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Abstract— The paper addresses an important challenge ahead 
the integration of the electricity generated by wave energy 
conversion technologies into the electric grid. Particularly, it 
looks into the role of wave energy within the day-ahead 
electricity market. For that the predictability of the theoretical 
power outputs of three wave energy technologies in the Danish 
North Sea are examined. The simultaneous and co-located 
forecast and buoy-measured wave parameters at Hanstholm, 
Denmark, during a non-consecutive autumn and winter 3-month 
period form the basis of the investigation.  

The objective of the study is to provide an indication on the 
accuracy of the forecast of i) wave parameters, ii) the normalised 
theoretical power productions from each of the selected 
technologies (Pelamis, Wave Dragon and Wavestar), and iii) the 
normalised theoretical power production of a combination of the 
three devices, during a very energetic time period. 

Results show that for the 12 to 36 hours time horizon forecast, 
the accuracy in the predictions (in terms of scatter index) of the 
significant wave height, zero crossing period and wave power are 
22%, 11% and 68%, respectively; and the accuracy in the 
predictions of the normalised theoretical power outputs of 
Pelamis, Wave Dragon and Wavestar are 44%, 52% and 62%, 
respectively. The best compromise between forecast accuracy 
and mean power production results when considering the 
combined production of the three devices.  
 
Keywords— Pelamis, Wave Dragon, Wavestar, Denmark, North 
Sea, Hanstholm, electricity market, grid integration, power output, 
predictability, wave energy. 

I. INTRODUCTION 
As wave energy technologies approach the commercial 

stage, it is necessary to investigate some of the issues ahead 

the integration of wave energy into the electric grid. Above all, 
the paper focuses on the role of wave energy predictability 
within the current electricity markets and their established 
rules [1].  

Transmission System Operators (TSOs) have a major role 
in the functioning of electricity markets. They are the national 
bodies responsible for operating the grid and assuring the 
electricity demand is fulfilled. TSOs also publish the day-
ahead load forecast and plan grid operation before real-time, 
generally one-day in advance.  

In the case of Denmark, the day-ahead electricity market 
closes at 12 am. Thus, Energinet.dk as the Danish TSO 
requires the prediction of the following 12 to 36 hour 
electricity generation. 

Electricity markets were first designed to accommodate 
conventional power generation. Besides hydropower, the 
contribution from renewable energy sources was scarce. 
Nowadays, as the percentage of renewable generation within 
the electricity mix increases [2], the uncertainty on the 
planned generation has also risen. The reason is that some of 
the most promising renewable energy sources such as wave 
power or wind power are not entirely predictable. This partial 
unpredictability is causing TSOs, producers and/or electricity 
users large expenditures to cope with the costs of the electric 
system balancing mechanisms [3]. 

Consequently, the paper examines wave energy 
predictability. It investigates the correlation of forecast and 
buoy-measured wave data as well as the correlation of 
forecast based and buoy-measured based theoretical power 
productions of three wave energy converters (WECs).  



The objective of this study is to provide some initial 
indication on the extent the power productions from WECs 
can be predicted to be integrated into the day-ahead forecast 
of the day-ahead market. Moreover, wave energy forecast 
plays also a major role in the operation of WECs. It allows 
estimating and evaluating future power production of a given 
WEC, planning periods of tests and maintenance activities, 
and defining the storm protection strategy, if needed. 

The study is based on available simultaneous and co-
located forecast and buoy-measured wave data from 
Hanstholm site, Denmark, during a 5-month period. Also the 
power matrices of the selected devices form the basis of the 
study. The WECs chosen are Pelamis [4], an offshore floating 
heaving and pitching articulated converter, Wave Dragon [5], 
an offshore floating overtopping technology and Wavestar [6], 
a near-shore multi-point absorber. 

This paper presents the first approach of the Danish TSO 
towards the study of predictability of WECs’ power output. 
The novelties of this paper are first, comparing forecast based 
and buoy-measured based theoretical power productions; 
second, considering the separated as well as the combined 
power outputs of three different WECs, and third, locating the 
study in the North Sea waters, an area with increasing interest 
on wave energy [7]. 

The content of the paper is as follows:  
i) Methodology of the study; 
ii) Results of the study in terms of forecast accuracy of 

the wave parameters and of the theoretical power 
productions of the devices; 

iii) Discussion of results and limitations of the study; 
iv) Conclusions and further recommended work. 

II. METHODOLOGY 

A. Time period  
The analysis embraces three complete and non-consecutive 

months of wave measurements. The overall period covers 
from end of October 2010 to middle of February 2011; valid 
data is from 26/10 to 20/11/2010, from 11/12/2010 to 
13/01/2011 and from 16/01 to 09/02/2011. All time and dates 
are expressed in the Coordinated Universal Time (UTC) 
system. 

Generally at Hanstholm, January is the month with the 
most energetic wave climate, about 6 times more in terms of 
monthly mean wave power than the less energetic months, 
usually May, June and July [8]. Therefore, the time period 
considered in this study represents the most energetic season. 

B. Wave parameters 
Different environmental parameters such as wave height, 

wave period, wave direction, wind speed, wind direction, 
water depth or current speed fully characterize the 
environmental conditions at a particular location. However, as 
a first analysis and at 17 meter water depths at Hanstholm, it 
is suitable to define the wave resource by the significant wave 
height Hs and the zero crossing period Tz. These parameters 
can be approximated by Hm0=4√m0 and T02=√(m0/m2), 
respectively [9].  

The power output of a device is also influenced by some of 
these environmental features, the degree of influence 
depending on the working principle. An accurate performance 
evaluation requires the inclusion of several parameters 
although a WEC is also well defined by Hm0 and T02. 

As a result, this study is based on records of Hm0 and T02. 
The maximum wave height Hmax has also been included, since 
its evaluation can lead to useful results on buoy measurement 
errors and WECs’ operation and survivability conditions.  

C. Study Location - Hanstholm 
The selected research site is Hanstholm, at the west coast of 

Jutland, Denmark, in the Danish part of the North Sea. The 
mean energy flux is 6 kW/m at water depths of 12 to 30 
meters, coming primarily from western direction, and the 10 
years design Hs is 6.6 meters [10-11]. The wave climate is 
characterized by a wind sea on top of a non-constant swell 
arriving from the northern part of the Atlantic Ocean.  

The study refers to a point approx. 1.3 km offshore and at 
17 m water depth (coordinates 8.5821°E, 57.1315°N). 

Fig. 1 depicts the wave energy conditions at this site 
throughout the study period, in terms of Hm0, T02 and the 
contribution of each sea state, in percentage, to the mean wave 
power in the study period. The scatter diagram is based on 
buoy-measurements of Hm0 and T02 over 4 months. It shows a 
dominant wind sea with a peak at Hm0= 2.2 m and T02= 5.3 s 
and a secondary swell sea at Hm0= 4 m and T02= 6.5 s. 

 

 
Fig. 1. Scatter Diagram of Hanstholm throughout the study period in terms of 
Hm0, T02 and contribution in percentage of each sea state to the mean wave 
power in the study period. 

The wave conditions of the study period provide a valid 
representation of the long-term wave climate at Hanstholm. 
However, the mean wave power in this period i.e. 7.4 kW/m is 
higher than the mean annual wave power i.e. 6 kW/m, due to 
the strong seasonal variability of the wave conditions at 
Hanstholm. Table I presents the probability of occurrence of 
the different wave parameters Hm0, Hmax, T02 and wave power 
Pw at Hanstholm in this period. 

Pw (power per unit of crest width) has been calculated 
according to the wave power density formula simplified for 
irregular waves under the deep water assumption, which is 
true at the selected location for the considered wave periods 



and wave lengths [12]. ρ (kg/m3) represents the water density 
g (m/s2) the gravity acceleration and Te the energy period. 
Assuming a Pierson-Moskowitz spectral shape Te is related to 
T02 by Te=1.2·T02 [10]. 
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Hanstholm location has been selected due to several 
positive reasons, although it also brings some limitations. 

On one hand, there are comprehensive data sets of 
simultaneous and co-located half-hourly forecast and buoy-
measured wave data. Moreover, there is an increasing interest 
on the characteristics at this particular location, since a new 
wave energy test site, i.e. DanWEC, Danish Wave Energy 
Centre [13] is being developed. A 1:2 scale model of 
Wavestar and a 1:5 scale model of Dexa [14] are currently 
deployed there. These prototype tests can complement the 
current study by providing actual power production data. 

On the other hand, the wave energy potential at Hanstholm 
is limited compared to other interesting deployment sites. In 
addition, the three WECs selected have not been optimized for 
the wave climate of the North Sea, characterised by shorter 
period waves than the Atlantic Ocean longer period swells.  

D. Forecast and Buoy-Measured Data 
Forecast data has been calculated by the spectral wave 

module of MIKE 21 from the Danish Hydraulic Institute, a 
model based on the wave action conservation equation. The 
service is part of The Water Forecast program [15]. The 
forecast reaches 5 days into the future, is calculated every 12 
hours and provides half-hourly records.  

Environmental measurements have been provided by a 
Datawell Waverider buoy from The Danish Coastal Authority 
(i.e. Kystdirektoratet). Data consists of half-hour records of 
Hm0, T02 and Hmax. 

The data sets of forecast Hm0 and T02, and buoy-measured 
Hm0 and T02 have been used to develop time series of forecast 
Pw and buoy-measured Pw, respectively, according to Eq.1. 

A variable has been introduced into the study to compare 
the accuracy of the forecast to the measured data. T-hour 
represents the forecast hour or the time horizon, in hours, 
before real time. In other words, it is the time-span, in hours, 
between the forecast is calculated and the buoy measures the 
corresponding parameters. 

E. Statistical parameters 
The verification of forecast data against buoy-measured 

data has been evaluated by the statistical parameters described 
below, where MOD corresponds to modeled, calculated or 
forecast data and OBS to observed or buoy-measured data. 

 
The Mean value of observations is defined as: 
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where N corresponds to the number of valid observations. 

The mean of difference or Bias represents an error that 
remains primarily constant in magnitude for all forecasts. It is 
defined as: 

N
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The mean of absolute difference or AME is defined as: 
N

i
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N
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The root mean square of difference or RMSE is calculated 
assuming a normal distribution and represents the standard 
deviation of the mean (confidence level of 68.27%). It is 
defined as: 
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The unbiased scatter index or SIunbiased is also calculated 
assuming a normal distribution. It provides a non-dimensional 
measure of the error and is defined as: 
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The correlation coefficient or CC indicates the degree to 
which the variation in one parameter is reflected in the 
variation of the other parameter. It is a non-dimensional 
variable ranging from 0 to 1, the former indicating no 
correlation between the two data sets and the latter perfect 
correlation. It is defined as: 
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F. WECs  – Pelamis, Wave Dragon and Wavestar 
To take advantage of the variability of the wave energy 

resource along the coasts it is generally expected that several 
wave conversion solutions remain attractive for the market. 
Moreover, to extend the scope of this study towards different 
WECs responses to the wave climate as well as to consider the 
differences in the operating conditions among the existing 
WECs, three different technologies have been selected for the 
study. These are:  

1)  Pelamis, a floating heaving and pitching converter. 

2)  Wave Dragon, an offshore floating overtopping device. 

3)  Wavestar, a near-shore multi-point absorber.  
Power productions of the three WECs have been modeled 

from forecast and buoy-measured wave data. This process has 
required the application of a transfer function, i.e. a power 



matrix to represent the performance of the WEC at Hanstholm 
site.  

In this way, the records of forecast Hm0 and T02, and buoy-
measured Hm0 and T02 along with the power matrixes have 
been used to model time series data of forecast power 
production (Pprod) and buoy-measured Pprod, respectively. 

Whereas Wavestar provided a power matrix particularly 
developed for Hanstholm wave climate, those for Pelamis and 
Wave Dragon have been down-scaled from [16] to match the 
predominant sea states (Table I) and to optimize their Pprod in 
the study period.  

Table II presents the scale factor, main dimensions and the 
rated power of the three devices, as well as the design sea 
states i.e. Hm0 and T02 where they reach full production, and 
the operating limits of each device (minimum and maximum 
Hm0 and T02). Table II shows Wavestar cuts-off production in 
lower sea states than Pelamis or Wave Dragon. 

Fig. 2 presents a comparison between the probability of 
occurrence of different sea conditions (defined by the 
contribution in percentage of Hm0 and T02 to the mean wave 
power) and power production’s dependency on these 

conditions. Fig. 2 shows that Wavestar has the best correlation 
between maximum Pprod and probability of occurrence of the 
wave parameter T02. 

All power productions presented throughout the study are 
in terms of percentage of rated power, i.e. normalized Pprod. 

G. Further Assumptions 
The following assumptions have been made in the study: 
 - The current delay in the forecast has been disregarded. At 

the present time, and due to the research purpose of this study, 
the model delivers the forecast with 19-hour delay. However, 
in real implementation of the forecast data this delay can be 
easily reduced.  

- WECs’ Pprod dependency on wave directionality has been 
neglected. 

- Real power production data from the half scale Wavestar 
connected to the grid at Hanstholm has not been used in the 
study. All stated Pprod are theoretical and derived from the 
power matrixes. 

- Errors in the buoy acquisition system have been 
disregarded.

 

TABLE I 
OCCURRENCE OF WAVE PARAMETERS HM0, HMAX, T02 AND PW  AT HANSTHOLM THROUGHOUT THE STUDY PERIOD 

  Mean Max <1% time <10% time <10% time <1% time Days N 
Hm0 (m) 1.4 4.7 ≤ 0.4 ≤ 0.7 ≥ 2.3 ≥ 3.3 84 4017 
Hmax (m) 2.3 8.5 ≤ 0.7 ≤ 1.1 ≥ 3.7 ≥ 5.8 84 4017 
T02 (s) 4.7 8.8 ≤ 3.1 ≤ 3.8 ≥ 5.7 ≥ 6.6 84 4017 
Pw (kW/m) 7.4 84.7 ≤ 0.4 ≤ 1.2 ≥ 15.7 ≥ 39.7 84 4017 

TABLE II 
SCALING RATIO, DIMENSIONS, RATED POWER, DESIGN AND OPERATING SEA STATES FOR PELAMIS, WAVE DRAGON AND WAVESTAR AT HANSTHOLM  

 Ratio* 
(λ)  

Main dimensions* 
(m) 

Rated power 
(kW) 

Design 
Hm0 (m) 

Design 
T02 (s) 

Hm0 min 
(m) 

Hm0 max 
(m) 

T02 min 
(s) 

T02 max 
(s) 

Pelamis 1: 1.76 l=102 Ø= 2.3  103 3.1 4.6 0.4 4.6 2.5 10 
Wave Dragon 1:1.76 l= 96 w=170 960 3 5 0.4 4.1 2.6 10 
Wavestar 1:2 --- Ø = 5 600 2.7 4.5 0.5 3 2 13 

* Pelamis and Wave Dragon scaling ratios are relative to the Atlantic Ocean and Wavestar’s to the North Sea. l represents length, w width and Ø diameter.  

 

                
Fig. 2. Contribution, in percentage, of T02 (a) and (c), and Hm0 (b) to the mean wave power at Hanstholm throughout the study period and normalised power 
productions of Pelamis (a), Wave Dragon (b) and Wavestar (c) in terms of T02 (a) and (c), and Hm0 (b). Wave Dragon performance is more dependent on the 
variations of the wave height whereas Pelamis and Wavestar performances are more dependent on the period. 



III. RESULTS 
To investigate forecast accuracy of the WECs’ theoretical 

power productions the predictability of the typical wave 
parameters is examined first. 

Consequently, this section presents two sets of results. First, 
the error statistics obtained from the comparison of forecast 
Hm0, Hmax, T02 and Pw and buoy-measured Hm0, Hmax, T02 and 
Pw. Second, the error statistics obtained from the comparison 
of Pprod based on forecast data and Pprod based on buoy-
measurements of each WEC and a combination of all of them. 

A. Predictability of Wave Parameters 
Table III, Table IV, Table V and Table VI show the 

statistical parameters, as defined in section II-D, for Hm0, Hmax, 
T02 and Pw, respectively. Forecast accuracy is evaluated for T-
hours embracing 0 to 1 hour, 12 to 24 hours, 24 to 36 hours, 
84 to 96 hours and 0 to 144 hours.  

TABLE III 
HM0 STATISTICAL PARAMETERS  

T - hour 
(h) 

Mean 
(m) 

Bias 
(m) 

AME 
(m) 

RMSE  
(m) SIunbiased CC N 

≥ 0 < 12 1.44 0.18 0.25 0.31 0.17 0.93 3873 

≥ 12 < 24 1.44 0.18 0.27 0.34 0.20 0.91 3849 

≥ 24 < 36 1.44 0.17 0.28 0.36 0.22 0.89 3825 

≥ 36 < 48 1.44 0.19 0.30 0.40 0.25 0.86 3801 

≥ 84 < 96 1.44 0.18 0.39 0.51 0.34 0.74 3705 

≥ 0 < 144 1.44 0.20 0.35 0.47 0.30 0.80 19053 
 
 

TABLE IV 
HMAX STATISTICAL PARAMETERS  

T - hour 
(h) 

Mean 
(m) 

Bias 
(m) 

AME 
(m) 

RMSE  
(m) SIunbiased CC N 

≥ 0 < 12 2.35 0.80 0.84 0.98 0.24 0.90 3873 

≥ 12 < 24 2.35 0.81 0.87 1.03 0.27 0.88 3849 

≥ 24 < 36 2.36 0.79 0.86 1.04 0.29 0.85 3825 

≥ 36 < 48 2.35 0.82 0.89 1.09 0.31 0.83 3801 

≥ 84 < 96 2.35 0.81 1.00 1.24 0.40 0.70 3705 

≥ 0 < 144 2.35 0.85 0.97 1.20 0.36 0.76 19053 
 

TABLE V 
T02 STATISTICAL PARAMETERS 

T - hour 
(h) 

Mean 
(s) 

Bias 
(s) 

AME 
(s) 

RMSE  
(s) SIunbiased CC N 

≥ 0 < 12 4.71 -0.18 0.37 0.50 0.10 0.80 3873 

≥ 12 < 24 4.71 -0.16 0.39 0.52 0.11 0.79 3849 

≥ 24 < 36 4.71 -0.17 0.42 0.55 0.11 0.77 3825 

≥ 36 < 48 4.71 -0.17 0.44 0.57 0.12 0.74 3801 

≥ 84 < 96 4.71 -0.19 0.51 0.67 0.14 0.63 3705 

≥ 0 < 144 4.71 -0.17 0.47 0.62 0.13 0.68 19053 

TABLE VI 
PW STATISTICAL PARAMETERS  

T - hour 
(h) 

Mean 
(kW/m) 

Bias 
(kW/m) 

AME 
(kW/m) 

RMSE  
(kW/m) SIunbiased CC 

≥ 0 < 12 7.40 1.56 2.52 4.64 0.59 0.91 
≥ 12 < 24 7.41 1.68 2.79 5.00 0.63 0.90 
≥ 24 < 36 7.45 1.49 2.96 5.19 0.67 0.88 
≥ 36 < 48 7.45 1.53 3.21 5.70 0.74 0.83 
≥ 84 < 96 7.46 1.33 4.17 7.42 0.98 0.68 
≥ 0 < 144 7.40 1.74 3.80 6.89 0.90 0.76 

 
The following figures present a comparison between 

forecast Hm0 and buoy-measured Hm0 during the most 
energetic month (11/12/2010 to 11/01/2011). Fig. 3 illustrates 
the forecast for a T-hour of 12 hours, Fig. 4 for a T-hour of 36 
hours and Fig. 5 for a T-hour of 108 hours. Note the big 
waves passing Hanstholm on New Year’s Eve. 

 
Fig. 3. Hm0 comparison of measured (in red) and 12 hours forecast (in blue) 

 
Fig. 4. Hm0 comparison of measured (in red) and 36 hours forecast (in blue) 

 
Fig. 5. Hm0 comparison of measured (in red) and 108 hours forecast (in blue) 



Fig. 6 presents a comparison between forecast T02 and 
buoy-measured T02 and Fig. 7 between forecast based Pw and 
buoy-measured based Pw, during the same month (11/12/2010 
to 14/01/2011) for a T-hour of 12 hours. 

 
Fig. 6. T02 comparison of measured (in red) and 12 hours forecast (in blue) 

 
Fig. 7. Pw comparison of measured (in red) and 12 hours forecast (in blue) 

The circles in Fig. 3, Fig. 6 and Fig. 7 show the 3-day 
period selected in the next section to illustrate the evolution of 
the power production for the three devices. These particular 
days provide a good representation of the typical operating 
conditions at the research site. 

B. Predictability of WECs’ Power Production 
Table VII presents the statistical parameters evaluating 

Pprod based on forecast data and Pprod based on buoy-
measurements for each of the selected WECs and for the 
combination of the three of them. The 12 to 36 hours forecast 
has been considered. The ‘combined’ option reflects the 
contribution of one normalised unit of each technology. All 
results presented are non-dimensional and thus, can be read as 
percentage of rated power. 

TABLE VII 
PELAMIS, WAVE DRAGON, WAVESTAR AND COMBINED NORMALISED 

PPROD STATISTICAL PARAMETERS THROUGHOUT THE STUDY PERIOD 

 
Mean 

(-) 
Bias 
(-) 

AME 
(-) 

RMSE  
(-) SIunbiased N 

Pelamis 0.29 0.07 0.11 0.15 0.44 11901 
Wave Dragon 0.28 0.04 0.09 0.15 0.52 11901 
Wavestar 0.39 0.04 0.15 0.24 0.62 11901 
Combined 0.32 0.05 0.10 0.14 0.41 11901 

Fig. 8 to Fig. 10 give a graphical representation of the 
differences between forecast Pprod and theoretical Pprod of 
Pelamis, Wave Dragon, Wavestar and the combination of the 
three devices. The graphs cover a 3-day period (23/12 to 
25/12/2010). Fig. 8 depicts the 12 hours forecast and Fig. 9 
the 36 hours forecast for the power production of Pelamis, 
Wave Dragon and Wavestar. 

Fig. 10 illustrates the differences of the 12, 24 and 36 hours 
Pprod forecast to the theoretical Pprod for the combination of the 
three devices.  

For comparison Fig. 11 shows the variation of the 12 hours 
forecast Hm0, T02 and Pw and buoy-measured Hm0, T02 and Pw 
over this 3-day period. Note that buoy-measured Hm0, T02 and 
Pw vary around their mean values, as shown in Table I. 

IV. DISCUSSION 
Due to the scope of the paper only the results for a T-hour 

varying from 12 to 36 hours are discussed.  

A. Location 
The results presented in the study are totally dependent on 

the wave climate of the chosen location. It is expected that a 
wave climate characterized by swell waves will significantly 
improve the accuracy in the predictions, since swells are more 
regular compared to wind waves. In wind seas, where the 
correspondence between waves and wind patterns reveals to 
be high [17], the short-term forecast errors in wind are more 
reflected in wave predictions. 

B. Predictability of Wave Parameters 

1)  Significant wave height spectral estimate Hm0: Table III 
shows the error statistics obtained from the comparison of 
forecast Hm0 and buoy-measured Hm0 for different T-hours. 

The positive Bias indicates a prevalent trend where the 
forecast overestimates the buoy-measured values. Then, an 
AME larger in magnitude than the Bias denotes that also the 
opposite trend is found, i.e. the forecast also underestimates 
the buoy-measured values, particularly as T-hour increases 
(Fig. 3 to Fig. 5). 

RMSE points out that 68% of the forecasts are within ±0.35 
meters of the Mean measured value of Hm0, i.e. 1.44 meters. 

A 22% SIunbiased illustrates an acceptable dispersion of the 
distribution. Then, a CC of about 0.9 suggests a high 
correlation between the two sets of compared values. 

In brief, results show that the agreement between the 12 to 
36 hours Hm0 forecast and Hm0 buoy-measured data is good.  

2)  Maximum wave height spectral estimate Hmax: Table IV 
shows the error statistics obtained from the comparison of 
forecast Hmax and buoy-measured Hmax for different T-hours. 

Although the statistical results follow the same trend as Hm0 
the errors are always higher. These errors are provided by the 
buoy-measured data. A known disadvantage of the spherical 
buoys (e.g. Datawell Waverider buoy) is that due to the single 
line mooring, it circles around the crests of steep waves and 
thus, does not reach the maxima in the surface elevation [18]. 



 
Fig. 8. Pprod based on buoy-measurements (solid lines) and Pprod based on forecast data (dashed lines), in terms of percentage of rated power of Pelamis (in blue), 
Wave Dragon (in red) and Wavestar (in green) for a T-hour of 12 hours over a 3-day period (23/12 to 25/12/2010). 

 
Fig. 9. Pprod based on buoy-measurements (solid lines) and Pprod based on forecast data (dashed lines), in terms of percentage of rated power of Pelamis (in blue), 
Wave Dragon (in red) and Wavestar (in green) for T-hour of 36 hours over a 3-day period (23/12 to 25/12/2010). 

 
Fig 10. Pprod based on buoy-measurements (solid line) and Pprod based on forecast data (dashed lines), in terms of percentage of rated power of the combination 
of the three WECs, for a T-hour of 12 hours (dark blue), 24 hours (light blue) and 36 hours (green) over a 3-day period (23/12 to 25/12/2010). 



 
Fig. 11 Evolution of buoy-measured (solid line) and 12 hours forecast (dashed 
line) of Hm0 (in blue), T02 (in red) and Pw (in green) over 23/12 to 25/12/2010. 

3)  Zero crossing period spectral estimate T02: Table V 
shows the error statistics obtained from the comparison of 
forecast T02 and buoy-measured T02 for different T-hours.  

The negative Bias indicates a prevalent trend where the 
forecast underestimates the buoy-measured value. An AME 
more than twice the Bias denotes that the forecast 
overestimates the measured values as well. However, both the 
Bias and AME are small in magnitude compared to the Mean. 

RMSE indicates that 68% of the forecasts are within ±0.55 
seconds of the Mean measured value of T02, i.e. 4.7 seconds. 

The graphical comparison (Fig. 6) illustrates the small and 
very acceptable dispersion of the distribution, which lies 
within small bounds (SIunbiased of 11%).  

The correlation between forecast and buoy-measured 
values (CC= 0.77) is lower than for Hm0. This can be clearly 
seen in Fig. 6, where the pattern tendencies of the buoy-
measured values are not strictly followed by the forecasts.  

In summary, results show that T02 forecast and T02 buoy-
measurements are in very good agreement but for CC. 

4)  Wave Power Pw: Table VI shows the error statistics 
obtained from the comparison of forecast Pw and buoy-
measured Pw for different T-hours.  

In this case, it is important to note the relation of Pw with 
Hm0 and T02 (Eq.1). The errors in Hm0 get raised to the power 
of two and in T02 to the power of one. 

The positive Bias reveals the strongest influence of Hm0. It 
indicates that the forecast overestimates the derived buoy-
measured value. As happens also in the case of Hm0 and T02, 
AME is larger than the Bias, so the forecast also overestimates 
the buoy-measured values. Both Bias and AME are quite large 
in magnitude compared to the Mean. 

RMSE indicates that 68% of the forecasts are within ±5.2 
kW/m of the Mean measured value of Pw, i.e. 7.4 kW/m. This 
value suggests a quite inaccurate forecast; however, it is due 
to the peaks in Pw, which reaches 85 kW/m at certain periods 
of time (Table I and Fig. 7). Similarly, SIunbiased shows 60% to 
70% dispersion of the distribution.  

On the contrary, the correlation (CC= 0.88) between 
forecast and buoy-measured values is high, induced by the 
high value of CC for Hm0. 

Fig. 7 illustrates the peaks in Pw in comparison to the Mean 
average value of 7.4 kW/m. This difference explains the high 
value of RMSE and SIunbiased.  

In short, results show that Pw forecast derived and Pw buoy-
measured derived are in good agreement for small Pw values 
but not for larger ones. 

 
As a summary, wave parameters predictability can be 

considered accurate for Hm0 and T02, acceptable for Hmax and 
for values of Pw close to the mean, and not very accurate for 
larger Pw values.   

C. Predictability of WECs’ Power Production 

1)  Pelamis, Wave Dragon and Wavestar: Table VII shows 
the error statistics obtained from the comparison of Pprod based 
on forecast data and Pprod based on buoy-measurements for the 
three devices. 

The figures illustrate similar trends in the statistical 
parameters of each device. However, for comparison note the 
Mean Pprod of Wavestar is approx. 7% larger than that of 
Pelamis and Wave Dragon.  

Forecast accuracy of Pelamis Pprod and Wave Dragon Pprod 
are comparable. The main difference is that whereas the 
SIunbiased of Pelamis (44%) is better than for Wave Dragon  
(52%) the relation between AME and Mean production 
favours Wave Dragon (32% versus 40% for Pelamis). 

Then, Wavestar presents larger standard deviation (RMSE= 
24% of the rated power) and dispersion (SIunbiased= 62% of the 
rated power), although the Mean normalised Pprod reaches 32% 
of rated power. Its relation between Mean and AME (38%) is 
comparable to the others. 

For all cases, the positive Bias suggests influence of Hm0 
forecast errors on the power production calculations. Then, the 
AME also indicates the influence from T02 forecast errors, 
particularly for Wavestar. 

For the three devices, RMSE reveals to be quite high, 
especially compared to the other statistical parameters. The 
explanation is similar as for Pw, it is due to the influence of the 
peaks in the power production during fast changing wave 
conditions and more extreme events (Table I and Fig. 7). 

Above all, figures show that predictions of Pelamis, Wave 
Dragon and Wavestar power productions are acceptable. 

2)  Combined Pprod: the last row of Table VII reveals the 
best forecast occurs when considering the combined Pprod of 
the three devices. The Bias, RMSE and SIunbiased improve 
compared to those of each single device.  

Moreover, not only the statistical parameters show a more 
accurate forecast but also a high combined Mean Pprod. 

Above all, the combined production provides the best 
compromise between forecast accuracy, as for Pelamis and 
Wave Dragon, and high mean production, as for Wavestar.  

A good overview of forecast accuracy of the WECs’ Pprod 
can be found in Fig. 8 to Fig. 10.  

To compare these, Fig. 11 shows the evolution of the 12 
hours forecast Hm0, T02 and Pw and buoy-measured Hm0, T02 
and Pw over the same 3-day period. The three wave 
parameters oscillate around their mean values, giving a quite 



real representation of the typical sea states at Hanstholm 
during a winter month. 

Fig. 8 and Fig. 9 illustrate the differences between forecast 
Pprod and theoretical Pprod of Pelamis, Wave Dragon, Wavestar, 
for a T-hour of 12 hours and 36 hours, respectively. The 
comparison of both figures shows that the best forecast occurs 
for a T-hour of 12 hours. Here there are some periods where 
the predictions coincide with the theoretical production. Then, 
although the errors for the 36 hours forecast are higher, in any 
case they exceed 30% of inaccuracy.  

Wave Dragon shows the lowest errors among the three 
devices and Wavestar the largest. This can be explained due to 
the more limited working conditions of Wavestar compared to 
Pelamis and Wave Dragon (Table II).  

Fig. 10 depicts the 12, 24 and 36 hours Pprod forecast and 
the theoretical Pprod for the combination of the three devices. 
For most samples the 12 hour forecast is the most accurate.  

Then, comparing Fig. 8 to the 12 hours forecast combined 
Pprod (Fig. 10, dashed dark blue line) and similarly, Fig. 9 to 
the 36 hours forecast combined Pprod (Fig. 10, dashed green 
line), it can be concluded that Fig. 10 generally provides 
smaller errors than Fig. 8 and Fig. 9. In other words, the 
combined power production results in an overall better 
forecast accuracy.  
 

The global improvement of the statistical parameters by the 
combined power output confirms that the response of each 
WEC to the wave climate is different.  

Moreover, a relevant finding is that the errors in the 
forecast of the wave parameters Hm0 and T02 do not 
accumulate but instead cancel-out when calculating the power 
production of each device. This is a major advantage to take 
into account in the short future, where the different solutions 
proposed for wave energy extraction should be considered 
attractive for the electricity market.  

 
To finalize the discussion, there are three important 

limitations to this study. First, the selected WECs have not 
been designed for the typical wave climate at Hanstholm but 
for higher ones characterised by longer period swells, as in the 
Atlantic Ocean. Therefore, the performances of the devices at 
this location are different than from those expected at more 
powerful sites, and thus, its predictability might be 
compromised. Moreover, competitive comparisons of the 
performances of the devices should be avoided and cannot be 
conclusively drawn from these results, as the Pprod shown are 
merely theoretical.  

The second limitation is that the use of three WECs reflects 
the power production by those devices, which embraces 
different working principles, but not all existing wave energy 
technologies.  

The third limitation is that this study is not a resource 
assessment of Hanstholm site or the North Sea. The analysed 
data comprises of a 3-month period.  

 
 
 

V. CONCLUSIONS 
Examining the accuracy of wave energy forecasts plays a 

major role in the integration of wave energy into the electric 
grid. Wave energy predictability is related to the electricity 
market. Current rules of the Danish day-ahead market require 
the prediction of the following 12 to 36 hours electricity 
generation.  

According to this, the paper has analysed the correlation of: 
i) Forecast and buoy-measured wave parameters;  
ii) Forecast based and buoy-measured based normalised 

power productions of three WECs; 
iii) Forecast based and buoy-measured based normalised 

power productions of a combination of the three 
WECs.  

The simultaneous and co-located forecast and measured 
wave parameters at Hanstholm site, Denmark, during a non-
continuous autumn and winter 3-month period, along with the 
power matrices of the devices, have formed the basis of the 
study. 

The selected WECs have been Pelamis, an offshore floating 
heaving and pitching articulated device, Wave Dragon, an 
offshore floating overtopping technology, and Wavestar, a 
near-shore multi-point absorber. They have been chosen due 
to their differences in their working principles. 

 
Results indicate an accuracy (in terms of unbiased scatter 

index) in the 12 to 36 hours time horizon forecast of: 
i) 22%, 11% and 68% for the wave parameters Hm0, T02 

and Pw, respectively; 
ii) 44%, 52% and 62% for the normalised theoretical 

power productions of Pelamis, Wave Dragon and 
Wavestar, respectively; with normalised mean power 
productions of 0.29, 0.28 and 0.39. 

iii) 41% for the combined normalised theoretical power 
production of the three devices, with normalised mean 
power production of 0.32. 

The novelties of this study have been first, comparing 
forecast based and buoy-measured based power productions; 
second, considering the separated as well as the combined 
power output of three different WECs, and third, locating the 
study in the North Sea waters, an area with increasing interest 
on wave energy. 

Two main conclusions can be drawn from the results: 
firstly, wave parameters such as Hm0 and T02 can be predicted 
accurately in the given energetic sea conditions, and secondly, 
the combined power production from different wave energy 
technologies provides the best compromise between forecast 
accuracy and high mean power production. 

The latter finding is particularly important at this stage of 
development of the wave energy sector: it reveals there will 
probably be more than one established technology for wave 
energy utilization, it suggests to diversify R&D grants among 
the different technologies, it indicates the strategy to follow 
within energy planning processes and it provides a good 
overview on the parameters to be improved to increase 
predictability of WECs’ production.  



These conclusions of the paper suggest two further studies. 
First, the examination of the predictability of combinations of 
co-located WECs and wind energy turbines. This will address 
the delay between wave and wind energy and the comparison 
of the predictability of both sources. The second study will 
examine the error statistics of the short-term (0-6 hours) 
forecast, in comparison to the analyzed day-ahead forecast. 
This topic is also of great importance to TSOs’ electric grid 
operation.  

Furthermore, the on-going prototype tests at Hanstholm can 
be used to complement the studies by providing actual power 
production data. 

Last but not least, further improvement is expected on the 
knowledge of device developers about the power production 
of their devices. This will ultimately decrease the uncertainty 
on the power matrixes and thus, on the predictability of the 
actual power to be produced by the devices.  

Nevertheless, current rules of the electricity market may 
have to change to accommodate larger amounts of renewable 
sources without increasing balancing costs. 
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