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ARTICLE INFO ABSTRACT

Based on ERA-20C data available for the period 2008-2010, the potential of six onshore wind turbine in-
stallation scenarios to cover current electricity consumption at the national and global scale was studied. The
technical wind energy potential was estimated using the recently developed, highly accurate Burr-Generalized
Extreme Value mixture distribution. The installation scenarios were evaluated by varying wind farm efficiency,
the concentration of wind turbines, and wind turbine siting strategy for wind turbine densities of 1-25% of the
land area. With the systematic installation of wind turbines at the national scale and international coordination
of energy distribution, wind energy production could match current electricity consumption in the 2030s as-
suming a tenfold increase in current expansion rate. However, the results greatly differ from country to country
mainly because of the meteorological potential, the total area available for wind turbine installation, and the
population size. In industrialized countries such as China, France, Germany, and Japan, either low average
annual wind energy yield or the large population prevents complete coverage of electricity consumption by wind
energy at low and moderate wind turbine density. In developing countries including Ethiopia, Sudan or Kenia,
where wind energy potential is high and electricity consumption is low, expansion of wind energy could greatly
improve electricity supply. It was found that 98 countries could cover their current electricity consumption by an
installed capacity of 0.0734 MW/km? This installed capacity enables 73 countries to cover even a 100% increase
of the current electricity consumption. Based on the range of evaluated scenarios, it is possible to estimate the
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upper and lower bounds of the technical potential predefined by the applied wind turbine densities.

1. Introduction

Along with economic development, electricity consumption has
steadily increased over the last decades [1]. In 1980, globally consumed
electricity was 7,319 TW h/yr. Until 2014, global electricity consump-
tion increased by 283%, reaching 20,715 TWh/yr [2]. The countries
with the highest electricity consumption in 2014 were China
(5,113 TWh/yr, including Hong Kong and Macau) and the USA
(3,913 TW h/yr) (Fig. 1).

Currently, conventional fuels are predominately used to cover
electricity consumption [3]. However, the utilization of conventional
fuels is connected with greenhouse gas emissions, which drive climate
change [4]. Furthermore, emissions of air pollutants pose human health
risks [5]. In addition, anticipated peaking of fossil fuels requires finding
appropriate substitutes such as renewable energies [6]. Renewable
energies are vital sources of future energy helping to mitigate climate
change [7]. They are clean, environmentally friendly, and health-
compatible alternatives to fossil fuels [8].
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Wind turbines convert kinetic energy contained in the wind first
into mechanical and then into electrical energy [9]. Nowadays, wind
turbine technology is considered to be matured and the costs of wind
energy are low [10]. The current expansion rate of installed wind en-
ergy capacity (IC) is enormous. From 2001 to 2016, IC increased by
2,037% from 23,900 MW to 486,790 MW. In 2016, the highest wind
energy capacity was installed in China (168,690 MW), the USA
(82,184 MW), and Germany (50,018 MW). The corresponding installed
capacities per area were 0.018 MW/km? in China, 0.009 MW/km? in
the USA, and 0.1435 MW/km? in Germany [11].

The wind energy potential is typically divided into five categories
which are hierarchically structured [12]: (1) the meteorological po-
tential, which is the available wind resource, (2) the site potential,
which excludes geographical unsuitable areas from the meteorological
potential, (3) the technical potential, which takes the available wind
energy technology into account, (4) the economic potential, which is
defined as the technical potential that can be realized, and (5) the
implementation potential which considers constraints and incentives
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Nomenclature
Acronyms
a.gl above ground level

B-GEV  Burr-Generalized Extreme Value distribution
CanadaSC5 scenario 5 estimations for Canada

cdf cumulative distribution function
epdf empirical probability density function
pdf probability density function

RussiaSC5 scenario 5 estimations for Russia
SC1-SC6 wind turbine installation scenario 1-6

Symbols

P mean wind power density (W/m?)

X mean wind speed (m/s)

u location parameter of Generalized Extreme Value dis-
tribution

AEY annual average wind energy yield (GW h/yr)

AEYC annual average wind energy yield per country (TW h/yr)

AEYG global annual average wind energy yield (TW h/yr)

APR atmospheric pressure (Pa)

CF capacity factor

EC electricity consumption (TW h/yr)

f probability density function

F cumulative distribution function

G atmospheric gas constant (J/kg K)

IC installed wind energy capacity (MW)

K total number of countries

k country

MAPE  mean absolute percentage error (%)

n number of hours in a year (h)

P power (W)

R? coefficient of determination

S share of wind energy covering electricity consumption of
2014

SR scenario ratio AEYC(SC1)/AEYC(SC6)

T temperature (K)

u zonal wind vector component (m/s)

v meridional wind vector component (m/s)

WFE wind farm efficiency

WTAC  wind turbine area per country (km?)

WTD wind turbine density per country (%)

WIN number of wind turbines at WTAC grid cells (wind tur-
bines/km?)

WTT wind turbine availability

x wind speed (m/s)

z grid cell (1 km?)

n scale parameter of Generalized Extreme Value distribution

1 shape parameter of Generalized Extreme Value distribu-
tion

0 first shape parameter of Burr distribution

P air density (kg/m°>)

o scale parameter of Burr distribution

X second shape parameter of Burr distribution

® mixing parameter of Burr-Generalized Extreme Value
distribution

Subscripts

0 average conditions

a air

B Burr

emp empirical

GEV Generalized Extreme Value

w wind turbine

Z grid cell

TWh/yr
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Fig. 1. Electricity consumption in 2014 [2].

that determine the time required to install wind turbines.

The global technical potential of wind energy has been investigated
in several previous studies. Based on approach and applied specifica-
tions, the obtained results vary greatly among these studies. For in-
stance, in a bottom-up study, it was estimated that a dense network of
2.5 MW onshore wind turbines could generate 1,100 PW h/yr electrical
energy [13]. In a top-down study, the estimated electricity generation
was lower amounting to 158-596 PW h/yr [14]. In that study, it was
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argued that each wind turbine extracts kinetic energy from the atmo-
sphere, which reduces the overall extractability of kinetic energy and
wind speed (x) on a large scale [15]. However, it has been demon-
strated that this effect becomes important only at magnitudes that
clearly surpass current electricity consumption or even primary energy
consumption [16].

Previous studies mainly focused on the total extractable wind en-
ergy. However, real-world expansion of wind energy utilization is
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limited by a number of factors that will not allow exploiting the
available amount of extractable wind energy in a reasonable period of
time. Among the limiting factors are costs arising from the installation,
long-distance electricity transmission, and storage [17]. Furthermore,
concerns of the local population often complicate wind turbine in-
stallation [18]. Therefore, the focus of this study is not on estimating
the maximum amount of extractable kinetic energy, but on projecting
the effects of improved efficiency of wind energy utilization. To de-
monstrate these effects at national and global scale, six installation
scenarios with various wind energy expansion rates were developed.
They are intended to show possible paths towards covering current
national and global electricity consumption by onshore wind energy.
The scenarios have a clear meteorological and geographical focus
taking the spatiotemporal variability of wind speed, wind turbine siting
strategy, the concentration of wind turbines, area consumption, and
wind farm efficiency into account.

The goals of this investigation are (1) assessing onshore wind tur-
bine density required to cover current national and global electricity
consumption considering various wind turbine installation scenarios,
and (2) quantifying influences of the spatial distribution of wind tur-
bines on the wind energy yield.

2. Methodology
2.1. Overview

The assessment of the national and global onshore technical wind
energy potential included the following steps (Fig. 2): (1) preparation
and analysis of wind speed time series on a global grid, (2) estimation of
grid cell-specific empirical probability density functions (epdf) of wind
speed at hub height and fitting of the Burr-Generalized Extreme Value
distribution (B-GEV) to epdf, (3) computation of grid cell-specific
average annual wind energy yield (AEY) by applying five power curves,
(4) identification and exclusion of unsuitable areas by considering
geographic constraints, (5) assessment of AEY on the national (AEYC)
and (6) on the global scale (AEYG) by applying six different wind tur-
bine installation scenarios (SC1-SC6) for different wind turbine den-
sities (WTD).

2.2. Wind speed data

The horizontal wind vector components (u (zonal), v (meridional))
of ERA-20C data [19] were used to calculate wind speed at 100 m above
ground level (a.g.l.) on the global scale excluding the Antarctica ac-
cording to

x = Ju? + v, 1)

Wind speed values were computed for the period 01-01-2008 to 12-
31-2010 every three hours [20]. The spatial resolution of the x values
was 0.25° x 0.25°.

The ERA-20C data is based on a coupled atmosphere/land-surface/
ocean-waves model. It simulates the weather by assimilating up to 3.6
million quality controlled surface observations per month in the period
1900-2010. The atmosphere is described at 91 vertical levels, between
the surface and the 0.01 hPa pressure level [21]. The most relevant
ERA-20C data for this study are the wind vector components in 100 m
a.g.l. which is a typical wind turbine hub height.

2.3. Distribution fitting

Since epdf only represents a sample of x, a theoretical distribution
was fitted to x epdf to represent the entire population. The proper
choice of theoretical distributions for fitting x epdf is crucial for error
reduction in wind resource estimation [22]. In a previous study, it was
found that the seven-parameter B-GEV is the most suitable distribution
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for the vast majority of onshore wind speed regimes [23].
The first part of B-GEV is the three parameter Burr distribution with
its probability density function (pdf) being [24]

x\o-1
o (2)
o X+
o[+ ()] @
where o is the scale parameter, o and y are the shape parameters. The

cumulative distribution function (cdf) of the Burr distribution is given
by [24]

Fy (x; =+ (YT
B (X0.x,0) = —[ +(;)] . @

The Generalized Extreme Value distribution, which is the second
part of B-GEV, is defined by one location parameter (u), one scale
parameter (1), and one shape parameter (:). Its pdf and cdf are given by
[24]

fz(aox,0) =

1 1

1 3
Jopy Cepn,) = l[l—i(x—u)] exp —[l—i(x—u)]
n 7 n 4

and

(=)

-1
Fopy (opm,t) = exp —[1 +1 ] .
(5)

By mixing both Burr and Generalized Extreme Value distributions,
B-GEV is formed with pdf and cdf being [24]

Tgry (60,0.0,0,4m.0) = @fy (5,0.%,0) + (1—w)fgp, Cun,0) (6)
and
Fp gpy (60,0%,0,u.1,t) = wFp (x;0,0,0) + (1—w)Fsey (x;u.1m,t) @

where w is the mixing parameter. Parameter estimation of B-GEV was
carried out by applying the least squares estimation method using the
Levenberg-Marquardt algorithm [25].

2.4. Calculation of grid cell-specific average annual wind energy yield

The grid cell-specific average annual wind energy yield was esti-
mated for average air density conditions (py = 1.225 kg/m®) using B-

Preparation and analysis
of x time series
[
Estimation x epdf
and distribution fitting
[

Computation of AEY

[
Assessment of
geographical potential
[
Assessment of AEYC
under SC1-SC6
[
Assessment of AEYG
under SC1-SC6

Fig. 2. Methodology applied to assess the national (AEYC) and global (AEYG) onshore
technical wind energy potential.
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GEV [12]:

AEY, =n f Py (0)fp gy () dx
/ 8)

where n is the number of hours in a year (8760 h) and Py is the power
output of a wind turbine. The p, value is representative for air tem-
perature (T,) of 15 °C and atmospheric pressure (APR) of 1000 hPa. The
Py, values are typically described by wind turbine-specific power curves
that share the following common characteristics [26]: the cut-in speed
at which the wind turbine starts to generate usable power, the rated
output speed at which the maximum output power is generated, and the
cut-out speed at which the wind turbine shuts down in order to prevent
damage. In this study, AEY,, was calculated for five different wind
turbine types and averaged. All evaluated wind turbine types are
available in configurations with a hub height of ~100m a.g.l. The
selected power curves were taken from modern wind turbine types of
some of the world’s largest manufacturers. The power curves’ char-
acteristics are summarized in Table 1. The rated output power of the
wind turbines varies between 2.5 and 5.0 MW.

To account for variations of p, its influence on AEY,, was corrected.
This was done by calculating the grid cell-specific average air density
from ERA-20C data according to [12]:

_ APR
GT,

I
©)]
with G being the atmospheric gas constant (287.058 J/kg K). Then, AEY
was calculated as [12]:

AEY = AEYPO-(ﬁ]

Po (10)

The efficiency of wind energy utilization was further assessed by the
capacity factor (CF) [32]:

AEY /8760
rated output power an
and the mean wind power density (P) [33]
S_ 1 po
F=- Jo ox ey (Odx. a2

2.5. Geographic constraints

Compared with onshore wind energy, the current absolute expan-
sion of offshore wind energy is low because of higher costs for con-
struction, grid connection, and operation. Thus, it is very reasonable to
expect that in most countries wind turbines are first sited onshore and
then offshore. However, not all land areas are suitable for wind turbine
installation. As recommended in a previous study [13], ice-covered
regions, lakes, urban areas, wetlands, and evergreen forests were ex-
cluded from global and national annual average wind energy yield as-
sessment. These exclusion areas were derived from data (resolution:
1km x 1km) provided by the International Geosphere-Biosphere Pro-
gramme [34]. Furthermore, conservation areas were excluded using
vector data from the protected planet project managed by the United
Nations Environment Programme’s World Conservation Monitoring
Centre [35]. The Global Multi-resolution Terrain Elevation Data 2010
were used for calculation of slope values (resolution: 1km X 1km)
[36]. Areas where slope exceeds 10° were excluded from the assessment
[37].

Since permafrost areas complicate wind turbine installation [38]
and can lead to a substantial reduction of national and global annual
average wind energy yield, these areas were excluded in SC5. The re-
sulting decrease in national and global annual average wind energy
yield was compared to SC1-SC4 and SC6. The Global Permafrost Zo-
nation Index Map [39] was used to identify the permafrost areas
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(resolution: 1 km X 1 km). To harmonize the resolution of all data, AEY
was converted to a 1 km X 1km resolution grid yielding AEY, (z is the
grid cell index). All data were prepared using ArcGIS® 10.2 software
(Esri, Redlands, CA, USA).

2.6. Calculation of average annual wind energy yield

To calculate AEYC from AEY,, several aspects have to be considered:
First, wind turbines are often arranged in wind farms at sites where AEY
is high. This results in a concentration of wind turbines at certain grid
cells and in an uneven wind turbine distribution at national and global
scale. The concentration of wind turbines reduces AEY due to wake
effects [40] which was taken into account by the wind farm efficiency
(WFE) [41]. Second, wind turbines are not continuously in operation,
which was quantified by the wind turbine availability (WTT). A typical
WTT value is 0.97 [42].

Using WFE and WTT, AEYC was calculated as

WTAC
AEYC = z AEY,-WTN-WFE-WTT

z=1

(13)

with WTAC being the wind turbine area per country, which is defined
as the number of grid cells where wind turbines are located and WTN is
the number of wind turbines at each of these grid cells.

The number of wind turbines per country was defined as

Wind turbines per country = Area size-WTD. (14)
Subsequently, WTAC was quantified as
WTAC = Wind turbines per country'
WTN (15)

To obtain the grid cells used in (13), country-specific AEY, values
were arranged in descending order (z = max(AEY;),....min(AEYy)).

Global annual average wind energy yield was calculated according
to

K
AEYG = ) AEYC;

k=1 (16)

with AEYCy being the average annual wind energy yield for country k,
and K is the total number of countries. Six wind turbine installation
scenarios account for variation of WTN, WFE, and WTD which re-
presents the relative density of wind turbines per km? (in %) of a
country (Table 2).

The maximum number of wind turbines per km?, considering the
rotor diameters of the evaluated wind turbine types, was limited to
WTN = 2 to minimize wake effects [37]. The scenarios SC2 and SC4
assume that wind turbines are sited with a higher density (WTN = 2),
whereas the other scenarios assume that wind turbines are sited with a
lower density (WTN = 1). Variations in wake effect were considered by
WFE = 0.90 and WFE = 0.95 under SC1-SC5. In scenarios where WFE is
0.95, wind farms are designed to minimize wake effects. In SC1-SC5,
wind turbines were sited with a systematic approach. SC6 was devel-
oped by randomly arranging AEY, on the national scale, i.e. there is no
systematic wind resource assessment and wind turbine siting. The

Table 1
Properties of the evaluated power curves.

Wind turbine type  Cut-in Rated output  Rated output Cut-out
speed speed power speed
G128 [27] 2.0m/s 14.0m/s 5.00 MW 27.0m/s
E-126 EP4 [28] 3.0m/s 13.5m/s 4.20 MW 25.0m/s
V112-3.45 MW 3.0m/s 13.0m/s 3.45 MW 25.0m/s
[29]
SWT-3.2-113 [30] 3.0m/s 12.5m/s 3.20 MW 25.0m/s
Vensys 100 [31] 3.0m/s 11.0m/s 2.50 MW 25.0m/s
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Table 2
Evaluated wind turbine installation scenarios (SC) with wind turbine number (WTN),
wind farm efficiency (WFE), and wind turbine density (WTD).

Scenario WIN WFE WTD (%) Siting strategy

SC1 1 0.95 1-25 Systematic

SC2 2 0.95 1-25 Systematic

SC3 1 0.90 1-25 Systematic

SC4 2 0.90 1-25 Systematic

SC5 1 0.95 1-25 Systematic, excluding permafrost areas
SC6 1 1.00 1-25 Random

effects of the exclusion of permafrost areas on AEYC and AEYG were
assessed in SC5. All wind turbine installation scenarios were evaluated
for an expansion between WTD = 1% and WTD = 25%.

The potential to cover current electricity consumption (EC) under
SC1-SC6 was calculated by

¢ _ AEYC

EC

a7
To quantify the difference between systematic and random wind

turbine siting, the scenario ratio

_ AEYC(SC1)

~ AEYC(SC6) (18)

was calculated.
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Since it is not possible to present results for all evaluated countries
in the paper, some countries were chosen as an example. For these
countries results on the estimated quantities are presented and dis-
cussed in the following sections. A comprehensive country-specific
summary of all evaluated scenarios and wind turbine densities (AEYC)
is provided in Tables S1-S6 (supporting information).

3. Results and discussion
3.1. Meteorological potential

The mean onshore wind speed at 100m a.g.l. (¥) is shown in
Fig. 3a. The average of all X values is 4.9m/s. At 7.6% of the land
surface, X exceeds 7.0m/s. These areas, which offer a great meteor-
ological potential, are mainly located in Greenland, the southern tip of
South America, the North Sea coast, Western Sahara, Chad, Somalia,
the Midwest of the USA, northern parts of Canada and Russia, and the
southwest of Australia. At 12.6% of the land surface, X values below the
typical cut-in speed (X < 3.0m/s) occur. These low X values can be
found mainly in areas where surface roughness is high due to oro-
graphic sheltering (e.g. the Alps, the Himalaya, Andes Mountains) or
due to the occurrence of tropical forests (e.g. Amazon Basin, Central
Africa). In countries with complex terrain, where orographic features
locally modify wind speed, it is reasonable to assume that actual wind
speed at exposed mountain tops exceeds ERA-20C wind speed.

-
-7
<"

Fig. 3. (a) Mean wind speed at 100 m a.g.l. (¥) and (b) mean wind power density at 100 m a.g.l. (P) without any geographic constraints being considered.

407



C. Jung et al.

Due to the cubic increase of P as a function of X, a rather small
increase of X results in a large growth in P (Fig. 3b). In contrast, the
effect of p on P is comparatively low. However, in mountainous re-
gions, the decrease of p results in lower P. Overall, at 34.1% of the land
surface, P exceeds 100 W/m? which is considered sufficient for wind
energy utilization [12]. From a meteorological point of view, these
areas are generally suitable for wind turbine installation.

In the Midwest of the USA, P is around 200 W/m? over extensive
areas, indicating a good meteorological potential. In China, sufficiently
high wind speeds can be found predominantly in the northeast towards
the Mongolian border. Areas with a great wind resource (P ~ 700 W/
m?) can be found on the Falkland Islands and in the Tierra del Fuego at
the southern tip of South America. The west wind drift in the mid-
southern latitudes determines the wind resource in these regions.

3.2. Goodness-of-fit evaluation of B-GEV

In Fig. 4, epdf and B-GEV pdf are shown for four different wind
speed regimes occurring at a grid cell in the USA (Fig. 4a), China
(Fig. 4b), Argentina (Fig. 4c), and Western Sahara (Fig. 4d). The grid
cells located in the USA and China were chosen because these countries
are the biggest electricity consumers. The grid cells located in Argentina
and Western Sahara were chosen due to their great meteorological
potential. Although the statistical moments greatly differ among the
four wind speed regimes, B-GEV fits all four epdf very accurately.

To evaluate the goodness-of-fit of B-GEV at all grid cells, AEY esti-
mated by B-GEV is plotted against empirical AEY (AEY,,,) in Fig. 5. The
coefficient of determination is very high (R? = 0.9999) and the mean
absolute percentage error is low (MAPE = 1.2%), both indicating an
excellent fitting accuracy of B-GEV.

Energy Conversion and Management 156 (2018) 403-415
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Fig. 5. Empirical annual average wind energy yield (AEY,,,) plotted against average
annual wind energy yield estimated by B-GEV (AEY).

3.3. Technical wind energy potential

Fig. 6a illustrates the global AEY, pattern including permafrost
areas. According to that, 63.6% of the total land area are suitable for
wind turbine installation. In these areas, mean AEY, is 4.9 GW h/yr. At
7.8% of the areas suitable for wind turbine installation, AEY, exceeds

0.08
a Latitude: 42.25°N b Latitude: 41.00°N
Longitude: 87.50°W Longitude: 97.50°E
> 0.06 N -
o ‘-:\; o
o /] L
g /' 5\ VF 1‘5;
Z 0.04- i ] i
=
©
Q0
Q empirical
& 0.021 ——B-GEV 4
0.08
c Latitude: 54.75°S d 0 Latitude:  22.00°N
Longitude: 64.50°W fg '_ﬂ Longitude: 16.75°W
0.06 4 :
2 i
2 /
[}
e
2 0.044 ;
=
©
£
o
a
0.02 4 J
0.00 A= S ey UL L L ey

x (m/s)
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Fig. 4. Probability density functions of Burr-Generalized Extreme Value distribution (B-GEV) fitted to empirical probability density functions (epdf) of wind speed (x) related to grid cells

in (a) the USA, (b) China, (c) Argentina, and (d) Western Sahara.
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Fig. 6. Grid cell-related average annual wind energy yield (AEY,) (a) including and (b) excluding permafrost areas.

10.0 GW h/yr. The Tierra del Fuego or the Midwest of the USA where
the meteorological potential is good to great are only slightly affected
by geographic constraints. Although the meteorological potential of
Greenland is great, wind turbines cannot be installed due to extensive
permanent snow and ice cover.

When permafrost areas are excluded from the AEY, estimation,
suitable areas decrease to 51.7% of the total land area (Fig. 6b) with the
greatest area loss occurring in the northern parts of Russia and Canada.
Other areas lost to permafrost are mainly located in Alaska, China,
Scandinavia, and high mountain ranges. In the non-restricted areas,
mean AEY, is 4.8 GW h/yr.

3.4. Wind turbine installation scenarios

Fig. 7a illustrates annual average wind energy yield per country
under SC1 with WTD = 2%. Under this scenario and wind turbine
density, the wind energy potential in Russia is abundant
(AEYC = 5,024 TW h/yr). Canada (AEYC = 2,762 GWh/yr) and the
USA (2,115TWh/yr) also have great wind resource. In total, 40
countries could generate more than 100 TW h/yr of electrical energy
from kinetic energy contained in the wind. Summing up annual average
wind energy yield per country of the 28 European Union countries in-
cluding Great Britain yields 886 TWh/yr. This amount is less than
AEYC estimated for China (1,629 TWh/yr). In the North African
countries such as Libya and Algeria, substantially more electrical
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energy could be generated from the wind than in countries which are
mainly covered by tropical forests and where AEYC is low. On the
global scale, AEY amounts to 25,648 TW h/yr. Based on the results of
this study and leaving the economic and implementation restrictions
out of consideration, 98 countries could completely (S = 100%) cover
their current electricity consumption (Fig. 7b). When electricity gen-
erated from the wind would be systematically allocated, global S would
be 123.8%.

Since electricity consumption is low and annual average wind en-
ergy yield per country is high, many African countries could completely
cover current electricity consumption by wind energy. Therefore, the
installation of a limited number of wind turbines could greatly improve
electricity supply in areas with no or no permanent access to electricity
[43]. In the USA and China, S is 54.1% and 31.9%. Very low S values
were estimated for the rather small European countries Switzerland
(3.4%), Belgium (8.1%), and the Netherlands (8.4%).

Under SC1 and WTD = 2%, the combination of high AEYC/km? and
low population density results in high wind energy production per ca-
pita. This combination is especially given in Argentina, Canada, and
Russia (Fig. 8). Excluding permafrost areas, the Russian
AEYC = 35.0 MW h/yr/per capita would decrease to 20.7 MW h/yr/per
capita (RussiaSC5). A distinct permafrost-related decrease of AEYC
from 76.9 MW h/yr/per capita to 57.3 MW h/yr/per capita is also es-
timated for Canada (CanadaSC5). Even though the electricity con-
sumption in Russia and Canada is high, both countries could cover
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Fig. 7. (a) Annual average wind energy yield per country (AEYC) and (b) potential to cover current electricity consumption (EC) by wind energy (S) under scenario 1 (SC1) assuming a

wind turbine density (WTD) of 2%.

electricity consumption many times over by systematically utilizing
wind energy. On the other hand, in China, France, Germany, and Japan,
either low AEYC/km? or the large population prevents complete cov-
erage of electricity consumption by wind energy. In Ethiopia, Sudan or
Kenya where AEYC per capita is high and electricity consumption is low
there is a great potential that expansion of wind energy could improve
electricity supply. Although AEYC is below 100 MW h/yr/km? in
Uganda, Nigeria, Myanmar, and Ghana, it is sufficient to completely
cover national electricity consumption.

The presented results demonstrate that the quantification of wind
energy yield strongly depends on the reference quantity. Due to low
electricity consumption and good wind resource (> 200 W/m?), wind
energy is a feasible option for covering current and future electricity
consumption in many African countries.

With its high population density and limited wind energy yield,
Bangladesh has the lowest AEYC per capita of the 50 presented coun-
tries. Despite low electricity consumption per capita, in Nepal and
Bangladesh, electricity consumption cannot be covered by wind energy
because AEYC < 100 MW h/yr/km?>.

The country-specific estimates of WTD under SC1 with S = 100%
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are presented in Fig. 9. In most African countries as well as in Canada,
Russia, Brazil, Argentina, and Australia, WTD < 1% could result in
AEYC = EC. In Mexico, Venezuela, Saudi Arabia, and South Africa,
2% < WTD < 5% is required to cover electricity consumption. In Italy,
Japan, South Korea, and the Netherlands, WTD > 25% is required to
cover electricity consumption.

Fig. 10a displays global annual average wind energy yield and share
of wind energy covering electricity consumption of 2014 under SC1-
SC6 as a function of wind turbine density and installed capacity. Under
SC1-SC5, assuming WTD = 2% and IC = 10.8 TW, current global elec-
tricity consumption could be easily covered. Anticipating a continues
growth of global electricity consumption over the next decades, a one
and a half increase of the current electricity consumption (S = 150%)
will be covered at WTD = 2.5% and IC = 13.5 TW. At the current rate
of increase of electricity consumption [2], S = 150% is reached in the
2030s. Even a sevenfold increase (S = 700%) of current electricity
consumption could be covered under all scenarios by WID < 25%.

An expansion rate equal to ten times the current expansion rate
(~0.58 TW/yr) is required to cover electricity consumption between
the early 2030s (SC1-SC5) and the mid-2040s (SC6). Assuming that
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Fig. 9. Wind turbine density (WTD) at which country-specific average annual wind energy yield (AEYC) equals electricity consumption (EC) of 2014.

electricity consumption also increases over the next decades, it can be
expected that electricity consumption coverage would occur even at a
later time. The great differences between the curves representing SC1-
SC6 emphasize the need for systematic wind turbine siting at national
and global scale to ensure efficient wind energy utilization.

Assuming WTD = 4% and IC = 1.4TW for the USA results in
59% < § < 108% for SC1-SC6 (Fig. 10b). If WTD = 10% and
IC = 3.5 TW, S increases by 147% under SC6 and by 256% under SC2.
The corresponding AEYC for these wind turbine densities vary between

5,759 TW h/yr and 10,020 TW h/yr.

Covering electricity consumption by wind energy in China requires
greater efforts than in the USA (Fig. 10c). For WTD = 7% and
IC = 2.4TW, S varies between 31% (SC6) and 108% (SC2). Further-
more, a systematic siting of wind turbines has a greater effect on AEYC
and S than in the USA.

In Germany, a country which already has installed a large number
of wind turbines, wind turbine density and installed capacity would
have to be at least 14% and 0.18 TW (SC2) to cover electricity



C. Jung et al.
1C(TW)
5 19 32 46 59 73 8 100 113 126
300 000 i - 50 5% 0 B e e e
la 1400%
250 000 - -1 1200%
200000 - 100
3 i
e - 800% .,
E 150 000 A =
S S
I 1 I 600%
<
100 000 A
| - 400%
50 000 - .- 200% | 2000
17 150%
7. 100%
0 — 0%
10 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)
1C(TW)
03 12 21 29 38 46 55 64 72 81
20000 F S - S R Al
1c :
E F 350%
F 300%
— F 250%
< g
r w
E : 200% 5
£ :
< F 150%
F 100%
F 50%
0 —— L 0%
10 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)
1C(TW)
04 12 21 30 39 48 57 66 75 84
32 Ow 1 1 1 1 1 1 1 1 1 6 Om%
1€ - F 5500%
28000 1
] £ 5000%
24000 “E 4500%
] E 4 000%
— 20000 1
< ] F3500%
£ i w
E 16 000 F3000% %
= ] 3
= ] F 2500%
< 12000 -
] £ 2000%
8000 E 1500%
] F 1000%
4000
] 200% e
—150%=200%.
 em—m——nte——— 0%
10 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5

WTD (%)

Energy Conversion and Management 156 (2018) 403-415

1C(TW)
03 12 21 30 38 47 56 65 7.3 82
25 000 1 1 1 1 1 1 1 1 1 [
] [ 600%
20000 1 [ so0%
P 1 L 400%
S 15000 I
E ] Fo@
E ] r =
= ] F 300% 2
% 10000 ; ;
1 F 200%
5000 [
F 100%
0 ——————+—"L 0%
10 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)
1C(TW)
0.01 0.05 0.08 0.11 0.14 0.18 0.21 0.24 0.27 0.31
1 660 A Y i e G
d L 180%
800 150%
- L 120%
{. 600' L
5 @
E L oo% X
% 4001 I
L 60%
200 '
L 30%
0 ————+Llox
1.0 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)
1C(TW)
06 22 37 53 68 84 99 115 13.0 146
43000 S e e G sl e
40 000 -
32000 -
Z
< B
£ 24000
5 ]
w
< 4
16 000 -
8000 -
] £ 500%
- L
1509 200%
0 100%=———"—— 0%

1.0 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5

WTD (%)
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consumption (Fig. 10d). Assuming a random siting of wind turbines
(SC6), Germany’s current electricity consumption can only be covered
by WTD = 22.5% and IC = 0.29 TW.

In Canada, electricity consumption can easily be covered assuming
WTD = 1% and IC = 0.36 TW in all scenarios (Fig. 10e). Excluding
permafrost areas, only 15.5% of Canada’s area remain for wind turbine
installation (SC5). However, this still allows utilizing nearly 18 times
more wind energy than Canada’s current electricity consumption.

A similar situation can be found in Russia (Fig. 10f). By realizing
wind energy at WTD = 1% and IC = 0.62TW, the current Russian
electricity consumption could be covered under all scenarios without
any difficulty. Even though the assumption of SC5 reduces the area of
Russia suitable for wind turbine installation to 21%, the remaining area
would be sufficient to provide more than 25 times Russia’s current
electricity consumption.

In Fig. 11, the global SR pattern is shown for WID = 2%. In Co-
lombia, Chile, and Indonesia SR > 450%. In countries such as Greece,
Turkey, Peru, Cameroon, and Papua New Guinea, SR > 400%. In these
countries, wind turbines should be systematically sited in areas where
AEY is high. In Australia, the USA, and Canada, SR varies between
162% and 190%. This indicates that systematic wind turbine siting
could considerably increase AEYC. In Puerto Rico, Bahrain or Jamaica,
effects of the wind turbine siting strategy are of minor importance
(SR = 100%).

The available spatial resolution of the wind data prevented a more
detailed analysis of SR at smaller spatial scales. Especially, in countries
with complex terrain, the use of high-spatial resolution (e.g.
50m x 50m) wind speed data [44] would most probably lead to an
increase of SR because the difference between the systematic SC1-re-
lated siting strategy and the random SC6-related siting increases.

Under SC1-SC5, global mean CF is always higher than under SC6,
regardless of WTD (Fig. 12a). At WTD = 1.0% and IC = 5.4 TW, global
CF varies between 0.26 (SC5) and 0.30 (SC2). This is due to the fact that
under SC1-SC5 wind turbines are first installed at sites where AEY is
highest. Therefore, a further increase in WTD reduces CF due to addi-
tional wind turbine installation at sites with lower AEY. This also entails
that wind turbines, which are installed at a later expansion stage, al-
ways achieve lower AEY as wind turbines installed at an early expan-
sion stage. For WTD = 4.0% and IC = 21.5 TW, CF would decrease to
0.22 (SC5) and 0.27 (SC2). The random wind turbine siting under SC6
ultimately results in global mean CF presenting mean CF of all non-
restricted land areas (0.13), independent of WTD.

In the USA, average CF resulting from random wind turbine siting
equals to 0.19 (Fig. 12b). Under SC1-SC5, the greatest decrease of CF

[ oo
™[ 100-125

[ 1125150
[150-200

-~ 200250
© [250-300
I 300-350
I 350-400
I 400-450
Il 450-550 R

Energy Conversion and Management 156 (2018) 403-415

occurs up to WTD = 3.5%. Over the entire WTD range, CF remains
above 0.25.

In contrast, under SC6, average CF calculated for China is rather low
(0.08) (Fig. 12c¢). All systematic installation scenarios result in con-
siderably higher CF even at highest WTD. Under SC2, CF is highest over
the simulated WTD range. Beginning with WTD > 6.5%, it is more
efficient to install wind turbines under SC2 and SC4 than under SC1 and
SC3.

Under SC6, average CF of Germany is 0.21 (Fig. 12d). This is much
lower than CF under SC1-SC5, especially at low WTD. At WTD = 1.0%
and IC = 0.01 TW, CF varies between 0.39 (SC3) and 0.43 (SC2) which
means that CF under all systematic wind turbine installation scenarios
is nearly twice as high as under SC6. At WTD = 25.0% and
IC = 0.33 TW, CF decreases to approximately 0.25 in SC3.

At low WTD, CF calculated for Canada (Fig. 12e) and Russia
(Fig. 12f) is about 0.45 under SC1-SC4. These high CF values result
from large areas in the northern parts of Canada and Russia where the
wind resource is abundant and allows for extensive wind energy utili-
zation. However, excluding permafrost areas leads to a substantial re-
duction in CF. In Canada, CF reaches its minimum (0.19) at
WTD = 15.5% under SC5 which is even below CF related to SC6. This
implies that at WTD = 15.5% maximum installed capacity is reached.
In Russia, maximum installed capacity is reached at 21.0% with
CF = 0.22 still being above CF related to SC6.

3.5. Limitations

The results obtained in this study are presented for installation
scenarios under current conditions. However, the factors that determine
wind energy utilization such as the wind resource, surface properties,
and wind turbine technology are dynamic. It is clear that future changes
of these factors imply changes of the future wind energy potential.
Furthermore, the wind energy generation is compared to electricity
consumption of 2014. However, electricity consumption strongly varies
as a function of socio-economic variables including gross domestic
product, energy imports and exports, and population. Moreover, the
growing importance of demand side management also influences elec-
tricity consumption [45]. Thus, the estimated S values only reproduce
the current technical wind energy potential to cover electricity con-
sumption.

Other factors, which include economic and implementation re-
strictions were not considered in this study, also influence the utiliza-
tion of wind energy. Among these factors are costs incurred from in-
stallation, long-distance electricity transmission, and storage.

Fig. 11. Global pattern of the scenario ratio (SR).
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Furthermore, systematic wind turbine installation involves giving
priority to wind energy development over other land uses. Conflicts

et al.

Ic(TW)
54 19 32 46 59 73

86 100 113 126

Energy Conversion and Management 156 (2018) 403-415

Ic(TW)
03 12 21 30 38 47 56 65 7.3 82

a

b

1.0 35 60 85 11.0 13.5 16.0 185 21.0 23.5 10 35 60 85 11.0 13.5 16.0 18.5 21.0 235
WTD (%) WTD (%)
1C(TW) 1C(TW)

03 12 21 29 38 46 55 64 7.2 81 0.01 0.05 0.08 0.11 0.14 0.18 0.21 0.24 0.27 0.31

C

d

10 35 60 85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)

1C(TW)
04 12 21 30 39 48 57 66 7.5 84

85 11.0 13.5 16.0 18.5 21.0 23.5
WTD (%)

1C(TW)
68 84 99 115 13.0 14.6

1.0 35 6.0 85 11.0 13.5 16.0 18.5 21.0 235
WTD (%)

10 35 60 85 11.0 13.5 16.0 18.5 21.0 235
WTD (%)

energy.

with wildlife, sound and visual impacts caused by operating wind
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Fig. 12. Capacity factor (CF) as a function of
wind turbine density (WTD) and installed ca-
pacity (IC) for (a) the world, (b) the USA, (c)
China, (d) Germany, (e) Canada, and (f) Russia.

turbines might also limit the acceptance of efficiently harvesting wind
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4. Conclusions

The simulation results suggest that the current expansion rate of
onshore wind energy is not sufficient to cover global electricity con-
sumption in a reasonable timeframe. However, systematic wind turbine
siting and electricity allocation, coordinated at national and interna-
tional levels, could substantially improve the availability of wind en-
ergy. On the global scale, matching electricity consumption could be
possible if all countries would install wind turbines at 2% of their area.
It is furthermore reasonable to assume that the findings of this study
help to prioritize areas at national and global scale which are especially
suitable for wind energy utilization. The range of annual average wind
energy yield per country estimates is assumed to be valuable informa-
tion for decision support with respect to future development of wind
energy expansion. Yet, the expansion of wind energy in the in-
dustrialized countries takes place under different conditions as in many
developing countries. In a large number of developing countries, the
construction of a functioning electricity grid and access to affordable
modern energy services are still the greatest challenges [46]. By con-
trast, in many industrialized countries the conversion of electricity grids
and the efficient integration of wind energy into the existing energy mix
of must be improved.

To develop the proposed approach further, it is suggested to in-
crease the spatial resolution of the analysis [47] and to include more
subnational and regional features, constraints, and incentives into the
scenarios.
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