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Abstract: In the carbon-neutral scenarios fixed by most developed countries, wind and solar resources
play a significant role due to their substantial potential. Their instability can be mitigated through
smarter designs of energy systems, including sector coupling and cross-border interconnections,
which require detailed information on the spatial and temporal evolution of these intermittent
resources. The present study aims at estimating the spatial–temporal energy potential of wind in
Japan based on meteorological weather data. These data allow to analyze the potential of resources
sharing to reduce power generation’s lack and excess, even in such an isolated country due to its
variety of climate conditions and local energy demand. The correlation skewness is introduced as a
measure of the sites’ uniqueness to identify important sites for the spatial distribution of capacity
toward the efficient stabilization of supply at a national scale in a model-free fashion.

Keywords: wind potential; spatial–temporal analysis; cross-border; Japan

1. Introduction

The interest in energy systems started in the mid-1970s when modeling was employed
for energy planning to respond to the oil crisis [1]. Today, researchers are working on
improving our energy systems by solving the trilemma between affordability, security,
and environmental sustainability toward a carbon-neutral society in order to mitigate
climate change. It is widely accepted that wind and solar resources play a crucial role
in decarbonizing energy systems because of their substantial potential, yet they suffer
from being highly unstable [2]. Straightforward strategies to integrate these resources
include the synchronization of demand with energy generation through demand-side
management and price incentives [3,4], or the storage of excess generation, although
current electrical batteries are costly and have a non-negligible environmental impact [5].
Other solutions consist of smarter energy systems’ designs to improve their efficiency and
flexibility through the interconnection of energy sectors on both the supply and demand
sides (sector coupling) [6–8], and the cross-border interconnections between countries and
regions [9,10]. The latter takes advantage of the chaotic nature of air flows resulting in a
loss of coherence between air masses as the distance between them increases [11].

Sector coupling and cross-border network analysis and design require detailed and
accurate information on the spatial and temporal evolution of energy production and
demand, especially when considering the systems’ complexity [12] and their evolution
toward decentralized systems [13,14]. In addition, such data are necessary to the develop-
ment of machine learning models for the management of energy systems with increasing
complexity [15].

While European countries or American states can undoubtedly benefit from the
interconnection grid on a large scale for the temporal smoothing of wind and solar energy
production, other countries, like Japan, are more isolated and must rely on local energy
generations to replace the current importations of fuel resources [16]. Japan offers an
interesting case study for multiple reasons in addition to this geographically isolated status.
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It is a developed country with high energy demand due to its high population density; it
gathers a variety of environmental conditions resulting in high disparities between regions’
energy demand and potential production from local resources; it requires special care for
energy systems’ resilience because of the frequent and difficultly predictable typhoons and
earthquakes, as well as annual heatwaves.

There have been reports on Japan’s high wind potential [17], but the lack of nationwide
data combining high spatial and time resolution impairs the development and analysis
of sector coupling and cross-region solutions. Indeed, studies have so far been limited
to either the total potential on large scales, thus ignoring the characteristic intermittent
fluctuations of wind, or the potential at small scales with higher temporal resolution from
onshore sensors [18]. In particular, the offshore wind potential has only been assessed from
the average wind speed [17], in specific regions [19], or from sparse coastal sensors offering
poor spatial resolution and questionable far from shore estimations [20].

In an effort to fill this lack of data, the present study uses meteorological data to
estimate the onshore and offshore wind energy potential in Japan with a high spatial and
temporal resolution following the methodology already applied and accepted in other
countries [21,22]. Using the produced data paired with electricity demand data from local
power supply companies, we analyze the cross-region interconnecting potential to mitigate
generation instabilities. Lastly, we introduce the correlation skewness as a data-driven
measure to quantify the sites’ importance toward the efficient supply stabilization with
limited capacity.

2. Materials and Methods
2.1. Data

We use the wind U and V velocity components data at 10 m altitude estimated by
the Japan Meteorological Agency Numerical Weather Prediction Meso-scale model [23].
The model provides 39 h forecasts every 3 h with a time and spatial resolution of 1 h and
5 km, respectively. For best accuracy, the data are organized in series of initial values every
3 h, with the intervals between filled with 2 h of forecast values [24]. Finally, missing
data are filled using linear interpolation. MERRA-2 [25] and ERA5 [26] might provide
more accurate time estimations but currently have a lower spatial resolution than Japan
Meteorological Agency’s model.

2.2. Wind Potential Estimation

The wind magnitude v in m·s−1 is first calculated at 10 m altitude from

v10 =
√

U2 + V2, (1)

then estimated at a given altitude h in meters using the wind gradient formula

vh = v10

(
h

10

)α

, (2)

with α the Hellmann exponent varying with ground terrain shape. The α values used for
different land cover types are summarized in Table 1 [27]. We use the land cover data
provided by the Japanese Ministry of Land, Infrastructure, Transport, and Tourism [28]. α
values are first attributed to each land cover type according to Table 1, then converted to
the wind speed data meshes coordinates using 2-dimensional linear interpolation. Figure 1
shows the resulting α map. The unknown land cover regions correspond to the subtropical
Ogasawara islands, which are considered for our analysis. Although the variation of
Hellmann exponents is expected [27] with seasonal terrain modifications, such as deciduous
trees losing their leaves or snow falls, the exponents are considered constant here.
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Table 1. Considered Hellmann exponents α for different land cover types.

Land Cover Type α

Water bodies, snow, and ice 0.1
Grasslands 0.15
Shrublands 0.2
Forests 0.25
Cities with tall buildings 0.4
Unknown 0.14

Figure 1. Map of α values used for the wind gradient estimation. (Color online.)

Finally, the wind speed is converted to energy potential P in watts using the theoretical
formula

P =
1
2

ρAv3Cp, (3)

with A being the area covered by the rotors with length r of the theoretical wind turbines, Cp
the coefficient of performance, and ρ the air density taken constant and equal to 1.23 kg/m3.

We consider different wind turbines for the onshore and offshore area, which pa-
rameters are summarized in Table 2, resulting in power curves shown in Figure 2. The
rotors’ length and coefficients of performance were selected to reach realistic rated powers
while keeping realistic dimensions with respect to currently commercialized onshore and
offshore types wind turbine models [29,30]. The offshore area is defined as the water bodies
area in the land cover data, which includes large onshore lakes (larger than 5 km2).
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Figure 2. Power curves for the considered offshore and onshore theoretical wind turbines.

Table 2. Theoretical wind turbines parameters.

Onshore Offshore Units

Cut-in speed 3 3 m·s−1

Rated speed 15 15 m·s−1

Cut-out speed 25 25 m·s−1

h 75 100 m
r 35 50 m
Cp 0.4 0.4 1

2.3. Analysis Methodology

The spatial–temporal continuity and high resolution of these data allow for detailed
analysis and visualization, such as the correlation of wind potential temporal fluctuations
between sites, which was so far limited to sparse onshore data or spatially rough offshore
estimates.

However, when analyzing the benefits of cross-region sharing from the estimated
wind energy potential and actual electricity demand, it is necessary to define demand area
based on governmental borders. Currently, available energy demand data with similar
hourly time resolution only consists of the electricity demand per region from the major
electric power supply companies [31].

The offshore area is limited to less than 30 km distance from coast and 200 m depth,
and excludes marine park areas [32] granted that they have a non-negligible size compared
with the meshes. Each mesh is allocated to the closest region calculated from the great-circle
distance given by the Haversine formula

d = 2R arcsin

(√
sin2

(
ϕm − ϕb

2

)
+ cos ϕb cos ϕm sin2

(
λm − λb

2

))
, (4)

with R the earth average radius equal to 6371 km, (ϕm, λm) the longitude and latitude
coordinates of the meshes center, and (ϕb, λb) the coordinates of the vertexes along each
region borders. The considered onshore and offshore areas, as well as the meshes allocation
result, are shown in Figure 3. Disputed territories are not included.
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Figure 3. Potential sites for wind turbines installation and allocation to each Japan regions.
(Color online.)

3. Results and Discussion
3.1. Spatial–Temporal Wind Potential

To demonstrate the accuracy of the data used in this study, we compare the average
wind speed per hour estimated at 140 m altitude from 2007 to 2020 with the currently
accepted data used by the Japanese Ministry of Environment at the same altitude covering
the period from 1995 to 2014 [32,33]. Although the time spans are different, we assume that
the respective periods of 13 years and 19 years are long enough with respect to the typical
wind speed stochastic fluctuations, and that the impact of climate change on wind in Japan
between 1995–2006 and 2016–2020 periods have a small enough effect on the total average.
Figure 4 shows this average wind speed map which is similar to the current estimations.

Figure 4. Average wind speed per hour at 140 m over the 2007–2020 period. (Color online.)
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Figure 5 shows an example of the wind energy potential map on the day of 13 August
2019 at 11 a.m. with the typhoon Krosa of that year. The colors are displayed following
a 1/3 power law to compensate the cubic value of wind speed in equation 3 and better
distinguish zero from non-zero values. One can notice the energy potential dropping to
zero between the typhoon eye and borders due to the wind speed exceeding the cut-off
value of 25 m·s−1. The spatial–temporal evolution for 2019 is available in video format as a
supplementary material.

Figure 5. Wind energy potential on 13 August 2019 at 11 a.m. showing the typhoon Krosa of that
year. (Color online.)

3.2. Cross-Region Sharing Benefits Analysis

Using the estimated data, we analyze the potential benefits of Japan’s characteristic
climate diversity for the stabilization of wind power generation and the ability to satisfy
the not less diverse regions’ electricity demand.

Figure 6 shows the probability distributions of the individual meshes wind energy
potential limited to the onshore and offshore area defined in part 2.2 compared with the
total potential distributions over the year 2019. The time-series are normalized by their
maximum values rather than the rated powers as for the capacity factor, which could
statistically never reach 100% in the total cases. One can see that the individual meshes
energy potential oscillates between their minimum 0 and local maximum 1, with few low
intermediate values following a power decay fashion. This could translate into either
a lack or an excess of power generation resulting in the turbines’ curtailment without
considering interconnections. Note also that onshore potential consists mainly of 0 with
rare occurrences of the local maximum values. However, he total potential shows drastically
reduced occurrences of these extremes, allowing the effective mitigation of both lack and
excess production for a more stable supply. Notably, the total onshore potential, while still
low, allows for constant positive power generation.
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Figure 6. Probability distributions of normalized wind energy potential for (a) onshore, (b) offshore
area.

To verify this mitigation of lack and excess production, we compare the hourly poten-
tial power production with the electricity demand data of 2019 [31]. Figure 7 shows the
relative hourly difference between wind power supply and electricity demand for each
region organized in descending order assuming one wind turbine per km2. The difference
is calculated as

Relative electricity balance =
Potential − Demand

Demand
. (5)

Both onshore and offshore area are considered here but onshore has a negligible effect
on the results as one can judge from Table 3 summarizing the total potentials for each
region in 2019.

HokkaidoTohoku

Kanto

Chubu

Hokuriku

Kansai

Chugoku

Shikoku
Kyushu

Okinawa

−

Figure 7. Per region and total relative electricity balance over time in 2019 sorted by descending
order values.
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Table 3. Theoretical total wind energy potential compared with actual electricity demand per region
in 2019.

Offshore (TW) Onshore (TW) Demand (TW)

Hokkaido 541.9 59.8 30.5
Tohoku 315.2 50.9 81.7
Kanto 99.3 15.6 285.3
Chubu 60.4 18.2 134.2
Hokuriku 144.7 18.9 29.2
Kansai 90.1 13.9 144.6
Chugoku 185.4 13.5 60.2
Shikoku 112.9 9.1 27.0
Kyushu 238.9 31.6 84.7
Okinawa 35.6 7.7 8.1

Total 1824.4 239.2 885.5

Three groups can be identified here. Kanto, Kansai, and Chubu, the most highly
populated regions, have a positive electricity balance for around 20% of the time. Hokkaido,
on the opposite end, stands out from the other regions with a significant positive electricity
balance over 99% of the time due to its vast, primarily unoccupied area having a high wind
potential. The remaining regions show a positive electricity balance around 80% of the time.
The lack of power supply never not exceed one time the demand for all regions while the
excess production can reach ten times or even a hundred times the local electricity demand
in Hokkaido. The total energy balance indicates that sharing wind resources on a national
scale can effectively mitigate power generation instabilities. It allows to maintain a power
supply 80% of the time while still significantly reducing the excess production.

These results point toward the theoretical possibility of Japan energy systems having
electricity supply based on wind resources exclusively (granted the integration of storage
devices), even with smaller installed capacity, and despite the very restrictive offshore
area, as well as the relatively low rated powers, compared with emerging more efficient
turbines [30]. Moreover, one could expect that a non-homogeneous, smarter capacity spatial
distribution would match if not further improve the generation stability with smaller total
installed capacity. In the following, we analyze the importance of each site to support this
capacity allocation problem.

3.3. Sites Importance

The stabilization of wind power generation through large scale sharing results from
the production fluctuations of local sites decorrelating with distance. For this reason, many
studies try to evaluate the typical correlation length using decay models [11].

Figure 8 shows an example of this wind potential correlation decay in Japan from a
reference site placed offshore indicated by a cross. The Pearson correlation is used here with
eventual negative values set as zero. In Figure 8a, one can see that sites close to the reference
site tend to be highly correlated with it while farther sites increasingly loose correlation.
However, this correlation is not equally distributed in space as assumed in the correlation
length calculations, which solely consider the distance between sites. Some sites close to the
reference one appear indeed less correlated to it than others farther away. The decay seems
influenced by the nature of the terrain, such as mountains or water bodies. This is not caused
by the potential estimation method as the Pearson correlation includes a normalization of
the data and similar observations were made on the original wind speed data.

Figure 8b shows the corresponding correlation probability distribution, excluding
the reference self-correlation value of 1. As a result of the overall correlation exponential
decay with distance, the distribution appears skewed with its peak on the left of the mean.
Since the stabilization of global power generation directly results from the correlation
exponential decay with distance causing the skewness of its probability distribution, we
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introduce the skewness coefficient as a measure to quantify the sites’ importance toward
an efficient temporal smoothing. It can be defined as

s =
E(c − c̄)3

σ3 , (6)

with E(x) the expected value of x, c the correlation values excluding the reference self-
correlation, and σ the standard deviation of c. A negative skewness indicates that the
values distribution’s peak is right to the mean or that the distribution is skewed to the
left, which is not expected in the present case. A zero skewness indicates a symmetrical
distribution. A positive skewness indicates that the values distribution’s peak is left to
the mean or that the distribution is skewed to the right. For example, the skewness of an
exponential probability density function is equal to 2.

0 0.2 0.4 0.6 0.8 1
Correlation
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0.02
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P
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b) Correlation probability distribution
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Figure 8. Example of wind power production spatial correlation with the reference site indicated by
a cross in (a,b) the corresponding probability distribution.

The higher the skewness, the more sites are weakly or uncorrelated with the reference
site. This measure can then be interpreted as a quantification of the sites’ uniqueness among
all potential sites and offers several advantages. It can be calculated directly from the data
without prior assumptions, contrary the correlation length which rely on decay models.
Furthermore, while the correlation length should be similar for all sites, the correlation
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skewness depends on the correlation between actually available sites, accounting for their
location with respect to the global territory rather than the distance between them.

Figure 9 shows the correlation skewness map for the year 2019. With no surprise, the
Okinawa region has the highest values due to its most isolated location. High correlation
skewness can also be found at the two extremes of Japan, near southern Kyushu and
northern Hokkaido, for the same reason. Less trivially, the Kanto region, western Hokuriku,
and northern Chugoku also appear to be poorly correlated with other locations. These
regions should play a significant role in the temporal smoothing of wind power generation.

Because the correlation calculation gives information on the potential fluctuations
only, we also compute the average energy potential as shown in Figure 10. Except for
western Hokuriku, the offshore part of identified regions with high correlation skewness
also appear to have a high energy potential. Although showing small correlation skewness
values, the offshore northern area of Tohoku stands out with the highest energy potential.
These results were confirmed to be consistent with different years.

Figure 9. Correlation skewness coefficient map for the year 2019. Similar results were obtained for
different years.

Figure 10. Average potential wind power production (per hour) over the year 2019. Similar results
were obtained for different years. (Color online.)
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4. Summary

The instability of energy production from wind and solar renewable resources can
be mitigated through cross-region sharing on large scales between European countries or
American states in low-carbon emissions scenarios. Japan, on the other hand, must primar-
ily rely on its local resources. While its high wind energy potential has been demonstrated,
studies accounting for the spatial–temporal wind variations have been limited by the lack
of data with sufficient spatial or temporal resolution, especially offshore due to the lack
of sensors. The present study aimed at filling this lack and analyze the self-sustainability
potential of this geographically isolated country with a great diversity of climates and
frequent extreme weather events.

Based on past meteorological data from the local national agency, the wind energy
potential was estimated with high spatial and temporal resolution. From this estimation, we
could demonstrate the effectiveness of wind resources global sharing in Japan for mitigating
both under-supply and over-supply resulting in turbines curtailment. Theoretically, it was
confirmed that past electricity demand could be satisfied by wind power around 80% of the
time despite the restricted considered area and turbines efficiency, which could be further
extended with the integration of storage devices and smarter capacity spatial distribution.
Although the onshore wind potential estimation could be improved by applying land
suitability factors for each region, its potential is negligible compared with offshore and
should not impact the conclusions. Finally, defining the correlation skewness as a measure
for quantifying the uniqueness of sites’ power generation fluctuations allowed us to identify
important regions toward the stabilization of global power generation, which should help
in the capacity allocation problem.

Future research directions include considerations on wind direction [34,35], more
accurate wind gradient estimation including seasonal terrain variations and from on-site
measurements, paired analysis with solar resources, the capacity allocation for efficient
and resilient supply, and scenario analysis using past wind data with prospected future
electricity demand.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-107
3/14/8/2168/s1, Video S1: Spatial–temporal evolution of wind potential in 2019.
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