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Abstract 

There is usually a cost associated to the 

integration of non-fully predictable renewables in 

electricity markets. This cost, named balancing cost, 

covers the difference between the bid to the day-

ahead electricity market and the actual power 

produced. 

The objective of the paper is comparing the 

balancing costs of a diversified system including 

wind and wave power productions with a system 

based only on wind power. As a result, the paper 

estimates the balancing costs of wave converters, 

which are compared with the current balancing 

costs of wind turbines. The opportunities of a 

combined wave and wind scenario compared to the 

only-wind scenario are examined.  

The study is based on day-ahead forecasts and on 

real-time theoretical power productions from wave 

converters and wind turbines, throughout a 5-

month autumn and winter period, at Hanstholm, 

Denmark. 

Results show balancing costs of wave converters 

are 35 to 47% smaller than those brought by wind 

turbines. When wave converters are combined 

balancing costs keep low, 45% lower than for wind 

turbines. Finally, a diversified scenario of wind and 

wave technologies brings balancing costs 35 to 45% 

down compared to the only-wind scenario. 

Beyond the technical benefits of diversified 

scenarios, the paper identifies an economic benefit 

of combining wind and wave power productions.  

Keywords: Balancing costs, combined wind and wave, 

electricity markets, forecast, wind energy, wave energy. 

                                                 
 

1.  Introduction 

The paper addresses the integration of wave energy 

into electricity markets, particularly into the day-ahead 

and the regulating market. It evaluates the associated 

cost of including non-fully predictable energies in 

electricity markets and examines the economic benefits 

of combining wave and wind power productions. 

In general terms, the difference between the bids to 

the day-ahead market and the actual power produced 

brings extra costs. These costs receive the name of 

balancing or regulating costs and are borne for the 

following reasons. 

Electricity markets were first designed to 

accommodate predictable conventional generation. 

Besides hydropower, the contribution from renewable 

energies was scarce. As the percentage of not-entirely-

predictable renewable generation (such as wind or 

wave power) increases [1], the uncertainty on the 

planned generation is also rising. This partial 

unpredictability causes grid operators, producers and/or 

electricity consumers to cope with the costs of 

balancing the power, which generally implies large 

expenditures [2].  

Transmission System Operators (TSOs) are the 

national bodies responsible for operating the grid and 

assuring the electricity demand is fulfilled. TSOs 

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 

Denmark as the Danish TSO requires the prediction of 

the following 12 to 36 hours electricity generation [3]. 
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In the regulating market, which starts one hour ahead 

the actual generation time, the last corrections of 

imbalances between supply and demand take place. In 

this market, the actors contributing to the imbalances 

(i.e. over-producing or under-producing the estimated 

power) have to cover the costs for balancing the 

system. In Denmark, these balancing costs are 

ultimately passed on to Danish electricity consumers.  

Consequently, the objective of this paper is to 

compare current balancing costs of wind production in 

the Danish electricity market with the balancing costs 

of a system including wave power production.  

A research project by the same authors has evaluated 

the extent to which wave and wind conditions can be 

predicted, as well as the accuracy in the predictions of 

the theoretical power outputs of wave and wind 

technologies [4]. These results and estimates provide 

the background data for the present analysis.  

The study looks into i) forecast accuracy of the 

power production of wave and wind technologies, 

working alone and combined, ii) balancing costs of 

wave power with respect to balancing costs of wind 

power, and iii) comparison of average regulation costs 

of wave power with the average balancing costs of 

wind power.  

Balancing costs of wave power have only been 

investigated in study that assesses the reduction of 

balancing costs in a diversified system including tidal, 

wave and wind power compared to a system dominated 

by wind power [5]. By contrast, extensive and recent 

research has been done on balancing costs of wind 

power [6-7], a topic highly related to current research 

on wind forecast [8].  

As a result, the novelty of this study is examining the 

economic benefits of combining wave and wind 

generating technologies from the point of view of 

electricity markets. 

2.  Methodology 

2.1 Study period and study location 

The analysis embraces three complete and non-

consecutive months. The overall period covers from 

end of October 2010 to middle of February 2011. Valid 

data are from 26/10 to 20/11/2010, from 11/12/2010 to 

13/01/2011, and from 16/01 to 09/02/2011. Times and 

dates are expressed in the Coordinated Universal Time 

(UTC [dd/mm/yyyy]) system. 

The research site is Hanstholm, on the West coast of 

Jutland, Denmark, in the Danish part of the North Sea. 

The wave climate is dominated by wind seas (mean 

wave power of 7 kW/m) and wind speeds of 8 m/s in 

average. It is an area with increasing interest on wave 

and wind energy development.  

There is high seasonal variability at Hanstholm. 

Autumn and winter are the most energetic seasons and 

spring and summer the least [9-10]. Hence, the selected 

study period provides a good representation of typical 

operating conditions for the technologies. 

2.2 Measured and forecast data 

Environmental measurements have been provided by 

a non-directional Waverider buoy from The Danish 

Coastal Authority (i.e. Kystdirektoratet), positioned at 

474700 East and 6332100 North in the UTM32 system. 

Data consists of half-hour records of recording time 

and of the spectral estimates of the significant wave 

height (Hm0), the zero-crossing period (T02) and the 

maximum wave height. Data have 2 decimals 

resolution. 

Wind measurements are provided by a weather 

station from Kystdirektoratet. Data consists of ten-

minute records of recording time, wind speed (uwind) 

and mean wind direction, with 2 decimals resolution. 

The station is located 20 m above ground, positioned in 

the UTM32 system at 475467 East, 6331036 North. 

Wave forecasts have been calculated by the spectral 

wave module of MIKE 21 from the Danish Hydraulic 

Institute (DHI), a model based on the wave action 

conservation equation. The forecast reaches 5 days into 

the future, is calculated every 12 hours and provides 

half-hour records of the main wave parameters with 2 

decimals resolution. Weather forecasts from DHI are 

also available, providing half-hour records of wind 

parameters, air temperature and air pressure conditions. 

Only the 12 to 36 hours ahead forecasts are used for the 

study.  

Buoy measurements and wave and weather forecasts 

are from the same location, which is about 2 km North-

west off the harbour, whereas weather data are obtained 

at the harbour (Figure 1). It is assumed that weather 

data are recorded at the buoy location, since there is a 

limited distance between the weather station and the 

forecast location, and data are in half-hour resolution. 

 
Figure 1. Location of the wave-buoy, the weather station and 

DHI forecast at Hanstholm, Denmark. 

To match weather-station data to forecast wind data, 

the 10-minute records are expressed as half-hour time 

series through a weighted average. 

2.3 Wave and wind technologies 

The wave converters selected for the study are 

Pelamis, a floating heaving and pitching wave 

converter [11], Wave Dragon, an offshore floating 

overtopping converter [12], and Wavestar, a near-shore 

multi-point wave absorber [13].  
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Power productions of the three wave technologies 

have been modelled with a power matrix that represents 

the performance of the converter at the study location. 

The power matrixes express the power production as a 

function of Hm0 and T02. 

The data sets of forecast Hm0 and T02, and the data 

sets of buoy-measured Hm0 and T02, along with the 

power matrixes have been used to develop theoretical 

time series of forecast power productions (PMOD) and 

real-time power productions (POBS) for the three wave 

converters. (Throughout the paper MOD corresponds to 

modelled or forecast data and OBS to observed data). 

Similarly, time series of offshore wind turbine 

(OWT) productions have been modelled with an 

offshore wind turbine power curve that represents the 

power production of a farm of wind turbines as a 

function of the wind speed [14]. The data sets of 

forecast uwind and weather-station uwind have been used 

to model forecast and real-time theoretical power 

productions for the offshore wind turbine (PMOD and 

POBS, respectively). 

To allow comparison among power productions, 

these are expressed as percentages of peak power, i.e. 

power productions are given as normalized or non-

dimensional values. 

For the combined power production, one normalized 

unit of the indicated technologies is considered. 

2.4 Danish Electricity Market 

The Danish electricity market is part of the Nord 

Pool market. There are two markets in Denmark, West-

DK (2400 MW) and East-DK (585 MW). Hanstholm 

belongs to West-DK. 

Market data for West and East-DK can be retrieved 

from Energinet.dk [15]. Data include hourly values of 

net consumption, system imbalances (deficit and 

surplus of power), regulating power (upward and 

downward regulation) and price for balancing power 

(upward and downward regulation prices). 

To match production data from wave and wind 

technologies to electricity market data, the half-hour 

records of the former are expressed as hourly time 

series through a weighted average. 

2.5 Balancing costs calculation 

Upward regulation is needed when there is deficit of 

power, whereas downward regulation happens when 

there is excess of power. Therefore: 

𝑖𝑓 (𝑃   − 𝑃   ) > 0 => Up-regulation 

Ĕ |𝐶𝑜𝑠𝑡 𝑈𝑝.𝑅𝑒𝑔| = |𝑃𝑟𝑖𝑐𝑒 𝑈𝑝.𝑅𝑒𝑔.|* |𝑃   − 𝑃   |  
 
𝑖𝑓 (𝑃   − 𝑃   ) < 0 => Down-regulation 

Ĕ |𝐶𝑜𝑠𝑡  𝑜  .𝑅𝑒𝑔|=|𝑃𝑟𝑖𝑐𝑒  𝑜  .𝑅𝑒𝑔.|* |𝑃   − 𝑃   |  

Balancing costs are calculated as the regulation price 

times the amount of power that needs to be balanced. 

The hourly price for the upward and downward 

regulation is known from [15] and the hourly errors in 

the production estimates have been calculated.  

Hence, hourly balancing costs per unit of energy 

generated are calculated for the entire study period as:  

𝐵𝑎𝑙𝑎 𝑐𝑖 𝑔 𝐶𝑜𝑠𝑡𝑠=∑  
|𝑃𝑟𝑖𝑐𝑒 𝑈𝑝/ 𝑜  .𝑅𝑒𝑔|∗|𝑃   −𝑃   |

𝑃   
 

And the corresponding units are: 

|𝑃𝑟𝑖𝑐𝑒 𝑈𝑝/ 𝑜  .𝑅𝑒𝑔| in [DKK/MWh]  

|𝑃   − 𝑃   | in [MWh/h * Prated]  

𝑃    in [MWh/h * Prated]  

|𝐶𝑜𝑠𝑡 𝑈𝑝/ 𝑜  .𝑅𝑒𝑔| in [DKK/h * Prated]  

Balancing costs  in [DKK/MWh] 

An exchange rate of 1 € = 7.5 DKK is assumed 

throughout the study. 

2.6 Balancing costs of wind and wave power  

According to Danish rules (onshore) wind turbines 

receive a premium on top of the feed-in tariff to 

balance the power. The premium equals 3 €/MWh. In 

line with this value, [16] shows the average costs of 

integrating wind in Denmark are 3-4 €/MWh of wind 

power generated, at a 20% level of system penetration. 

Then, the average regulation costs for wind power in 

West-DK were 3.2 €/MWh, with a penetration level in 

all Denmark of 26% [17], throughout the study period. 

In order to compare balancing costs of wave power 

to balancing costs of wind power the former can be 

inferred from the balancing costs of wind.  

It has been assessed wave energy can provide 15% 

of Danish electricity demand [18], which can be 

compared to the current penetration level of wind 

power. It can also be assumed the transmission and 

market conditions of wave and wind production are the 

same, since wind generation is mostly concentrated in 

West-DK and the potential wave resource is also 

located in the Danish North Sea.  

As a result, if balancing costs of wind power are 

taken as a reference value, balancing costs of wave 

power can be calculated. Reference value is chosen at 3 

€/MWh, which coincides with the current balancing 

premium for wind turbines and is accepted as the 

average balancing costs for wind power in Denmark.  

Therefore, the following calculations assume the 

upper balancing cost of wind power in West-DK are 3 

€/MWh. This assumption allows calculating the 

balancing costs of any diversified scenario compared to 

the only-wind scenario. 

2.7 Quality indices 

Verification of forecast data against measured data is 

quantified by the index Normalised Mean Absolute 

Error or NMAE. It is a non-statistical parameter that 

provides an absolute measurement of the error. This 

parameter is normally used by TSOs and grid 

regulators, in comparison to its counterpart statistical 

parameter used by academia RMSE, the Root Mean 

Square of Difference. The reason of using NMAE is that 

it can be linearly related to a cost per unit of energy 

generated (i.e. liner relation to EUR/MWh).  
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The following equation defines NMAE. N represents 

the number of samples and Prated the rated power of the 

technology: 

𝑁𝑀𝐴𝐸= 
1

𝑃     ∙𝑁
 ∑ (|𝑃   − 𝑃   |)

 

   

 

3.  Results 

3.1 Day-ahead forecasts of power productions  
Table 1 shows the errors in the forecast of wave 

converters and wind turbines power productions. They 

have been calculated by comparing day-ahead forecasts 

to real-time theoretical power productions. Errors are 

evaluated by the quality index NMAE and are given as 

normalized values.  To compare the results among the 

different technologies the figure NMAE/NMean is also 

given. 

The errors in the predictions are calculated for each 

technology working alone and combined. The 

combination of technologies characterizes a diversified 

energy system. The combined scenarios include: the 

three wave converters working together, the three 

converters and the wind turbine, Wavestar and the wind 

turbine and Wave Dragon and the wind turbine. 

  NMean NMAE  
NMAE  

NMean 

Technologies alone    

Pelamis (P) 33% 11% 0.33 

Wave Dragon (WD) 33% 9% 0.27 

Wavestar (WS)  44% 15% 0.34 

Off. Wind Turbine (OWT)  32% 17% 0.53 

Technologies Combined    

P+WD+WS 37% 11% 0.29 

P+WD+WS+OWT 36% 11% 0.30 

WS+OWT 38% 14% 0.37 

WD+OWT 33% 11% 0.33 

Table 1. Day-ahead power productions predictabilities of 

wave and wind technologies, working alone and combined, 

from 26/10/2010 to 09/02/2011 at Hanstholm, Denmark. 

Table 1 shows comparable and acceptable forecast 

accuracies for the three wave converters working alone 

(despite Wavestar has bigger NMAE value than Pelamis 

and Wave Dragon its mean power production is also 11 

points higher). The error in the forecast for the offshore 

wind turbine is significantly higher, since its NMean is 

comparable to that of Wave Dragon or Pelamis.  

Hence, day-ahead predictability of wave converters 

is 35 to 50% more accurate than day-ahead 

predictability of wind turbine’s production. 

In addition, Table 1 suggests that any combination of 

wave converters power productions (with or without 

including wind turbine’s production) also provides 

improved day-ahead forecast than the only-wind 

scenario. Forecast errors get reduced from 30 to 45%. 

 

 

3.2 Balancing costs of wind and wave power 
Table 2 presents the average balancing costs for the 

same technologies and combinations investigated in 

Table 1. Balancing costs are given as a percentage of 

the balancing costs of the only-wind scenario and as an 

absolute value, calculated from the reference value for 

wind turbines.  

  Balancing costs 

 (%) 1 (€/MWh) 2 

Technologies alone   

Pelamis (P) 65% 1.9 

Wave Dragon (WD) 53% 1.6 

Wavestar (WS)  59% 1.8 

Wind Turbine (OWT)  100% 3.0 

Technologies Combined  

P+WD+WS 55% 1.6 

P+WD+WS+OWT 57% 1.7 

WS+OWT 65% 1.9 

WD+OWT 64% 1.9 
1 Balancing costs as a percentage of the only-wind scenario 
2 Balancing costs assuming a reference cost for wind of 3€/MWh 

Table 2. Balancing costs of different systems working at 

Hanstholm, Denmark, calculated for the period 26/10/2010 to 

09/02/2011  

Table 2 reveals the average balancing costs for wave 

converters working alone are 35 to 45% lower than for 

the wind turbine. It also indicates that any combination 

of wave converters with and without wind turbines 

reduces balancing costs by a 35 to a 45% compared to 

the only-wind scenario.  

4.  Discussion 

The most interesting finding is that the inclusion of 

any wave converter in a scenario dominated by wind 

significantly reduces the balancing costs. The economic 

benefit depends on the wave technology and on the 

considered mix. Overall, costs reduction varies from 35 

to 45% compared to an only-wind scenario.  

The reason is that day-ahead forecasts of wave 

power productions are 35 to 50% more accurate than 

for wind turbines (in terms of NMAE); which in turn 

depends on that waves are about 10% more predictable 

than winds [4, 19]. 

The difference in NMAE for the wave technologies 

(11% for Pelamis, 9% for Wave Dragon and 15% for 

Wavestar) depends on their mean power productions 

(NMean) and on the dependency of the converters to 

variations of the sea conditions, which has been 

represented by the power matrixes. 

The findings of this paper are in line with the results 

of [5], which conclude that in a diversified scenario 

comprised of 43% wind, 52% wave and 5% tidal, 

balancing costs reduce by 37% compared to the only-

wind scenario. 
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It is important to bear in mind two facts about 

balancing costs. Firstly, balancing costs correspond to 

5-7% of the costs of wind generated electricity and 

secondly, balancing costs of wind power are low in 

comparison with the overall balancing costs of the 

power system, which also deal with un-fulfillment of 

demand or power plants break-down [6]. 

However, annual balancing costs represent large 

expenditures for TSOs, which are passed on to final 

electricity users. Moreover, penetration level of wind 

generation is increasing steadily in West-DK. This is 

the main motivation for the study and the reason why 

the Danish TSO Energinet Denmark has interest on it. 

Last but not least, results presented in the paper 

should be read by taking into consideration the 

assumptions and limitations behind the study: 

First, the study is entirely based on theoretical data. 

Power productions derive from three power matrixes 

and one power curve, which can represent only to a 

certain extent the productions from wave arrays or 

wind farms distributed over a wide area (such as within 

a 15% and 20% penetration level of wave and wind 

power, respectively). 

Second, the study illustrates wind power 

predictability with the theoretical power production of 

an offshore wind turbine. This allows the comparison 

of wind production forecast to wave production 

forecast, but it does not coincide with the current 

accuracy level on wind forecasting (e.g. the offshore 

wind power plant Horns Rev1 located off the West 

coast of Denmark has a NMAE=11% for the period 

Jan-Feb 2011 [15]). In addition, the errors on offshore 

wind forecasting are higher than for onshore wind, and 

currently Denmark is dominated by onshore wind 

production. And what is more, forecast accuracy also 

depends on the metocean conditions at the study 

location and during the study period. 

Third, there are constant corrections in power 

production´s estimates from the day-ahead to the 

regulating market, which have not been considered in 

the calculations. TSOs are developing complex 

algorithms for these [7].  

 Fourth, balancing costs of a generation technology 

depend both on the type of other generating equipment 

(to provide the balancing power) available on the grid 

and on the predictability of the variation in electricity 

demand (to schedule the use of the least expensive 

units). Balancing costs also depend on the penetration 

levels of the technologies, the extent of the balancing 

area and the system interconnection.  

5.  Conclusion 

The paper has investigated the economic benefit that 

brings a diversified system including wind and wave 

technologies. It has been demonstrated that combined 

power productions are more predictable than when 

wind and wave technologies are working individually; 

and hence, balancing costs reduce.  

Results indicate the costs of balancing wave power 

are 35 to 50% smaller than those faced currently by 

wind power. Results also suggest that any combination 

of wave technologies have 45% lower balancing costs 

than wind power. Then, the combination of wave and 

wind technologies also reduces balancing costs by a 35 

to a 45%, compared to an only-wind scenario. 

The study is part of a collaborative project that has 

investigated the predictability of wave and wind 

parameters and technologies [4] and the advantages in 

combining the two power outputs [20]. Project results 

reveal that every diversified scenario brings economic 

and technical benefits. 

This paper has identified the economic benefit of a 

diversified system compared to an only-wave or only-

wind system. In combined scenarios there are also cost 

reductions by common infrastructures and facilities.  

The technical advantages are a less-fluctuating (less-

peaks in the production) and more continuous (reduced 

periods of zero power output and smooth changes) 

power output; increased predictability and reduced 

reserve capacity needed.  

To conclude, reduced balancing costs can also be 

achieved by better knowledge on technologies 

performance and operation, (which for wave converters 

will happen through gained operational experience), by 

more accurate prediction tools, and most importantly, 

by reducing gate-closure times (i.e. bids based on 4 to 6 

hours ahead forecasts instead of on day-ahead 

forecasts). 

6.  Nomenclature 
DKK Danish krone 

€ Euro 

Hm0 significant wave height spectral estimate [m] 

N number of data points 

NMAE normalized mean absolute error [% of Prated] 

NMean normalized mean production [% of Prated] 

OWT offshore wind turbine 

P Pelamis 

PMOD forecast power production [MWh/h*Prated] 

POBS real-time power production [MWh/h*Prated] 

Prated rated power [MW] 

T02 zero crossing-period spectral estimate [s] 

TSO Transmission System Operator 

uwind wind speed [m/s] 

UTC Coordinated Universal Time [dd/mm/yyyy] 

UTM Universal Transverse Mercator [E, N] 

WD Wave Dragon 

WS Wavestar 
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