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OILIEHKA PECYPCOB ]}OJIHOBOI?'I OHEPI'NN BA.]ITI(IiICKOI‘O MOPA
N ITPUBPEXHOUN 30HbI KAIMHUHTPAICKOU OBJIACTHA

Cratbs noctynuia B peaakiuio 07.08.2018, nocie nopadorku 25.03.2019

Ha ocHOBe maHHBIX PETPOCIEKTUBHBIX PAcYeTOB MapaMeTPOB BETPOBOTO BOJIHEHHUS IMpOBedeHa OlleHKa
pecypcoB 3Hepruy BeTPOBBIX BOJIH B bantuiickom Mope. PacueThl mapamMeTpOB BOJHEHUsI BBHIMTOJHEHBI C TTOMOIIBIO
criekTpaiabHoit Mmomenu SWAN u maHHbIX 0 Berpe u3 peaHanmu3a NCEP/CFSR (CFS2) 1979—2015 rr. Pacuetnr
MPOBOIMIUCH Ha IPSIMOYTOJIbHOM ceTke 0.05°. BbUTH MosTydeHbl KapThl pacipeaeIeHIsT CPeTHEMHOTOJETHE ! MOIITHOCTH
3HEPTrUU BETPOBBIX BOJH Ha MeTp (hpoHTa BOJIHKI 3a niepuon 1979—2015 rr. Ee MmakcuMasbHble 3HAUEHUST TOCTUTAIOT
6—6.5 kBT/M 1 pacrojioxkeHbl B IEHTPAIbHON U I0T0-BOCTOYHOM YacTsax banatuiickoro Mopst, st IpruOpexkHON 30HbBI
KanuHuHrpaackoit ob6aacti oHu cocTaBisioT 3—4 KBt/M. [IpounsBeneH aHaI13 CE30HHON M MEXTOIOBON M3MEHIMBOCTH
MOIIIHOCTU BOJHOBOU HEPTUM IJIsI ABYX TOYEK, PACIOJOXEHHBIX B OTKPBITOM MOpPE W B MPUOPEXHOI 30HE I0T0-
BocTouHol bantuku. HanGoJblive mokasatei IpuypodeHbl K OCEHHe-3MMHEMY Mepruoay, HauMeHbIIMe — K BeCeHHe-
JieTHeMy. PaccuuTaHbl TOKas3aTelu CPeIHEMHOTrOJIeTHe 00eCrieYeHHOCTH BOJHOBOM 3HEPIUU IS HECKOJbKHUX
MOPOTOBBIX KpUTepreB. Tak, 06ecrnedyeHHOCTh BOJIHOBOW 9HEPTUH C TIOPOTOBBIM 3HaYeHUeM | KBT/M 1is lIeHTpaibHO
yacTh Mops cocTaBisger 55—60%.

Kuiouesslie ciioBa: BojiHOBast 3Heprusi, banTtuiickoe Mope, MOIITHOCTh BOJTHOBOM SHEPTUM, MOACIUPOBAHUE BOJHEHUS,
Kanununrpanckas oo6nacts, SWAN, o6ecriedueHHOCTb BOJTHOBOIT SHEPIUed.
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Based on the data of numerical simulations of the wind wave parameters, the wave energy resources of the Baltic Sea
were estimated. Calculations of the wave parameters were performed using the SWAN spectral model and the wind data of
NCEP/CFSR (CFS2) reanalysis from 1979 to 2015. The simulations were realised using a rectangular grid with a spatial
resolution of 0.05°. The maps of the average annual wave energy flux for the period 1979—2015 were plotted. The maximum
values of which reach 6—6.5 kW/m and appear in the Baltic Proper and in the South-Eastern Baltic. For the Kaliningrad
Region, the wave energy flux is 3—4 kW/m. The analysis of the seasonal and interannual variability of the wave energy
flux for two points located in the open sea and in the coastal zone of the South-Eastern Baltic was carried out. Season-
al variability of the wave energy flux is very high: the energy flux in the winter months is several times greater than in the
summer period. The average long-term probability of exceedance of the wave energy for several thresholds was calculated.
The probability of exceedance of the wave energy with a threshold 1 kW/m in the Baltic Proper is 55—60%.

Keywords: wave energy flux, Baltic Sea, wave power, wave modelling, Kaliningrad Region, SWAN, probability of
exceedance of wave energy.
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Introduction. Currently, there is an abundance of studies devoted to renewable energy sources. [1—4].
In particular, attention is paid to the studies of the sea and ocean wave energy [5—8]. Power which propagate
by sea waves (“wave energy flux”) is the energy flow through a vertical strip of a unit width and infinite depth,
perpendicular to the direction of propagation; while energy flux value is measured in kW per unit of wave-crest
length (kW/m). Compared with wind and solar energy, wave energy has a much higher surface power densi-
ty [2]; therefore, the study of wave energy resources is a pressing challenge. The distribution of wave energy is
heterogeneous spatially and temporally. Designing energy systems or devices for a specific water area, driven
by wave energy, requires detailed calculation or experimental data of the parameters of waves in a selected area.
Since the 1990s, mathematical modelling methods have been applied for wave energy estimation with the use
of various meteorological reanalyses [9—12].

The Baltic Sea wave climate is a focus of numerous studies that consider both the whole sea and its sepa-
rate regions [13—21]. For the wave climate of the Baltic Sea increased storm activity in the autumn-winter
months, a high spatial and temporal heterogeneity of wind waves, and a predominance of relatively short and
steep waves are characteristic [13, 17]. The annual average significant wave height in the Baltic Proper reach-
es 1.2—1.3 m [17, 18, 21]. Here, significant wave height (/) is defined traditionally as the mean wave height
(trough to crest) of the highest third of the waves. The major part of storms comes from the west, while H,, in
this case, increases up to 5—6 m [12, 16, 17, 22]. The maximum H, was observed during the Gudrun hurricane
in 2005 and, according to various estimates, amounted to 8—9 m [14, 23].

It is difficult to compare wave energy resources of the Baltic Sea with, for example, energy of the Ba-
rents or Okhotsk Seas, where the annual average wave energy flux can reach 20—25 kW/m [2]. According
to [2], the average wave energy flux in the Baltic Sea are 7—8 kW/m. However, there is a great interest to
the study of wave energy flux in the Baltic Sea, because developed countries have access to this sea, and
a large number of potential consumers of wave energy are concentrated in the area [4, 24]. For example,
in Denmark, an experimental wave converter with a capacity of 500 kW [25] was launched in operation.
Displacement of sediments and coastal erosion are also associated with wave energy, which is a compelling
issue for the Baltic Sea [26, 27].

General estimates of the wave energy flux in the Baltic Sea are presented in [22]. According to the authors’
calculations, the average annual wave energy flux for the Baltic Proper reaches 5—6 kW/m [22].

For the east coast of the Baltic Proper, the average wave energy flux over a 37-year period is about 1.5 kW/m
(up to 2.55 kW/m) according to estimates in [24, 28]. As for the interior of the Gulfs of Finland and Riga, the
values are 0.7 kW/m. In total along the coast, the energy resources of the waves for the entire eastern coast of
the Baltic Sea are about 1.5 GW [28].

An analysis of the wave energy flux distribution in the coastal zone of Lithuania was presented in [11, 29].
The average annual wave energy flux there is 1.21 kW/m. In the autumn-winter season, it is more intense
~1.4—2.4 kW/m, and in spring and summer, it is ~0.7—0.9 kW/m.

The present study provides an analysis of the seasonal and inter-annual variability of the wave energy flux
for the Baltic Sea, and in more detail for the coastal zone of the Kaliningrad Region based on a continuous
wave reanalysis for the period 1979—2015. The probability of exceedance of wave energy flux was calculated for
the threshold values of 0.5, 1, and 2 kW/m.

Data and methods. To estimate the wave energy flux, we used the wave parameters’ calculation data for the
Baltic Sea, simulated by the SWAN spectral wave model [30] for the period 1979—2015. The calculations were
performed on a rectangular grid with a resolution of 0.05°. The results’ output time step was 3 hours. The wind
data for wave modelling were obtained from the NCEP/CFSR reanalysis (1979—2010) with a spatial resolu-
tion of ~0.3° [31] and NCEP/CFSv2 (2011—2015) reanalysis with a resolution of ~0.2° [32]. The time step
in these reanalyses is 1 hour. The transition from one reanalysis data to another was executed in the following
way: — the NCEP/CFSR reanalysis data for the last 3 days of 2010 was interpolated onto a grid with a 0.2°
step corresponding to the NCEP/CFSv2 reanalysis. Further, the calculation was made on the wind fields data
with a step of 0.2°, starting from December 29, 2010, to December 31, 2015. A more detailed description of the
configuration of the wave model is given in [15, 16, 33]. As was shown in [33], the wave heights calculated on
the NCEP/CFSR reanalysis data are in a good agreement with the field data (the correlation coefficient is 0.93,
and the root mean square error is 0.37 m), as the systematic error (Bias) is small, therefore, the wind data didn’t
undergo any specific adjustments. For example, the study [34] for the Black Sea, reported that the distribution
of the systematic error for NCEP/CFSR reanalysis is notably erratic in space and time, and the correction im-
plementing, in fact, degrades the results of wave simulation. The quality of wave parameters’ simulation in the
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case of lengthy NCEP/NCAR reanalysis is significantly lower: the root mean square error is 0.71 m, and the
correlation coefficient is 0.82 [14, 33], therefore this reanalysis was not used.

The wave energy flux (P, kW/m) is calculated in the model for each node of the computational grid using
the equation:

P2=Px2 + Py, (1)

where Px = pg f f CxE(o, 0)dodd; Py = pg f f CyE(c, 0)dod6, p — water density, g — acceleration of gravity,
E(oc, 6) — wave energy in spectral space, 0 — wave energy frequency; 6 — wave energy propagation angle;
Cx, Cy — wave group velocities in space x, y.

The wave energy flux has a direction and it is a vector quantity. However, because of strong variability, it is
necessary to take recourse to the variable averaging over a certain time window (month, year or longer). The
average direction of the wave energy flux was not considered in this article since this indicator is not critical in
the context of the energy resources assessment. A more accurate approach in analysing the energy distribution
direction considers specific storms, which is not part of this study objective.

Next, the average values of H,, length, wave period and wave energy flux for the entire period (37 years)
were calculated. The inter-annual averages of energy flux were also calculated separately for each month. For
two points in Kaliningrad water area, the wave energy flux averages for each year and inter-annual averages
for each month from 1979 to 2015 were estimated. These indicators allow the estimation of its seasonal and
inter-annual variability. For the wave farm construction, the most important is to have data on the stability of
the wave energy flow over time. For these purposes, the probability of exceedance of wave energy was calculated
for the threshold values of 0.5, 1, 2 kW/m per unit of wave-crest length. Probability of exceedance is the ratio
of the number of values when the wave energy flux exceeds a predetermined threshold to the total number of
terms of the entire series [9, 35]. Thus, the probability of exceedance of wave energy for the threshold «more
than 1 kW/m» is calculated by the equation (2):

Oy = m/n - 100, )

where m is the number of values from the series when the wave energy flux exceeded 1 kW/m per unit of wave-
crest length, n — total.

Probability of exceedance of wave energy varies in space and is calculated for each node of the compu-
tational grid. Calculations were carried out for the entire series, and also for particular months of the period
(1979-2015).

Due to the fact that for the parameters’ modelling of the waves, the presence of ice in the Baltic Sea was
not taken into account, the average long-term maps for the Bothnian and Gulf of Finland appear to contain
errors. Therefore, in a subsequent analysis, these areas were not considered, and they are marked with hatch-
ing on the maps.

Results. Average inter-annual values of the H,, the average period and the wavelengths were obtained by
averaging the data series from 1979 to 2015 with a time step of 3 hours for the entire water area of the Bal-
tic Sea (fig. 1, a—d, see insert). The zone of maximum H, of 1.2—1.25 m is located in the Baltic Proper and
South-Eastern Baltic. The maximum annual-average value of the wave period was 4.1 s, for wavelengths —
24 m (fig. 1, a—d). For the Kaliningrad Region, the average wave height Hs is 0.8—0.9 m in the proximity of
the coastal zone and increases up to 1—1.1 m at a distance of 20—30 km off the coast (fig. 1, d). For the analysis
of the inter-annual and seasonal variability, two points were chosen: near the coast, T-1 (56° N; 19.5° E); and
in the open sea, T-2 (55.1° N; 20° E), where the highest average multiyear H, are observed (fig. 1, d).

Also, the long-term averages of the wave energy flux for the entire simulation period and for individual
months were calculated with the simulation data. The most intense wave energy is concentrated in the Baltic
Proper and in the South-Eastern Baltic with values of 6—6.5 kW/m (fig. 2, a, see insert). The obtained quan-
titative estimates are generally consistent with the results of studies [22, 28].

Inter-annual average values for August and November were considered to analyse seasonal variability of
the wave energy flux. In August, the maximum wave energy flux of about 3 kW/m is located in the south-east-
ern part of the Baltic Sea (fig. 2, »). In November, the values increase to 10 kW/m in the open part and to
4—6 kW/m in the coastal zone in the south-eastern part of the sea (fig. 2, ¢).

Average values of energy flux do not reflect its stability over time, which is necessary for the generation
of electricity. In this regard, the probability of exceedance of wave energy was calculated for the threshold
values of 0.5, 1, 2 kW/m. This indicator allows estimation of the time when the energy flux of waves exceeds
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a predetermined threshold value in percent. The calculations were carried out for the entire series of data
(37 years). Figure 3 (a—b, see insert) shows the probability of exceedance of wave energy for thresholds of 0.5, 1
and 2 kW/m. In the Baltic Proper, the probability of wave energy flux exceeding 0.5 kW/m is greater than 70%.
For the coastal zone, this indicator, as a rule, is lower, and for the Gulf of Finland it does not exceed 40—50%.

The probability of wave energy exceeding 1 kW/m amounts to 60% only in a small area in the central part of
the sea, and in the other areas, is less than 40—50%. In the Baltic Proper and in the South-Eastern Baltic, the
probability of wave energy exceeding 2 kW/m is observed 40—45% of the time. More stable is the wave energy
flux of the 0.5 kW/m in the Baltic Proper and in the South-Eastern Baltic only (fig. 3, a—b). The probability of
wave energy flux exceeding 1 kW/m in the Baltic is significantly lower than in the Barents Sea, where this indi-
cator amounts to 80—90% [35]. However, in comparison with the Black Sea, where the average annual energy
flux 1 kW/m is only 50% [36], the probability of exceedance of wave energy in the Baltic Sea is slightly higher.

Wave energy has high seasonal variability, therefore the assessment of probability of exceedance of wave
energy for different seasons has been carried out. Figure 4 (a—b, see insert) presents probability of exceedance
of wave energy for 0.5 kW/m in August and November. In the central part of the sea, probability of exceedance
for 0.5 kW/m in August is about 60%, whereas in November it is more than 85% (fig. 4, a—b). The number of
storms increases in the winter period, which not only leads to a rise in the average values of the wave energy flux
but also to an increase in exceedance probability. This information is necessary for taking into account seasonal
changes for the wave power farms. However, it should be noted that during storms and extremely high waves,
the operation of wave converters is not safe. For example, for the above mentioned experimental buoy wave
power station in Denmark, wave height of 2.5 m is optimal for energy generation [25]. When the height of the
waves reaches 3 m, then the floats, fixed on a special mounting, automatically rise above the water surface, and
the operation of the power station stops for the duration of the storm.

In addition to seasonal, inter-annual variability was analysed. In this regard, the average annual wave en-
ergy flux was calculated for two points located in the open sea and in the coastal zone (at a distance of 10 km
from the coast) (fig. 1, d). The annual average values from the coastal station (T-1) varies within the range of
3—8.9 kW/m; values for the open sea (T-2) are higher — 4.7—9.9 kW/m (fig. 5). The minimum was observed in
1996, while in most cases the change from year to year does not exceed 2 kW/m. The inter-annual variation in
wave energy flux is high and must be taken into account. Negative linear trends for both points are statistically
insignificant for the entire period; a local maximum is observed at the beginning of the 90s.

At the next stage, the variability analysis of monthly mean values of the wave energy flux was carried out
for the same two points. During the considered period, from 1979 to 2015, the maximum wave energy flux
was about 38 kW/m for the T-2 in the open sea in January 1983, and the second maximum of 35 kW/m was
recorded in January 1993 (fig. 6). For the coastal point, the maximum in 1995 was slightly lower — 32 kW/m.
Seasonal variability is very high. Almost every year during the winter months, the average monthly energy flux
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Fig. 5. Average annual wave energy flux at two points T-1 and T-2 in the south-eastern part of the Baltic Sea.
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JJIA IBYX TOUYEK B 0ro-BocTouYHOM yactu bantuiickoro MOpsH.

Monthly mean values of wave energy flux, kW/m from 1979 to 2015
for two points in the south-eastern part of the Baltic Sea.

of waves exceeds 10 kW/m. Every few years, the flux of wind energy exceeds 20 kW/m. The minima refer to
the summer months (1.5—3 kW/m).

In the open sea, the wave energy flux is on average 1.5 times higher than in the coastal zone. The greatest
difference was determined for the winter months, while in the summer the energy flux differs only slightly, and
is low at both points (fig. 6).

A separate analysis of the wave energy flux distribution was performed for the coastal zone of the Kalinin-
grad Region. Fig. 7, a, see insert presents data on the average annual wave energy flux. Immediately near the
coast, values of 4 kW/m were recorded, and at a distance of 10—15 km — more than 5 kW/m. Papers [24, 28]
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present the average estimates about 1.4—1.8 kW/m for the Kaliningrad Region, which is significantly lower
than in our calculations. This discrepancy can be explained by the use of a more modern wind reanalysis with
higher spatial resolution in our case.

In November, the average wave energy flux in the coastal zone of the Kaliningrad Region is 6—7 kW/m,
and in August — 2 kW/m (fig. 7, b—c).

The average annual probability of exceedance of wave energy for a threshold value of 0.5 kW/m is 55—60%
(fig. 7, d). For November, probability of exceedance increases up to 70—75%, and for August it decreases to
45-50% (fig. 7, e—f).

Conclusion. Data on the distribution of the wave energy flux in the Baltic Sea and in the water area of the
Kaliningrad Region were obtained on the basis of the numerical modelling results for the period 1979—2015.

The maximum average annual energy wave flux is 6—6.5 kW/m and it is located in the Baltic Proper and
South-Eastern Baltic. In August, the maximum wave energy flux of 3 kW/m is obtained for the south-eastern
part of the Baltic Sea. In November the energy flux values reach 10 kW/m in the open part and 4—6 kW/m in
the coastal zone of the Kaliningrad Region.

In the Baltic Proper, the average annual probability of exceedance of wave energy for 0.5 kW/m threshold
is above 70%, in August — about 60%, and in November — more than 85%.

The inter-annual variability is analysed with the data on the average annual wave energy flux for two points
located in the South-Eastern Baltic at a distance from the coast and near it. In general, the inter-annual
variability of the wave energy flux is large. Average annual values for a point in the open sea are within the range
of 4.7—9.9 kW/m, for a point in the coastal zone it is 3—8.9 kW/m.

The maximum monthly average energy flux of 38 kW/m is located in the open part of the sea and was ob-
served in January 1983. During the winter months, the average monthly energy flux exceeds 10 kW/m, except
for the winter season of 2005—2006 and 2012—2013. Every few years there are maxima of more than 20 W/m.
The minima are confined to the summer months — 1.5—3 kW/m.

On average, in the open sea, the wave energy flux is 1.5 times higher than in the coastal zone. The greatest
differences are observed in the winter months, and in the summer the differences were minimal.

For the Kaliningrad Region near the coast, the average annual wave energy flux is 4 kW/m, and at a dis-
tance of 10—15 km — more than 5 kW/m. Near the coast, the average energy flux is amplified in November up
to 6—7 kW/m and decreased in August down to 2 kW/m.

In general, the energy resources of the waves in the Baltic Sea, in comparison with the Barents or Okhotsk
Seas, are lower. In the Kaliningrad Region 60% of the time, the probability of exceedance of wave energy for
0.5 kW/m, and 50% of the time, for threshold 1 kW/m for the Baltic Proper and in the South-Eastern Baltic.
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Fig. 1. The average multiyear (for the period 1979—2015) wave height H_(a), average
period (b), average wavelength (c) in the Baltic Sea. Here and below, diamonds denote
points T-1 and T-2. Hatching (hereafter) indicates the areas with frequent sea ice.

Puc. 1. Cpennemnoronernss (3a nepuon 1979—2015) Beicora Bonn H, (@), cpepnuil iepuon (6), CpeHss 1InuHa
BOJH (8) B bantuiickom Mope. 3ech u nanee pombamu o6o3HadeHs! Touku T-1 u T-2. LITpuxoBKoii (3nech u nanee)
0003HAUECHBI 30HBI, TJIE PE3YJIBTaThl MOJSITUPOBAHHS BOBMOXKHO COJIEPIKAT OIIHOKH, U3-32 MOPCKOTO JIbJa.
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Fig. 2. Annual averages (1979—2015) for the wave energy flux values for
the whole year (a), for August (b) and November (¢).

Puc. 2. Cpennemuoronernue (1979—2015 rr.) 3Haue€HUST MOITHOCTH BOJIHOBOM dHEPTUU
JUTs Beero rona (a), aist aBrycra(o) u Hosiops (6).
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Fig. 3. Average long-term probability of exceedance of wave energy
for threshold values of 0.5 kW/m (a), 1 kW/m (b), 2 kW/m (¢).

Puc. 3. CpenHeMHOTONETHSST 00eCTIEYeHHOCTh BOJTHOBOW YHEPTUEH [T IOPOTOBBIX 3HAYCHUH
0.5 xBt/™m (@), 1 kB1/™m (6), 2 xB1/™ (8).
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Fig. 4. Probability of exceedance of wave energy for a threshold value of 0.5 kW/m in August (¢) and November ().

Puc. 4. O6ecrieueHHOCTh BOJIHOBOM 3HEPTHeii 1iis1 oporosoro 3uaveHus 0.5 kBt/m B aBrycre (a) u HosiOpe (6).
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Fig. 7. Average annual wave energy flux for the whole year (a), for November (b) and August (c). Average inter-annual
probability of exceedance of wave energy > 0.5 kW/m for the whole year (d), for November (e) and August (f).

Puc. 7. CpenHEMHOTONETHSISI MOIITHOCTH BOJIHOBOM SHEPTHH ISl BCEro Tofa (@), Uit Hos0ps (6) u aBrycra (8).
CpeHeMHOTONETHSIST 00eCIIeYeHHOCTh BOJTHOBOH sHeprue > 0.5 kBt/m
JUIst Beero rofa (2), jurs Hosiops (0) u aBrycra (e).



