
 

  
Abstract-- The Wilmar Planning tool was used to study 

market rule parameters directly influencing the functioning of 
the internal European electricity market. These parameters 
are the efficiency of the cross-border allocation mechanism 
(spatial dimension) and the flexibility in time that is offered by 
the markets (time dimension). Simulations were carried out for 
a European power system covering 25 countries and two target 
years (2020 and 2030) characterized by installed wind power 
capacity, electricity demand, available interconnector capacity 
and energy economic boundary conditions. Four model runs 
for each target year were carried out investigating the 
consequences of having different degrees of market integration 
between countries and having different amounts of well 
functioning intra-day power markets for the operation of the 
European power market in terms of system costs and CO2 
emissions. Model results show large system cost increases 
connected with fixing unit commitment of slow units day-
ahead, and smaller but still significant system cost increases 
with fixing cross-border exchange day-ahead. Cross-border 
exchange of reserves induced very small costs savings due to 
model limitations. 
 

Index Terms—Market design, power exchange, unit 
commitment,  

I.  INTRODUCTION 
Ver the last decade, electricity markets all over Europe 
have developed and expanded in number and traded 

volumes. Going along with these developments, also cross-
border trade has gained in importance and rules for cross-
border power trades and allocation of corresponding 
capacities have been repeatedly under scrutiny (e.g. [1] [2]). 
From traditional long-term allocation mechanisms, rules 
have evolved towards market-based allocation using 
implicit or at least explicit methods (cf. e.g. [3] [4]). In 
parallel to these international developments, also national 
markets have increased in flexibility by the introduction of 
competitive intraday and balancing markets. There has been 
a number of theoretical papers on adequate design of these 
markets (e. g. [5], [6]), yet so far little empirical evidence 
exists at the European scale on the impact of different 
market designs on the overall system costs. In particular it 
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has been claimed that introducing balancing markets at the 
European level will strongly support integration of wind 
energy [7]. Therefore the present contribution investigates 
the impact of increases in flexibility on the intraday market. 
Thereby both improved rescheduling within one country 
and across borders are considered and the effects are 
assessed using a large scale model of the European power 
system designed to analyse wind integration.  This so-called 
Wilmar model includes notably an explicit representation of 
day-ahead and intraday markets. Moreover the flexibility of 
individual power plants or groups of power plants may be 
modified using specific parameter settings. Therefore this 
model is particularly well suited to assess the impact of 
changes in market design.  

The remaining of the paper is organized as follows: In 
Section II the Wilmar Planning tool is presented. Section III 
presents the model runs representing different market rule 
scenarios, and Section IV the power system analysed. 
Results are given in Section V and Section VI concludes.  

II.  MODEL 
The Wilmar Planning Tool is used to analyse the 

consequences of different market rules for the operation of a 
future European power system. The Wilmar Planning tool 
consists of a number of sub-models and databases as shown 
in Fig. 1. The main functionality of the Wilmar Planning 
tool is embedded in the Scenario Tree Tool (STT) and the 
Scheduling model (SM). 

 

 
Fig. 1. Overview of Wilmar Planning tool. The green cylinders are 
databases, the red parallelograms indicate exchange of information between 
sub models or databases, the blue squares are models. The user shell 
controlling the execution of the Wilmar Planning tool is shown in black. 
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A.  The Scenario Tree Tool 
The Scenario Tree Tool generates stochastic scenario 

trees containing three input parameters to the Scheduling 
Model: the demand for positive reserves with activation 
times longer than 5 minutes and for forecast horizons from 5 
minutes to 36 hours ahead (in the following named 
replacement reserve), wind power production forecasts and 
load forecasts. 

The main input data for the Scenario Tree Tool is wind 
speed and/or wind power production data, historical 
electricity demand data, assumptions about wind production 
forecast accuracies and load forecast accuracies for different 
forecast horizons, and data of outages and the mean time to 
repair of power plants. The demand for replacement 
reserves corresponds to the total forecast error of the power 
system considered which is defined according to the hourly 
distribution of wind power and load forecast errors and 
according to forced outages of conventional power plants. 
Thereby it is assumed that the nth percentile of the total 
forecast error has to be covered by replacement reserves. 
The calculation of the replacement reserve demand by the 
Scenario Tree Tool enables the Wilmar Planning tool to 
quantify the effect that partly predictable wind power 
production has on the replacement reserve requirements for 
different planning horizons (forecast horizons).  
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Fig. 2. Illustration of the rolling planning and the decision structure in each 
planning period. 

 

B.  The Scheduling model 
The Scheduling model is a mixed integer, stochastic, 

optimisation model with the demand for replacement 
reserves, wind power production forecasts and load 
forecasts as the stochastic input parameters, and hourly 
time-resolution. The model minimises the expected value of 
the system operation costs consisting of fuel costs, start-up 
costs, costs of consuming CO2 emission permits and 
variable operation and maintenance costs. The expectation 
of the system operation costs is taken over all given 
scenarios of the stochastic input parameters. Thereby it has 
to optimise the operation of the whole power system without 
the knowledge which one of the scenarios will be closest to 
the realisation of the stochastic input parameter, for example 

the actual wind power generation. Hence, some of the 
decisions, notably start-ups of power plants, have to be 
made before the wind power production and load (and the 
associated demand for replacement reserve) is known with 
certainty. The methodology ensures that these unit 
commitment and dispatch decisions are robust towards 
different wind power prediction errors and load prediction 
errors as represented by the scenario tree for wind power 
production and load forecasts.  

Hydropower with reservoir in principle requires a 
planning horizon of a year or more in order to distribute the 
hydro inflow optimally across the year. The model 
simplifies this decision problem using a historical time 
series for the optimal hydro reservoir level in each region 
during the year. The model reduces the production costs of 
hydro power when the reservoir level in the model becomes 
higher than the historical optimal level and the opposite 
when the reservoir level becomes lower than the historical 
level. This ensures that the historical optimal reservoir level 
during the year is followed closely in the model. 

The transmission network is represented by splitting the 
geographical area modelled into a number of regions, with 
each region containing a number of production and storage 
units and having scenario trees of load forecasts, wind 
power production forecasts and demand for replacement 
reserves. The regions are connected by transmission lines 
described by a transmission capacity and an average loss. 
DC load flow calculations are possible with the model but 
not used in this study. The grid within each region is only 
taken into account as an average distribution loss. 

C.  Rolling planning 
As it is not possible to cover the whole simulated time 

period with only one single scenario tree, the model is 
formulated by introducing a multi-stage recursion using 
rolling planning. The model steps forward in time using 
rolling planning with a three hour step, so a one-day cycle 
consists of eight planning loops. The decision structure is 
illustrated in Fig. 2 showing the scenario tree for two 
planning periods. For each planning period a two-stage, 
stochastic optimisation problem is solved having a 
deterministic first stage covering 3 hours, and a stochastic 
second stage with six scenarios covering a variable number 
of hours according to the rolling planning period in 
question. Hence, the scenario tree represents a decision 
structure where the system operator performs unit 
commitment and dispatch assuming perfect knowledge 
about the realised wind and load in the first three hours, and 
uncertain knowledge about wind and load in subsequent 
hours. Every three hour, there is the possibility to change 
the planned unit commitment and dispatch and power 
exchange for future hours within the limits provided by 
start-up times, minimum operation times and minimum shut-
down times as a response to receiving updated information 
about the status of the power system as the operation hours 
in question gets closer in time. The perfect foresight 
assumption for the first three hours is necessary for the 
model, but to get a realistic unit commitment, the wind and 
load forecast errors within the first three hours contribute to 
the demand for replacement reserves in the first three hours. 



 

Further information about the Wilmar Planning Tool can 
be found in [8], [9]. 

 

III.  MARKET RULE SCENARIOS 
For each target year, four different cases investigate the 

consequences of having different degrees of market 
integration between countries and having different amounts 
of well functioning intra-day power markets for the 
operation of the European power market in terms of system 
costs, CO2 emissions and power market prices (see Fig. 3): 

AllDay: Unit commitment for slow units and power 
exchange over borders determined day-ahead (12-36 hours 
ahead) and not rescheduled intra-day. The dispatch 
(production levels) of the committed units can be changed 
intra-day subject to the minimum and maximum operation 
levels. No exchange of replacement reserves across borders. 
Slow units are units with a start-up time of one hour or 
more, i.e. all units except hydropower with reservoir, 
pumped hydro storage, open cycle gas turbines, and units 
using light oil or fuel oil.  

ExDay: Like AllDay except for unit commitment for 
slow units now being rescheduled intra-day. Cross-border 
exchange is still allowed day-ahead only. 

AllInt: Like ExDay but power exchange allowed to be 
rescheduled intra-day. 

AllIntExRes: Like AllInt but exchange of replacement 
reserves across borders allowed, i.e. part of the demand for 
replacement reserves can be provided by a neighbouring 
country by reserving part of the cross-border transfer 
capacity for this purpose. 

All cases use day-ahead forecasts of wind power 
production and load and updated wind and load forecasts 
when rescheduling every three hour, but in different ways. 
In AllDay the updated forecasts are not allowed to influence 
the unit commitment decisions of slow units and the power 
exchange between countries planned using the day-ahead 
forecasts, because rescheduling of these decisions are not 
allowed. Likewise in ExDay the power exchange between 
countries is not rescheduled due to updated wind and load 
forecasts.  

AllDay is an extreme scenario modelling a power market 
with very inflexible market rules, and very badly 
functioning intra-day markets. Both unit commitment for 
slow units and cross-border exchange are determined day-
ahead creating problems with handling the deviations 
between day-ahead production plans and real-time operation 
created by the day-ahead forecasts errors of load and wind 
power production. In ExDay replanning of day-ahead unit 
commitment decisions is possible, i.e. either well-
functioning national intra-day power markets are in place or 
the TSO do the rescheduling. Still usage of cross-national 
transmission lines is fixed day-ahead and exchange of 
reserves across borders is impossible. In AllInt the countries 
cooperate in covering deviations between day-ahead 
production plans and real-time operation by allowing the 
cross-border power exchanges to be rescheduled intra-day. 
Finally in AllIntExRes even replacement reserves (minute to 

hour reserves) can be exchanged across borders.  
Hence, the eight model runs cover two scenarios of input 

data assumptions corresponding to year 2020 and 2030. The 
four model runs in each input data scenario therefore share 
exactly the same assumptions concerning production costs, 
power plant capabilities, installed capacities, etc. They only 
deviate in the assumptions concerning the possibilities for 
intra-day rescheduling of unit commitment and power 
exchange, and the ability to share reserves across borders. 
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Fig. 3. Overview market rule scenarios. 

 

IV.  APPLICATION CASE 
Twenty-five countries are included in the model runs 

with each country represented by one region (see Table I). 
Thereby only capacity limits in the transmission lines 
between countries are included, and the transmission grid 
within countries does not influence results. As calculation 
times are long and memory usage high when doing 
stochastic optimisation, it was not possible to include a more 
detailed representation of the power grid for such a large 
geographical case.  
 

TABLE I 
COUNTRIES INCLUDED IN WILMAR MODEL RUNS AND THE NAME OF THE 

CORRESPONDING REGION REPRESENTING THE COUNTRY. 
Country Region Country Region 
Austria R_AT Italy R_IT 
Belgium R_B Luxembourg R_L 
Bulgaria R_BU Netherlands R_N 
Croatia R_HR Norway R_NO 
Czech 
Republic R_CZ Poland R_PL 

Denmark R_DK Portugal R_P 
Finland R_SF Romania R_RO 
France R_FR Slovakia R_SK 
Germany R_DE Slovenia R_SV 
Great Britain R_GB Spain R_ES 
Greece R_GR Sweden R_SE 
Hungary R_HU Switzerland R_CH 
Ireland R_IR   
 

The electricity demand is based on empirical hourly load 
data for 2006 extrapolated to 2020 and 2030. For the UCTE 
member countries, the load data originate from the System 



 

Adequacy Forecast of the UCTE [10]. Data for Great 
Britain and Ireland are from National Grid [11] and Eirgrid 
[12], respectively. Load profiles for Nordel have been 
provided by Nord Pool [13]. Furthermore, extrapolations to 
2020 and 2030 are partly also based on scenarios from 
Eurelectric [14].  

Table II and Table III show the fuel prices and price of 
CO2 emission allowances used in the model runs.  

 
TABLE II 

FUEL PRICES PER FUEL TYPE FOR POWER GENERATION IN EURO 2005 PER 
MWH PRIMARY ENERGY [15]. 

€05 / MWh 2020 2030 
Oil 28.8 29.6 
Gas 21.7 22.4 
Coal 6.9 7.0 
Biomass  16.2 16.2 
Nuclear [16] 5 5 
 

TABLE  III 
PRICES FOR TRADABLE CO2 EMISSION ALLOWANCES IN EURO 2005 PER 

TONNE CO2  [15]. 
€05/tonne 2020 2030 
CO2 22 24 
 

For the creation of scenario trees with wind power 
production forecasts, load forecasts and forecasts of 
replacement reserves, the 2006 wind speed time series 
available from [17] are combined with assumptions about 
load forecast and wind power production forecast errors for 
forecast horizons 1-36 hours ahead, and with scenarios of 
installed wind power capacity in each country in 2020 and 
2030 [18], [19]. The available wind speed time series had a 
time resolution of one sample per six hours. For the analysis 
of power markets at least an hourly resolution was required 
in order to properly reflect rescheduling decisions as a 
function of uncertainties in wind power generation and 
demand. Therefore, hourly variation was modulated onto the 
wind speed time series with 6-hourly resolution. The hourly 
variation was generated by a spectral approach developed 
by Poul Sørensen from Risø DTU ensuring the overall 
power spectrum of the resulting wind power time series for 
periods down to one hour is equal to the spectrum of 
measured wind power generation. The approach has been 
validated on a per-country base for Denmark, Germany and 
Spain. 

Photovoltaics, wave power, tidal power can be included 
in the model in the same way as wind power or just treated 
as an hourly production time series. These types of 
production were not included in the model runs. The heat 
side of combined heat and power plants were ignored i.e. 
thermal plants were treated as condensing power plants. The 
following unit groups of power plants were created based on 
the data from the UCTE SAF [10]: 

• Nuclear power 

• Coal power 

• Lignite power 

• Natural gas power (combined cycle gas turbines) 

• Fuel oil power (open cycle gas turbines) 

• Light oil power (open cycle gas turbines) 

• Biomass power representing all types of biomass 
used for power production (e.g. wood, straw). 

• Hydro power with reservoir 

• Pumped hydro storage 

For hydropower the production capacity of hydropower 
and pumped hydro storage, reservoir capacity and yearly 
inflow data was available (see Table 7 in [20]). To distribute 
the reservoir capacity on hydropower and pumped hydro 
storage, it was assumed that pumped hydro storage on 
average has a reservoir able to store 8 hours of maximum 
pumping. Pumping capacity was set equal to generation 
capacity of the pumped hydro storage, and round-trip 
storage efficiency of 0.75. Run-of-river hydropower was 
included in hydropower with reservoir thereby 
overestimating the flexibility of hydropower. Countries with 
low reservoir capacities will still have to run the 
hydropower production following the variation in hydro 
inflow rather close in order to respect the maximum and 
minimum levels of the storage. 

All in all 180 unit groups represent the power production 
portfolio in the 25 countries in 2020, and 177 unit groups in 
2030. As [20] did not provide all data for unit restrictions 
required by the Wilmar Planning tool, plant data available at 
Risø DTU were used to make assumptions concerning plant 
capabilities (see Table 10 in [21]). Due to the very 
aggregated representation of units in the model runs, a linear 
representation of the unit commitment decision of unit 
groups is sensible, i.e. any fraction of the installed capacity 
of a unit group can be brought online, in contrast to a binary 
representation where either zero or all capacity can be 
brought online. 

The possibilities for international power trade are 
constrained by the cross-border transfer capacities between 
countries. A scenario for available cross-border transfer 
capacities in 2020 and 2030 has been constructed. It departs 
from net transfer capacity data between countries as of 
today [22]. In addition it takes into account the grid 
reinforcements that are currently in the realisation or 
planning phase and where no significant delay of the 
realisation is expected. The upgrades are in line with the 
Priority Interconnection Plan [23]. Further description of the 
data inputs and data assumptions can be found in [21]. 

V.  RESULTS 
Fig. 4.  shows the installed capacity in the 25 countries 

covered in the Wilmar model for the two scenario years 
2020 and 2030. The fuel Electricity represents unloading of 
pumped hydro storage. Fig. 5. shows the resulting yearly 
electricity production distributed on fuels for all model runs. 
The share of wind power here is 10.5% in 2020 and 12.5% 



 

in 2030.  
In the case AllDay2030, the value for hydropower 

production shows a 35 TWh (7%) higher production than in 
the other 2030 cases. AllDay2030 can be considered the 
scenario with the most inflexible market rules along with 
high wind power generation. The reason for this is that the 
day-ahead forecast errors in 2030, due mainly to the wind 
power production in combination with an extremely 
inflexible market structure, lead to many hours with 
capacity constrained production schedules and associated 
very high power prices (as a result of significant reserve 
obligations needed to accommodate high forecast errors and 
no rescheduling flexibility). This causes the hydropower 
reservoir levels to deviate from the historical reservoir level 
which is followed in the other 2030 cases. The effect is 
mainly seen in Norway and Sweden with a deviation of 20 
TWh and 6.4 TWh, respectively.  

If unit commitment would be fixed day ahead the need of 
flexible pumped hydro storage (fuelled by electricity) 
increased as compared to the other cases in 2020 and 2030. 
Power plants using biomass would still have capacity 
factors of 0.95-0.96, i.e., they were generating maximum 
power in practically all hours; the same would apply for 
nuclear power.  
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 Fig. 4. Installed capacity distributed on fuels in 2020 and 2030 for all 
cases; pumped hydro storage uses the fuel Electricity 
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Fig. 5. Yearly electricity production distributed on fuels in 2020 and 2030 
for all cases. 

 
When moving from 2020 to 2030, load in the 25 

countries under study increases by 478 TWh, wind power 
production increases by 142 TWh (34%), coal decreases by 
approximately 44 TWh due to a decrease in the installed 
capacity of coal (see Fig. 4. ), and natural gas increases by 
approximately 260 TWh due to an increase in the installed 
capacity of natural gas units. Generation from lignite 
increases by approximately 90 TWh although the installed 
capacity is slightly decreasing from 2020 to 2030. In 

conclusion, the increase in load would mainly be covered by 
natural gas production, wind power and lignite. Pumped 
hydro storage and open-cycle gas turbines (OCGTs) using 
light oil would used more in 2030 than 2020 due to the 
increase in wind power production. 

From 2020 to 2030, CO2 emissions increase with 3.6%, 
reflecting the increase in demand and the changing mix of 
generation. The impact of different market designs on CO2 
emissions is very small. This is because the model for a 
given target year has to satisfy the same load. Also the 
generation from wind power and hydropower remains the 
same as well as the installed capacities of biomass and 
nuclear power with their very high capacity factors. 
Consequently, mainly the fossil fuelled power plants may be 
rescheduled depending on the market design. In total, they 
have to cover the same amount of load in each market 
design case, because all carbon free production forms are 
utilised nearly to maximum. 

Table IV shows the operational costs of power 
generation, the value of lost load (VOLL) and the costs of 
not meeting spinning reserve and replacement reserve 
targets. VOLL has been set to 3000 Euro/MWh and costs of 
not meeting reserve targets to 300 Euro/MW. The reason for 
the lower (system costs) of AllDay2030 compared to the 
other 2030 cases is the extra production from hydropower 
mentioned above, and is therefore not a trustworthy result. 
Hydropower has only a variable operation and maintenance 
costs in the model, i.e. the water value is not seen as a real 
fuel costs and therefore excluded from the operational costs 
of power generation making hydropower a very cheap 
production form. 

TABLE  IV 
 YEARLY OPERATIONAL COSTS OF POWER GENERATION FOR 25 COUNTRIES, 
VALUE OF LOST LOAD (VOLL), COSTS OF NOT MEETING SPINNING RESERVE 

AND REPLACEMENT RESERVE TARGETS IN 2020 AND 2030. 
 

All values in MEuro AllDay2020 ExDay2020 AllInt2020 AllIntExRes2020
System costs 103302 103151 102732 102675
VOLL 4479 320 73 91
Cost not meet replacement reserve target 74 29 5 4
Cost not meet spinning reserve target 471 24 2 2
Total 108326 103524 102812 102772
Difference relatively to ExDay -4802 0 712 752
Relative to ExDay 1.05 1.00 0.99 0.99

AllDay2030 ExDay2030 AllInt2030 AllIntExRes2030
System costs 118163 119705 119046 118952
VOLL 7822 807 116 171
Cost not meet replacement reserve target 101 55 16 15
Cost not meet spinning reserve target 514 42 11 10
Total 126600 120608 119188 119148
Difference relatively to ExDay -5992 0 1420 1460
Relative to ExDay 1.05 1.00 0.99 0.99  
 

The value of intraday power exchange is 1% of total 
operational costs being respectively 712 MEuro and 1420 
MEuro for AllInt2020 and AllInt2030 compared to 
ExDay2020 and ExDay2030. Only small costs savings of 40 
MEuro for both 2020 and 2030 are associated with allowing 
exchange of replacement reserves across borders. 
Replacement reserves are often, although not in all 
countries, provided by offline fast-starting fuel oil and light 
oil units. These units would anyhow in many hours be 
offline, so the operational costs (excluding investment cost) 
of providing replacement reserves with these units are often 
zero. Improved modelling including the capital costs of 
having these units available in the power system would 



 

increase the costs of providing replacement reserves across 
borders. 

 

VI.  CONCLUSIONS 
The AllDay cases illustrate the importance of intra-day 

rescheduling of possibilities for unit commitment. As the 
high VOLL of 3000 €/MWh has been set arbitrarily, the 
quantitative results for these cases are rather indicative. 
Furthermore as unit commitment rescheduling will certainly 
take place if the alternative is load shedding, these cases 
should not be considered realistic for market design.  

Allowing for intra-day rescheduling of cross border 
exchange will lead to savings in operational costs of power 
generation of approximately 1%, or in the order of €1-2 
billion per year compared to day-ahead cross-border 
exchange. 

The cross-border exchange of reserves has a positive but 
relatively low effect on the operational costs of power 
generation. Nevertheless, cross-border exchange of reserves 
may lead to a decrease in investment costs for reserve 
capacity by making existing capacity available across 
borders. 

In conclusion, the establishment of intra-day markets for 
cross-border trade is key for market efficiency in Europe.  
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