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Abstract— Wave energy comprises the most abundant resource
among the marine renewable energy in the world. Offshore
Taiwan, it is also one of the prior marine energy resources and
higher nearshore wave energy resources are located in the north-
eastern (NE) waters. Thus, to facilitate the development of the
wave energy conversion technology, a permitted field-test site
offshore Keelung was established in 2011. The associated wave
energy resources had been collected with a data buoy being
deployed at the offshore boundary of the test site since 2012. This
study presents the analysed results from May 2012 to May 2015.
Typical joint probability distributions between wave height H
and period T in four seasons and monsoon seasons were first
shown. The calculated monthly variations of averaged wave
energy resources were also presented. The results clearly
illustrate that in the NE Monsoon season (Oct. to next March)
waves are higher and longer resulting in average wave power
density to be about 15 kW/m with directions from ENE to NE.
Keywords— wave energy, test site, wave buoy, north eastern
Taiwan, monsoon

I. INTRODUCTION

Keelung is located in the northeast Taiwan facing the
Pacific Ocean (Fig. 1). In the winter monsoon season, the
dominant wind direction is north-eastern due to high pressure
atmospheric systems from above Mainland China. Around
coastal waters of Taiwan, the monsoon wind fields also result
in larger wave climates along the northeast coastal waters ([1,
2]). For about six months in monsoon season, i.e. October to
March of next year, the average wave power could generally
range from 10-15 kW/m ([3, 4]).

Thus, a field test site for wave energy converters (WECS)
was selected and successfully applied for test permission in
coastal waters offshore Keelung. Figure 1 illustrates that at the
offshore boundary 500 m offshore in the permitted WEC test
site, wave data had been collected continuously with a
sampling rate of 2Hz by an Oce/Met Data Buoy at a depth of
about 40 m since May, 2012. Hourly data including wave
heights, periods and directions were simultaneously
transmitted through wireless communication of GPRS to a
nearby land-based receiving station.

........ _Keelung’ B ;,/,r'

Tidal TestZone
0.953 km#(235.5 Acre)

.................. Data Buoy

Wave Test Zon

Acre)

...................

Fig. 1 The wave and tidal current energy test site offshore Keelung

Il. DATA PROCESSNG & FORMULATION

The processing of the measured wave data for joint
probability consists of significant wave height Hs ranging
from 0-7 m with an interval of 0.5 m and peak period T,
ranging from 0-14 s with an interval of 1 s. Equal lines of
probability between 3-7 % and wave power between 5-80
kW/m were also drawn on the results. For deriving the
statistics of exploitable wave power, values larger than 80
kW/m were intentionally deleted in present study. Those
waves are of heights larger than 4.5 m and periods longer than
8 s mostly occurring during summer in extreme typhoon
events around offshore Taiwan ([3]). In a few events in winter
monsoon seasons, waves of heights larger than 4 m and
periods longer than 10 s could result in power more than 80
kW/m along the NE coastal waters. The wave power at a finite
depth h is generally formulated as follows (e.g. [5])

P =22 e, (i &

By taking water density » =1025 kg/m® and gravitational
acceleration g=9.81 m/s?, Eq. (1) can be rewritten as
Pz0.628Cg(Te,h)H§ (unit: kW /m) 2
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Fig. 2 Joint probability distributions of wave heights and periods for four seasons
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(b) Annual

Fig. 3 Joint probability distributions of wave heights and periods for (a) Monsoon seasons and (b) Yearly average
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where Cq is the group velocity and T. is the wave energy
period ([6]) and both are commonly adopted as

Cy (T ,h) = aT. tanh(kh){n
dr

T,=04T,

®3)

2kh
sinh(2kh)
4)

I11. WAVE RESOURCES CHARACTERISTICS

The 3-year average wave statistics were derived and
displayed in four seasons, monsoon season and 3-year average.
The Winter season in Taiwan are commonly defined as
months from December to February of next year and Spring,
Summer and Fall are defined for following every three months.

A. Joint Probability Diagram

Fig. 2 displays the joint probability of wave heights and
periods for four seasons. The distribution patterns typically
illustrate double-peak occurrence ratios larger than 3%. In
Spring, the peak ratios occurred in periods of 5-7.5 s and 7.5-9
s and in heights of 0-1.5 m and 0.25-2 m, respectively. In
Summer, the peak ratios occurred in periods of 3-7.5 s and
7.5-10 s and in heights of similarly 0-1 m, respectively. In Fall,
the peak ratios occurred in periods of 5.5-7.5 s and 7.5-9 s and
in heights of 0.25-1.5 m and 0.5-2.75 m, respectively. In
Winter, the peak ratios occurred in periods of 5.5-7.5 s and
7.5-9.5 s and in heights of 0.25-2 m and 0.5-3.25 m,
respectively. Most of the occurrence ratios higher than 7% are
located in peaks of shorter periods. The ranges of wave
periods of the two peak ratios were quite similar in all four
seasons. But wave heights are clearly seen to become smaller
in Summer and start to increase through Fall and Winter and
again to decrease from Spring. The slightly longer periods in
Summer were mainly due to typhoon swells.

Fig. 3 further displays the joint probability distributions in
monsoon season and in the whole year. As mentioned above,
the monsoon season begins in later Fall (October) and ends in
later Spring (March) of next year. It is clearly seen that the
peak-ratio ranges are quite similar to those in Winter with
slightly higher occurrence ratios in longer periods. The peak-
ratios of yearly average are quite similar in periods to those in
Spring but with slightly higher heights.

B. Rose Maps of Wave Heights

The rose maps in four seasons and monsoon season are
clearly seen in

S
(a) Spring
N

S
(e) Monsoon

Fig. 4 that the highest probability all occurred in NE
direction and slightly decrease in NNE and ENE directions.
The three directions occurred in the four seasons from Spring



with total probabilities of 73.9%, 67.1 %, 75.0% and 77.6%,
respectively. The results for monsoon season are quite similar
to those in Winter with a total probability of 77.3% for the
same three directions. The results imply that the waves
coming into the Keelung test site are mainly centred in the NE
direction with quite narrow band in directions.

C. Monthly Distribution of Average Power Density

Fig. 5 display the calculated average monthly power
density from December to next November in each investigated
year by adopting Egs. (1)~(4). We immediately notice in
Figure 5a that the power density typically distributes in a U
shape, i.e. lower than 10 kW/m in months from April to
August and higher in the other months. In those months
exceeding 10 kW/m, the average power density could even be
higher than 20 kW/m. Figure 5b further illustrates the
occurrence ratios of power in months exceeding 10 kW/m
generally range from 30% to 60 %. In particular, the extreme
power density exceeding 80 kW/m is noticed to occur in two
peak periods, one from August to October with values up to
about 15% and the other from December to February with
values up to 8%. It confirms that waves by both typhoons and
strong monsoon winds could result in power exceeding 80
kW/m but the occurrence ratios are much higher in typhoon
seasons, general from May to October.

Thus by deleting the data with power density exceeding 80
kW/m, Fig. 6 clearly demonstrates the same U-shape monthly
distributions in each interrogated year. It is again noted that
the extreme high average power exceeding 20 kW/m in Fig.
5(a) are mainly due to waves with power exceeding 80 kW/m.
However in those months, the percentages of waves with
power exceeding 10 kW/m seem to remain similar by
comparing Fig. 6(b) with Fig. 5(b). As a result from Fig. 6, the
6 months from October to next March could have average
monthly power density higher than 10 kW/m and with more
than 30% of the occurrence probability.

As a result, the statistics give that values of the average
power yearly and in monsoon without deleting those
exceeding 80 kW/m are 12.35 &18.51 kW/m, respectively.
Even with deleting those exceeding 80 kW/m, the values
decrease slightly to be 9.9 & 15.0 kW/m, respectively.
Therefore, the deletions of data with power more than 80
kW/m had reduced the yearly average power slightly lower
than 10 kW/m, the bottom-line of economic exploitability in
Taiwan. But the values become as high as 15.02 kW/m in
monsoon for at least 6 months, which is about 1.5 time higher.

D. Rose Maps of Power Density

Fig. 7 illustrate similar trends of quite narrow bands of
spreading direction from NNE to ENE of the power to those
of waves in the test site. In particular, the power density
exceeding 10 kW/m could amount to more than 20% in both
ENE and NE directions in Spring, Fall and Winter seasons. In
the monsoon season, the distribution patterns are quite similar
to those of Winter season. The focus of spreading directions
of waves and power density suggest the dominant direction
references for any WEC to adopt for its deployment
engineering.

E. Power Scattering Diagram

Based on Fig. 3, we further derive the scatter diagram, or
the joint probability diagram, for yearly average of
accumulated wave power, as shown in Fig. 8. It is further
noted that the top 7 values of accumulated power are all
higher than 8,700 kW/m and are located within wave heights
of from 1.75 m to 3.25 mand periods of from 8.5t0 9.5 s.
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Fig. 4 Rose maps of wave heights in four seasons and monsoon season
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Fig. 5 (a) Average monthly and (b) occurrence probability of wave powers over 10 kW/m with (c) occurrence probability of wave powers over 80 kW/m

(@ 40 o—a-a
NTOU ol
——4—+ 2014

E 20t T e

=

=

2

'z 207

(%) AU

k=]

o

(<5

g 10

o

(b)

percent (%)

Month
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Fig. 7 Rose maps of wave powers in four seasons and monsoon season
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Fig. 8 Power scattering diagram for yearly average of accumulated wave power and the close-up of peak power zones

That is, the 7 highest values of accumulated power are all less
than 80 kW/m and generated mainly by monsoon waves,
rather by extreme typhoon waves. In addition, the two-peak
distributions at periods of 6.5 & 8.5 s for wave resources have
resulted in only one-peak distribution at periods of 8.5 s for
accumulated wave power. The scatter diagram of wave power
resources could further provide developers to derive their own
power maps for test planning in present test site.

IVV. CONCLUSIONS

For establishing database for wave energy in the selected
test site for wave energy converters offshore Keelung, Taiwan
a data buoy was deployed at a depth of 40 m on the offshore
boundary since May, 2012. The in-site measurements of
waves since May, 2012 to May, 2015 were first analyzed for
wave and wave energy characteristics. The joint probabilities
of wave heights and periods give similarly double-peak
distributions at periods of 6.5 & 8.5 s in four seasons while the
patterns of Monsoon season, i.e. October to next March, are
much similar to those of the Winter season (December to next
February). The waves in four seasons and monsoon season
generally direct from ENE to NEN while in monsoon season
the direction focus even around ENE to NE. The derived wave
power have shown a typical U-shaped averaged monthly
distribution with lower wave power around summer months
from April to September and higher in the rest 6 Monsoon
months of a year. Even by deleting the power exceeding 80
kwW/m, generally associated with typhoon events, the averages
annually and in monsoon are about 9.9 and 15.0 kW/m,
respectively. The wave power in a year spreads also from
ENE to NEN, especially around NE directions with more than

30% in each month of occurrence, wave powers could exceed
the economically feasible 10 kW/m. As a result, the power
scattering diagram have illustrated that the peak accumulated
power occur with values less than 80 kW/m and at a period of
about 8.5 s for waves with heights of 1.75 to 3.25 m. For the
test site offshore Keelung, waves and wave power are quite
similarly incident within narrow-banded directions from ENE
to NE.
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