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ABSTRACT

The paper describes the results of an effort to introduce Standardised Wave Data (SWD) for performance calculations of Wave Energy Converters (WEC’s). A calculation method is proposed to generate representative scatter diagrams from a number indicating the available power in the sea at certain location (power level) and a parameter related to that location. The SWD is designed to be part of an overal WEC Performance Standard (WPS).
A bivariate log-normal model for the joint probability of Hs and Tp (Ochi, 1978) was used to generate  theoretical scatter diagrams. These were compared to scatter diagrams provided by the WERATLAS (INETI, 1997). Relationships were found between constants in Ochi’s model and power level.

The novelty of this approach is that wave data is generated based on one figure indicating the available power in the sea at a certain location and a parameter related to that location. The advantages of decision-making based on one figure will be shown in this paper.

introduction

Experts from different disciplines look at the development of a Wave Energy Converter (WEC) from different points of view. However, they share a common interest: the energy output of the device and the money that could be made with that energy.

The energy output is calculated by combining two matrices for a specific location. One matrix describes the probability of occurrence of sea states (determined by significant wave height and a characteristic wave period). This matrix is based on long-term wave statistics and is called a scatter diagram. The other matrix describes the energy produced by the WEC in a certain sea state. This matrix is different for each WEC. By combining the two matrices, the expected annual energy output can be calculated. The energy output calculation using these matrices requires knowledge of hydromechanics and wave statistics. This is a specialised approach and therefore it is sometimes hard for e.g. an engineer to explain the device performance to an investor. It would be easier to talk about available power in the sea at a certain location (power level) and power or energy output. 
In the proposed method (from now on: Standardised Wave Data or SWD routine) power level and a location parameter are the input resulting in standardised wave data, which, combined with the  device specifications results in the energy output of a WEC. The SWD is designed to be part of an overal WEC Performance Standard (WPS). Power level can be found in a wave energy atlas like the WERATLAS (INETI, 1997). With the power level for a given location and eventually the produced energy of a WEC the method has clear input and output variables. When all WEC developers use scatter diagrams generated by the proposed method for their energy output calculations, results for the same locations can be compared since the calculations for different WEC’s are based on exactly the same wave data. 
This study is a continuation of ‘Composition of a scatter diagram’ (Voors and Gardner, 2002). Voors and Gardner (2002) made an effort to find a relationship between scatter diagrams of locations in Western Europe and power level. They looked at the probability distributions of a characteristic wave period and based on that study the locations were sorted in 3 zones. For one of these zones they observed some kind of relationship between the shape of contour plots that represented scatter diagrams and the associated power level. However, they did not derive an expression of some kind for this relationship. 
This paper is organised briefly as follows: First a relationship between scatter diagrams and power level will be derived, followed by a section on energy output calculations. The paper ends with conclusions and a recommendation. 

relationship between scatter diagram and power level
The Idea
To find a relationship between power level and scatter diagram one has to model the scatter diagram. Fortunately such models are already developed. The bivariate log-normal model (Ochi, 1978) was chosen for its relative simplicity. The model uses a bivariate log-normal distribution for the joint distribution of significant wave height (Hs) and the peak period (Tp) (or zero-upcrossing period (Tz)). The joint probability density function can be written as:
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In this equation 
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 is the linear correlation coefficient between the two variables and is written as:
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The model gives the probability of occurrence for a given Hs and Tp. With Ochi’s model a scatter diagram can be generated. The Ochi model has five constants (
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) and  apart from the two variables Hs and Tp. The basic idea is to fit the Ochi scatter to a number of “real” scatter diagrams from different locations and with different power levels and then to find a relationship between these constants and the power levels. 
Reference Data
The “real” scatter diagrams used were taken from the WERATLAS. This is the European wave energy atlas developed by a number of universities and other institutions around Europe in 1997. The WERATLAS contains data generated by the WAM-model, a third generation wave prediction model. Scatter diagrams for 33 locations in the North Eastern Atlantic ocean were used to find the relationship between scatter diagram and power level.
Sea states in the reference scatter diagrams were characterised by Hs and Te. The wave energy period (Te) is defined such that a sinusoidal wave field consisting solely of waves of height equal to Hs and period equal to Te would have the same energy flux as the actual wave field and can be written in terms of spectral moments (EMEC, 2004):
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When needed the following conversions based on the Brettschneider spectrum were used:
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Goodness of Fit

To make the expressions for the parameters in the Ochi model meaningful it is important that the scatter diagram generated with the Ochi model fits well to the reference scatter diagram. The two diagrams obviously are not exactly the same. However, the same set of sea states occurring in the reference scatter diagram is used to generate the scatter diagram with the Ochi model. So each cell in the generated scatter diagram has a counterpart in the original scatter diagram. There are one requirement and two important properties of the scatter diagram that determine how close the generated diagram fits to the reference diagram. The optimum must be found with respect to these three criteria. This means that the result of the optimisation process is the best compromise between the three criteria. The three criteria are:

1.
By definition the sum of all probabilities in a scatter diagram must be 1. 

2.
The errors per cell must be minimal. Each sea state (cell) has a theoretical probability of occurrence and a reference probability. The difference between these parameters must be minimised. This criterion is quantified by taking the root of the sum of squared errors per cell (RSSE). This method is known as the least squares method. To visualise the goodness of fit the scatter diagrams are represented by contour plots instead of tables or diagrams. Low values of RSSE will result in similar contour plots (Figure 1).
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Figure 1 Example of a good fit

3.
The error between power levels must be minimal. To calculate the reference power level it is assumed that all sea states in the scatter diagram are descibed by the Brettschneider spectrum. For all occuring sea states (all combinations of Hs and Tp) the average available power was derived from the spectrum. Per sea state the available power was multiplied by the corresponding probability of occurrence, thus determining the contribution of that sea state to the power level. The power level was calculated by summing all these contributions.  Based on the theoretical scatter diagram another power level will be calculated. The difference with the reference power level must be within a 10% tolerance.
Fitting the Model to the Reference Data
The optimisation function called fminsearch within MATLAB was used to find the parameters for the best matching theoretical scatter diagrams. The fact that 3 criteria had to be kept in mind made it a multi-criteria optimisation. The routine compared the theoretical scatter diagram to that of the reference location and evaluated 3 characteristic criteria. In the fitting routine a theoretical diagram was generated with initial values for the Ochi parameters. These initial values were derived from the statistical properties described above. This was done per reference location. With the fitting routine a set of five Ochi-constants was found per reference location. For each set the model generates a theoretical scatter diagram of which the sum is 1, the RSSEs is approximately 0.050 (showing similar contour plots) and almost equal power levels (errors less than 1%).
The Relationship
Instead of deriving an optimal set of constants per individual reference location, an effort is made to find one function per constant. The same function will be used for all reference locations to calculate the values of the constants based on the power level relevant to the reference location.
Per Ochi-constant a linear relationship with power level was found by applying linear regression. The Ochi-constants can now be written as:
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in which PL stands for power level and c1 to c10 are the constants within the linear relationships. With good values for these parameters the Ochi-constants and ultimately a reliable theoretical scatter diagram can be determined. 
Linear regression was applied to all reference locations and the associated sets of optimal Ochi-constants. The found values for c1 to c10 formed the basis for the first version of the SWD routine. With this first version a theoretical scatter diagram was generated for each reference location. These theoretical diagrams were compared to the originals. 

The first criterion was met by all theoretical diagrams. The sum of all probabilities was 1. Minor errors were seen but they were within a 1% error margin. These errors were attributed to rounding errors. 

The difference in shape between the diagrams was analysed by looking at the root of the sum of the squared errors and the contour plots. For some locations the fits were good, others had a specific deflection and for some the fit was just bad.

Most power levels based on the theoretical scatter diagram were within a 10% error of the associated original power level. For some locations the errors were much higher.

The first version of the SWD routine gave mixed results. Applying linear regression over the entire data collection appeared to be too crude. Especially the observation of the contour plots suggested that the reference location should be grouped.

All reference locations were classified according to a type of fit. Studying the map revealed that locations with a certain type of fit formed geographical zones. Four zones were identified: A, B, C and D. Two locations did not fit in a zone automatically. Initially, these locations were assumed to belong to a zone that seemed logical after studying the map. Sagres (to the South of Portugal) was put in zone A and Arcachon (to the South West of France) in zone B. Linear regression was applied per zone. Table 1 shows the final values of c1 to c10 for zone B.
Table 1

Constants for linear relationships, zone B
	c1
	6.45 x10-4

	c2
	2.15

	c3
	1.19 x10-2

	c4
	2.60 x10-1

	c5
	-1.36 x10-3

	c6
	2.89 x10-1

	c7
	-1.42 x10-3

	c8
	6.24 x10-1

	c9
	3.45 x10-3

	c10
	5.16 x10-1


With a set of constants for the linear relationships per zone the routine was again run for all locations. Note that the SWD routine now has 2 input parameters, namely power level and a parameter identifying which zone is relevant. 

The results for all locations were checked on the three criteria. On the whole major improvements were found. One of these locations (Sagres) did not fit into a zone. For all locations the sum of the scatter diagram is 1. In table 2 the results for criteria 2 and 3 are shown.
Table 2
Results SWD routine, criteria 2 and 3
	Zone
	n
	RSSE
	Error PL

	
	
	μ
	σ
	μ
	σ

	A
	9
	0.059
	0.008
	-0.8%
	2.9%

	B
	15
	0.048
	0.006
	+0.1%
	3.2%

	C
	4
	0.039
	0.009
	0.0%
	0.8%

	D
	4
	0.087
	0.028
	+0.1%
	3.9%


N stands for the number of reference locations in a particular zone, RSSE stands for the root of the sum of the squared errors and ERROR PL stands for the error in power level. μ and σ are the average and standard deviation over a zone.  As can be seen the results are good for zone A,B and C. The average RSSE is relatively close to 0.050 with little spread and the error in power level are also perfectly within the tolerance of 10%. It must be said that for Belmullet had an RSSE (0.060) and the power level error (5%) were somewhat higher than the rest of zone B. The power level calculated for Belmullet was 75kW/m, which is the highest power level for the reference data. Locations in zone D show somewhat worse results. The RSSE is slightly larger with also a larger spread. However, the power level calculations are within tolerance. Another issue is that the number of reference locations in zone C and D is low, making the routine less reliable in these zones. Figure 1 shows the reference locations drawn in a map. Also rough outlines are given of the zones. 
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Figure 2 Map with Reference Locations and zones

Verification
The accuracy of the SWD routine is tested by comparing the results of calculations for the reference locations to results for other data. For this comparison data from two sources: 

· Global Wave Statistics 

· Locations (2) in Portugal. 

Global Wave Statistics provides scatter diagrams that represent large areas of the worlds’ oceans. The routine was tested for the areas in East Atlantic and Western Europe. In addition two scatter diagrams that utilised to determine where the AWS pilot plant was to be installed were used. These scatter diagrams come from offshore locations near Figuera da Foz and Leixoes in Portugal. In this section the results for all reference scatter diagrams are given. 
The performance of the SWD routine per reference scatter diagram was determined by using the 3 criteria. In addition the expected annual energy output of the AWS (Archimedes Wave Swing, a WEC developed by Teamwork Technology)  was determined for the reference scatter diagrams and theoretical scatter diagrams. 
Global Wave Statistics

Tests done with the Global Wave Statistics show that RSSE values were almost twice as big as in the WERATLAS case. After inspecting the scatter diagrams it was observed that with respect to the original, the generated scatter diagram is shifted to the lower period region. The general form however seems to be alike. Figure 3 shows the worst fit with the SWD routine (area 9) and figure 4 shows the best fit (area 25). Area 9 covers part of zone B. The power level calculated from the original scatter diagram from area 9 is 75 kW/m. Area 25 covers zone A. The power level for area 25 is 50 kW/m. Together with the observations made concerning the errors associated with Belmullet during development of the SWD routine this result suggests that the SWD routine is less reliable for locations with high power levels (>70 kW/m).
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Figure 3 Worst fit with Global Wave Statistics
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Figure 4 Best fit with Global Wave Statistics

When comparing the power level and energy production it is seen that for many areas errors are in the range between 10% and 20% with respect the original. On the whole the SWD routine performs moderately on the Global Wave Statistics. 

Locations in Portugal

Both locations are in zone A. The RSSE error is in the order of 0.090.  The graphical representations of the scatter diagrams show that the WPS makes a fair approximation, even though the WPS contour lines are slightly rotated clockwise (figure 5). 
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Figure 5 Reasonable fit for Leixoes
The errors resulting from the calculations of power level and energy output are within the 10% margin. In conclusion, the SWD routine works fairly well for these two locations.

energy OUtput calculations 
AWS

The ultimate goal of creating theoretical wave data is to be able to make a fairly accurate estimation of the average annual energy output that a WEC delivers. To test the SWD routine it was used to make energy output calculations for the AWS. Figure 6 shows the results.
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Figure 6 Energy Output AWS

For these calculations the model developed by Teamwork Technology was used to generate the power matrix of the device. The best results are found for zone A and B. The errors of the energy calculations for zone A roughly vary from -1% to +6%. It can be said that for locations in zone A scatter diagrams generated by the SWD routine cause energy output estimates to be slightly overestimated. For zone B all but one are between -7% and +6%. The exception is Belmullet for which the energy output was overestimated by 10.6%. Results for zone C and D were not as good. For all eight locations the energy output was underestimated when using scatter diagrams based on the SWD routine. Three of the four locations in zone C show errors around -5.5%, but the energy output for an AWS in Vesteraalen is underestimated  by more than 14%. Energy outputs for the North Sea (zone D) are all underestimated by between -10% to -31%. 

Based on these results it can be concluded that the SWD routine works best for locations in zone A and B. Energy output estimates can be made with an accuracy between -10% and +10%. For zone C it generates scatter diagrams that cause energy output estimates to be slightly underestimated. For locations in zone D the routine produces scatter diagrams that cause energy output estimations to be highly underestimated (by more than 10%).

Other WECs
The SWD routine was initially tested on the AWS only. Power matrices for other WECs were also available (via internet or supplied on request). The other WEC’s for which calculations were performed are: the Pelamis from OPD, the oscillating water column (OWC) from Inerti and the Danish Wave Dragon. References to the different companies or institutions are attached to this paper. The performance of the WEC’s was summarised in the power matrix. With these power matrices energy calculations were made with original reference scatter diagrams and with the theoretical scatter diagram. The absolute results of these calculations are not very comparable because the WECs are all rated differently. Relevant for this study is the way the results for the energy output calculations depend on whether the scatter diagram is the original or was generated by the SWD routine. In table 2 these differences are summarised. Results are shown per zone (average and standard deviation).
Table 2

Performance WPS on four WECs, differences with results based on original scatter diagram
	 
	 
	AWS
	OPD
	OWC
	WD

	A
	μ
	2.6%
	1.6%
	4.2%
	3.2%

	 
	σ
	2.0%
	5.0%
	1.7%
	1.2%

	B
	μ
	0.9%
	0.8%
	4.2%
	1.9%

	 
	σ
	4.5%
	6.6%
	3.0%
	3.6%

	C
	μ
	-7.7%
	-3.5%
	-4.0%
	-8.3%

	 
	σ
	4.4%
	2.5%
	1.9%
	2.8%

	D
	μ
	-16.3%
	-12.9%
	-8.7%
	-11.7%

	 
	σ
	9.5%
	7.7%
	3.1%
	3.8%


In zone A it can be seen that using the SWD routine results in a slight overestimation of the energy output of a WEC. However, errors are small. In zone B, most results are very close to the results based on original data. Again a slight overestimation can be seen, especially for the OWC. Results for zone C and D are not so good. One must keep in mind that data for only a few locations was available (4 per zone), which might explain the bad performance of the SWD routine in these regions. What can be seen from the results for zone C and D is that all energy calculations are underestimated. Errors range form 10 to 30 %.
Conclusions

A method has been presented to generate standardised wave data for Western Europe based on two parameters to be used in the performance calculation of a wave energy converter (WEC). The proposed method is designed to be part of the WEC Performance Standard. The input variables are power level [kW/m] and a zone indicator for offshore locations in Western Europe. The proposed method generates a theoretical scatter diagram that represents reality with acceptable accuracy. For a given power level and location parameter the theoretical wave data will always be the same. The method is simple and provides standardised input for the determination of WEC performance. To arrive at this stage a set of constants for the Ochi model was derived by fitting the model to 33 reference locations taken form the WERATLAS. The reference locations were clustered into 4 zones. Zone A: West and South West of Portugal, zone B: North of Portugal, West of France and UK and South of Iceland, zone C: North West of Norway and zone D: North Sea. One of the locations (Sagres) did not fit into a zone. Per zone linear regression was applied to the sets of Ochi-constants and the corresponding power levels. A relationship between the scatter diagram and power level for a certain location could thus be arrived at. With the new found expressions for the Ochi-constants theoretical scatter diagrams were generated for the 33 locations. The SWD routine was tested with scatter diagrams from the Global Wave Statistics and with more specific scatter diagrams from Portugal. For some areas  (in zone C and D) of the Global Wave statistics the WPS performs poorly, for other areas reasonable fits were seen. The two locations in Portugal show good results, although energy calculations are slightly underestimated. Tests with energy output calculations of four different wave energy converters show that results from calculations based on the SWD routine are within 10% accuracy for zone A and B and within 25% accuracy for zone C and D.
It can be concluded that the proposed method provides a very good approximation of scatter diagrams for locations in zone A and B, but less good results are found however for locations in zone C and D. 
Recommendation

The method can be simplified even more, at the price of accuracy, by leaving out the location parameter. In that case it is recommended that the constants c1 to c10 of zone B are used. For power levels between 25 and 70 kW/m the use of the simplified SWD routine gives on average reasonable estimations of the WEC energy output, but one must keep in mind that simplifying the method can generate errors up to ± 20%.
Nomenclature

C_Ochi

Ochi constant used in SWD routine

c1, …, c10
Constants in C_Ochi formulae

Hs

Significant wave height [m]

PL

Power level [kW/m]
RSSE

Root of the Sum of Squared Errors

SWD

Standardised Wave Data

Te

Energy period [s]

Tp

Peak or modal period [s]

WEC

Wave Energy Converter

WPS

WEC Performance Standard

δHs

Scale parameter in Ochi-model
δTp

Scale parameter in Ochi-model
λHs

Location parameter in Ochi-model
λTp

Location parameter in Ochi-model
μ

Average

ρ

Linear correlation coefficient 
σ

Standard deviation
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