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Wind speed characteristics and implications for
wind power generation: Cape regions, South Africa

Spatio-temporal dynamics of near-surface wind speeds were examined across the Northern, Western
and Eastern Cape regions of South Africa. The regions assessed were geographically subdivided into
three zones: coastal, coastal hinterland and inland. Wind speed data (10 m) were evaluated at monthly,
seasonal, annual and zonal resolutions, with the aim to establish wind speed attributes and trends. Data
from 19 weather stations with high-resolution wind records between 1995 and 2014 were evaluated.
The majority of stations (79%) recorded a decrease in mean annual wind speed over the study period.
The mean rate of decrease across all stations over the 20-year period equates to -1.25%, quantifying to
an annual decrease of -0.002 m/s/year (-0.06% pa). The largest seasonal decline of -0.006 m/s/year
(-0.15% pa) was recorded in summer. Statistically significant declines in mean annual wind speed are
somewhat more pronounced for the coastal zone (-0.003 m/s/year, -0.08% pa) than over interior regions
(-0.002 m/s/year, -0.06% pa) for the study period. The largest decrease (-0.08% pa) was recorded for
the coastal zone, followed by the inland zone (-0.06% pa), equating to an annual reduction in available
energy of 0.18% pa and 0.09% pa, respectively. When considering all stations over the study period, the
mean inter-annual variability is 3.11%. Despite such decreases in wind speed, the variance identified in
this study would not have posed any risk to power generation from wind across the assessed stations,
based on the period 1995 to 2014.

Significance:

e Mean recorded wind speed decreases have been marginal under recent (last 20 years) climatic conditions
and change, thus adding confidence to the justification by the South African government to procure
additional wind-generated electricity capacity.

e Wind speed trends and variance measured over the research period (1995-2014) for the Cape stations in
this study, would not have posed any risk to power generation from wind.

e Only four stations (28.6%) recorded statistically significant trends at the 0.05% level; of these 75% were
decreasing trends.

e (Coastal zones recorded a statistically larger decrease in mean wind speed compared to inland regions.

e When considering all stations over the period 1995-2014, the mean inter-annual variability is 3.11%.

Introduction

Despite uncertainty in forecasting wind speed and variance over time, wind power generation is the fastest
growing form of renewable energy, and thus such forecasts are important considerations for the renewable energy
sector. Globally, wind energy generation has been growing at a rapid rate over the past few years, with ~370
GW of installed capacity, and growth rates in excess of 15% per annum." It is thus pertinent to evaluate recent
South African surface wind trends in the context of wind energy generation. To this end, information relating to
recent near-surface wind trends can be applied in various fields of interest, such as pollen dispersal alerts, wind
erosion in agricultural settings, building engineering, and the design of wind farms. South Africa is a developing
country with limited capacity to generate sufficient energy, thus the importance of establishing renewable energy
sectors (solar and wind in particular). Given the global uptake of alternative energy generation, such as wind power
generation, the South African government initiated the procurement of wind power in 2011 from independent power
producers, aimed at diversifying and expanding South Africa’s electricity generation.2® South Africa recorded its
first wind-generated electricity from independent power producers incorporated into the national grid at the end of
2013. This generation had reached 1212 MW by the end of 2015, which equates to 2.66% of the national installed
power capacity. The projected outlook would see up to 4360 MW (approximately 5% of national power capacity)
of wind generation installed by 2030.° This substantial uptake in energy generation from wind requires some
understanding of wind variability and trends in the South African context, so as to quantify the potential impact of
wind variability and/or change over a 20-year power purchase agreement term.

The most remarkable characteristic of wind is its inherent variability, both geographically and temporally. Wind
speed is a function of the atmospheric pressure gradient, with the ultimate driver being the sun. Varied heating of
the earth results in global circulation patterns with Coriolis forces fundamentally driving large-scale motion of the
air. Wind variability at a regional scale is strongly influenced by micro-scale, meso-scale and synoptic-scale factors
such as topography, water bodies (e.g. oceans, lakes) and land use. Wind variability is thus an essential indicator
of atmospheric circulation. As part of an international effort to quantify climate and related circulation changes,
several studies have focused specifically on wind speed variance.®*

Studies from around the world have found variable trends in mean wind speeds over the last few decades. For
instance, studies in Turkey (1975 to 2006), Brazil (1986 to 2011), China (1969 to 2005) and Canada (1940 to
2006) found that most stations were experiencing a decrease in seasonal and annual mean wind speed.'®' In
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contrast, wind speed trends have increased in several other regions such
as over the global oceans and the Baltic region.™'* Most such changes
were strongly linked to fluctuations in synoptic-scale circulation.’
Several studies in South Africa have evaluated and quantified wind
distribution and frequency.'®"9 A recent study statistically assessed wind
speed distribution and power density in Port Elizabeth and concluded
that average wind power density is highest during spring (September—
October) and lowest during autumn (April-May).? Kruger?' considered
the impact of wind power on the South African built environment and
suggested that the strong wind climate of South Africa is similar to that
of southern South America and Australia, with the primary, strong wind-
producing mechanisms being thunderstorms and extratropical cyclones.
However, there is still a research gap with respect to identifying wind
speed trends and associated impacts on wind energy generation in
southern Africa, and the Cape region in particular. We thus aimed to
address this gap by analysing recent (1995-2014) South African wind
speed data in the Cape regions, with the intention to establish recent
spatio-temporal trends and variability.

Data and methods

Wind speed data from 19 stations across the Western, Eastern and
Northern Cape Provinces of South Africa, covering the years 1995-2014,
were obtained from the South African Weather Service. The research
period was limited to years for which data were available across all
stations. Stations are distributed across the study region, as indicated
in Figure 1. Wind speed measurements were taken 10 m above ground
surface, at 5-min intervals. The quality control procedure evaluated data
continuity to determine potential external effects on station data.

Data uniformity checks were undertaken to minimise potential data
errors. Given that considerable inhomogeneity was detected, 5 of the 19
data sets were completely disregarded, thereby reducing the number of
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stations considered to 14. External factors identified to have influenced
such station records include station relocation, tree growth or removal,
and urbanisation. The data recovery rate was 98.06% for the 14 stations,
with a standard deviation of 1.7%; imputed values replaced missing
records. Given that it is near impossible to obtain homogeneous wind
records, several previous studies have used a similar quality control
approach to assess wind speed data, as that applied in our study.>?

Statistical evaluation

Descriptive statistics calculated for wind speed data include standard
deviation (SD=%), mean, minimum and maximum values to provide
a range of wind speeds over the 20-year period. Daily mean wind speed
data were consolidated into monthly, seasonal and annual means, thereby
permitting trend analyses and the proportional variance to be ascertained
over the study period. The locality of each station is placed within one of
three geographic zones, namely coastal zone (0-10 km from shoreline),
coastal hinterland zone (10-60 km from shoreling) and inland zone (>60 km
from shoreline). The proportional variation of the mean wind speed for each
station was calculated at monthly, seasonal and annual zonal resolutions
(for the period 1995-2014), and linear regression methods were applied to
the data. The least squares approach was applied to fit the linear regression,
as is widely applied.?>?” The regression analyses indicate that four of the
stations (EC3, NC6, WC3 and WC4) record statistically significant trends,
with only EC3 recording an increasing trend, while the remaining stations
record an insignificant trend at a 5% significance level.

Results

Although a 20-year period is insufficient to establish conclusive changes
in wind associated with climate change, the record is nevertheless able
to provide tentative comparison of the data sets and indicate mean wind
speed variance and trends over the last 20 years for the Cape regions.
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Figure 1:  Mean short-term wind speed trends (1995-2014) mapped for the Northern, Western and Eastern Cape regions of South Africa.
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Given that the standard term of a wind power purchase agreement
is 20 years, this period will allow a better understanding of potential
wind speed variance and change over such a period of time for the
stations concerned.

Statistical characteristics

When considering the Beaufort wind scale which is an empirical measure
of observed wind speed, all 14 wind stations fall into one of two categories:
‘light breeze’ or ‘gentle breeze’. Five (36%) stations had mean conditions
constituting a ‘light breeze’ (1.6-3.3 m/s), while the remaining nine (64%)
stations had mean conditions constituting a ‘gentle breeze’ (3.4-5.4 m/s)
(Table 1). Thus, stations overall fall within the ‘moderate’ wind range, with
highest speeds in the Northern Cape and ‘light breeze’ conditions being
more typical to the Western and Eastern Cape regions.

For the study period (1995-2014), mean annual wind speed across
the 14 stations was 3.79 m/s, but varied considerably from 5.13 m/s
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at Koingaas (coastal zone; Northern Cape) to 2.51 m/s at Tygerhoek
(coastal hinterland; Western Cape). Alexander Bay (coastal zone; Northern
Cape) has the highest inter-annual standard deviation of 0.91 m/s, while
Plettenberg Bay (coastal zone; Western Cape) has the lowest at 0.33 m/s.
The highest average monthly wind speed (7.53 m/s) was recorded at
Koingaas for December 2005, while the lowest (1.62 m/s) was recorded
at Tygerhoek for June 2003 (Table 1).

Notably, all three zones (coastal, coastal hinterland and inland) recorded
decreasing mean annual wind speeds over the observation period.
The coastal zone recorded the largest decrease (-0.06 m/s, -1.54%),
followed by the inland zone (-0.05 m/s, -1.21%) and finally the coastal
hinterland zone (-0.03 m/s, -0.95%). The Eastern Cape inland zone is the
only region which recorded an increasing mean annual wind speed over
the observation period (0.02 m/s, 0.7%), but this increase is statistically
insignificant at the 0.05% level (Figures 2 and 3).

Table 1:  Wind speed statistics for various Cape stations (1995-2014)
. Standard -
Code Station Zone Mean monthly | Max monthly | Min monthly deviation p-value ' SFa.tlsllcaIIy
(m/s) (m/s) (m/s) significant trends
(m/s)
EC1 Uitenhage Coastal hinterland 3.14 4.22 2.10 0.42 0.39 No
EC2 Queenstown Inland 3.24 452 2.09 0.50 0.62 No
EC3 Elliot Inland 3.12 5.08 1.97 0.50 0.03 Yes
NC1 Alexander Bay Coastal 4.36 6.63 2.55 0.91 0.25 No
NC2 Koingaas Coastal 513 7.53 2.56 0.70 0.60 No
NC3 Springbok Inland 4.48 6.73 3.51 0.49 0.88 No
NC4 Brandvlei Inland 3.62 4.76 2.34 0.56 0.72 No
NC5 De Aar Inland 4.66 6.29 3.28 0.68 0.51 No
NC6 Noupoort Inland 3.88 5.50 2.25 0.73 0.01 Yes
WC1 Langebaan Coastal hinterland 3.89 5.70 2.33 0.73 0.17 No
WC2  Still Bay Coastal 3.67 4.56 2.85 0.38 0.97 No
WC3 | Tygerhoek Coastal hinterland 2.51 3.53 1.62 0.40 0.02 Yes
WC4 | Plettenberg Bay Coastal 3.23 411 2.10 0.33 0.01 Yes
WC5 | Beaufort West Inland 414 5.47 2.87 0.47 0.36 No
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Figure 2:  Mean annual wind speed variance per zone, based on mean annual short-term trends between 1995 and 2014.
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Figure 4:  Deviation from mean wind speeds for the period 1995-2014.

Monthly, seasonal and annual trends

Mean annual wind speed generally decreased for the 14 stations over
the period 1995-2014. Although a mean loss of -0.05 m/s (-1.25%)
in annual wind speed is evident over the 20-year period, some stations
(e.9. WC1, NC2 and EC3) experienced increasing trends (Figure 4). For
the stations included in this study, both decreasing (79%) and increasing
(21%) trends were recorded (Figure 1). Langebaan recorded the
highest increasing trend of 0.12 m/s (2.9%), while Noupoort recorded
the highest decreasing trend of -0.24 m/s (-6.1%). Decreasing trends
(11 stations) average -0.08 m/s (-2.1%), while the increasing trends
(3 stations) average 0.07 m/s (2%).

Over the 20-year period, mean increasing seasonal wind speeds were
recorded for autumn (0.11 m/s, 2.87%) and winter (0.06 m/s, 1.49%). In
contrast, mean decreasing wind speed trends were recorded for summer
(-0.11 m/s, -2.93%) and spring (-0.09 m/s, -2.27%). The inland zone
recorded the highest mean seasonal increase (0.12 m/s, 3.1%) during
autumn, while the coastal hinterland zone recorded the highest mean
decrease (-0.13 m/s, -4.0%) during summer. Regionally, inland areas of
the Eastern Cape recorded the highest increase (0.16 m/s, 4.9%) during
autumn, while the Northern Cape coastal region recorded the largest
decrease (-0.23 m/s, -4.9%) during summer (Figures 5 and 6).
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Over the 20-year period, mean annual wind speed trends were between
-0.012 m/s/year (-0.31% pa) for Noupoort and 0.006 m/s/year
(0.15% pa) for Langebaan, with a mean decrease across all stations of
-0.002 m/s/year (-0.06%). The seasonal mean wind speed trends ranged
from -0.016 m/s/year (-0.36% pa) recorded in summer, to 0.011 m/s/
year (0.26% pa) recorded in winter, both at Alexander Bay. Across all
stations, mean seasonal wind speeds decreased by the highest margin
(-0.006 m/s/year; -0.15% pa) during summer.

For the 20 years assessed, 71% of stations recorded a decreasing mean
wind speed trend (-0.004 m/s/year, -0.1% pa), while 29% recorded
increasing mean trends (0.004 m/s/year, 0.1% pa). At a monthly scale,
stations recorded a mean decrease of -0.0016 m/s/year (-0.043% pa)
for September through February, and a mean increase of 0.001 m/s/year
(0.035% pa) for March through August. The strongest mean decreasing
trend of -0.0023 m/s/year (-0.06% pa) was recorded in January, while
the strongest mean increasing trend of 0.002 m/s/year (0.06% pa)
was recorded in May. A high percentage (86%) of stations recorded
increasing wind speed trends during the autumn and winter months
of March to August, while most stations (93%) recorded decreasing
trends during the spring and summer months of September to February
(Figure 7).
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Figure 7.  Mean monthly wind speed trend for the period 1995-2014.

All three geographic zones recorded mean decreasing wind speed
trends; the coastal zone recorded the largest mean decrease (-0.06 m/s,
-1.54%) followed by the inland zone (-0.05 m/s, -1.21%) and finally
the coastal hinterland zone (-0.03 m/s, -0.95%). The Northern Cape
inland region recorded the largest decrease (-0.09 m/s, -2.07%) of all
the study regions over the study period, which equates to an annual
decrease of -0.004 m/s/year (-0.10% pa). In contrast, the Eastern Cape
inland region is the only region that recorded increases in mean wind
speed (-0.001 m/s/year, -0.04% pa), but these increases are statistically
insignificant at the 0.05% level (Figures 2 and 3).

A key aspect to consider for wind power is inter-annual variability in
wind speed. The Eastern Cape stations recorded the highest mean inter-
annual variance (4.3%), followed by the Western Cape (3%) and finally
the Northern Cape (2.7%). When considering all stations over the study
period, the mean inter-annual variability is 3.11%; the Northern Cape
inland region of Brandvlei recorded the lowest inter-annual variability of
1.79%, while the Eastern Cape coastal hinterland region of Queenstown
recorded the highest at 4.72%. Across all stations, the lowest mean
inter-annual variability (1.93%) was recorded between 2001 and 2002,
while the highest (4.31%) was recorded between 2006 and 2007. The
largest inter-annual variability (12.64%) was recorded between 2003
and 2004 at the Northern Cape inland region of Noupoort.

Discussion

Changes in near-surface wind speed at various temporal scales may
have several implications. A key impact in the South African context
includes energy generation. Electricity generated from wind is derived
from a well-known scientific mathematical expression (p =% cop A}, which
implies that when wind speed is doubled or halved, available energy
respectively increases or decreases eight-fold.?® Qver the 20-year period,
all three zones recorded a decrease in mean wind speed, with the coastal
zone recording the largest decrease (-0.06 m/s, -1.54%), followed by
the inland zone (-0.05 m/s, -1.21%) and coastal hinterland (-0.03 m/s,
-0.95%) (Figure 2). These decreases equate to a reduction in available
energy of 3.7%, 1.8% and 0.9%, respectively. According to McVicar
et al.?, studies with more than 30 stations and in excess of 30 years of
data have recorded a mean wind speed decrease of -0.001 m/s pa, which
equates to a decrease of -0.028 m/s over a 20-year period.

Between 1979 and 2008, several regions globally recorded average
decreasing wind speed trends, including Europe (-0.01 m/s/year),
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North America (-0.007 m/s/year), Central Asia (-0.016 m/s/year),
South Asia (-0.008 m/s/year) and East Asia (-0.012 m/s/year).® In
Africa, both increasing and decreasing wind speed trends have been
recorded over the last 65 years (Table 2). For instance, Niger records the
largest increasing trend of 0.065 m/s/year (one station, 11 years data),
while Cameroon records the largest decreasing trend of -0.2 m/s/year
(one station, 5 years data). The results of this study place the Cape
regions of South Africa within a marginally decreasing wind speed trend of
-0.002 m/s/year (-0.06% pa) over the past 20 years (equating to a mean
decrease of -0.5 m/s, -1.25%), quantifying to a decrease in available
energy of 1.95%. This decreasing trend does not pose any immediate
risk to wind power projects in the Cape regions of South Africa. The
allowance for inter-annual variability in a forecast energy yield model
would account for any potential decrease of this nature.

Summary

This assessment confirms that mean regional near-surface wind speeds
are insignificantly declining at 10 Cape stations at an average rate of
-0.002 m/s/year (or -0.05 m/s over the 20-year study period from 1995
to 2014). Only four stations (28.6%) recorded statistically significant
trends at the 0.05% level; of these 75% were decreasing trends.
Coastal zones recorded a statistically larger decrease in mean wind
speed compared to inland regions. When considering seasonal wind
speed trends over the study period, decreasing trends were recorded in
summer and spring and increasing trends were recorded in winter and
autumn. Wind speed trends and variance measured over the research
period (1995-2014) for the Cape stations in this study, would not have
posed any risk to power generation from wind. As has been quantified,
mean recorded wind speed decreases have been marginal under recent
(last 20 years) climatic conditions and change, thus adding confidence
to the justification by the South African government to procure additional
wind-generated electricity capacity.
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Table 2:  Recent wind speed trends for various African sub-regions
Country Number of sites Coordinates Period Trend (m/s/year) Reference
Niger 1 site 13°N, 2°E 1984-1994 0.064 31
Tanzania 1 site 9°§, 35°E 2001-2005 0.063 32
Nigeria 2 sites 11-12°N, 11-13°E 1969-1982 0.046 33
Egypt 1 site 24°N, 33°E 1995-2003 0.043 34
Algeria 22 sites 28-37°N, 2-15°E 1973-2003 0.005 35
Atlantic Coast 24 sites 15°5-21°N, 23°W-14°E 1955-1985 0.005 36
Mauritania and Senegal 4 sites 14— 21°N, 15-17°W 1951-1994 0.001 37
Kenya 1 site 1°S, 37°E 1979-2008 -0.002 30
South Africa 19 sites 28-35°S, 16-28°E 1995-2014 -0.002 This study
North Africa 150 sites 10-37°N, 15°W-55°E 1973-2003 -0.014 38
Ethiopia 1 site 7°N, 39°E 1973-2003 -0.022 39
Cameroon 2 sites 7-9°N, 13°E 1990-1999 -0.029 40
Libya 1 site 33°N, 13°E 1993-2002 -0.087 41
Algeria 8 sites 24-37°N, 0-8°E 2002-2006 -0.091 42
Libya 1 site 33°N, 12°E 1979-1988 -0.116 43
Ghana 1 site 11°N, 0°E 2001-2005 -0.200 44
Cameroon 1 site 10°N, 14°E 1991-1995 -0.200 45
Cameroon 1 site 10°N, 14°E 1991-1995 -0.240 46
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