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The variability and limited predictability of wind power challenges the operation of power 
systems, where the generation and load are required in balance at all times. The transmis-
sion system operator (TSO) is the responsible party. In a liberalized energy sector, key tech-
nical elements of power system operation have been transferred to markets and are thereby 
translated into economic responsibilities born by all system parties. The Dutch TSO TenneT 
operates the 15 min interval real-time system balancing the market platform where energy 
responsibilities are economically assessed. Market parties subject to programme responsi-
bilities with wind power as part of their generation portfolio must bear the integration costs 
of wind power’s variability and forecast errors. The question arises what the real value of 
wind power is in the market. In this paper, a straightforward approach is used for the eco-
nomic evaluation of existing wind power, taking Dutch market as a case study. Factual 
production data are obtained from a 108 MW offshore wind farm. Two variations of per-
sistence forecast model are applied for the assessment of wind power value, which is quan-
tified using price data on the Dutch wholesale markets and the TSO’s balancing market. It 
is found that presently in The Netherlands, wind power is a price-taker with a value equal-
ling 90–110% of averaged market prices, including the imbalance cost component. The 
right-skewed distribution of APX (Amsterdam Power eXchange) spot market prices is found 
to reduce the market value of wind power. The impact of forecast errors on overall wind 
power value is low due to the small impact of wind power on short-term wholesale market 
prices. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction
Security of energy supply and environmental concerns have been and are driving renewable energy develop-
ments worldwide, whereby wind energy has experienced one of the largest growth rates in the past decades. 
Technology development and learning experience have contributed directly to the upscaling of wind tur-
bines and to the proportional investment cost reductions for new wind parks. Higher wind resources and a 
wider availability of locations have driven wind power offshore, whereas additionally offshore wind park 
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developments are accelerated by advancements in offshore engineering. Large-scale offshore wind parks enable 
the further growth of wind power in the next decade, which is necessary in order to reach the targets for CO2 
emission reduction and deployment of renewables set by the European Union.1 European targets include 
180 GW installed in 2020 (of which 60 GW are offshore), with present levels already around 57 GW (1 GW 
offshore) supplying 4% of electricity consumption.2

Integration of large-scale wind plants into power systems is challenging for power system operation. Power 
generation and consumption in the system must be constantly balanced in real time, since electric power cannot 
be stored in signifi cant amounts. When wind power is integrated, additional reserves from conventional thermal 
units are usually allocated to accommodate wind power. The variability and limited predictability of wind 
power makes the optimization of generation unit planning (commitment and dispatch) more diffi cult. The 
additional reserves for wind power are associated with an economic cost, which is generally known as ‘imbal-
ance cost’. When wind power is integrated into liberalized markets, depending on the national supporting 
scheme, imbalance cost can have an impact on market revenues received by the wind park owner from wind 
power. In the Dutch,3 the Spanish4 or the British5 market, imbalance costs are borne by the park owners, hence 
it is critical for these parties to understand the costs. Under feed-in tariffs such as those applied in Germany, 
balancing costs are transferred by the transmission system operator (TSO) to the end consumers, hence park 
owners are less concerned with this particular element.6

Comprehensive economic studies concerning imbalance cost of wind power agree that upon increasing wind 
power penetration imbalance costs increase as well. At wind power penetration levels of up to 10% of annual 
consumption, the balancing cost associated with wind power are estimated to be 1–3.9 EUR MWh−1; at higher 
penetration levels up to 30%, this cost estimate is 2–4.6 EUR MWh−1.5–9 However, little research has been 
directed towards the actual commercial imbalance costs incurred by an individual wind park operator in a 
specifi c liberalized market. In fact, it is the non-transparency of commercial imbalance costs that frequently 
hinders wind park developers to arrive at balanced wind power supply agreements with market parties, imply-
ing additional investment risk.

This paper uses a market-based approach and a case study to investigate to what extent imbalance cost will 
affect the power value as a commodity in a liberalized market. The market revenues of the recently installed 
Offshore Wind park Egmond aan Zee (OWEZ) were derived using actual market prices assuming that the 
generated power output would be sold directly to the liberalized Dutch market. Located 10 to 18 km west from 
the Dutch coast, the OWEZ comprises 36 Vestas V90 wind turbines and has an installed capacity of 108 MW 
supplying renewable electricity for about 100,000 Dutch households.10 From October 2006 to May 2007, 8 
months of wind power production data (10 min values) are obtained from the OWEZ as well as price data 
from the liberalized market platforms to where the electricity may be sold. An economic assessment Excel-
based model is built taking into account different wind power forecast (‘forecast’ and ‘prediction’ have the 
same meaning in the paper and are interchangeably used) variations and the characteristics of the different 
markets. The model evaluates the commercially realistic value of wind power, in the presence of imbalance 
responsibility and market forces.

The paper is organized as follows: fi rstly, the essential concepts of the Dutch power market design are 
presented with a special focus on wind power. Secondly, the economic evaluation methodology is developed, 
including an analysis of market power prices and the development of a wind power evaluation model. There-
after the model results and analysis are described. The fi nal section presents the conclusions of this paper and 
provides an outlook on further research.

Market Integration of Wind Power
Since electric power cannot be stored in signifi cant quantities, power system operation requires a continuous 
balance between generation and demand. Conventional generation technologies allow suffi cient possibilities 
for controlling their output and power system balancing evolves around the continuous, real-time adjustment 
of generation units to match the load. The responsibility for maintaining the power balance lies with the TSO; 
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in The Netherlands it is TenneT. In order to balance the system, TenneT applies power reserves made available 
by market parties. To guarantee suffi cient power reserves for reliable power operation, TenneT contracts power 
reserves from market parties and uses a real-time power balancing market to settle system imbalance. This 
real-time balancing market provides market parties with economic incentives to adjust their operation set points 
to an economically optimized level such that power imbalances occurring in real time are minimized.

In liberalized markets, parties buying and selling electrical energy have become free to make trading arrange-
ments. Electricity markets are designed such that electricity can be traded just like any other commodity at the 
same time guaranteeing that power balance is maintained in real time. In order to do so, TenneT applies the 
system of program responsibility: Dutch market parties or program responsible parties (PRPs) are responsible 
for keeping their own energy balance,3 which are laid down in the energy programs (e-program) that specify 
the net-energy exchange with the system for each 15 min settlement time [program time unit (PTU)]. TenneT 
receives all e-programs from the PRPs 12 to 36 h ahead of operation and requires a 100% balanced e-program. 
E-programs may be changed up until 1 h ahead of operation by trades on the adjustment market if enough 
economic liquidity exists. PRPs may also bid in excess or defi cit power capacity into the regulating and reserve 
power market, which also closes 1 h ahead of operation.11

The system of program responsibility is backed by assigning prices to e-program deviations, the so-called 
imbalance pricing mechanism. Since e-programs are all 100% balanced, any power imbalance occurring in 
real time is the result of unscheduled power exchanges with the system, which must be counterbalanced to 
zero. The power reserves used by TenneT for system balancing are settled against the price of the highest bid 
that is used: the PRP deviating from its schedule pays this price to TenneT, and TenneT pays this price to the 
PRP delivering the excess/defi cit power activated as reserves by TenneT. It should be noted that all e-program 
deviations are settled with the imbalance price: passive contributions to power system balancing are rewarded 
as well. The incentives provided by the imbalance pricing mechanism encourage PRPs to continuously monitor 
and control their power balance.

In The Netherlands, wind power is considered as a generation technology just like conventional generation: 
wind power is sold by PRPs on electricity markets (mostly spot market) and is subject to program responsibil-
ity. Thus, balancing the limited predictability and variability of wind power is the responsibility of PRPs with 
wind power in their generation (and load) portfolio rather than the TSO. PRPs therefore must consider their 
balancing costs from keeping additional power reserves for balancing wind power in relationship to the imbal-
ance price. It can be noted that the imbalance price is set during each separate PTU and can therefore not be 
predicted. At present, interviews with the main Dutch PRPs have revealed that PRPs opt for the risk-averse 
strategy to balance wind power using their own portfolio. The optimal strategy, however, depends on many 
factors, including the characteristics of generation and load within the particular PRP portfolio, measurement 
accuracy of the portfolio, expected wind power production, forecast errors and the imbalance price.

Also, the total wind power capacity installed in The Netherlands has an impact on the operating strategy of 
PRPs, especially considering the high correlation of wind pattern at different wind park locations in this small 
geographical area. By mid 2008 approximately 1900 MW wind power has been installed in The Netherlands, 
accounting for 8% of total power generation capacity.12 These parks are likely to use similar source of wind 
speed forecast and hence to follow similar balancing pattern. In the longer term much higher percentage of 
wind power is expected to be in the Dutch power system as the Dutch government set the targets to install 
6000 MW offshore wind by 2020,13 it can be anticipated that the operating strategies of Dutch PRPs with high 
volume of wind in their portfolio will change.

Methodology
Assumption, Parameters and Data
When wind power is integrated in the Dutch wholesale market and treated equally as power from conventional 
generation units, its commodity value for the project operator is defi ned as the sales revenue from each MWh 
produced. This revenue will be obtained by the operator from the party acting as the PRP on his behalf with the 
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amount specifi ed in an energy purchase contract. The PRP usually has a portfolio of generation units including 
the contracted wind park. In this paper this portfolio is not considered: a PRP is assumed that has only the 
108 MW OWEZ wind park as its power generation source. The PRP schedules its wind power output and 
nominates this to the spot market, whereas the e-program is determined by frequently updated with wind speed 
forecast and power output prediction and is then sent to the TSO. This PRP is assumed to sell all excess wind 
power (relative to its MWh volume laid down in the e-program) to the balancing market, and buy all defi cit wind 
power from this market. In operation, the TSO will balance any deviations from the fi nalized e-program that 
may occur in real-time and allocate the corresponding imbalance price to the output surplus or defi cit.

On the commercial side, four components are of primary interest for a PRP: the contracted energy purchase 
prices; the market income from energy sales; TSO imbalance cost; and imbalance costs of the PRP by balanc-
ing wind power deviations autonomously. The revenue coming from wind power will be based on the 
actual energy sales of wind production in the market taking into account the cost of balancing deviations from 
prediction.

Since data on the PRP’s autonomous imbalance costs are not available because of the company-sensitive 
nature of such information and also because of the fact that PRPs frequently do not know their own balance 
situation in their portfolio, e.g. because there is no real-time metering in domestic customers, this paper only 
considers the settlement prices published on TenneT TSO’s real-time regulating and reserve to calculate wind 
power imbalance costs. Likewise, the income from wind power sales will be calculated using transparent spot 
market prices and contract income is not accounted, since sales is the revenue actually obtained by the PRP 
from wind energy input to the market whereas contract price is confi dential. The imbalance cost for wind 
power is a function of the real-time deviation of wind park output from the e-programme (i.e. prediction error) 
including direction (+/−) and magnitude, system sell/buy price, and system situation, i.e. long or short. Market 
income, then, is dependent on two variables: wind park power output; and the market price received for each 
MWh delivered. Wind power output depends on the wind speeds at the park site and the characteristic relation-
ship between wind speed and wind power of the wind turbines (power curve).

Because of the current low penetration of wind in the Dutch power market, it is assumed that the low mar-
ginal generation cost of wind power does not signifi cantly affect the national power pricing dynamics, i.e. 
wind power is a market price taker.

For this analysis, the price data of general average value were obtained from the Amsterdam Power eXchange 
(APX) day-ahead market from 1 October 2006 to 31 May 2007. These are hourly prices. Imbalance price data 
for the same period were downloaded from the TenneT website. These are 15 min prices. The assessment was 
based on the 2007 installed wind capacity in The Netherlands (around 1580 MW) including onshore wind 
power and the 108 MW OWEZ wind park. All onshore parks were aggregated to be one with a capacity of 
1472 MW. The 10 min average production data for the 108 MW OWEZ was obtained for the same period as 
the APX data (note: these are not public data).

Wind Power Trading Practices on Market Places
The commodity value of wind power may be optimized by price speculation and arbitrage between different 
wholesale markets. In theory, wind power can be traded under any type of wholesale contract on the various 
places with different prices. Generally, markets with structurally higher prices are associated with higher 
uncertainties and risks. From a wind power selling perspective, wind power should be sold on the combination 
of markets offering the optimum between market price and market risk exposure. A single power purchase 
contract for a single wind park is at present very likely to be based on a single price index on one wholesale 
market rather than on a basket of indices. Taking into account present power trading practices of market parties, 
among which wind power trading still plays a rather insignifi cant role, and also taking into account the prac-
ticalities of day ahead wind power forecasting, today, wind power is traded on day-ahead markets in many 
countries. From a wind power point of view, the signifi cant forecast errors present in the associated 12–36 h 
ahead scheduling time-frame would, however, suggest trading on a combination between a day-ahead spot and 
an intra-day adjustment market, if available, allowing the incorporation of more accurate wind power predic-
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tion.14,15 During 2007 such an intraday market was introduced in The Netherlands; however, it is not included 
in this paper.

Analysis of the Impact of Wind Power on Price and Price Volatility
Having previously stated that wind in Dutch power market is assumed to be a price taker, it is important to 
test the robustness of this assumption. This is because wind power has a marginal generation cost that is close 
to zero and will therefore naturally take a priority in the market price bid ladder. This will drive power prices 
down when its market share has gained a certain magnitude, such as what has been observed in Denmark and 
Germany.15–18 Meanwhile, because of its variability and limited predictability, the power system must physi-
cally accommodate real-time wind power output deviations from scheduled values. Large variations of wind 
power require additional regulating and reserve power for system balancing, which will result in additional 
price volatility and higher prices on average on the imbalance market. In other words, increasing amounts of 
large wind power deviations are likely to amplify imbalance price volatilities on real-time balancing market,19 
which consequently will expose wind power to a higher imbalance cost risk.

The price-taker assumption is tested fi rstly via assessing the correlations of wind power input in the short-
term market (i.e. APX day-ahead market) and prices. Secondly, this is done via assessing the impacts of wind 
power variations on balancing market (i.e. TenneT real-time balancing market) prices and volatility. These 
assessments will determine the level of validity and robustness of results derived from historical data from a 
commercial and investment perspective.

Correlation between Wind Speed/Production and APX Day-ahead Market Price

Using the data for the period 1 October 2006 to 31 May 2007 specifi ed earlier, the following correlations 
between pairs of aforementioned variables are investigated to estimate their linear dependence relationship:

• Correlations between OWEZ hourly average power production and APX spot market hourly price.
• Correlations between OWEZ hourly average wind speeds measured on site and APX day-ahead market 

hourly price.
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The analysis of the monthly data shows that there is no linear correlation between the measured power 
outputs of the OWEZ and APX hourly prices. Also, using wind speed measured at the OWEZ meteorological 
mast as a rough indicator for the aggregated wind power output in The Netherlands because of the country’s 
relative small size, it was found that there was no linear correlation between wind speed and APX hourly 
prices. The values of the coeffi cient of determination (R2) are all very low indicating no correlation as can be 
seen from Table I. Figure 1 shows a graphic explanation of how the R2 values were calculated. Part of the 
scatter observed in Figure 1 is because of the use of a single wind speed measurement to represent all wind 
power production in The Netherlands. This approach thus also contributes to making the value of R2 low. 
Nevertheless, with the relatively low slope of the trend line, it is concluded that wind power still has a minor 
infl uence on the APX price. The authors have not identifi ed any other type of correlation in the analysis.

Correlation between the Dutch Wind Power Variations and the TenneT Price Variations

In reality, instead of dealing with the power output from a single wind park, the Dutch market party acting as 
the PRP for OWEZ will integrate the gross output of a group of wind parks (along with the output of other 
power plants). In general, because of the geographical spread resulting in different wind patterns at distant 
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park sites, the aggregated wind power output will be much smoother than a single farm power curve.20,21 Even 
more so, a large geographical spread of wind power will reduce variability and decrease the occurrences of 
near zero or peak output.22 However, this notion is only to a certain extent applicable to The Netherlands 
considering its rather small geographical size. Nevertheless, it can be argued that wind power variations 
between different Dutch wind parks can be slightly correlated and thus produce some smoothing effect, which 
consequently will reduce the stress of system balancing by TenneT, taking into account the short program time 
unit applied for power balancing (15 min).

To safely assess the infl uence of wind production variations on balancing prices fl uctuation, the conservative 
yet extreme assumption was made that the total 1580 MW installed wind capacity in The Netherlands would 
follow the same varying direction as OWEZ. With no aggregate wind power output data available, it was 
assumed that offshore wind power has a low capacity factor of 25%12 so that the offshore wind power data of 
OWEZ could be scaled into total wind power output for The Netherlands. The effect of using a higher, more 
realistic capacity factor, on the analysis below is negligible.

The defi nitions and abbreviations of the variables are as follows:

 ∂ = − −E E Et t t 1  (1)

 ∂ = − −P P Pt
SSP

t 1
SSP

t
SSP  (2)

 ∂ = − −P P Pt
SBP

t
SBP

t 1
SBP  (3)

where ∂Et is the aggregated wind power production variation at PTU t (MWh); Et is the aggregated wind 
power production in The Netherlands (MWh); ∂P t

SSP is the TenneT System Selling Price (SSP) variation 
at PTU t (EUR MWh−1); and ∂P t

SSP is the TenneT System Buying Price (SBP) variation at PTU t (EUR 
MWh−1).

Scattered wind production variations against TenneT’s balancing price variations sampled in Figure 2 clearly 
explain that the two variables are independent of each other. Both the magnitude and direction of variation are 
not linearly correlated. This proves that the wind production variation at current installation level does not 
appear to affect the capability of system balancing. Neither the variations of measured wind speed nor of the 

Table I. R2 values of wind power production/speed at OWEZ park and APX prices

Oct 2006 Nov 2006 Dec 2006 Jan 2007 Feb 2007 Mar 2007 Apr 2007 May 2007

Et versus Pi
APX 0.0031 0.0018 0.0774 0.1254 0.0330 0.0943 0.0214 0.0037

vt versus Pi
APX 0.0085 0.0111 0.0878 0.0830 0.0397 0.0606 0.0255 0.0471
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Figure 1. Correlations between APX hourly prices and hourly OWEZ park power production/wind speed
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corresponding wind power production are directly contributing to price fl uctuations seen in the short-term 
trading platforms. This can be explained considering total wind installation in The Netherlands in 2007 was 
1580 MW, which is 7% of the total installed generation capacity in The Netherlands. The percentage is even 
lower when a park capacity factor of 25% for onshore and 40% for offshore would be considered. When it 
comes to the imbalance cost of wind power, it can thus safely be assumed that wind power is a price taker for 
the data used in this research and that the data can be used to estimate the commodity value of the wind power 
production of the OWEZ park.

Integrated Assessment Excel-model
Having tested the robustness of assumption that wind power production does not affect short-term market price 
and balancing market volatility, a quantitative model is constructed in Excel to integrate market revenue and 
imbalance cost in order to assess the market value of wind power. The model delivers the result in Euro per 
MWh unit of energy delivered by the OWEZ park.

Modelling Assumptions

As previously mentioned, for simplicity and also for the estimation of the economic value of wind power 
independently, the OWEZ park is assumed to be the sole generation source in an anonymous PRP’s portfolio, 
i.e. the PRP does not have additional generating capacity nor electricity demand at its disposal. It is assumed 
that the PRP has its wind power sales indexed to the APX day-ahead market. It is also assumed that the optimal 
revenue from wind power comes from a programme with perfect forecast, i.e. no forecast errors present at real 
time although in reality this can be nearly impossible to achieve, especially when the operation cost of fre-
quently updating forecast is considered. Again the wind power as price taker assumption makes it logic to 
argue that the behaviour of the PRP on the spot market and imbalance market does not have an impact on 
actual spot market or imbalance prices.

It is assumed that the anonymous PRP recognized by TenneT acting on behalf of the OWEZ park (hereaf-
ter called PRP OWEZ) would nominate the predicted power output to the APX day-ahead market and submit 
the planned system exchange as its e-program to TenneT on a daily basis. Consequently, the PRP would receive 
its revenue from the APX day-ahead spot market. Assuming no optional measures taken by the PRP to incor-
porate its wind power forecast errors (the only possibility for this PRP would be to partly curtail the OWEZ 
park in case of an extreme and unpredicted surplus), TenneT would compensate all physical wind power 
forecast errors; consequently, the PRP would incur either a positive or negative imbalance cost associated with 
any deviations between the e-program and the actual delivery in real time.

In practice, under APX day-ahead, PRP OWEZ would submit the power nomination in MWh via the APX 
e-trading platform for each hour of the following day, where the gate closure time is 11:00 Gate closure time 
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Figure 2. Comparison of wind production variations and TenneT balancing price variations
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effectively requires a power prediction window of at least 13∼37 h. PRP OWEZ would also submit an 
e-programme specifying the output of the OWEZ park in MWh per 15 min to TenneT before 12:00 for each 
quarter hour of the following day. It is assumed that the APX nominated hourly volume is equally split between 
four PTUs, so TenneT’s e-programme hourly sum of volume would be identical to the APX nomination hourly 
volume. In order to gain more insights into the impact of increased prediction accuracy upon wind power value 
optimization, the authors looked into two additional scenarios where the possibility of updating the nomination 
and e-programme to 1 and 3 h ahead of real-time operation was incorporated. Note that such updates are pres-
ently not common practice for Dutch PRPs with wind power as part of their portfolio.

In the model built here, the two main value components are the wind power market revenues based on 
energy nomination at the APX day-ahead market, and imbalance costs because of prediction error at the imbal-
ance market. The evaluation model is based on equation (4). The revenue is normalized for each month by the 
total actual production. The APX average value of all hourly prices in the delivery month is defi ned as Pm,i

APX  
for comparison.
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E P E P
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t

N

t

N=
× − ×( )

=
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t
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t t
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t
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 E Et
nom

t
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where:

•  Pm,i
APX, APX monthly averaged price (EUR MWh−1);

•  R , Monthly normalized revenue of the OWEZ park (EUR MWh−1);
• Et

nom, OWEZ park hourly power nomination to the market for time t (MWh);
• Et

pred, OWEZ park power prediction for time t (MWh);
• Et

act, OWEZ park power production at time t (MWh);
• Et

err, Prediction error at time t (MWh);
• Pt, Price on the market at time t (EUR MWh−1); and
• Pt

TenneT, TenneT imbalance price at time t, either SSP or SBP (EUR MWh−1).

The evaluation model consists of three steps:

• Estimate the optimal market revenue of wind power on APX, where price fl uctuations have a direct impact 
on wind power revenue.

• Assess the sole imbalance cost at TenneT associated with energy imbalance caused by prediction error, with 
and without the inclusion of improved wind power forecast in the fi nal e-programme.

• Integrate the commercial market revenue with TenneT imbalance cost to refl ect the actual return of wind 
power.

Estimation of Optimal Market Revenue on APX as a Benchmark for Modelling Results
APX prices are determined for each hour of the day. To a large extent the price values follow a daily pattern 
corresponding to power demand in the system, featuring high prices during peak load hours. Hourly price 
incremental values largely fall within ± 20% of previous hourly values, as observed for 80% of the time within 
the analysis time frame. It is not uncommon that the hourly price differences exceed 100 EUR MWh−1, caused 
by a combination of causes such as generation outages or sudden weather changes, which are usually diffi cult 
to foresee.
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Equation (7) is used primarily to calculate the OWEZ park optimal revenue. This is later used as a bench-
mark against which to assess realistic OWEZ market revenues. Assuming that PRP OWEZ has a perfect 
forecast, the energy nomination to APX day-ahead and the e-programme submitted to TenneT are identical to 
actual production, delivering an imbalance cost of zero. Since the imbalance price mechanism is designed to 
encourage minimum energy program deviations, perfect prediction will in principle produce the optimal 
revenue for OWEZ park.

 R

E P

E

t
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t
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ex.imb

t
act

t
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t
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where Rex imb
APX

. is the OWEZ park monthly average revenue on APX (EUR MWh−1); and Pt
APX is the price on 

APX at time t (EUR MWh−1).

Independent Imbalance Cost at the TenneT Balancing Market
The imbalance cost incurred at TSO’s balancing market independent of the complications of other self-balanc-
ing measures taken by PRP gives a good indication of the actual marginal cost across the national power 
generation portfolio to regain system balance from constant deviation. As aforementioned, PRP OWEZ would 
submit to TenneT an e-programme before 00:00 the day ahead specifying the quarterly power delivery from 
OWEZ park based on prediction. PRP OWEZ could use a hierarchy of prediction methods, ranging from the 
simplest to very complicated and expensive ones. This section gives a brief overview of different prediction 
methods in the industry, the method used in this paper and the prediction errors, and also explains how PRP 
OWEZ imbalance cost at the balancing market of TenneT TSO is calculated.

Short-term Wind Power Prediction Methods

Currently in the industry wind power prediction methods usually involve one or both of two different 
approaches: one is physical and the other statistical. The former is computed on a set of detailed physical 
parameters of the lower atmosphere and the latter is based on time series statistics aiming to fi nd the relation-
ship between numerical weather predictions results and online measurements.23,24 Prediction methods can be 
evaluated by either prediction accuracy or operational context.25,26,27 Whereas TSOs and wind power research-
ers value accuracy, a wind power PRP may prefer a less accurate prediction method which is easier to imple-
ment or faster to run when short-term energy nomination is frequently required. The cost of purchasing the 
forecast is also considered for the overall economic benefi t evaluation by a PRP.24

Among many prediction methods, a very simple and frequently referred one is the persistence model, which 
is based on the ‘what-you-see-is-what-you-get’ principle and has clear advantages within the forecast window 
of 6 h.28 It is often used as a benchmark model.

The research objective is to quantify the commodity value of the electricity output of the OWEZ park on 
the Dutch power market, taking into account the imbalance cost resulting from wind power prediction errors. 
During the research phase of the paper, the authors estimated both the most optimistic and most conservative 
value, thereby removing the need for a more sophisticated forecasting method and making the research results 
more robust. The most optimistic forecast is assumed to be achieved by most frequently updating forecast and 
the most conservative one by using a ‘no prediction’ approach with largest forecast errors. Having the ‘best 
and worst scenarios’ in mind, two variations of ‘persistence’ are used. The fi rst one is ‘Moving Persistence’ 
[equation (8)] and the second one is ‘Monthly Constant Output’ [equation (9)].

‘Moving Persistence’ assumes the predicted wind power production is going to be the same as the current 
production, and the prediction is updated with the most recent production data at each hour. Three prediction 
time windows are assumed: 1, 3 and 13–37 h, the latter corresponding to APX day-ahead spot market gate 
closure. The ‘Monthly Constant Output’ is essentially equivalent to no prediction, and is expected to give the 
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lowest levels of accuracy in the prediction methods hierarchy. The hourly updated persistence forecast Et+n 
and Monthly Constant Output prediction as a function of wind speed are given by

 E Et n
pred

t
act

+ =  (8)

 E f v Ct
pred

OWEZ= =( ), , .ρ 1 24  (9)

where:

• n, prediction window (h);
• v̄, monthly average wind speed at the OWEZ park (m s−1);
• COWEZ, power curve of OWEZ park, based on Vestas V90 and wind turbine availability (−); and
• r, air density at the OWEZ park (kg m−3).

The monthly average wind speed at the OWEZ park is listed in Table II. The authors used four random days 
of production data and the applied variations of persistence prediction to give an illustration of the approach, 
as in Figure 3. The root mean square values of forecast errors under ‘Moving Persistence’ are in Table III.

TenneT Imbalance Cost Calculation Method

The imbalance price settled at the TenneT balancing market is determined at the end of each PTU, when the 
price of the highest bid called by TenneT is known. Power imbalances of PRPs occurring within a PTU are 
aggregated into a total value representing the e-programme deviation of a PRP for this PTU. Thus, wind power 

Table II.  Wind speed v̄ at the OWEZ park, 70 m above sea level29

Oct 2006 Nov 2006 Dec 2006 Jan 2007 Feb 2007 Mar 2007 Apr 2007 May 2007

v̄ (m s−1) 10.5 10 10.5 11 10.5 9 8.5 8
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prediction errors within a single PTU are resolved to an average value. The imbalance cost is normalized by 
monthly production as in equation (10).
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if Et
err > 0, then Pt

TenneT = SSPt;
if Et

err < 0, then Pt
TenneT = SBPt.

Integration Assessment Method

The integrated evaluation of the PRP OWEZ revenue in APX Day-ahead was calculated based on
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where RAPX
Int. is the monthly normalized revenue on APX including imbalance (EUR MWh−1); and E err

t,ptu is the 
prediction error within PTU at hour t (MWh).

Thus, the actual revenue is determined by the income yielded from the nominations made to APX less the 
cost of the balancing services provided by TenneT.

Results and Analysis
The following part presents the hypothetical OWEZ park values, under perfect and non-perfect forecast, gen-
erated from APX Day-ahead market from October 2006 to May 2007. Extensive analysis of the APX price 
distribution and forecast error distribution has also been included to give more insight to the OWEZ park 
value.

Monthly OWEZ Optimal Value Versus APX Day-ahead Average Price
Figure 4 shows the results of the analysis of OWEZ optimal value (i.e. the value would have achieved by 
nominating the actual production without forecast errors) on APX day-ahead market, in comparison with the 
monthly APX day-ahead average power price for the period of October 2006 to May 2007. It can be noted 
that for all months except October 2006, the average value of wind power is lower than the average price at 

Table III. Root mean square of ‘Moving Persistence’ forecast errors

(−) Oct 2006 Nov 2006 Dec 2006 Jan 2007 Feb 2007 Mar 2007 Apr 2007 May 2007

1 h 0.04 0.07 0.08 0.12 0.13 0.11 0.05 0.06
3 h 0.08 0.12 0.12 0.17 0.19 0.16 0.14 0.15
∼13–37 h 0.12 0.17 0.17 0.27 0.30 0.28 0.21 0.16
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APX day-ahead by about 7%. The value difference is in fact caused by the volatile nature of APX day-ahead 
price and OWEZ wind power production profi le. The APX price distribution, shown in the left panel of Figure 
5 as normalized compared with the hourly value using Pm,i

APX, has a characteristic right-skewed distribution. 
This is because of the occurrence of high price peaks at a limited number of peak-load hours. The long tail to 
the right distorts average prices to the right compared with an otherwise normal distribution. The graph of 
cumulative distribution in Figure 5 shows that the percentage (40%) of hourly price above monthly mean price 
is lower than the percentage (60%) below monthly mean price. This indicates that the power nominated to 
APX day-ahead by any generation sources has a higher probability to be sold during hours when the price is 
below the monthly average value.

The above examination means that there are three possibilities for the value of wind power output. In case 
the generation output would be constant, the averaged power value will be equivalent to APX day-ahead 
average price. In case the generation output is not constant, the power value may be higher than the average 
price (more production during peak than during off-peak) but it is likely to be lower (higher production during 
off-peak hours) considering that there are more off-peak hours than peak hours. Since the output of OWEZ is 
far from constant, it can be explained that OWEZ has an intrinsic lower value on APX Day-ahead than ‘fi rm 
(i.e. 100% nominal availability)’ generation, and that is without considering any wind power forecast errors 
and e-program deviations as a result of these.

Data analysis of the OWEZ delivery profi le reveals in fact that more than half of the power production 
analysed here was produced in the hours when on APX day-ahead the hourly price was lover than daily average. 
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It can be specially noted that in May 2007, OWEZ had a more pronounced low value comparatively because 
of the fact that more than 60% of power was produced during low priced hours.

Independent Imbalance Costs on TenneT
As aforementioned in the section Independent Imbalance Cost at the TenneT Balancing Market, the authors 
intended to gain an understanding of the magnitude of OWEZ imbalance cost (i.e. cost of balancing prediction 
errors) incurred solely at the TSO’s real-time balancing market independent of the complications of other self-
balancing measures. Prices on TenneT TSO’s balancing market are set independent of the wholesale platform, 
and are also independent of the opportunity cost that would occur to a PRP if the PRP would choose to self-
balance from own portfolio or by other market means. The results of the OWEZ imbalance cost evaluation 
are summarized per month and shown in Figure 6. Notably, the four prediction approaches applied in this 
research result in different imbalance costs, although the averaged values of the 8 month period are very close: 
all were lower than 2 EUR MWh−1 with the lowest value resulting from persistence ∼13–37 h ahead prediction. 
This value is in good accordance with another study.9 Another fi nding is that the imbalance costs may be 
positive or negative, the latter means PRP OWEZ would have been rewarded a net benefi t from TSO TenneT 
for its forecast error, which passively contributed to restoring the power balance in the system. Moreover, the 
imbalance cost differs between months, with persistence 1 and 3 h approaches giving the least volatile values 
and monthly constant output resulting in the most volatile results. The cost volatility is directly related to the 
prediction accuracy: the larger the prediction error magnitude, the more difference between monthly imbalance 
costs. Figure 7 shows the forecast error normalized to predicted value for the 1, 3, ∼13–37 h window using 
persistence. For the monthly window using constant prediction, it is found that the 8 month period averaged 
values of imbalance cost under four prediction variations are very close to each other. This indicates that in 
the longer term (several months to annual), imbalance costs are not very sensitive to the magnitude of the 
prediction errors. The prediction accuracy differs largely from one approach to another, whereas the averaged 
imbalance cost does not vary much. This is because within the national power system, the capacity available 
(500 MW11) for power regulation is suffi cient to match OWEZ prediction errors at all times. Certainly, these 
results provide evidence that the imbalance costs of OWEZ are very low, which can be explained by the low 
wind penetration level in The Netherlands.
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Integrated Evaluation
The commodity value of the OWEZ output is approximated by combining the revenues from nominating this 
output to APX day-ahead and the imbalance cost. The revenues are based on the four forecasting methods of 
the OWEZ output while the imbalance costs are derived from combining the forecasts with the actual power 
output and the imbalance prices. The timely price spread between the APX and TenneT real-time balancing 
market affects the economics of forecasting error. The results of this integrated evaluation are presented in 
Figure 8.

First observation of Figure 8 is that the four integrated values are very close, although a larger price differ-
ence (>5 EUR MWh−1) applies for the months October, November 2006, and May 2007. Secondly, all monthly 
values fall in the range of 90∼110% of monthly averaged APX day-ahead hourly prices. Third observation is 
that the optimal value without forecasting errors is not necessarily the highest for all months, which implies 
that forecast errors can be commercially benefi cial at times. This is because forecast errors may actually result 
in additional income for the PRP, a result similar to other studies.30,31 Furthermore, contrary to what was 
assumed that the least prediction error would generate the most economic value, the highest OWEZ value 
resulted from persistence day-ahead prediction of which the prediction accuracy was next to the lowest, instead 
of a 1 h persistence prediction, which had the highest accuracy. The Monthly Constant Prediction method, 
being the least accurate, yielded the second-highest OWEZ park value. Imbalance cost is frequently referred 
to as an imbalance penalty from the perspective of a PRP. The results obtained here suggest to what extent 
forecast errors could be viewed indeed as a net penalty. If at time periods when a forecasting error is in an 
opposite direction to the imbalance of the national power system and the national power system has assigned 
higher price to the balancing input than the same time APX day-ahead price, forecast errors can bring com-
mercial benefi t to a PRP. The impact of imbalance costs on overall economic value of wind power can be 
either positive or negative and should be determined by a thorough analysis of the overall power system’s 
position in real-time (long or short) and the bid prices set ex-post at the imbalance market. Notably, trade-offs 
may be possible between nominations on the APX spot market anticipating a position on TenneT’s imbalance 
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Figure 7. Prediction error distributions for four prediction windows for the OWEZ park
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market in order to maximize overall profi t. However, the authors do not intend to state that a forecasting method 
with higher forecasting errors is necessarily commercially benefi cial, and from a power system secure and 
reliable operation perspective, the use of such method should be discouraged.

Finally, it must be noted that the prices at the imbalance market are strongly infl uenced by the operation 
strategy of the PRPs. At present, Dutch PRPs have a rather risk-averse attitude and prefer to keep individual 
power reserves for minimization of e-programme deviations, rather than buying from and selling to TenneT 
at imbalances prices unknown on beforehand. Taking into account that the separate PRP assumed in this 
research would in fact have an impact on actual imbalance prices, also the operational strategy of other PRPs 
may be changed. Furthermore, with additional wind power on the horizon, correlations between wind power 
output and imbalance prices may increase. Clearly, the approach taken in this paper is not applicable for large-
scale wind power integration.

Conclusions
In this paper, a straightforward approach is used for the economic evaluation of market integration of wind 
power, taking a 108 MW offshore wind park in the liberalized Dutch market as a case study. It is found that 
at the current wind penetration level, correlations between wind power supply and market prices are insig-
nifi cant, i.e. wind power is a price taker on the market. Also, 8 month averaged imbalance costs at the real-time 
balancing market are insensitive to wind power prediction errors. Even though wind power prediction errors 
may infl uence the momentary physical market position of an individual market party (‘long’ or ‘short’), these 
errors do not result in actual costs or revenues for the associated market party. As long as wind power contin-
ues to be a price taker, the imbalance costs resulting from wind power forecast errors should therefore be 
regarded as low.

It is concluded that the commercial value of wind power in the Dutch market is presently determined only 
by its production profi le measured against short-term market prices. For the period investigated, the right-
skewed distribution of APX Day-ahead market prices in combination with wind power’s availability is found 
to reduce the market value of wind power by 7–10% compared with the value of conventional generation.

Although not a determining element of longer-term wind power value, wind power prediction errors are 
shown to have an impact on the short-term cost/revenue distribution between the ‘balancing’ market and APX 
day-ahead market. From the point of view of an individual market player with a given generation portfolio, 

Integrated park power value on APX

20

30

40

50

60

70

Oct 06 Nov 06 Dec 06 Jan 07 Feb 07 Mar 07 Apr 07 May 07

P
ri

ce
 / 

V
al

u
e 

[e
u

r/
M

W
h

]

Price APX PARK optimal value
Value persistence 1hr Value persistence 3 hr
Value persistence day-ahead Value constant prediction

Figure 8. OWEZ park power values on APX under four prediction/nomination methods



522 J. Chang et al.

Copyright © 2009 John Wiley & Sons, Ltd. Wind Energ 2009; 12:507–523
 DOI: 10.1002/we

large prediction errors may result in signifi cant opportunity losses. Although primarily offset by the revenues 
on the short-term wholesale market achieved with prior nomination, the magnitude of imbalance cost affects 
the fi nancial risk of an individual market party on both markets and therefore should be reduced.

Recommendations
The impact of wind power on short-term market prices will increase with the wind power penetration level, 
as well as the absolute magnitude of prediction errors. Additional power reserves will be required and the 
market risk of individual market players with wind power in their portfolio will be increased. Additional efforts 
are needed in order to improve wind power prediction accuracy on the day-ahead and shorter time-scales, 
especially considering targets in place for wind power. The price-taker assumption, although demonstrated in 
this paper, will be applicable only on up to a certain wind power penetration level.

The right-skewedness of the Dutch short-term market price profi le enhances the power value of generation 
capacity available at strongly demanded time points, thereby encouraging ‘fi rmness’ of generation at peak 
hours. The market value of power from the offshore park investigated in this paper has been found to be less 
than that of ‘fi rm’ generation; however, combinations of offshore and onshore parks may offer optimization 
and fi rmer availability of power due to different offshore and onshore wind patterns. Also geographical cor-
relations between different wind park sites should be considered when assessing the added value of wind 
power. This could be achieved either by regulation (e.g. by exempting wind power operators from the obliga-
tion to submit energy programmes, thus effectively laying the balancing obligation in the hands of the system 
operator), or by portfolio management of wind power operators in a liberalized market.

It is the authors’ belief that in fully liberalized markets, wind power should be regarded as an integral part 
of a market party’s generation portfolio and trading strategy, and that clear and transparent price signals should 
be available to all market participants. This makes it possible for market parties to create value from situations 
in which the reserve market, their conventional generation portfolio and/or wind power is either long or short. 
An active attitude towards the market integration of wind power would facilitate more balanced wind power 
supply agreements with wind park developers and thereby enable the further growth of wind power.
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