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Municipalities around the world are using community energy plans (CEPs) to drive progress towards
a more sustainable energy future. Many recognize the supply of local and renewable energy as a crucial
component of a resilient future including the potential use of wind power generation. The city of Guelph
(Ontario, Canada) included wind energy as a component of its CEP. The goal of this work was to estimate
the potential for wind power generation within the municipal boundaries of this city. This paper
summarizes the methodology used and results obtained with site and meteorological data, wind maps,
and turbine power curves. The methodology relies on the use of a geographically uniform array of
turbines, spread throughout the community. An array of utility-scale turbines could potentially generate
29% of Guelph’s 2005 total electricity demand, whereas one consisting of small-scale turbines could
achieve 10% of that demand.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Community energy planning is a relatively new and growing
part of urban planning activities. A growing number of munici-
palities are developing and implementing these plans (CEPs) for
long-term energy availability with respect to location, population,
and commerce [1]. Several guides exist for the evaluation, creation,
and implementation of such plans [2e4]. The Canadian Urban
Institute demonstrated leadership and commitment to this process
by developing and providing tools that examine the spatial
dimensions of municipal energy supply and demand [5]. The final
CEP stands as a target towards which communities work to ensure
that future energy supply and demand remain in-sync and allow for
the continuance of their quality-of-life aspirations. For many, these
plans embrace sustainability with respect to energy and in
considerations of economic, environmental, and social contexts
while allowing for prioritization and balance of these issues.
Additionally, some utilize CEPs to incorporate local energy gener-
ation with demand reduction strategies (including changes to the
built environment) to minimize environmental impact while
increasing energy security [6]. A survey of ten Canadian CEPs found
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that the primary motivators for their development were energy
conservation and the reduction of greenhouse gas emissions [1].

Potential exists for the development of wind power generation
within cities. Although rare, the placement of wind turbines within
urban communities does occur [7]. Furthermore, community
ownership of conventional wind-power projects, sometimes
located in close proximity to towns, is well established in Europe
[8] and becoming more common in North America [9]. The use of
conventional energy resources currently costs less than the incor-
poration of technology to utilize distributed renewable resources
[10]. That said, long-term uncertainty related to the supply and cost
of non-renewable resources makes it impractical to exclude the use
renewable resources from CEPs.

Several methods exist for the evaluation of wind resources over
a specified region including the use of computational fluid
dynamics (CFD) [11] or boundary layer wind tunnels [12]. Major
wind-resource assessment tools such as WAsP and WEST/Anemo-
graph utilize meteorological station data to infer geostrophic-
height winds and approximate local conditions at heights of
interest [13,14]. These approaches however are resource and time
intensive, and it is fortunate that wind maps are now common and
generally available formost regions of theworld. As a component of
this study, we explored how accurately regional wind resources
could be approximated using wind map and weather station data,
while avoiding more onerous modeling processes.

The city of Guelph covers 86.72 km2 of land and, as shown in
Fig. 1, lies approximately 100 km west, southwest of Toronto in
Ontario (Canada). Guelph had a population of ca 115000 in 2006
[15], and planners anticipate that figure to reach 150 000 by 2021
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Fig. 1. Map of city of Guelph with location of the two weather stations and EVLF.
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based on a medium-growth scenario [16]. Guelph approved its CEP
in 2007 [17] and recently began the process of its implementation.
The CEP called for a reduction in energy demand within 25 years
while shifting to renewable resources. Furthermore, the plan
acknowledged that wind could help the city attain its energy goals.
However, an important and hitherto unanswered question
remained: how much wind energy could potentially be harnessed
within the city of Guelph?

The primary objective of this work was the development of
a first estimate of an upper-limit, wind-energy potential within the
city limits of Guelph. The evaluation of the wind resource relied on
local meteorological and site wind data as well as publicly available
atlases. We utilized an evenly-dispersed grid for the acquisition of
discrete data from the wind atlases. The subsequent wind-energy
potential estimates involved the application of the resource results
to two commercially-available turbine power curves with scaling to
uniformly-distributed, idealized arrays that blanketed the city.
Throughout this paper, the term ‘grid’ refers to the locations
utilized for wind atlas data acquisition, whereas ‘array’ implies the
scaling of the wind-energy results to estimate the city’s total
potential. This first estimate is a hypothetical value in that the
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Fig. 2. Process flow diagram describing the application
uniformly-dispersed array ignores geographic, structural, and legal
constraints that preclude the placement of turbines. Following the
estimate, we compared the results of this estimate with the city’s
total energy and electricity demand for the year 2005. We pre-
sented a first iteration of this work at the World Wind Energy
Conference, 2008 (Kingston, Ontario; Canada) [18].

2. Methods and materials

Fig. 2 shows the sequence of application for the methods and
models used in this study to estimate of wind-energy potential in
Guelph. The combination of different data sources (e.g. site, mete-
orological station, or wind atlas) and methods allowed for
a comparison of the different approaches utilized. This section
describes each component of the analysis.

2.1. Meteorological station data

The Agrometeorology group of the Department of Land
Resource Science at the University of Guelph operates weather
stations at the Guelph Turfgrass Institute (GTI) and at the Elora
Research Station (ERS). The GTI lies on the eastern side of the city
(43� 320 5500 N, 80� 130 100 W; altitude 325 m), and the ERS sits in
open agricultural fields approximately 15 km north-northwest of
the city (43� 380 2800 N, 80� 240 2000 W; altitude 376 m) [19]. The
facilities, shown in Fig. 1, are maintained according to Environment
Canada standards for weather monitoring stations. These stations
recorded 1-h average directional and wind-speed data at 10 m
above ground.

2.2. Wind energy site assessment data

In 2003, the city of Guelph closed the Eastview Landfill (EVLF;
43� 340 4300 N, 80� 130 5600 W; altitude 325 m), located in the
northeastern corner of the city (see Fig. 1). After its closure, the city
commissioned a one-year study of wind-energy potential at EVLF.
That study provided 10-min average wind-speed and directional
data at 20 and 30 m above ground from December 7th, 2003 to
December 12th, 2004, as recordedwith NRG anemometers [20].We
excluded data acquired after December 9th, 2004 due to erratic
observations that indicted inverted shear and suggested a failure of
the measurement system. In this study, we generated and analyzed
Wind Turbine Power 
Curve Data (2.4) 

bility 
ameters 

Data 

khail 
4)

Cubic Regression 
(3.5)

Calculate 
Energy

Site & Array (2.5) 
Electricity-Production 

Potential

of data, models, and methods utilized in this study.



0 5 10 15 20 25 30
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
Wind Speed Distribution   k =2.2581    c =5.908

Wind Velocity - m/sec

ytilibaborP

Raw Data
Weibull Fit

Fig. 4. An example of the output obtained using the MMLM to determine WPD
parameters from wind-speed data. {Note: obtained from annual EVLF site data with
the original, 10-min observation data at 30 m above ground}.
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a 1-h data set by averaging the respective 10-min data. This allowed
us to examine the impact of time resolution on the results for the
EVLF and compare these results with that from the meteorological
stations.

2.3. Wind atlas data

There were two publicly available wind-resource atlases that
covered Guelph. Environment Canada sponsors the Canadian
Wind Energy Atlas (CWEA) which provided annual and seasonal
(3-month increment) data at 30, 50, and 80 m above ground [21].
The CWEA data represented observations made between 1958 and
2000. The Ontario Ministry of Natural Resources offers the
[Ontario] Wind Resource Atlas (OWRA) which provided annual
data at 30 and 80 m above ground, as derived from observations
made between 1984 and 2002 [22]. Both atlases report mean wind
speed, WPD parameters, and wind roses for locations in Canada
and Ontario, respectively. The spatial resolutions of the CWEA and
OWRA were 5 km [21] and 200 m [23], respectively, at the time of
data acquisition.

2.4. Wind turbine power curves

This study simulated the use of two representative examples of
small- and utility-scale wind turbines. We selected the Excel-S of
the Bergey Windpower Company to represent the small-scale unit.
The Excel-S has a 7 m rotor diameter, a cut-in speed of 3.6 m/s
(8.1 mph), and a manufacturers’ rating of 10 kW at 13.9 m/s
(31 mph) [24]. We utilized the publicly available power curve
provided by the manufacturer with a turbulence factor of 15% and
a site altitude of 356 m.We opted for the Vestas V82 to represent an
inland megawatt-scale wind turbine and applied the manufac-
turer’s power curve [25]. The V82 has an 82 m rotor diameter, a cut-
in speed of 3.5 m/s (7.8 mph), and a manufacturers’ rating of
1.65 MW at 13.5 m/s (30 mph). Fig. 3 shows the power-density
output curves of these turbines.

2.5. Community-scale power generation

Estimation of the wind-energy potential from city-wide arrays
involved two approaches. Each used the number of evenly spaced
turbines that could fit within the city limits of Guelph. The evenly
spaced turbines meant ignoring the geographical and structural
features of the city, as well as any ordinances that may preclude
Fig. 3. Power density (output normalized by swept area) versus wind speed for Bergey Exc
placement [18]. This spacing led to an upper-limit estimate of the
wind-energy potential within the city limits, as actual production
should be lower as a result of siting constraints. We based the
turbine spacing on a square footprint with a characteristic length of
10 rotor diameters. For Guelph, a idealized array of Excel-S turbines
consisted of 17697 units, while the span of a V82 limited that
number to 128. The estimates included the output potential for
arrays consisting of either Excel-S or V82 turbines at hub heights of
30 and 80 m, respectively. For each array, we applied a 10% penalty
to account for downwind wake effects [26].

The first approach was a simple multiplication of the number of
turbines that would fit in the community by the electricity
production of one turbine at a single site (ERS, GTI, or EVLF). Under
this approach, all turbines in the array generated an electrical
output equal to that of one located at the specific site.

For the second approach, we captured the spatial variability of
the wind resource throughout the community using wind atlas
data. This involved the use of a 35-point grid that overlaid the city
that we utilized to gather data. The resolution of the CWEA
permitted the identification of 10 unique data sets, while the OWRA
el-S [1] and Vestas V82 [25] wind turbines as compared to the theoretical Betz Limit.



Fig. 5. The three-segment cubic-regression model (CR) of the Bergey Excel-S power curve [1].
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provided unique results for each grid point. We scaled the CWEA
results according to the replication of data with respect to the
thirty-five grid points (i.e. samples); this was unnecessary for the
OWRA data. Finally, the estimation of the output potential involved
the application of these results to the number of turbines in each
array.
3. Theory and calculations

3.1. Power law model

Wind-speed data acquisition for the GTI and ERS occurred at
a height of 10 m above ground, while that of the EVLF occurred at
20 and 30 m. Use of the power law model (PL),

vðzÞ ¼ va

�
z
za

�a

; (1)

allowed for the height adjustment of the data to that of the
proposed hub heights for the Bergey (30 m) and Vestas (80 m)
turbines. Here, v represents the wind speed at height z with the
subscript ‘a’ denoting actual observation. Counihan [27] provided
the equation
Table 1
Annual single-turbine production potential at 30 m above ground as calculated usingWPD
modeled using the Bergey Excel-S power curve.

Site Time
span

Observation
height (m)

Wind speed (m/s)

Mean Std. dev.

GTI 94e04a 10 N/A N/A
GTI 94e04a 10 4.27 2.65
GTI 03e04a 10 N/A N/A
GTI 03e04a 10 4.45 2.69
ERS 94e04a 10 N/A N/A
ERS 94e04a 10 4.74 2.83
ERS 03e04a 10 N/A N/A
ERS 03e04a 10 4.83 2.93
EVLF 03e04a 30 5.22 2.40
EVLF 03e04a 20 N/A N/A
EVLF 03e04a 20 5.17 2.52
EVLF 03e04a 20 5.13 2.50

a 2003-341, 1300 to 2004-344, 0800.
b PL-assumed.
c PL-calculated.
a ¼ 0:096 log10ðz0Þ þ 0:016ðlog10ðz0ÞÞ2þ0:24; (2)
which we applied to calculate the power law exponent, a. Here, z0
(in m) represents the characteristic roughness length of the terrain
in the area of interest. Manwell et al. [26] listed roughness-length
values for the PL according to the type of terrain. Using this refer-
ence, we selected roughness lengths of 1.5 m for the GTI and EVLF,
and 0.10 m for the ERS, which resulted in coefficient values of 0.26
and 0.16, respectively. The recording of observation data at two
heights for the EVLF allowed for the derivation of a second coeffi-
cient value by utilizing Eq. (1). Our subsequent referral of power
coefficients associated with the PL reflects the value of a. Subse-
quent referral to the PL coefficient as ‘assumed’ reflects the selec-
tion and use of a roughness length in Eq. (2), whereas ‘calculated’
indicates that a was inferred from multiple-height data.
3.2. Weibull probability distribution

Predicting wind turbine power output requires knowledge of
the distribution of expected wind speeds. The Weibull continuous
probability distribution model [28] is the most commonly used
model for the assessment of wind-speed variation [29]. Numerous
studies indicate that this model accurately characterizes time-
parameters obtained from 1-h site data (GTI and ERS, raw; EVLF, time-averaged) and

Power
coefficient

WPD parameters Potential
output
(MWh)

Model

k c (m/s)

0.255 1.99 4.89 7.56 J&M
0.257b 1.74 4.86 8.39 PL
0.251 2.07 5.09 8.23 J&M
0.257b 1.79 5.08 9.18 PL
0.238 1.95 5.83 12.3 J&M
0.160b 1.76 5.34 10.6 PL
0.236 1.93 5.91 12.8 J&M
0.160b 1.73 5.44 11.2 PL
N/A 2.32 5.90 11.5 MMLM
0.238 2.28 5.81 11.1 J&M
0.257b 2.18 5.85 11.6 PL
0.241c 2.18 5.80 11.4 PL



Table 2
Annual single-turbine production potential at 30 m above ground as calculated using WPD parameters obtained from 10-minute EVLF site data and modeled using the Bergey
Excel-S power curve.

Site Time
span

Observation
height
(m)

Wind speed (m/s) Power
coefficient

WPD parameters Potential
output
(MWh)

Model

Mean Std. dev. k c (m/s)

EVLF 03e04a 30 5.22 2.46 N/A 2.26 5.91 11.7 MMLM
EVLF 03e04a 20 N/A N/A 0.238 2.22 5.81 11.3 J&M
EVLF 03e04a 20 5.17 2.58 0.260b 2.13 5.87 11.8 PL
EVLF 03e04a 20 5.13 2.56 0.241c 2.13 5.81 11.6 PL

a 2003-341, 1300 to 2004-344, 0800.
b PL-assumed.
c PL-calculated.
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series, wind-speed data for various situations [30]. The Weibull
probability distribution (WPD) model provides the probability, p, of
the wind achieving speed, v, as described by the shape and scale
factors, k and c, respectively:

pðvÞ ¼
�
k
c

��
v

c

�k�1

exp
�
�
�v
c

�k�
: (3)
3.3. Modified maximum likelihood method

The modified maximum likelihood method (MMLM) is
a proven method for superior accuracy in the estimation of WPD
parameters for wind-speed data [31]. The method utilizes two
equations: the first requiring an iterative calculation to determine
the shape factor, k,

k ¼

0
BBB@
Pn

i¼1 v
k
i lnðviÞPðviÞPn

i¼1 v
k
i PðviÞ

�
Pn

i¼1 lnðviÞPðviÞ
Pðvi � 0Þ

1
CCCA

�1

; (4)

followed by a calculation of the scale factor, c:

c ¼
 

1
Pðvi � 0Þ

Xn
i¼1

lnðviÞPðviÞ
!1=k

: (5)

For these equations, vi, is the central wind speed for each bin, i; P(vi)
indicates the frequency of occurrence in the bin; and P(vi� 0)
represents the probability of thewind speed being greater-than-or-
equal-to zero. Execution commenced with an initial k value of 2.0
Table 3
Data utilized for the various methods of analysis.

Site Time span Observation
height (m)

Number of data p

Theoretical

GTI 94e04 10 96 432
GTI 03e04a 10 8828
ERS 94e04 10 96 432
ERS 03e04a 10 8828
EVLF 03e04a 30 52 961
EVLF 03e04a 20 52 961
EVLF 03e04a 30 8828
EVLF 03e04a 30 8828
EVLF 03e04a 20 8828
EVLF 03e04a 20 8828
GTI 94e04 10 96 432
GTI 03e04a 10 8828
ERS 94e04 10 96 432
ERS 03e04a 10 8828
EVLF 03e04a 30 52 961
EVLF 03e04a 30 52 961
EVLF 03e04a 20 52 961
EVLF 03e04a 20 52 961

a 2003-341, 1300 to 2004-344, 0800.
(a Rayleigh distribution), and continued iteratively until the square
of the difference between the new and previous values was less
than 10�10. We utilized 30 bins, n, with discrete wind-speed
intervals of 1 m/s in the calculations. Note that the International
Electrotechnical Commission (IEC) recommends intervals of 0.5 m/s
for the generation of wind turbine power curves [32]. Fig. 4 shows
an example of a WPD obtained using the MMLM algorithm. The
designation PL in the remainder of this paper indicates the appli-
cation of the PL followed by the MMLM to obtain WPD parameters.
The notationMMLM in the resulting tables indicates a heightmatch
between the data and the proposed turbine hub and the exclusion
of the PL.

3.4. Justus and Mikhail model

Justus and Mikhail [33] provided a model (J&M) that utilizes
WPD parameters for wind speed at one height to estimate
parameters for another height. The equations for this model are

kðzÞ ¼ ka
½1� 0:0881 lnðza=10Þ�
½1� 0:0881 lnðz=10Þ� ; (6)

and

cðzÞ ¼ ca

�
z
za

�n

; (7)

with n calculated as

n ¼ ½0:37� 0:0881 ln ca�
½1� 0:0881 lnðza=10Þ�: (8)
oints used Method of
analysis

Maximum Minimum

87542 (90.8%) 87542 (90.8%) MMLM, J&M, PL
3490 (39.5%) 3490 (39.5%) MMLM, J&M, PL

95301 (98.8%) 95301 (98.8%) MMLM, J&M, PL
8824 (100%) 8824 (100%) MMLM, J&M, PL

52961 (100%) 52961 (100%) MMLM, J&M, PL
52961 (100%) 52961 (100%) MMLM, J&M, PL
8828 (100%) 8828 (100%) 1-h
8828 (100%) 8828 (100%) 1-h
8828 (100%) 8828 (100%) 1-h
8828 (100%) 8828 (100%) 1-h

88421 (91.7%) 88401 (91.7%) CR
3652 (41.4%) 3652 (41.4%) CR

95447 (99.0%) 95024 (98.5%) CR
8824 (100%) 8822 (99.9%) CR

52961 (100%) 52951 (100%) CR
52961 (100%) 52953 (100%) CR
52961 (100%) 52944 (100%) CR
52961 (100%) 52951 (100%) CR



Fig. 6. Diurnal mean wind-speed variation for the ERS, GTI, and EVLF during the evaluated time periods.
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The WPD parameters k and c correspond to a height above the
ground, z, with the subscript ‘a’ denoting those obtained with the
actual-observation data. Subsequent referral to the power coeffi-
cients associated with the J&M relates to the value of n. The
designation J&M indicates the adjustment of WPD parameters
obtained with the MMLM from observation height to the proposed
hub height.

3.5. Cubic-regression model of wind turbine power curve

The investigation of the wind-energy output potential in the
absence of a WPD required a turbine power curve in the form of
a continuous function rather than discrete tabular data. Production
of this continuous-function power curve involved the segmenta-
tion of themanufacturer’s power curve into three portions followed
by cubic-regression analysis (CR). Fig. 5 shows the power curve
with the equations obtained via regression analysis for the Bergey
Excel-S. We estimated the annual potential-energy production by
multiplying the total hours in the observation period with the sum
of energy produced for each wind-speed measurement. Finally, the
Fig. 7. Wind-direction frequency distribution for the ERS, GTI, and EVLF during the
evaluated time periods.
production potential required normalization to an annual time-
frame to obtain the final results. With the exception of the 30 m
observation-height data for the EVLF, we obtained all height-
adjusted wind-speed data via the PL. As such, the use of the
designation CR in this paper typically indicates the use of the PL
prior to estimation of the potential output via this strategy.

4. Results and discussion

This study involved the application of several methods and
models to data from multiple sources in order to estimate the
wind-energy potential within the municipal limits of the city of
Guelph. Fig. 2 highlights the application sequence of the data and
models utilized in this study and described in Sections 2 and 3. The
left side of this diagram portrays the use of site assessment and
meteorological station data for the three locations for wind-speed
observation utilized in this study. The central part of Fig. 2 focuses
on the heart of this assessment, the determination of Weibull
probability distributions (WPDs) for wind speed. The right of Fig. 2
illustrates the combination of the wind-speed distributions with
the power curves to estimate annual and seasonal wind-energy
potential within Guelph.

Table 1 presents the single-turbine results obtainedwith the 1-h
data from the ERS, GTI, and EVLF at 30 m above ground. This table
includes those from the modified EVLF data, while Table 2 shows
that obtained with the original,10-min EVLF data at this height. The
results presented in these tables cover the 1994e2004 and
2003e2004 time spans and involved height adjustmentwith the PL
and J&M. As shown, we used the Bergey Excel-S power curve as the
basis of comparison for the bulk of this assessment. Similarly, the PL
served as the basis of comparison for the meteorological and site
data. During the 2003e2004 period, the EVLF site exhibited the
highest wind-speed average while the ERS displayed the greatest
variation. The differences in wind-speed average and standard
deviation of the ERS indicate that the 2003e2004 period was
slightly windier than that of 1994e2004. Review of the GTI data
during the 2003e2004 period revealed that 60% of the observa-
tions recorded were erratic; most of which occurred between
March 1st and October 1st of 2004. This period coincided with
seasons previously found to have the lowest wind-energy potential
for Guelph [18]. As a result, we anticipated that the estimates of the
potential output at the GTI would be lower relative to other values



Table 4
Annual single-turbine production potential at 30 m above ground as calculated by direct application of a three-segment cubic-regression (CR) model of the Bergey Excel-S
power curve as applied to the wind-speed data.

Site Time
span

Observation
height (m)

Wind speed (m/s) Power
coefficient

Potential
output (MWh)

Relative variation (basis)

Mean Std. dev. MMLM J&M PL

GTI 94e04 10 4.23 2.67 0.257b 8.27 N/A 9.4% �1.4%
GTI 03e04a 10 4.25 2.78 0.257b 8.77 N/A 6.5% �4.5%
ERS 94e04 10 5.28 3.17 0.160b 10.6 N/A �13.6% �0.1%
ERS 03e04a 10 4.83 2.93 0.160b 11.4 N/A �11.2% 1.2%
EVLF 03e04a 30 5.22 2.46 N/A 11.5 �1.8% N/A N/A
EVLF 03e04a 20 5.17 2.58 0.260b 11.6 N/A 3.1% �0.6%
EVLF 03e04a 20 5.13 2.56 0.241c 11.4 N/A 1.0% �2.6%

a 2003-341, 1300 to 2004-344, 0800; italicized values indicate those determined from unadjusted data; underlined values are relative to average of PL values.
b PL-assumed.
c PL-calculated.
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found for this period. Table 3 provides an assessment of validity for
the site and meteorological data used in this study. This includes
the number of theoretically-available observations based on the
time span and the maximum and minimum utilized along with the
method(s). A discrepancy between the maximum and minimum
number of datum applied during modeling may occur due to the
application of themethods andmodels. As shown, most or all of the
data taken at the EVLF and ERS sites were valid.

The ERS data covered both the 1994e2004 and 2003e2004
timeframes with high proportions of validity. For this reason, we
utilized the results obtained with that data as a basis of comparison
for the sites within the city of Guelph. The similarity of observations
made in this study with those of other sources supported this
decision. Fig. 6 displays the diurnal wind-speed cycles found for the
ERS, GTI, and EVLF during these periods. As shown, the trends
exhibited minimal hourly variation from evening (1900) through to
the early morning (700) followed by a symmetrical curve with
a maximum occurring between 1300 and 1500 h. This pattern
duplicates the observations of Li and Li [34] for the Waterloo
Wellington meteorological station (43� 270 N, 80� 220 W; altitude
317 m) for the 1999e2003 period. That site lies approximately
10 km southwest of Guelph. Fig. 7 shows the wind-direction
frequency at the ERS, GTI, and EVLF for the timeframes evaluated.
During those periods the wind proceeded from the west 55e64% of
Fig. 8. Seasonal and annual production potential for an idealized community-scale, multi-tu
period available for the J&M and PL.
the time. These wind roses generally concur with those provided by
the CWEA and OWRA for the respective sites, as well as those found
by Li and Li [34]. Note that the wind roses of the OWRA lacked
directional designation. The resemblance of the results obtained in
this study with those made by Li and Li [34] indicates that these
sites share a similar wind regime.

Table 1 and Table 2 include the results obtained with the
modified and original EVLF data, respectively. The results obtained
with the EVLF data for both time increments were consistent. The
potential output based on the modified, 1-h data was between 1.2%
and 2.0% less than that of the original, 10-min data. At some point,
a magnitude of change in the observation increment and period
should alter the shape of the wind-speed distribution and result in
marked difference in wind-energy potential. However, this did not
occur for the EVLF data at these time resolutions.

The comparison of wind-energy potential at the selected sites
began with an assessment of the potential variation in single-
turbine results for the GTI relative to the ERS. As described, the
presence of erratic data during the low wind-resource seasons of
the 2003e2004 period led to the expectation of artificially elevated
values for the GTI. At the ERS, the annual potential outputs for the
1994e2004 timeframe were 12.3 and 10.6 MWh, for the J&M and
PL, respectively. The results for this site during the 2003e2004
period were 4.4% and 5.8% higher for the respective models, at 12.8
rbine array of Bergey Excel-S wind turbines [1] at 30 m above ground with the longest



Fig. 9. Seasonal and annual production potential for an idealized community-scale, multi-turbine array of Vestas V82 wind turbines [25] at 80 m above ground with the longest
period available for the J&M and PL.
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and 11.2 MWh. A similar analysis for the GTI revealed relative
increases of 8.9% and 9.4% during this period with the respective
models. Assuming that the relative increases found for the ERS
during this period were applicable to the GTI, the actual values for
the GTI could have been closer to 7.9 and 8.9 MWh for the
respective models. However, difficulties arise in resolving whether
or not it is appropriate to use the PL for this estimate due to the use
of different power law coefficients (PL, a) for the ERS and GTI sites.
The coefficients utilized for the J&M are relatively similar for the
two sites when compared to the coefficients for the PL. In addition,
the quality of the results for the GTI during the 1994e2004 period
could be scrutinized due to the proportion of valid data.

The use of data from two observation heights for the EVLF
allowed for flexibility with the application of the models and led to
four different results for the 2003e2004 period. A numerical
average of the output results at 30 m for the 1-h EVLF data yielded
an annual potential of 11.4 MWh with a standard deviation of
0.19 MWh. Similar analysis with the 10-min EVLF data yielded an
annual average of 11.6 MWh with a standard deviation of
0.23 MWh. The potential output obtained with the observation
data at 30 m (MMLM) for the J&M and PL was 10.2% less and 2.4%
more than that of the ERS, for the respective models. The modeling
of the 20 m EVLF data also yielded mixed results when compared
with those of the ERS. The J&M provided electricity-production
potentials that were 13.0% less, while those of the PL were 3.2% and
1.2% more for the assumed and calculated power coefficients,
respectively.

The use of raw wind-speed data allowed for the direct estima-
tion of the single-turbine production potential by applying the data
to a cubic-regressionmodel (CR) of the Bergey Excel-S power curve.
Table 4 displays the results obtained via CR along with a compar-
ison of those obtained via WPD parameters (i.e. Table 1 for the ERS
and GTI; Table 2 for the EVLF). Here, a negative value indicates a CR
production estimate that is less than that of the identified method
(MMLM, J&M, or PL). This represents an apparent over-estimation
by a method when compared with the potential output obtained
from the direct application of wind-speed data via CR. The results
show that the CR yielded both over- and under-estimations relative
to the J&M and PL. The deviation ranged from 13.6% less to 9.4%
more for the J&M and from 4.5% less to 1.2% more for the PL. The
output potentials obtained with the CR are most consistent with
those obtainedwith the PL. This is likely due to the reliance of CR on
wind-speed data modified with the PL. A slight over-estimate
(�1.8%) occurred with the use of the WPD on EVLF observation-
height data in the absence of the PL or J&M (MMLM only).

The final part of this assessment utilized wind atlas data to
estimate the potential output from a community-scale wind farm.
Fig. 8 illustrates the production potential for an array of Bergey
Excel-S turbines at 30 m above ground, while Fig. 9 reflects that
with Vestas V82 turbines at 80 m. These figures include output
potential obtained for the longest evaluated period of the indi-
vidual sites as applied to the number of turbines in the idealized,
community-scale array. This allows for a graphic comparison of the
site production estimates with the values obtained from the wind
atlases on the basis of the idealized arrays. As shown, the results for
the models and wind atlases generally agree for the observation
sites, with those for the ERS generally displaying the greatest
potential. The results for potential electricity-production output
indicated substantial seasonal variation. The values obtained for the
winter season more than doubled those of the summer, each rep-
resenting the high and low of the annual cycle, respectively. This
trend matches that of Li and Li who observed that the monthly
wind-speed average of February nearly doubles that of August [34].

Table 5 summarizes the potential output obtained from the
idealized community-scale arrays and also provides a reference of
energy and electricity use for the city of Guelph in 2005 [17]. The
first part of this table provides the specifications for two versions of
the idealized wind farms (Bergey versus Vestas at their corre-
sponding operating height). As stated, our idealized array ignores
placement issues (geographic features, building, etc.), and relies on
a turbine footprint derived from the rotor diameter. This strategy
produced total swept areas for the respective arrays of 17697
Bergey Excel-S and 128 Vestas V82 wind turbines that differed by
less than 1.0%. The second section of this table summarizes the
annual potential for the sites in Guelph for the longest period
evaluated as applied to our idealized array. Overall, the community-
scale results generally agree, however we observed some spatial
variationwith those obtained for the individual grid points with the



Table 5
Annual community-scale, multi-turbine production potential at nominal hub
heights.

Manufacturer and model Bergey
Excel-S

Vestas
V82

Rated power output 10 kW 1.65 MW
Rotor diameter (m) 7 82
Hub height (m) 30 80
Land area per turbine (km2) 0.00490 0.672
Number of turbines 17697 128

Annual potential electricity output (GWh)a

GTI e J&M 120 370
GTI e PL 134 401
GTI e CWEA 155 487
GTI e OWRA 157 442

EVLF e J&M 183 534
EVLF e PL 186 555
EVLF e CWEA 205 537
EVLF e OWRA 143 432

Guelph grid e CWEA 174 502
Range (min/max) (141/233) (466/560)

Guelph grid e OWRA 141 434
Range (min/max) (106/187) (368/514)

Demand (GWh) & relative potential for Guelph, 2005
Total energy 6034
GTI e J&M and PL 2.2% 6.6%
GTI e CWEA and OWRA 2.6% 7.7%
EVLF e J&M and PL 3.1% 9.2%
EVLF e CWEA and OWRA 2.9% 8.0%
Guelph grid e CWEA and OWRA 2.6% 7.8%

Electricity 1630
GTI e J&M and PL 8.2% 24.6%
GTI e CWEA and OWRA 9.6% 28.5%
EVLF e J&M and PL 11.4% 34.0%
EVLF e CWEA and OWRA 10.7% 29.7%
Guelph grid e CWEA and OWRA 9.7% 28.7%

a 10% Power reduction for inter-turbine (downwind) losses.
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respective wind atlases. The final section of Table 5 provides
a comparison of production potential with the energy and elec-
tricity demand in Guelph for 2005. The results obtained with the
35-point grid show that the potential may exist for electricity
production equivalent to 7.8% and 29% of the total energy and
electricity use for Guelph in 2005, respectively, with 128 Vestas V82
turbines. The use of this strategywith Bergey Excel-S turbines could
produce 2.6% and 9.7% of the total energy and electricity, respec-
tively. These values indicate the potential that local wind-energy
use could significantly contribute to the renewable-energy port-
folio of Guelph. They also indicate the range of possibility for an
array within the city limits of Guelph as one would likely consist of
a mix of such turbines.

There is an evolving body of regulation and studies that relate to
the size and proximity of wind turbines to occupied buildings that
we excluded from this study. Concerned citizens continue to raise
questions regarding the effect of large-scale wind turbines on
human health. Dr. Nina Pierpont coined the phrase “Wind Turbine
Syndrome” [35] for the impact of low-frequency vibrations that
may result under certain conditions [36]. Wolsink [37] documented
the known level of “NIMBYism” (i.e. Not InMy Back Yard) that exists
for this particular technology. He specifically discussed the
concerns typically raised, formulates the potential for resistance to
wind turbine siting, and alluded to the fact that these issues could
affect the economics of installation. Other issues that may require
assessment for site selection and evaluation include ice shedding
and solar flicker. That said, this technology continues to gain
acceptance. Often, it is amatter of whether or not society chooses to
accept the risks (known and unknown) associated with the use of
a specific technology.

5. Conclusions

1) Guelph may have the potential to obtain up to 7.8% and 29% of
the 2005 total energy and electricity requirements, respec-
tively, from a community wind turbine array.

2) The assessment of two turbines at separate hub heights for an
ideal, city-wide array revealed the capacity for a 3-fold differ-
ence in potential output of electricity for Guelph.

3) The data sources examined in this study provided reasonably
similar results for the sites of interest and with respect to the
city-wide potential in Guelph.

4) Seasonal variation occurred in the wind-energy potential for
Guelph, with the electricity-production potential of the 3-
month winter period more than doubling that of the summer.

5) The deviation in the potential output due to the use of 10-min
and 1-h sampling periods was inconsequential for the data
evaluated.

6) The direct application of wind-speed data to a CR model of
a turbine power curve yielded results that were consistent with
those obtained with PL-WPD in 1 m/s bins.
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