations which are economically viable for each of the economic
scenarioslisted in table 1.
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4.2 Accuracy of Site Assessment Tools

Figure 8 shows that the NOABL database tends to overestimate the wind speed ¢73he@l
sites). The magnitude of the underestimate can be quite large; the mean errordaad28%s in
excess of 20% of the measured mean wind speed at 35 sites. In comparison, for thetl®siths
the resource is underestimated there is a mean error of 10%. The majority of thetinmatesetend
to occur at higher wind speed sites (15 occur at sites with a medrspérd in excess of 5 MsThe
results shown here confirm the findings of the Energy Saving Trust (a0@%ncraft (2008), which
performed a similar analysis but for a smaller sample of sites and a shorter period of time.
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Figure 8 Comparison of the NOABL wind speed prediction and the measured annual mean wind speed at each of the
91 sites.
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Figure 9 Comparison of the Energy Saving Trust tool wind speed prediction and the measured annual mean wind
speed at each of the 91 sites.
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Figure 9 shows a very similar relationship for the predictions of the Energy Samisg tdol.
However, the EST tool estimates lower wind speeds than the NOABL at 85 sites and therefore there is
a reduction in the number of overestimates. The Energy Saving Trust tool overestimeateind

speed at 64 sites with an error in excess of 20% at 18 sites and a mean valueFdriiB# 27 sites

at which the wind resource is underestimated, there is a mean error of 12%.

4.3 Implications of errors in the estimated wind resource on the economic viabitypall wind
turbines

The percentage of turbine/site combinations for which assessing theesidae using the NOABL
database yields the correct economic viability for each scenario is shown in figure 10. For 11 of the 12
emnomic scenarios, errors in the wind speed estimation tool can lead to the incorrect evaltiagion of
economic viability of turbine/site combinations. For the other scenario (3a)turdine/site
combinations were correctly shown to be not economically viable. The majorityeaincorrect
assessments occur due to an overestimate of a site’s wind speed. This results in turbines which are not
economically viable being predicted to be viable (grey bars). This occurs at up tof 40184ine/site
combinations depending on the economic scenario. However ,istes® a number of economically
viable projects being assessed as not viable (i.e. missed opportunities) asa egsuhderestimate

of the wind resource at relatively high wind speed sites (white bang.oEcurs at up to 4% of

turbine/site combinations for 8 of the economic scenarios.

Figure 11 shows similar results for the Energy Saving Trust tool. However,|fsceglarios the
Energy Saving Trust tool provides an accurate assessment for a greater pragottidnne/site
combinations than the NOABL database. A correct assessment was provided by theSanargy
Trust tool for between 69-97% of turbine/site combinations across the scemadbhglihg 3a), in
comparison to 58-94% for NOABL.

12
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Figure 10 A breakdown of the economic assessment of the various turbine/site combinations made using the NOABL
database for each scenario, listed in Table 1. Black indicates a correct assessment of a turbine/site combination. Grey
denotes turbine/site combinations which the model incorrectly predicts to be economically viable. White shows the
economically viable turbine/site combinations which are incorr ectly shown to be not viable.
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Figure 11 A breakdown of the economic assessment of the various turbine/site combinations made using the Energy
Saving Trust tool for each scenario, listed in Table 1. Black indicates a correct assessment of a turbine/site
combination. Grey denotes turbine/site combinations which the model incorrectly predicts to be economically viable.
White shows the economically viable tur bine/site combinations which areincorrectly shown to be not viable.

Turbine/Site combinations

To investigate these results further the number of turbines for which thesnmoct@rectly assess the
economic viability at each of the 91 sites has been determined. Figure 12 showleteacdi

between the number of turbines estimated to be economically viable based on the model wind

13



resource from corresponding value derived using the measured wind data. A positive number
therefore indicates turbines which are not economically viable being shdyeretmonomically viable
by the models. In contrast, a negative number indicates economically viable turbinesavhitiedén

calculated to be not viable (i.e. missed opportunities).

The analysis has been completed for each site and each scenario. When I=£1,000 per kW (scenarios
la-1d), the overestimate of the wind resource by the models at the lower wind speaegiditef a

number of turbines, which are not economically viable (according to the measuredatahpdoeing

shown to be viable. This problem occurs for all values of e, but occurs less frequbigheatvalues

of e (scenarios 1c and 1d), as astvalues the vast majority of turbines are economically viable,
therefore the overestimate does not have an impact. For scenarios la-1d, the fgust®wah

number of sites at which the measured wind data suggests that a turbine would be economically viable
but the tools underestimate the wind resource and consequently predicts thatbitine is not
economically viable (i.e. missed opportunities). This occurs in two types of cases: (1)\alydiaty

wind speed sites, where a small underestimate in the wind speed @am fange impact, as it
increases the frequency of time at which the turbine is not operatingviftdespeed is below the
turbine’s cut-in speed). (2) At sites with a moderate mean wind speed (5.5 < U < §)5where a

large underestimate in wind speed reduces the predicted energy production of th@erbanmsing

turbines by a significant proportion. This second case only occurs at the lower Yau@senarios

la and 1b), at larger values (scenarios 1c¢ and 1d) the magnitude of the unaeréstimt sufficient

to alter to the calculatedoonomic viability. A similar relationship is shown as the capital cost
increases (I=£2,500 (scenarios 2a to 2d) and £5,000 per kW (scenarios 3a to 3d)). However, due to the
additional cost, the turbines are less likely to be viable at the lower wird sfies and therefore an
underestimate of the wind resource does not alter the economic viabilitysasticularly evident

at low values of e.

14
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Figure 12 The difference between the number of turbines shown to be economically viable using the modelled wind
data (NOABL (blue) and Energy Saving Trust tool (green)) from the number derived from the observed wind, at
each of the 91 sites. Results are shown for each of the 12 economic scenariosgiven in Table 1.

5. Conclusions

The techno-economic performanoé a small wind turbine is very sensitive to the site’s wind
resource. However, unlike large scale wind energy projects, due to finandigkactical constraints
it is not feasible to fit wind monitoring equipment at each potential insteilaite and therefore local
authorities rely on low resolution wind speed databases to identify theitess In the UK, this is
frequently either the DECC wind speed database (NOABL) or the EnergygSBmist wind speed

estimator.
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The wind speed predictions of the two tools have been compared with dataedeststit weather
stations across the UK. In general, NOABL tends to overestimate theasiodrce (73 out 91 sites).
The magnitude of the overestimate can be quite large; there is a mean error@fe23b@e 73 sites
and it is in excess of 20% at 35 sites. In comparison, for the 18 sites at whichahleeads
underestimated there is a mean error of 10%. The majority of the underestimatas aeodr tat
higher wind speed sites (15 occur at sites with a mean wind speed in @xBass’). These results
are in agreement with the findings of previous research. The predictions of the Eaenyy Trust
tool showed similar results however the magnitude of the error was generally Tdveemodel
underestimates the wind speed at 64 sites, with a mean error of 18%.

A discounted cash flow analysis of a range of turbine designs at each site hashstidiva érrors in

the wind speed predictions using either HM@ABL or EST tool can lead to the incorrect assessment

of a turbine’s economic viability. The majority of the incorrect assessments occur due to
overestimates by the tools. This results in turbines being predicted to bengmlyoviable when

they are not. This occurs for up to 41% of turbine/site combinations (depending eooti@mic
scenario) for NOABL and 30% for the Energy Saving Trust tool. This goes waméo explaining

the poor performance of small wind turbines to date. A new insight fronwvtiilsis that there are a
number of missed opportunities. Whereby, due to an underestimate of the wind speed by the tools a
relatively high wind speed sites, a financially beneficial turbine is shown twobeconomically

viable. However this only occurs for up to 4% of turbine/site combinations twafrthe economic

scenarios for both tools.

These results illustrate one of the big difficulties in the rollafudmall-scale wind, specifically that
the resource is highly localised and local authorities are making decigging tools with an
insufficient level of complexity and resolution. Consequently, there is a danger of tsupbe
installation of turbines at sites at which they are not economicalbleriAs it is not viable to collect
very comprehensive local measurements, there is a need to develop a more accuragsssiterdss

tool which can be used by both local planners and potential consumers.

Furthermore, planners and local policy makers should be aware of the high spatialityanfathie
production potential of small wind turbines, and should avoid blanket support or regultiat
could result in turbines being installed in locations with a poor wind resourdes Irespect, revenue
based mechanisms, like the feed-in tariff, are preferable to capitalsgtames as they ensure the

funding available is directed to the better performing turbines.
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