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Abstract: Decentralized electricity systems based on variable renewable energy (VRE) sources such as
wind power can provide affordable, dependable, and modern energy in a manner consistent with the
Paris Agreement. Such sources are, however, sensitive to extreme values of climatic factors—an issue
that may jeopardize power system reliability. As a resource-rich region with a high proportion of
rural population without access to electricity, Africa has been of wide interest in studies on VRE-based
electricity generation. Nevertheless, there is still a major gap in our continent-scale understanding
of the wind power potential and its variability at different time scales, as well as the influence of
low-wind-resource periods in Africa. Using ERA5 hourly estimates of wind speed, the present study
investigated the adequacy and temporal variability of local wind power potential across Africa
over the 2000–2017 period. The results indicated that design requirements of wind power systems
are, on average, fulfilled in regions in the North, South, and Horn of Africa at different time scales.
However, low-resource periods were shown to have a significant impact on the reliability of wind
power potential in the majority of the continent. Demand flexibility can reduce the severity of these
periods and help to achieve design requirements.

Keywords: wind power potential; rural electrification; adequacy; low wind power; demand flexibility

1. Introduction
1.1. Application of Decentralized Energy Systems for Electrification in Remote Regions

One key objective of the Sustainable Development Goals set by the United Nations
General Assembly in 2015 for future decades is to provide access to affordable, reliable,
and modern energy to all. From another angle, compliance with the objectives of the
Paris Agreement to limit global warming well below 2 ◦C requires that electrification
systems be reliant upon VRE or carbon-free resources such as wind and solar energy [1].
On top of environmental concerns over centralized power systems, which mostly burn
fossil fuels, the (high) cost of the distribution of energy from such systems to remote
regions needs to be taken into account. A viable alternative to centralized electricity
generation would be decentralized off-grid energy solutions. If for most decentralized
systems, power production was historically obtained with fuel gensets, today many of
them include production from renewable energy sources. The possibility of developing
systems where the production is mainly or only obtained from renewable energy sources
would be obviously ideal, but the feasibility of such systems is still an open question in
many regions worldwide [2].

1.2. Reliability and Serviceability of Decentralized Energy Systems in Low-Resource Periods

Autonomous micro-grids, which are partly or entirely reliant on VRE sources such as
wind and solar energy, should be capable of delivering a reliable power service that could
satisfy consumers’ demand at any time, or most of the time [3]. Nevertheless, delivering
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a reliable power service based on VRE sources faces some challenges such as the (large)
extent of the intermittency driven by the natural variability of climate factors such as air
temperature, wind velocity, solar radiation, etc. [4]. Many previous studies have explored
the spatial and/or temporal variability of VRE resources across the globe (see [5–10]). The
intermittency of VRE can typically lead to drastic and sudden changes in power production
over the year–an issue that is critical for the reliability of the power system [11].

VRE resources also exhibit significant sensitivity to extreme values of climatic vari-
ables. This can be disadvantageous to the sustainable (day-to-day, seasonal, etc.) power
production, and may lead to “energy droughts”, i.e., periods of low power production or
high energy demand/supply imbalance [12,13]. Although low-power-production periods
may not exert a critical influence on power production in some regions [14], in a setting
where energy supply comes from a local VRE power production system, such periods can
lead to energy supply failures when the demand cannot be fully met [9,15]. Resource vari-
ability and low-power-production periods are typically dealt with by using energy storage
facilities, by increasing the power generation capacity or introducing backup systems, and
by demand flexibility (see [9,15–20]).

1.3. Wind-Based Decentralized Power Systems for Electrification in Africa

According to the International Energy Agency, as of 2019, only 38% of people in rural
regions in Africa have access to electricity (www.iea.org accessed on 20 May 2021), and
universal access to electricity is not going to be reached by 2030 in Sub-Saharan Africa by
using the usual technologies [21]. However, many areas in Africa have been proven to be
capable of meeting this challenge, since they are endowed with a potential for renewable
energy resources that covers many times their current energy consumption [7] (see also
Table 1 for Sub-Saharan countries). A 100% renewable resource-based system can provide
sufficient power for all electricity demand at a low cost in Sub-Saharan Africa [22]. Indeed,
decentralized wind and solar power systems can expand energy access to millions of
people in many remote and rural areas in Africa [23–25].

Table 1. Potential annual production of renewable energy relative to current annual domestic energy
consumption for Sub-Saharan countries. A ratio of 1 corresponds to a configuration where the
estimated potential equals the current energy consumption. Source: [23,26].

Country Ratio Country Ratio Country Ratio

Namibia 100.5 Burkina Faso 15.9 Kenya 6.5
Central Afr. Rep. 90.9 Madagascar 14.6 Malawi 6.4

Mauritania 86.2 Guinea-Bissau 14.2 Ghana 5.7
Chad 77.3 Tanzania 14.1 Uganda 3.1
Mali 58.4 Cameroon 12.7 Gambia 2.7

Niger 50.4 Senegal 12.5 Burundi 2.2
Congo 43.6 Benin 12.5 Nigeria 2.0
Angola 27.9 Sierra Leone 10.1 Swaziland 1.6
Sudan 27.6 Côte d’Ivoire 9.6 Lesotho 1.4

Zambia 25.2 Eritrea 9.5 South Africa 1.3
Congo, Dem Rep 24.7 Guinea 9.0 Equatorial Guinea 0.9

Mozambique 23.4 Togo 8.9 Cape Verde 0.9
Botswana 22.4 Ethiopia 8.5 Rwanda 0.7

Gabon 20.3 Zimbabwe 8.0 Comoros 0.2

The interest in solar energy is obviously large over the whole continent, but [7,27]
have shown that wind energy should also be attractive and promising for a considerable
number of regions. In certain regions, wind energy can even exceed the current electrical
power consumption [7]. In regions with relatively high average wind speeds, wind power
can be economically competitive compared to solar photovoltaic and/or diesel power [27].

In regions with suitable wind resources, utility-scale wind farms are globally increas-
ing in number [28–30] thanks to their relatively high capacity of energy generation at

www.iea.org
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low cost [31]. At smaller scales, it is expected that more and more stand-alone wind
energy systems will be used to feed off-grid power systems [32,33]. While some techno-
economic analyses of the performance of stand-alone wind micro-grids (on their own
or in comparison with other VRE resources such as photovoltaic) in Africa have been
conducted [27,34,35], large-scale empirical assessments of the reliability of wind power
systems across the continent remain scarce. In particular, previous studies have taken little
or no notice of low-power-production periods and reliability for the quality level of power
services that can be delivered (a noticeable exception is the work of [11], which is restricted
to South Africa). Hence, there is still a major gap in our continent-scale understanding of
the wind power potential and its variability at different time scales, as well as the impact
of low-wind-resource periods on wind power in Africa.

The present paper aims to fill this gap by providing a continent-wide evaluation of
the reliability of hypothetical autonomous power systems that would only rely on the local
wind resource for power production. Relying on a meteorological reanalysis dataset for
the 2000–2017 period, we characterize the adequacy and temporal variability of the local
wind power potential and assess the reliability of the resource with a focus on low-wind
days with the help of an applicative yet intuitive approach. We also assess how demand
flexibility (deferring a fraction of demand of one day to the next day) would help in coping
with low-power-production periods.

Overall, our research contributes in multiple ways to the existing literature on wind
power reliability and variability. First, to the best of the author’s knowledge, no previous
study has used large-scale data of comparable quality to the data used in the present work.
Owing to this data, we were able to provide a comprehensive analysis of wind resource
variability in Africa at the continent level. Second, this study is the first to take into account
the impacts of low-wind-resource periods on the service quality of a power system at a
continent-scale. Our study offers an innovative yet simple framework for the identification
of low-wind-resource regions in Africa and investigates the influence of resource scarcity
on the reliability of wind power potential. Finally, by offering a simple demand-side
management solution, we assess whether the issue of low-power-production periods could
be addressed.

The paper is organized as follows. Section 2 presents data and methods. Results are
presented in Section 3 and discussed in Section 4. Section 5 concludes.

2. Materials and Methods

Our study area extends over the whole continent of Africa, from a latitude of about
−35◦ in South Africa to around 40◦ in Tunisia and from a longitude of around −20◦ in Sene-
gal to 50◦ in Somalia. Earth’s Equator passes through the middle of Africa, splitting it into
regions with diverse climatic conditions from equatorial, tropical wet and dry and desert
or semi-arid to mountain climate. We used hourly estimates of wind speed at an elevation
of 10 m in the ERA5 meteorological reanalysis dataset, the latest generation of ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts, https://www.ecmwf.int/ (accessed
on 20 May 2021)) atmospheric reanalyzes of the global climate [36,37]. The wind speed
data with a spatial resolution of 0.250 × 0.250 (a 30 km grid) have been extracted for an
18-year period, from 2000 to 2017.

The power produced by a wind turbine is a non-linear function of wind speed. Each
wind turbine has its own “power curve”, a graph that relates the wind power production
to the wind speed. This curve is typically characterized by three wind speed values: cut-in
speed, rated speed, and cut-out speed. The cut-in speed is the minimum wind speed
required to activate the wind turbine; no production is obtained for a wind speed lower
than the cut-in speed. The rated speed is the wind speed at which the wind turbine reaches
its rated power, i.e., the maximum power that the turbine can produce. The cut-out speed
is the maximum wind speed that a wind turbine can manage, i.e., the turbine has to be
turned off at speeds beyond the cut-out speed.

https://www.ecmwf.int/
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Converting wind speed to wind power thus necessitates the selection of an appropriate
wind turbine that could be used in stand-alone energy systems in Africa. Wind speed
thresholds do not vary a lot from one wind turbine to another. In other words, there is not
much variation among wind turbines in terms of the critical wind speed values coupled
with them. In most cases, wind turbines start generating electricity power when the wind
speed is between 3 and 5 m/s, reach their maximum power at 11–12 m/s, and cut out, for
security reasons, when wind speed is equal to or larger than the cut-out threshold around
25 m/s [30].

In low wind regions, extracting as much wind power as possible requires wind
turbines with low cut-in thresholds [27]. One of these turbines is the FL 30 wind turbine, a
product of the German manufacturer Fuhrländer AG, with 2.5, 12, and 25 m/s as cut-in,
rated, and cut-out wind speeds, respectively [38]. This turbine was further used for our
work to characterize the resource. It is rather a conservative choice. To our knowledge,
it has indeed one of the least possible cut-in wind speeds among the commercial wind
turbines available today. Note that these thresholds are close to the ones used in a previous
study [35] on small wind energy systems in South Africa (cut-in wind speed: 2.5 and 4 m/s;
rated wind speed: 10.5 and 12 m/s).

Fuhrländer FL 30, with rated power of 30 kW, can work at hub heights of 18, 24,
and 27 m, which often offers the best techno-economic compromise for small/frugal
installations such as those required for isolated MGs.

In this study, we fixed the desired hub height to the middle value of 24 m. Since the
wind speed data have been recorded at an elevation of 10 m, we employed the logarithmic
power law interpolation to convert wind speed at 10 m to speed at 24 m. The power law
interpolation can be expressed as follows [39]:

log (
U(z)
U(zr)

) = α ∗ log(
z
zr
) (1)

where U(z) is the wind speed at the height of z and U(zr) is the wind speed at the height of
zr; α is the power law exponent, which depends on the atmosphere stability. Consistent
with [27], in the present study, we set the exponent to the constant value of 1/7, proposed
by [36] for well-exposed sites and open areas.

To characterize the wind energy resource, we use the capacity factor (CF) of wind
power for the above-mentioned turbine. The CF of a wind turbine for a given time is the
ratio of the actual power generated by the turbine for the wind conditions at that time to
the rated (peak) power of the turbine. The CF is thus a function of wind speed and varies
in time.

Using the CF time series instead of the original power values allows for the transfer-
ability of the results to any other wind turbine that shares the same (or a similar) power
curve, i.e., cut-in, rated, and cut-off wind speeds. For each grid point in the data, the
wind power potential in terms of CF was calculated using hourly estimates of wind speed
values over the study period. For our analysis, we then calculated for each day the daily
average of hourly estimates of CF. The time series of mean daily CF was then used for
characterizing the wind resource adequacy and its reliability. The adequacy of the wind
power resource is typically evaluated with the mean CF value estimated over a period of
time, assumed to be representative of the current climate context. In the following, we
estimate for each location the mean CF value over the 18-year period of available wind
data (2000 to 2017). We provide the interannual mean estimates for the annual, seasonal,
and monthly time scales. Note that the least possible value of the mean CF (0) is obtained
when the instantaneous wind speed at that site is always lower than the cut-in wind speed.
The highest possible value of Mean CF (1) is achieved when wind conditions allow the
wind turbine to produce its rated power without interruption. This would require that
the wind speed always continuously remain between the rated and the cut-out speeds.
In a study of the synergies of solar and wind power in West Africa, [40] have considered
CF = 0.15 (a threshold stricter than the one proposed by [41]) as the minimum wind power
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potential required for an adequate resource. In the present study, the resource is considered
to be adequate if CF is greater or equal to 0.2. This is a more conservative choice, but the
sensitivity of our results to this choice is low (see discussion section).

In a 100% wind micro-grid configuration where the total demand is supposed to
be satisfied by the generated wind power, low-resource days may have major impacts
on the adequacy and reliability of the power system. Inadequacy of the wind power
potential causes disruption to demand satisfaction. The storage of energy generated during
high-resource periods for use in critically low-resource periods is one option to redress
the imbalance between demand and power production. However, this might not always
be feasible, especially where low-resource periods last several weeks or even months, a
phenomenon that is frequently observed in some parts of the world due to the persistence
of weather events. Increasing the size of the wind turbine fleet to produce more and
ultimately sufficient energy can be another option for dealing with low-resource periods.
The higher the number of wind turbines, the larger the production, the easier it should
be to satisfy the demand each day, especially for days where the wind resource is low
(provided the resource is not zero). Therefore, in a 100% wind MG, a way to increase the
service quality level in low-resource days is to oversize the wind turbine fleet.

In the current study, we assumed a hypothetical configuration in which the available
energy storage allows only for satisfying intraday demand-supply mismatch. In such a
configuration, the service quality level is therefore contingent upon the amount of energy
produced in low-wind days. We considered a low percentile of daily wind power potential
(i.e., fifth percentile of CFs) to be a rough estimate of the minimum level of demand
satisfaction. Let us assume that, in order for an energy system to attain the required level
of service quality, it should satisfy the daily demand (kWh) in at least 95% of the days
of the year. The daily wind power (kWh) production of one turbine for any given day
j is 24 *Prated *CFj where Prated is the rated power (kW) of the turbine and where CFj is
the mean capacity factor for that day. The daily wind power production of one turbine
is therefore expected to be greater than 24 *Prated *CF5 in more than 95% of the days of
the year, where CF5 is the fifth percentile of the mean daily CF values observed in the
considered period. In the configuration where the daily demand is constant and equal to
E0 (kWh), the number of wind turbines required to meet E0 in at least 95% of the days of
the year would then be N = E0/(24 *Prated *CF5).

In the following, we will estimate for each location the 5th percentile of daily CF
values from hourly time series of wind speed in the ERA5 data. We additionally examine
the duration of low-wind-power periods for which CF is less than CF5, since short but
numerous low-wind periods may have different impacts upon energy systems than long but
rare low-wind-power periods. For this, we calculate the maximum number of consecutive
days where the daily capacity factor falls below the CF5 value.

Finally, we additionally provide a map of the number of 30 kW wind turbines that
would be required to satisfy an assumed constant demand of 100 kW for 95% of the
days. From a socio-economical point of view, the number of wind turbines obtained will
obviously be non-realistic for many locations. Nevertheless, for the sake of consistency
and to provide a complete picture of the relevance or irrelevance of the wind power
option for micro-grids development in Africa, we calculated the number of turbines for the
whole continent.

3. Results
3.1. Mean Wind Power Resource at Annual and Seasonal Scales

The annual mean wind power potential (CF) and variability of daily CF values for
12 sample grid points across Africa over the 2000–2017 period are presented in Figure 1.
This figure clearly illustrates the spatial and temporal variability of wind power potential
in terms of CF. At the annual scale, the mean CF varies from values less than 0.1 in Central
African countries near the Equator (from the latitude of around −10◦ to 10◦), West Africa,
Western Ethiopia, Morocco, and Madagascar, to 0.4 in large parts of North Africa, Horn of
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Africa, and Southern Africa (mostly in South Africa, Namibia, and Botswana). In a number
of regions in Northwest Africa (particularly in Western Sahara and Mauritania), the mean
CF even reaches 0.6.
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Figure 1. The mean wind power potential in terms of CF at annual scale over the 2000–2017 period in the center. The mean
seasonal CFs are presented in Figure S1 in Supplementary Materials. The figures around the Annual CF show the variability
of daily CF values (unitless) for 16 sample grid points in different climates. The y-axis and x-axis in small graphs exhibit
the values of CF (from 0 (no wind power) to 1 (wind power equal to rated power of the turbine)) and time of the year
(days from January to December), respectively. All the figures have the same scale. The solid grey line is the mean and
the boundaries are showing 10th and 90th percentiles of CF values over the study period (2000–2017). Note that the wind
resource (mean and variability) can vary a lot from one location to the other within a country.

Regardless of the location, the resource presents seasonality (see Figure S1 in Supple-
mentary Materials). In some regions, the seasonality is rather moderate. Mean CF values
are in the range of 0.2 to 0.4 in all seasons in large parts of Southern Africa (e.g., Namibia
and Botswana). They are below 0.1 whatever the season in Ethiopia and a large area of
Central Africa. The seasonality can be conversely rather important in some other regions.
This is especially the case in the Horn of Africa, with mean CF between 0.2 and 0.4 in MAM
(March, April, May) and SON (September, October, November) and up to 0.6 in JJA (June,
July, August). This is also the case to a lesser extent in West and North Africa.



Energies 2021, 14, 2978 7 of 18

Overall, countries in the North, South, and Horn of Africa exhibit adequate mean
wind power potential (CF ≥ 0.2) at the annual and seasonal scales, although there are some
locally low values of CF in some seasons, especially in Morocco and Northern Algeria.
Other regions highlight a likely insufficient resource despite a local rise of CF for some
seasons. This is the case of Western Africa or in countries located in the South and the
Southeast part of Central Africa (e.g., Angola, Kenya).

3.2. Mean Wind Power Resource at Monthly Scale

A more comprehensive evaluation of the wind power potential variability is presented
in Figure 2 with the mean capacity factor (CFM) for each month. The spatial and monthly
variability follows those already discussed in previous sections. Countries in the North,
South, and Horn of Africa with adequate wind power potential (CF ≥ 0.2) at annual and
seasonal scales satisfy the adequacy requirement of wind power production at the monthly
scale as well.
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Figure 2. The monthly mean wind power potential in terms of CF over the 2000–2017 period.

Figure 3 presents the minimum and maximum values of CFM across the continent,
and the corresponding month in which these two values are realized in each location. In
Central and Western Africa, Ethiopia, and some local spots (e.g., in local sites in Morocco,
Northern Algeria, Angola), the maximum mean monthly CFM values are quite low (close
to zero in most parts). In these areas, the wind power potential is low all the time.
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Figure 3. (a,b): minimum CFM and the corresponding month of occurrence; (c,d): maximum CFM and the corresponding
month of occurrence.

The wind resource is conversely very promising whatever the month in many regions.
The minimum monthly mean CFM remains for instance within the range of 0.2–0.4 in the
North, some local spots in Namibia, many local spots in South Africa and Botswana, and
in the Horn of Africa. Very few regions with the good wind power potential at annual and
seasonal scales actually fail at the monthly time scale (minimum CFM < 0.2).

At least 56% of grid points have adequate CF (CF ≥ 0.2) at annual and seasonal scales
(see Table 2). This value decreases to 40% at the monthly scale. Despite the failure of some
regions at the monthly scale, a considerable number of regions still exhibit great potential
for accommodating wind power systems, provided that mean capacity factor is used as a
tool for assessing the adequacy of wind power potential.

Table 2. The percentage of grid points exhibit adequate wind power potential (CF ≥ 0.2) at different
time scales (annual, seasonal, and monthly) on average, and in low-wind-power periods. Three-letter
acronyms denote different trimesters: DJF (December, January, February); MAM (March, April, May);
JJA (June, July, August); SON (September, October, December).

Variable Proportion of Grid Points (%)

Adequacy at Annual and Seasonal Scales

Annual 57.71
DJF 57.27

MAM 56.92
JJA 60.75

SON 56.92

Adequacy at Monthly Scale

Minimum CFM 40.07
Maximum CFM 73.20

Low-Wind-Power Periods

CF5 2.15
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A clear North–South segmentation is observed for corresponding months of CFM
extremes. In the Northern Hemisphere, the minimum CFM is achieved in the second half
of the year (typically from August to November), while in the Southern Hemisphere, this
minimum is realized in earlier months (typically from December to May). For both areas,
the month with the maximum CFM is in the opposite “season”. This observation is almost
consistent with the results of the seasonal analysis.

3.3. Daily Variability of Wind Power Resource

The daily resource variability is a key variability feature for assessing system reliability.
It is illustrated in Figure 1 for a sample of 16 grid points across Africa. The daily resource
variability obviously varies from one location to the other and from one season to the other
for one location. For instance, for the location in Namibia, the variability is much less in
DJF than in the other seasons. In Morocco, it is conversely much less in JJA.

To understand better, the daily variability of the resource is estimated for each location
with the coefficient of variation (CV) of the daily mean CF values. It is estimated at the
annual scale, from all daily values of the considered period, and for each season separately
(Figure 4). Disregarding central Africa and central Ethiopia where the mean resource
is very low, the CV at the annual scale varies from 0.45 in large parts of Northern and
Southern Africa to values above 0.8 in Northwest and West Africa, Madagascar, and some
Southeastern regions. Overall, most areas present a significant day-to-day variability of the
resource for at least one season. Exceptions have to be mentioned in the parts of the Sahara,
the Atlantic northern coast, or the Horn of Africa, suggesting some promising reliability of
the wind resource. In other regions, the resource seems to be also rather reliable for two or
three seasons, such as in parts of Southwest Africa and most parts of Sahara.
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Figure 4. The annual and seasonal variability of daily CF in terms of coefficient of variation over the study period
(2000–2017): (a) over the year; (b) DJF (December, January, February); (c) MAM (March, April, May); (d) JJA (June, July,
August) and (e) SON (September, October, November). The coefficient of variation is calculated by dividing the standard
deviation by mean (σ/µ, where µ and σ are the mean and the standard deviation of daily CF for a desired season over the
study period). For the sake of readability, CV values greater than 1 were set to 1.
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Part of this variability obviously derives from the seasonality of the resource. As
highlighted in Figure 4, part of the variability also derives from the day-to-day variability
of the weather. This is illustrated with the large CV values obtained in Northwest and
Southeast Africa in almost all seasons, or in West Africa in JJA and SON or in Madagascar
in DJF and MAM.

The fraction of daily variability explained by seasonality (and in symmetry by the
weather day-to-day variability) is given in Figure 5. As already suggested by previous
figures, this fraction obviously depends a lot on the region. For most countries in the North
and South, seasonality explains not more than 40%, whereas in Central and West Africa, it
increases to 70%, and in the Horn of Africa to 90%. It is interesting to note that this pattern
is the opposite of the one presented by [14] for solar energy.
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Figure 5. Percentage of the daily variability of CF at the annual scale that can be explained by the
annual cycle of CF. The calculation of the statistic is inspired by the work of [9]. The percentage
is expressed as α = σ1/σ0, where σ0 is the standard deviation of daily CF values calculated from
all daily data in the 2000–2017 period (σ0

2 = 1/(n − 1) Σj=1..n(CF(j) − µ)2, where CF(j) is the daily
CF value at day j, µ is the mean daily CF for the period and n is the number of days in the period),
σ1 is the standard deviation of daily CF values calculated from the 365 daily values of an average
year (σ1

2 = 1/(365 − 1) Σd=1..365(CF(d) − µ)2 where CF(d) is the inter-annual mean CF (mean over
18 years)) for the calendar day d = 1, 365 (i.e., value for d on the solid curve in Figure 1).

3.4. Low-Wind-Power Days and Periods

The spatial pattern of the fifth percentile of daily CF values (CF5) is presented in
Figure 6a. Many locations in the North and a number of local spots in the South have
CF5 values in the range of 0.1–0.2. There are also few spots with CF5 in the range of
0.2–0.4 in the North. Other areas exhibit CF5 values below 0.1. This means that, if we
consider the value of CF5 (instead of mean CF) as the criterion for assessing the adequacy
of wind resource potential, almost the whole continent fails (i.e., has a CF5 value below the
minimum threshold of 0.2).

According to Table 2, only a small fraction of the continent area (2%) could reach the
required level of CF in low-wind-power periods. This highlights the importance of taking
into account low-wind-resource days and their potential impact on power production.
Indeed, most regions that had shown great potential for wind power production in the first
stage proved not to be adequate in terms of the wind power potential if a low CF percentile
is used to assess the adequacy.

Another challenge posed by low-resource periods is their persistency. Low-resource
periods in many regions last between two and three days (see Figure 6b). However, even in
regions with relatively high (yet generally low) power potential (0.1 ≤ CF5 < 0.2), like some
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parts in Sudan or in the Horn of Africa, low-resource periods can last longer than three
days. The maximum recorded duration is 10 days in the Horn of Africa. This observation
reveals that, although low-resource days are rare, they can last for several days and lead to
the failure of the power system.
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3.5. Economic Viability of 100% Wind MGs: A Rough Guess

The minimum number of 30 kW wind turbines required to meet a constant 100 kW
demand in at least 95% of days follows the same spatial pattern as the one for CF5. The
greater the value of CF5, the smaller the required number of wind turbines. In a handful
of areas such as Sudan, Chad, and Western Sahara, this number is smaller than 20 (see
Figure 6c). In large parts of the North and a small region in the South, this number is
between 20 and 30, and in Central, Southern, and Southeastern Africa, from Angola to
Tanzania, the required number of wind turbines is greater than 40. In our configuration, this
indicates that the number of required wind turbines is rather large in almost all locations
across the continent. Consequently, the use of MG that are entirely reliant on wind may
not be economically viable in a considerable part of the continent.
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4. Discussion
4.1. Adequacy of Mean Wind Power Potential (CF ≥ 0.2) and Its Reliability

Mean wind power potential (at the hub height of 24 m) at local spots can reach 0.4 in
the North, South, and the Horn of Africa at annual and seasonal scales. Nevertheless, in
many regions, the value of mean CF is heavily season-dependent. Our results are consistent
with the results of [12], who found that the highest technical power potential is achieved in
Northern Africa, followed by the South and East.

The results of our study indicated that both the seasonal mean CF (~0.3–0.5 ≥ 0.2) and
the minimum CFM (~0.3 ≥ 0.2) can be adequate for operating a wind power system in
many parts in the North and South and the Horn of Africa. However, in many areas, the
wind power potential is low all the time; examples are Central African countries, a large
area of Western Ethiopia, and some local spots in Morocco and Northern Algeria.

Our findings for mean wind power are in agreement with the results of [27], who
found that wind power systems are likely to be economically advantageous over solar
photovoltaic and diesel systems in Somalia, Western Sahara, Chad, and South Africa, but
not in many regions, especially in Central Africa, due to low wind speeds. Wind power
production is obviously not relevant in a large latitudinal band around the Equator or
in several specific regions such as Morocco and Northern Algeria. However, [27] only
considered the mean daily wind resource and its variability for one whole year in their
simulation and disregarded the seasonal and inter-annual dynamics of wind speeds. In
contrast with them, we studied the resource seasonal variability. We showed that the
resource seasonal variations can lead to a potentially large difference in required design or
resource adequacy from one season to the other.

In addition to the adequacy of mean CF in the North and South (especially in the
West and South along the coast) and in the Horn of Africa, the resource is reliable in these
regions. We observed that the annual and seasonal mean capacity factors were not very
variable over the study period, hence making the power system reliable for serviceability
provided that the value of mean CF is the criterion for assessing the adequacy. Needless to
say, the requirements of adequacy were not met in Central Africa, where the wind power
potential was low and the wind resource variability was high.

Consistent with the findings of [11], we also observed that South Africa’s wind power
potential varied across different timescales, with a higher reliability in summer (DJF) than
winter (JJA). Overall, South Africa has moderate to high wind power potential, especially
in the west and the south along the coast.

4.2. Coping with Low-Wind-Power Periods

Relying solely on mean capacity factor values and refusing to take notice of low-
resource periods and their persistency when assessing the adequacy of wind power poten-
tial could be misleading. As previously shown, in many regions, the mean wind power
potential (CF) satisfies the requirements of adequacy at annual, seasonal, and monthly
scales. However, in the very same areas, not only is the fifth percentile of daily power
potential (CF5) below the minimum threshold (0.2), but low resource conditions can also
present significant persistence. To assess the reliability of a wind power system in a robust
way, the adequacy of the power produced in low-resource periods as well as the persis-
tency and duration of such periods should be accounted for in addition to the “average”
adequacy of wind power potential.

The first option that comes to mind for addressing the problem of low-wind-power
periods is to oversize the power system. This option, however, may not be economically
relevant. Another possibility is to postpone some uses of electricity for use at a later time.
The following section discusses such an option in more detail.

4.2.1. Demand Flexibility and Its Effects on the Micro-Grid Design

As shown in the results section, there is an inverse relationship between the values
of CF5 and the number of wind turbines required to meet the demand. Assuming that
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micro-grids are designed such that they satisfy demand in at least 95% of the days of
the year, and that there is no possibility for increasing the power system fleet size, one
alternative option is to consider some flexibility of the demand. Indeed, consumers may
adapt their daily demand and postpone a part of it to subsequent days when the resource is
greater. This option can be preferable where oversizing the power system fleet is technically
or economically unviable.

As demonstrated by [9], for 100% solar power-based micro-grids, day-to-day demand
flexibility would help to achieve the required level of service quality with a smaller micro-
grid system. In the present study, we implemented the same demand-side solution to a
100% wind power-based micro-grid. In this new configuration where demand flexibility is
present, we considered that a part of the demand can be deferred until the next day.

In this regard, we calculated two-consecutive-day wind power potential (CF), which
is the moving average of the energy potential over two days in sequence (i.e., the CF at
day n is the average of the CF at days n and n−1). To assess the serviceability of the power
system, we considered a configuration similar to the baseline configuration, where demand
is expected to be satisfied in at least 95% of days of the year.

Therefore, in the first step, we calculated the ratio of the fifth percentile of two-
consecutive-day CF values to the fifth percentile of daily CF values (CF5). Next, we
calculated the number of 30 kW wind turbines required to meet a constant 100 kW demand
in 95% of days of the year using the mean energy potential over the two consecutive days
(and divided this number by the number of wind turbines required to meet demand in
95% of days of the year using the mean daily energy potential) to assess the service quality
level in the configuration with day-to-day demand flexibility. In the other similar study
of Africa [27], the resource persistency was disregarded, and the possibility of demand
flexibility was not considered.

The CF5 value of the mean power potential over two consecutive days is obviously
always greater than the CF5 value estimated previously for one day (Figure 7a). At some
coastline areas as well as a considerable number of spots in Angola, the Central African
Republic, and South Sudan, CF5 over two consecutive days is at least 1.8 times greater than
daily CF5. Even a large part of the North, especially in the Maghreb, the West, and the
South exhibit considerable proportions in the range of 1.3–1.5. This proportion increases
to 1.8 in some local spots in these regions. The number of grid points with adequate CF
(CF ≥ 0.0.2) increases by 150% compared to daily CFs (see Table 2).
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Consequently, the flexibility of demand can significantly decrease the size of the power
system in areas with low daily CF5 values. Indeed, the number of wind turbines required to
meet demand decreases by up to 50% in many regions around Central Africa. In numerous
local spots in the South and in Madagascar, as well as a few local spots in the North, this
number decreases by about 40%. Even in the North, especially in the Maghreb, the number
of required wind turbines decreases by about 20%. In large parts of Sudan, Chad, Niger,
Western Sahara, and West Africa, no considerable change can be observed (Figure 7b).

4.2.2. Mixing Variable Renewable Energy (VRE) Resources

Another solution to the problem of the low VRE resource periods (like wind) and the
mismatch between the demand and the production is to combine two or more different
VRE resources that could be complementary in a power system [12,42]. For instance, power
systems that rely entirely on solar energy may fail, at sub-daily time scales, to keep pace
with demand during the night or in winter and fall, where high cloud cover prevents solar
radiation from passing to the surface. In such a setting, combining solar and wind energy
resources in a hybrid power system could address this problem. Mixing VRE sources has
been found to allow for a significant reduction of the severity and frequency of low VRE
resource periods [12].

Many studies have investigated the combination of different VRE resources with
the aim of reducing imbalances between energy supply and energy demand [12,42–44],
reducing the variability of power output [45–47], cost optimization [48–51] and enhancing
the stability of the power system [40].

Within the context of this study, such a solution may be used in regions where the
wind power potential is not always sufficient. [40] have already shown the feasibility of
hybrid power systems in West Africa, a region characterized by low wind energy potential.
The influence of hybridization for improving the reliability of the production would be
worth investigating in the following.

4.3. Sensitivity of the Results to the Capacity Factor Threshold

Having set the minimum threshold of mean CF to 0.2, we showed that, at annual and
seasonal scales, at least 40% of grid points, and at the monthly scale, around 56% of the
grid points have mean CF ≥ 0.2. In addition, our findings demonstrated that only 2% of
grid points have CF5≥ 0.2 (see Table 2). In order to test the robustness of our results to
the threshold selection, we performed the analyses again using the threshold proposed
by [40]. In the new configuration, we considered the threshold of 0.15 for the minimum
level of power production adequacy. The results did not change significantly. At least
64% of grid points at annual and seasonal scales and around 48% of the grid points at the
monthly scale have CF ≥ 0.15, and only 9% of grid points have CF5 ≥ 0.15. In conclusion,
the significant impact of low-resource periods on wind power production was still present,
and our findings were robust to the threshold selection.

5. Conclusions and Perspectives

In this applied study, we used hourly estimates of wind speed provided by the ERA5
climate reanalysis dataset to evaluate the adequacy, sustainability, and thus reliability
of wind power resources across Africa at different time scales, and to assess the impact
of low-power-production periods over an 18-year period. We considered the threshold
of 0.2 as the minimum wind power potential (capacity factor) required for operating a
power system.

The results of our study indicated that the annual and seasonal mean wind power
potential (~0.3–0.5 ≥ 0.2), and the minimum monthly mean capacity factor (~0.3 ≥ 0.2)
can be adequate for operating a wind power system in many parts in the North and South
and in the Horn of Africa. The wind power potential is even less variable in these regions,
and thus the reliability requirement of the power system is satisfied. However, in the
very same areas, not only is the wind power resource in low-power-production periods



Energies 2021, 14, 2978 15 of 18

below the minimum threshold (0.2), but the persistence of these low resource periods
(i.e., the number of consecutive days with low resource) is also noticeable. In this regard,
our analysis showed that in a considerable number of locations, 30 or more 30 kW wind
turbines would be required to meet a 100 kW constant demand for at least 95% of days. If
some demand flexibility is considered, this number can decrease by 20% to 50%.

This research highlights the critical impact of low-power-production periods on wind
power potential and the key role that might be played by energy storage facilities, issues
and/or demand flexibility that need to be addressed by policymakers in preliminary
analyses of micro-grid design.

This study made use of a reanalysis dataset with relatively high spatiotemporal resolu-
tion at a large scale. A more in-depth analysis of the adequacy, sustainability, and technical
and economic feasibility of wind power systems (especially during low-resource periods)
at a local scale would require observational data, preferably with a higher resolution than
that of the data used in the current study. In a recently published article, [52] examined
wind potential characteristics and carried out a techno-economic feasibility analysis of
wind turbines in Mauritania by relying on observational data collected from eight sites.
Such detailed studies are obviously required at the end.

We assessed the relevance of 100% wind power systems during low-wind periods. Fu-
ture research might explore the feasibility of hybrid systems (in which the complementarity
of different VRE’s can reduce the problem of intermittency), especially during low-resource
periods in Africa [12].

The inter- and intra-annual variability of wind resources can change due to global
climate change. Climate change could provide favorable conditions for some regions in
terms of the possibility of exploiting wind power, while the opposite may occur in other
places [53]. The future potential of wind energy over Africa under a warming climate
is actually uncertain [54], and different models can typically project changes of different
signs in specific regions (as shown by [55] for Europe; see also [56]). The last multi model
ensemble of projections from the high-resolution CORDEX-Africa climate experiments
would be worth investigation in this respect as in [57,58] for the possible evolutions of the
solar resource potential over the continent. For wind resources, a methodology similar to
the one used in this paper can be applied to future projections of wind speed to examine
the sensitivity of the reliability of wind power systems to climate change.

The minimum capacity factor threshold that was used in this study for assessing
the adequacy of wind power potential (0.2) was rather a strict threshold that enabled
us to avoid overestimating the wind power potential in Africa. The power generation
capacity of wind turbines has experienced an increase owing to innovative constructive
solutions [59] and technological improvements to the average hub height, turbine rating,
and rotor diameters, and a rising trend in R&D investments [30,60]. Such solutions can
increase energy efficiency and may have major implications for sustainable growth and
environmental development [59]. With the latest technology advancements in the design
and manufacturing of onshore wind turbines, a less strict threshold might therefore be used
in future research to evaluate the adequacy of wind power potential in different regions of
the world, including but not limited to Africa.
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