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Abstract

:

South Africa’s energy network is under severe pressure due to low supply and overwhelming demand. With an increase in renewable energy providers, specifically wind energy, knowing how the supply can satisfy the electricity demand may relieve apprehensions. This research aims to provide insight into the wind energy supply of South Africa and question how well this supply meets the demand of South Africa. The methodology used in this work highlights the importance of access to public datasets to dispel misconceptions in the energy industry. Additionally, the work supports network planning and the arguments for increasing wind energy penetration on the South African grid. Wind profiles and the typical energy production of South African wind farms are compared to electricity demand. The geographical spacing of the operational wind farms is considered. It is observed that wind energy supply assists in the peak electricity hourly demand as well as seasonal peaks. Furthermore, South Africa’s coast is analysed to determine the offshore wind power potential, where shallow and deep waters are considered. It is observed that South Africa has a high potential for offshore wind, even after losses are applied.
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1. Introduction


For the last 15 years, South Africa has faced an energy supply problem [1]. The energy network has been overwhelmed with demand to the extent that Eskom, who supplies 95% of South Africa’s electricity [2], has implemented a measure to cut electricity supply, deemed load shedding. The government-owned utility company has historically been able to provide electricity at competitive rates, but due to a decline in the energy availability factor, it has significantly increased the cost of electricity. Eskom started a new build program in 2007 with plans to have 4800 MW [3] and 4764 MW [4] of power online by the end of 2014 from their Kusile and Medupi power stations, respectively [5]. These plants are more than ZAR 286 billion over budget and delayed—the Kusile power station is expected to only be completed in 2023 [6].



This has resulted in serious consequences for South Africa, and independent power producers (IPPs) have been introduced to assist with sustaining South Africa’s electricity demand. The IPPs that have come online are all renewable energy sources, as this technology has become more financially competitive with conventional energy sources around the world [7]. The renewable energy sector in South Africa, specifically wind energy, has seen a rapid growth in recent years, starting in 2011 with 633.99 MW [8] and now with 3357 MW of installed capacity, which is expected to increase to 17742 MW by 2030 [9]. There are a total of 36 wind farms in operation in South Africa. The renewable energy detractors maintain that this type of energy is unreliable and requires significant backup to be viable. In the UK, discussions around wind’s ability to provide power when needed highlight the benefits of offshore wind as a more secure supply source [10]. A highly interconnected grid allows for the rapid adoption of renewable energy due to the grid flexibility [11], but this is not always replicable. A study was conducted in 2022, where the placement of renewable energy sources was found to be very important for an efficient implementation [12].



Eskom produces an annual report outlining the connection capacity of the country. Figure 1 shows the different regions in South Africa along with their connection capacities. It is clear that there is a significant amount of connection capacity in most regions, with the exception of the Northern Cape and Pelly regions, which have no remaining connection capacity. This could be due to the excellent wind and solar resources available in the Northern Cape and the many existing energy plants there. Mpumalanga has the highest connection capacity of 6520 MW.



Wind speeds are critical to the viability of wind farms since they are directly proportional to the farm’s power production and in turn, financial health. Aside from what the wind speeds are, and consequently the power production, it is also important to know when the wind is best and worst performing (whose metric is speed). This is especially important with South Africa’s movement to renewable energy, specifically wind energy, with Eskom’s Just Energy Transition (JET) aiming to achieve net-zero carbon emissions by 2050 [14]. Knowing when wind energy is most likely to peak throughout the day can assist Eskom and other energy providers in making provision for a lack of wind energy supply in times of high demand each day.



Understanding the wind profiles of South Africa, onshore and offshore, can be exceptionally useful when considering the demand requirements. South Africa has been investigating offshore wind as a long-term energy supply method to combat its struggling electricity network. Offshore wind energy has the major advantage over onshore wind energy in that there is an improved likelihood of higher capacity factors which are obtained as a result of consistently higher wind speeds over the ocean. A study looked at the current wind farm distribution in the UK and using ERA5 data, estimated the mean capacity factor to be around 32%. When taking into account the planned offshore developments and the same models, the mean capacity factor increased to 39.7% [15]. When looking at farms on either side of the UK, which has a relatively small geographic displacement, there was a noticeable difference in the capacity factors [16]. This means that the geographical spacing of potential wind farms can have a significant impact on when, and how much, energy is supplied to the grid.



There are two overarching types of offshore wind turbines, namely fixed-bottom turbines and floating-bottom turbines. The main differences, illustrated in Figure 2, are expanded on below:



	1.

	
Fixed turbines have their foundation anchored directly to the seabed, meaning that they remain in a fixed position. Floating turbines have a floating foundation, with tethers connecting them to the seabed to prevent them from drifting away.




	2.

	
Fixed turbines are to be used up to water depths of 60 m [18], and floating turbines are used for deeper waters.




	3.

	
Fixed-turbine wind farms are significantly cheaper than floating-turbine wind farms. This is due to the very high cost of the substructure and foundations of the floating platform of floating turbines [19].




	4.

	
Floating turbines have a much larger operational area. Due to floating turbines being further away from the shore, there is more space for development and less risk of other influences such as policy and environmental barriers.







It is important to keep these main differences in mind so that there is some context for the offshore analysis in this research. This is especially true with South Africa’s vast range of bathymetry, which is further explored in this research. Due to the limits of the geographical placement of these turbines, the total energy potential and supply profiles from each type are different. It is also expected that these turbines will increase in hub height. The US Office of Energy Efficiency and Renewable Energy predicts that offshore wind turbines can reach hub heights of about 150 m by 2035, as indicated by Figure 3. It is therefore also important to perform evaluations on these greater elevations to align with future offshore wind developments.



This research follows the form described below. Section 2, titled data inputs, introduces all input data that were used. This includes the format that the data were acquired in and which restrictions were placed on the data. Section 3, titled methodology, explains how the research was performed. This section forms the foundation of the modelling and computation in this work. Section 4, titled onshore results, illustrates the results of the wind profiling in South Africa and compares this to the demand. This is examined on a daily and monthly (seasonal) basis. The modelled capacity factors are also examined. Section 5, titled offshore results, captures the offshore potential of South Africa, keeping in context the different types of offshore turbines mentioned before. Losses are applied to the model, and an estimation is provided, together with promising areas for future development. Section 6, titled conclusion, summarises the research, observations, and key results.




2. Data Inputs


All data for this research were obtained from publicly available data sets. The most critical information for this work was the details around each commercially operational wind farm in South Africa. Details on each wind farm’s specification—type of turbine (and consequently power curve information), number of turbines, and their geographical location—were needed to correctly model the energy production. Due to the controversial nature of renewable energy, there are multiple websites providing details of wind energy in South Africa. Figure 4 is an example of the interface of such a website, energydesk.africa [21]. This was used in conjunction with thewindpower.net [22] to collect the aforementioned data.



Through that website, a user can select a map and display results using filters. The filters include options such as energy type, operational status, and location. Once a farm is selected, the farm’s nameplate rating and operational date are supplied. In addition, a satellite image shows where that farm is located.



Wind speed data are required to calculate the power output of each wind farm. The Climate System Analysis Group (CSAG) of the University of Cape Town (UCT) provides a time series of wind speeds, generated by a mesoscale simulation data set [23], which was created for the Wind Atlas of South Africa (WASA). The interface to the dataset is in the form of a map, as shown in Figure 5. A user can select a location through a search bar, where text or coordinates can be inserted, or select the location manually. The interface then selects the nearest data point to the desired location and provides the data in a CSV format.



CSAG’s data set provides annual, seasonal and diurnal variations of wind speed and direction in South Africa. These time series data are over a 30-year period from 1990 to 2019 at a 30 min temporal resolution and a 3 km spatial resolution. The data set contains the wind speed and direction at 20 m, 60 m, 100 m, 120 m, and 160 m, as well as the temperature at 2 m.



Eskom is responsible for the generation, transmission, and distribution of electricity. To keep the public informed, Eskom has an online data portal providing regular information on the status of electricity in the country. The data portal houses information on generation by electricity type, such as wind and solar. Data are also available on the demand requirements for the country. Eskom produces the observed hourly average demand, expressed in MW, from 2018 to 2022.



South Africa’s bathymetry and offshore wind speed data were obtained from the Global Wind Atlas. The bathymetry showed ocean depths around South Africa’s coast over all ranges. The wind speeds were obtained at elevations of 100 m and 150 m. These were in Tag Image File (TIF) formats.




3. Methodology


The methodology of this research took the form of five major steps. The farm specifications and Eskom data described in Section 2 were initially acquired. After this, a centroid for each wind farm’s location was found. This formed the basis for further processing, namely, the wind data processing and energy supply and demand calculations. South Africa’s offshore wind was then explored. These steps are visualised in the flow diagram of Figure 6.



The wind speed data were extracted by providing a location. Utility scale wind farms cover a large area and thus can experience a variation in wind speeds from one location to another. A simplification was adopted where the central coordinate of the wind farm was used to represent the full area.



South African wind farms do not publish the exact location of their turbines or the boundaries of the farm itself. During the development of these farms, public engagement takes place, and such information is available. However, this research required data from some farms that have been operational for more than five years, and access to all of their documentation is limited. This problem was solved by finding each wind farm in Google Earth and mapping its corner coordinates manually.



As displayed in Figure 7, a polygon was created to clearly define the boundary of each farm. This information was imported into Quantum Geographic Information System (QGIS) where the central coordinate was calculated. The calculated centroid was used as an input to CSAG’s extraction, whose data were used to calculate a reference wind year (RWY).



A typical meteorological year (TMY) is an approach used in building thermal performance to represent multiyear measured meteorological data. This method is common for solar data. A TMY has natural diurnal and seasonal variations and represents the typical climatic conditions for a specific location [24]. Similarly, a RWY method has been proposed [25], which was used in this research. This method makes use of the Finkelstein and Schafer statistic, FS in Equation (1), in the same fashion as done for a TMY. The major difference is the number of parameters considered.


     F S =   1 n   ∑  i = 1  n   δ i      



(1)







In Equation (1),   δ i   is the absolute difference between the long-term cumulative distribution function (CDF) and the yearly CDF for i, a day in the related month. The number of records for that month is given by n. For any parameter used, the CDF is given by Equation (2):


   S n   ( X )  =     0    for  X <  X 1         k − 0.5  n     for   X k  < X <   X  k + 1          1     for   X >  X n        



(2)







Using FS, individual months can be compared with long-term averages. Since there are multiple parameters that determine the climate, weighting factors are introduced. The weighting factors are specific to each parameter and differ from those used in a TMY calculation. For wind energy studies, wind speed, wind direction, temperature, and pressure are the major concerns. Details on the weighting factors applied can be found in [25].



Different wind farms may use the same type of turbine, but they may be placed on differently sized towers. Wind speed data are only provided at specific heights that may not match the hub height of a turbine. When using Equation (4) to calculate the power production, it is important to use the wind speed data at the hub height of the turbine of interest. Wind speed increases with an increase in height above the ground and using the incorrect height would increase or decrease the estimated power produced [26]. This means that the wind speed input data must be adjusted. If the turbine height does not match the known wind speeds at 20 m, 60 m, 100 m, 120 m, and 160 m, from the input data, the adjusted wind speed was calculated using Equation (3) [27] as


      w  a d j   =  w l   ×     h l      l o g   w g   w l     l o g  g l          



(3)




where:



  w  a d j    is the wind speed at the adjusted height (m/s);



h is the hub height (m);



l is a height less than the adjusted height (m) where   l ∈ { 0 , 20 , 60 , 100 , 120 }  ;



g is a height greater than the adjusted height (m) where   g ∈ { 20 , 60 , 100 , 120 , 160 }  ;



  w l   is the wind speed at height l (m/s);



  w g   is the wind speed at height g (m/s).



Once the correct wind speeds had been calculated, the power output could be calculated. This was achieved by acquiring power curve data for each of the 36 wind farms. After these data were acquired, they were interpolated to create a smooth curve, as illustrated in Figure 8. This information combined with the number of turbines at each farm provided a convenient platform for calculating the power produced from the entire wind farm given the wind speed.



The power output per farm can be calculated [28] as


      p f  = p  c f   (    w  a d j    f  )  × n     



(4)




where:



f is the farm of concern;



  p f   is the power at wind farm f (MW);



    w  a d j    f   is the adjusted wind speed at farm f (m/s);



   p c  f   is the interpolated power curve of farm f;



n is the number of turbines at farm f.



The energy produced by a wind turbine cannot be taken from the power curve and wind speed relationship directly. There are losses experienced during the energy conversion process. The losses can be mechanical, operational, or electrical in nature. Over years of monitoring, the wind industry has developed conservative estimates for these losses [29]. Table 1 shows the losses applied to this study.



These values were applied in a randomised fashion to simulate the randomness of nature. This resulted in a nonuniform application of these values to the time series data. However, the overall losses experienced during a wind farm’s operation were equal to the value listed in Table 1. The random nature of these losses meant that on a day when the wind farm could have produced maximum power, it may have a mechanical loss factor of 30%, but on a day when the farm was producing less power it may have no mechanical losses applied. Figure 9 shows the effect of this randomisation where the derated curve was not simply lowered by a set factor but instead had smaller oscillations out of sync with the original curve.



To obtain the offshore wind power potential, the bathymetry first needed to be analysed. A TIF file of the bathymetry was imported into QGIS. Using the raster calculator, the bathymetry was broken down into different sections, each as their own layer, to indicate the different ocean depths of interest—in particular 0 to −60 m and −60 to −1000 m. These two regions represent the areas where fixed and floating turbine development can occur. A limit of −1000 m was decided upon for the power evaluations in this research. The surface area for each region was then calculated by adding the surface areas at each bathymetry value in that respective region, whose information was in the TIF file.



Similarly, the wind-speed TIF files for 100 and 150 m were imported into QGIS. Using the previously segmented bathymetry regions together with the wind speed rasters in the raster calculator, the wind speeds at 100 and 150 m could be obtained each for ocean depths of 0 to −60 m and −60 to −1000 m. This allowed for a closer inspection of each scenario and a further analysis.



To estimate the power potential, an array density was calculated. This is described in more detail in Section 5. The array density, together with the surface area, provided an estimation of the power potential. Losses were then applied to obtain somewhat more realistic values. These losses are shown in Table 2 [30,31].



Wake losses: When the wind comes into contact with the turbine and moves its blades, it creates a wake which results in slower moving air to downstream turbines. This can depend on the turbine spacing and turbulence. The result of the lower wind speed is a reduced power generation.



Electrical losses: When a turbine’s blades rotate, this mechanical energy is converted into electrical energy. During this conversion process, some losses are incurred, such as resistive cables and transformers.



Availability losses: wind turbines sometimes experience downtime due to several factors such as maintenance, weather conditions and failure.



Grid connection losses: the unavoidable resistance in electrical transmission cables over long distances when connecting to the grid results in some losses.



Turbine performance: over time, the turbine produces slightly less power, and the power curve is no longer as initially expected, resulting in less energy produced.



Curtailment loss: sometimes, the power of the wind turbines has to be intentionally reduced to compensate mismatches in supply and demand from the grid.




4. Onshore Results


The wind speed throughout the day can be described by a wind profile. To see an overview of the wind speeds at South African wind farms, the operational farms were divided up into four regions, as displayed in Table 3. By dividing the wind farms into regions, an overview of the wind profiles in each general area became apparent.



The regions were divided as follows, illustrated in Figure 10, and shown in detail in Table 3:




	Region 1:

	
Western Cape Area;




	Region 2:

	
Northern Cape (Western Area);




	Region 3:

	
Northern Cape (Eastern Area);




	Region 4:

	
Eastern Cape Area.









Data were obtained for wind speeds of every hour of a typical year using the RWY at each wind farm. To do this, the wind speeds were summed at a particular hour throughout the year and divided by the number of times the hour occurred, which was dependent on whether there was a leap year or not.



Figure 11 shows the hourly wind speed profiles for each region. It is clear that region 2 provided the largest variation in wind speeds with a minimum and maximum of 6.0 m/s and 9.5 m/s, respectively. Region 4 had the most consistent profile, while all regions showed a late morning dip with a peak in the evening. The variation in these wind speed profiles is important to the consistency of the overall supply. It is observed in Figure 11 that region 2 had a much more significant dip in wind speed in the morning hours compared to the other profiles, with its minimum speed occurring at 8:00. Region 4, which did not dip as much in the morning hours, compensated for region 2 in this vein. A similar situation occurred in the evening hours, where the peak of region 2 compensated for the lower supply of region 4.



Combining all of the regions into a single profile, as shown in Figure 12, it was observed that the wind speeds took the form of a sine wave. At the start of the day, the wind speed was around 7.8 m/s and slowly decreased to just around 6.9 m/s at 07:00. Then, throughout the day, the wind speed increased to a typical maximum just above 8.4 m/s at 17:00 before reducing back to 7.9 m/s, closely matching the wind speed at the start of the day. Therefore, one could expect a minimum typical wind power production in the morning hours (05:00–10:00) and maximum typical wind power production in the evening hours (15:00–20:00). As expected, after examining Figure 11, the typical wind speed at its lowest (at 7:00 and 8:00) was higher than the lows seen in the individual wind speed profiles due to each region’s compensation for another and provided a more consistent wind speed supply profile.



The average typical energy produced from each region is shown in Figure 13. It is observed that region 2 had the highest hourly energy produced, at 18:00. This was an expected result since that region also produced the highest wind speed. Regions 1 and 4 appeared to be underperforming compared to the Northern Cape regions, displaying the exceptional viability of wind farms in the Northern Cape.



One can categorise these four profiles in Figure 13 into two sets: regions 2 and 3, and regions 1 and 4. The first set of regions 2 and 3 appeared to be supplying a similar amount of energy in the early morning hours. Then, in the later morning hours, region 3 compensated for region 2’s more aggressive dip. The opposite occurred in the evening hours, where region 2’s more aggressive peak compensated for region 2’s lower energy production. Furthermore, the second set of regions 1 and 4 compensated for each other at 4:00–12:00 and 17:00–23:00. Overall, each set compensated for each other’s energy supply. This variability resulted in a more consistent cumulative energy supply profile as an outcome of the geographical spacing of the wind farms and consequently wind resources. The aforementioned observations aligned with what was seen when inspecting the wind speed supply profiles.



Eskom supplies data on observed wind energy supply for South Africa. Eskom’s 2021–2022 data were used to compare against the wind energy model’s estimation of South Africa’s hourly energy supply. The results are illustrated in Figure 14.



The wind energy model closely matched Eskom’s claimed supply, with a Pearson correlation coefficient of 0.912. Although the two models showed significant similarities, it was observed that the wind energy model produced higher energy values compared to Eskom’s claimed supply and there was a noticeable difference in estimates in from 00:00 to 04:00.



The difference in overall supplied energy could be due to the model accounting for all 36 operational wind farms, whereas Eskom only adds data to its database when a farm starts its operations and receives data from these farms. The result was that the data acquired from Eskom did not account for the most recently commissioned wind farms. The early morning discrepancy was explained in a similar fashion. The newer wind farms were located in region 3 where the supply curve had a morning peak.



Garob Wind Farm became operational on 31 December 2021. It has a significant contribution to the grid with a capacity of 144.9 MW. This wind farm is one of the examples of its power not being accounted for in Eskom’s 2021 data. In Figure 15, Garob makes a clear contribution to the supply between midnight and 04:00, explaining the difference in Figure 14. Furthermore, the wind farms not accounted for in Eskom’s wind supply data reduced the cumulative supply reported versus reality. This explained the higher modelled supply across all hours of the day, with the shape of the two curves looking similar with the exception of the discrepancy in early morning hours, as explained before.



Eskom’s energy demand is plotted together with the typical hourly wind energy production in Figure 16. It is clear that wind supply offered a contribution to the peak demand from around 16:00. There was a large difference in the later morning hours when wind power production fell short of demand. As wind energy becomes a higher percentage of South Africa’s energy supply, this shortfall is something that needs to be examined. Other renewable energy sources, such as PV, where the maximum energy supplied is during the day, could compensate for this.



Although hourly power production offers great insight as to how power supply and demand look throughout the day, they do not tell the full story. Monthly energy production was therefore also calculated to determine the supply and demand throughout the year. Figure 17 displays Eskom’s monthly demand compared to the typical monthly wind energy supply.



It was observed that Eskom’s demand peaked at around 20,000 GWh in the winter months. The wind energy production also peaked during that time. This means that as wind energy becomes more predominant, it has the potential to assist the South African grid in winter, when a higher amount of energy is used.



To further inspect the seasonal wind energy supply, a heat map of the aggregate hourly wind energy production is illustrated in Figure 18. This shows which hour of the day per month is producing the most energy. It was observed that in the summer months, the maximum hourly energy was produced in the evening hours, indicated by very dark green blocks. The opposite was also visible, where yellow blocks indicated the minimum hourly energy produced occurred in the morning hours of the summer months.



Although the winter months did not produce the peak hourly energy, they did produce the most consistent energy. This was explained by the relatively darker shades of green appearing throughout most of the day in, for example, June and July. This was an expected result since these consistent darker shades added up to more than what was produced in the extremes of the summer months, resulting in a higher overall energy production in the winter months, corresponding with Figure 17.



Capacity factors offer great insight in how a wind farm is performing compared to its maximum capability. The previously calculated power production values can be used to provide capacity factor estimates, as shown in Table 4. Only two farms achieved a capacity factor of above 40%, Roggeveld (40.03%) and Noupoort (41.85%). Other notable mentions are Mulilo De Aar 2 North (39.28%), Noblesfontein (39.39%), and Karusa (39.40%). The Darling wind farm had the lowest capacity factor of 19.19%. This is, however, South Africa’s oldest wind farm, becoming operational in 2008, with just four turbines and a capacity of 5.2 MW. Overall, South African wind farms have a reasonable performance with an average capacity factor of 33.43%, which is comparable to that of the U.S.A. with a capacity factor of 34.6% in 2021 [32] and significantly exceeds the global average of 25% [33].




5. Offshore Results


In an effort to study the wind profiles of South Africa in the offshore case, it is important to first create an understanding of South Africa’s waters. Illustrated in Figure 19 below is South Africa’s coastline, with bathymetry (ocean depth) values indicated. It is clear that South Africa has a large range of bathymetry. This is something that needs to be further examined when considering the types of offshore turbines to be used.



As mentioned in the introduction, the two types of turbines, namely, fixed and floating, have different ocean depths at which they are typically used. For fixed turbines, this is between 0 and −60 m, and for floating turbines, this is between −60 and −1000 m. Using QGIS, these two regions of interest can be shown. The regions are displayed in Figure 20.



The regions of interest can provide an estimate of the fixed and floating capacity of South Africa’s offshore generation. For each region (0 to −60 m and −60 to −1000 m), the surface area was calculated in QGIS. This was performed using Equation (5).


     d =    ∑  n = b  a   c n  × p   10 6       



(5)




where:



d is the surface area of the region of interest (km   2  );



a is the lower bound of the region of interest,   a ∈ [ − 60 , − 1000 ]  ;



b is the upper bound of the region of interest,   b ∈ [ 0 , − 60 ]  ;



n is the depth;



  c n   is the number of pixels counted at depth n;



p is the surface area per pixel (m   2  ).



The surface area provides an important foundation for estimating the amount of offshore wind available in South Africa. The surface areas for the potential development of fixed and floating turbines are presented in Table 5. When considering the surface area for the ocean depths between 0 to −60 m and −60 to −1000 m, it is clear that South Africa has deep waters, and this can prove to be a challenge in developing fixed-bottom offshore wind farms.



The average wind speeds around South Africa’s coast can provide a good overview of regions that should be further researched for wind farm development. Pictured below are the wind speeds for shallow (0 to −60 m) and deep (−60 to −1000 m) waters at a 100 and 150 m elevation.



As illustrated in Figure 21 and Figure 22, the shallow waters of South Africa do not extend very far. This means that fixed-bottom farms do not have as much potential as one would hope. One area that stands out is along the east coast between two towns of Durban and Richards Bay. Commercial ports and other infrastructure also exist nearby, resulting in an appealing location. There appears to be a large area where shallow waters exist and high average wind speeds of over 9 m/s. This area is highlighted in Figure 23.



Deeper waters from −60 to −1000 m in South Africa, shown in Figure 24 and Figure 25, appear to show higher wind speeds. South Africa has a large coast for the development of floating turbine wind farms. A few regions show great potential. The wind speeds at 150 m (Figure 22 and Figure 25) are higher than those at 100 m, as expected. As time goes on and offshore technology develops further, with greater hub heights and larger rotor diameters, South Africa’s coast will be able to take advantage of these excellent wind speeds at the higher elevation. A clear observation from Figure 22 is that the waters off of the east coast are very deep, even close to the shore. This creates a large barrier to entry of the offshore wind market in this region, despite very good average wind speeds.



The regions that display excellent wind speeds are marked in Figure 26. The map of South Africa is overlaid with the wind speeds at a 100 m elevation. These regions are marked I–IV:




	Region I:

	
West coast (near Northern Cape);




	Region II:

	
South west coast/The Cape (near Western Cape);




	Region III:

	
East coast (near Eastern Cape);




	Region IV:

	
North east coast (near KwaZulu-Natal).









These locations become ever so more attractive when considering that regions II, III, and IV are all close to commercial harbours, which reduces the logistical barrier to entry. As for performance, these regions have very good average wind speeds of ∼9 m/s. Region II shows even higher average wind speeds of closer to 10 m/s. The west coast offers opportunity to generate power for the nascent green hydrogen market, but access to the grid may be constrained. The south coast does have shallower waters but faces extensive biodiversity concerns. The east coast has heavy industries along the coast and excess grid capacity so farms in this region can alleviate the current energy deficit in the country.



An estimation for the estimated installed wind power capacity for shallow and deep waters was calculated. This was done by computing an array density in MW/km2, and multiplying this by the surface areas calculated in Table 5. The Vestas V164-9.5 MW was chosen as the turbine of choice due to it surpassing the V164-8.0 MW with its newer technology, generating more power and being more forward-looking with respect to current offshore wind turbines. The power curve for the Vestas V164-9.5 MW is shown in Figure 27.



The Vestas V164-9.5 MW has a rotor diameter of 164 m. The array density [34] for a 10-rotor-diameter wind farm, using Equation (6), was 3.53 MW/km2.


    ρ   =     n ×  P  r a t e d    A     



(6)






      ρ    =       10 2  × 9.5    (  ( 0.164 × 10 )  × 10 )  2   = 3.53 MW /  km 2      



(7)




where:



 ρ  is the array density, i.e., power per unit area (MW/km2);



n is the number of turbines in the array;



  P  r a t e d    is rated power of the turbine (MW);



A is area of the array (km2).



Equation (6) assumes that the wind turbines are evenly spaced and do not interact with each other. However, it is known that losses in the system occur which reduce the overall power generation. These can be due to wake effects, electrical, or other losses. These losses are shown in Table 2, which can be combined to obtain an overall loss of   L = 83.89 %   in Equation (8).


     L =  ( 1 −  L w  )   ( 1 −  L e  )   ( 1 −  L a  )   ( 1 −  L g  )   ( 1 −  L t  )   ( 1 −  L c  )      



(8)







The estimated power for shallow and deep waters can be calculated by using a combination of the array density, loss, and surface areas, as in Equation (9). The results are tabulated in Table 6.


      P r  = ρ × L ×  S r      



(9)




where:



r is the region of interest, i.e., fixed or floating;



 ρ  is the array density, i.e., power per unit area (MW/km2);



  P r   is the power for region r (MW);



L is the loss;



  S r   is surface area of region r (km2).



South Africa shows great signs of offshore wind potential even after losses are applied, as observed in Table 6. Since this power is expected to be produced from different regions, each region is expected to produce a different supply profile, which would be valuable information to assist the grid’s demands and to determine if the respective supply profiles will be fit for purpose. It is clear that there are different regions in South Africa with a significant difference in wind speeds, as observed in Figure 26, and this will need to be further evaluated. A future study should look at the offshore wind profiles of the South African coast, while also considering other factors that could influence the development of wind farms.




6. Conclusions


In conclusion, it is clear that wind energy supply aids South Africa’s electricity demand during the evening peaks as well as during the highly demanding winter months. This is a promising result for the wind industry and an added motivation for the commissioning of new wind farms. It should be noted that the wind energy supply cannot strongly assist with the daytime peak demand—all regions experience an energy production dip in the late morning. However, the geographical distribution of the wind farms allows each region to compensate for shortfalls in each other’s supply curve, leading to a more stable cumulative supply curve. Furthermore, the clear heat-map indication that wind energy supply is lower during the sunny late morning and midday of summer offers as a suggestion for PV to offset this dip in renewable energy supply.



It was also observed that regions 2 and 3 offered a lot of promise in terms of energy production. These Northern Cape regions were the best-performing regions and should be strongly considered for future wind projects. South Africa’s wind farms are not performing poorly, with a respectable average capacity factor comparable to other wind-incentivised countries and above the global average. The sustained wind speeds offshore and studies related to the offshore technical potential in South African waters could fill the gap seen in currently used onshore locations [34].



South Africa shows great signs of offshore potential, with 64 and 764 GW of power that can potentially be installed using fixed and floating turbines, respectively. Different regions were identified to be preferable locations to pursue offshore development and harness its increased capacity factor. These areas are bound to have variation in their supply profiles, which will need to be further investigated. South Africa’s waters face many challenges that need to be carefully considered, such as deep waters, biodiversity, and policy and shipping restrictions.
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Figure 1. Connection capacity in South Africa [13]. 
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Figure 2. Difference in wind turbine types [17]. 
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Figure 3. Prediction of increasing hub heights of wind turbines [20]. 
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Figure 4. energydesk.africa’s [21] user interface and where SA wind farms are visible. 
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Figure 5. Time series database interface [23]. 
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Figure 6. Flow diagram of this research. 
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Figure 7. Noupoort Wind Farm’s corner coordinates mapped in Google Earth. 
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Figure 8. Power curve for Amakhala Wind Farm with raw as well as interpolated data. 
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Figure 9. Generation vs. derated generation of Amakhala Wind Farm. 
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Figure 10. South African wind-farm regions. 
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Figure 11. Typical hourly wind speed in all four regions. 
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Figure 12. Typical wind speeds from South African wind farms. 
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Figure 13. Energy comparison across regions. 
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Figure 14. Wind energy model validation. 
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Figure 15. Garob Wind Farm’s typical hourly production. 
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Figure 16. Comparison of wind energy supply and electricity demand. 
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Figure 17. Monthly wind energy supply vs. Eskom demand. 
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Figure 18. Heat map of aggregate hourly energy production. 
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Figure 19. Bathymetry for the South African coast. 
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Figure 20. Different bathymetry regions for the South African coast. 
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Figure 21. Average wind speeds at a 100 m elevation for ocean depths of 0 to −60 m. 
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Figure 22. Average wind speeds at a 150 m elevation for ocean depths of 0 to −60 m. 
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Figure 23. Area between Durban and Richards Bay that shows a high potential for offshore development, indicated by the black box above. 
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Figure 24. Average wind speeds at 100 m elevation for ocean depths of −60 to −1000 m. 
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Figure 25. Average wind speeds at 150 m elevation for ocean depths of −60 to −1000 m. 






Figure 25. Average wind speeds at 150 m elevation for ocean depths of −60 to −1000 m.



[image: Energies 16 03668 g025]







[image: Energies 16 03668 g026 550] 





Figure 26. Regions showing a great offshore wind potential. 
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Figure 27. Power curve of Vestas V164-9.5 MW. 
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Table 1. Loss factors applied to power production values.
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	Loss Factor
	Value (%)





	Power curve degradation
	98.8



	Electrical
	95.6



	Wind rose sensitivity
	98.9



	Data measurement
	94.8



	Balance of plant
	98



	Annual wind variability
	94.1



	Extreme winds
	99



	Grid
	97



	Short-term MCP
	98.7



	Turbine availability—operator
	96.5



	Turbine availability—OEM
	95.6
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Table 2. Losses applied to the offshore wind power model.
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	Type of Loss
	Value (%)





	Wake (  L w  )
	12.4



	Electrical (  L e  )
	4



	Availability (  L a  )
	5



	Grid transmission (  L g  )
	1



	Turbine (  L t  )
	4



	Curtailment (  L c  )
	2
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Table 3. Wind farms associated with each region.
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	Region 1
	Region 2
	Region 3
	Region 4





	Dassiesklip
	Kangas
	Garob
	Dorper



	Excelsior
	Eskom Sere
	Copperton
	Kouga



	Gouda
	Khobab
	Noblesfontein
	Jeffreys Bay



	Perdekraal
	Loriesfontein 2
	Noupoort
	Tsitsikamma



	Roggeveld
	
	Mulilo De Aar Maanhaarberg
	Gibson Bay



	Karusa
	
	Mulilo De Aar 2 North
	Oyster Bay



	Soetwater
	
	
	Van Stadens



	Darling
	
	
	Grassridge



	Hopefield
	
	
	Golden Valley



	West Coast
	
	
	Amakhala



	
	
	
	Nxuba



	
	
	
	Nojoli



	
	
	
	Cookhouse



	
	
	
	Waainek



	
	
	
	Wesley



	
	
	
	Chaba
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Table 4. Modelled capacity factors of all operational wind farms in South Africa.






Table 4. Modelled capacity factors of all operational wind farms in South Africa.





	Farm Name
	CF (%)
	Farm Name
	CF (%)





	Amakhala
	34.46
	Loriesfontein
	35.69



	Chaba
	31.37
	Mulilo De Aar 2 North
	39.28



	Cookhouse
	20.64
	Mulilo De Aar Maanhaarberg
	32.22



	Copperton
	37.02
	Van Stadens
	29.55



	Darling
	19.19
	Noblesfontein
	39.39



	Dassiesklip
	32.06
	Nojoli
	34.30



	Dorper
	35.62
	Noupoort
	41.85



	Excelsior
	33.05
	Nxuba
	32.82



	Garob
	37.96
	Oyster Bay
	32.05



	Golden Valley
	35.10
	Perdekraal
	33.63



	Gouda
	24.03
	Gibson Bay
	34.60



	Grassridge
	27.30
	Roggeveld
	40.03



	Hopefield
	32.51
	Eskom Sere
	27.35



	Jeffreys Bay
	31.06
	Soetwater
	38.41



	Kangas
	31.45
	Tsitsikamma
	33.80



	Karusa
	39.40
	Waainek
	35.28



	Khobab
	38.10
	Wesley
	36.79



	Kouga
	32.16
	West Coast 1
	34.02
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Table 5. Surface areas for fixed and floating turbines in South Africa.
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	Turbine Type
	Surface Area (km2)





	Fixed (0 to −60 m) (  S  f i x   )
	21,758



	Floating (−60 to −1000 m) (  S  f l t   )
	258,061










[image: Table] 





Table 6. Power potential in fixed and floating regions in South Africa.
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	Region
	Power Potential

Excl. Losses (GW)
	Power Potential

Incl. Losses (GW)





	Fixed (  P  f i x   )
	76.81
	64.43



	Floating (  P  f l t   )
	910.96
	764.20
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