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Abstract 

As part of the European policy goals aiming towards a sustainable energy supply, the 
share of renewable energy sources in the electricity system is increasing. The two 
technologies driving this development in Europe, i.e. wind and PV, are characterised 
by a variable energy output, facing a limited predictability. These unexpected output 
variations challenge the real-time balance between electricity demand and supply 
and require appropriate operating reserve capacity. In the absence of large-scale 
storage or price responsive demand, the balancing of the power system is the main 
bottleneck for a large-scale deployment of renewable electricity generation in the 
power system. 

This dissertation deals with the management of operating reserves for balancing the 
power system with high shares of wind power. Firstly, a numerical model is 
developed to generate realistic time series of wind power generation and predictions 
over a region. This data is used to determine the short-term variations and prediction 
errors impacting the system balance. These are assessed by means of a flexibility 
assessment tool quantifying the operational thermal flexibility which is available for 
covering real-time system imbalances. Results show that without additional reserve 
requirements, this flexibility is insufficient to ensure a reliable integration of wind 
power. Particularly the upward fast-response flexibility is found to be scarce. 

Secondly, a statistical methodology is used to size and allocate additional reserve 
capacity to maintain stable reliability standards while integrating wind power. A 
strategy which minimises total capacity while maximising the allocation of reserve 
capacity towards slow-response reserves is put forward as a cost-efficient strategy. 
This is verified by means of a model simulating the day-ahead scheduling of power 
plants to meet the demand for power and reserve capacity. It is found that reserve 
requirements, and in particular the fast-response upward reserves, impact electricity 
generation cost. This cost increase is minimised when deploying slow-response 
reserve strategies. Results indicate the importance of peak power plants and base 
load flexibility to obtain a cost-efficient procurement of thermal reserve capacity. 

Finally, two reserve strategies are presented based on probabilistic wind power 
forecasting tools. Information concerning the uncertainty of the wind power forecast 
is used to obtain time-varying reserve requirements and enables the active 
participation of wind power in reserves. It is shown that both strategies achieve 
substantial cost savings without impacting system security. In particular the dynamic 
reserve strategy is particularly useful for reducing upward reserve capacity. In 
contrast, wind power participation remains a last-resort measure when facing low 
downward flexibility and elevated reserve requirements. 



 

 



Samenvatting 

Als onderdeel van de Europese beleidsdoelstellingen voor een duurzame 
energievoorziening neemt het aandeel van hernieuwbare energie in de 
elektriciteitssector toe. De twee drijvende technologieën in Europa zijn wind en 
zonne-energie en worden gekenmerkt door een variabele productie met beperkte 
voorspelbaarheid. Onverwachte productievariaties beïnvloeden de operationele 
reserves die nodig zijn voor het waarborgen van het ogenblikkelijke evenwicht tussen 
vraag en aanbod. Door het ontbreken van grootschalige opslagmogelijkheden of een 
prijselastische vraag is dit evenwicht de achilleshiel voor een grootschalige integratie 
van wind en zonne-energie in het huidige elektriciteitssysteem. 

Dit proefschrift richt zich op het beheer van operationele reserves voor het bewaken 
van het onmiddellijke evenwicht met een hoog aandeel aan windenergie. In het 
eerste deel wordt een model ontwikkeld dat realistische tijdreeksen genereert van de 
productie en de voorspellingen van windenergie. Hiermee worden de grootte van de 
variaties en voorspelfouten bepaald. Deze resultaten worden geïnterpreteerd aan de 
hand van een model dat de beschikbare thermische flexibiliteit bepaalt voor het 
herstellen van het systeemevenwicht. Resultaten tonen aan dat de huidige 
flexibiliteit, en voornamelijk deze voor een snelle opwaartse regeling, onvoldoende is 
om een betrouwbare integratie van windenergie te waarborgen.  

In het tweede deel wordt een statistische methode gebruikt voor het dimensioneren 
en toewijzen van reservecapaciteit voor het balanceren van windenergie aan de hand 
van huidige betrouwbaarheidsstandaarden. Een strategie die de totale capaciteit 
minimaliseert terwijl het de toewijzing naar de trage reserves maximaliseert wordt 
voorgesteld als kostenefficiënt. Deze wordt bevestigd aan de hand van een 
simulatiemodel dat de operationele planning van elektriciteitscentrales bepaalt om 
aan de vraag van elektriciteit en reserves te voldoen. De resultaten tonen een 
significante stijging van de kosten met toenemende reserves, en dit vooral voor de 
snelle opwaartse reserves. Deze toename wordt dus beperkt door het gebruik van 
trage-reserve strategieën. Resultaten wijzen op het belang van piekeenheden en een 
flexibele basislast voor het verwerven van voldoende reservecapaciteit. 

In het laatste deel worden twee strategieën voorgesteld die gebaseerd zijn op 
probabilistische voorspellingstechnieken voor windenergie. Aan de hand van de 
onzekerheid van een voorspelling worden tijdsafhankelijke reserves geïntroduceerd, 
alsook de actieve participatie van wind in reserves. Vooral de dynamische reserves 
resulteren in aanzienlijke besparingen, in het bijzonder door het reduceren van de 
opwaartse reserves. De participatie van wind blijft echter een oplossing voor situaties 
met weinig neerwaartse flexibiliteit en hoge reserveverplichtingen. 
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LOLE Loss of Load Expectation 

LOLP Loss of Load Probability 

LOEE Loss of Energy Expectation 

MAE Mean Absolute Error 

NREAP  National Renewable Energy Action Plan 

NWP Numerical Weather Prediction 

OCGT Open-Cycle Gas Turbine 
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PV Photovoltaic 
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R2 Secondary reserves 

R3 Tertiary reserves 

RES Renewable Energy Sources 
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RMSE Root Mean Square Error 
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TSO Transmission System Operator 
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VOLL Value of Lost Load 

 

Main symbols 

Pt
10 average wind power injection over 10 min [MW] 

Pt
60 average wind power injection over 60 min [MW] 

Ṕt
60 average wind power prediction over 60 min [MW] 

∆t
10 average wind power variations over 10 min [MW] 

et
60 average wind power prediction error over 60 min [MW] 

It
10 average total wind power imbalance over 10 min [MW] 

N number of data points  

Pr rated wind power capacity installed [MW] 

R+ total upward reserve capacity [MW] 

R- total downward reserve capacity [MW] 

R2+ upward secondary reserve capacity [MW] 

R2- downward secondary reserve capacity [MW] 

R3+ upward tertiary reserve capacity [MW] 

R3- downward tertiary reserve capacity [MW] 

α probability of failure (1-α = reliability) 

PE market price electricity [€/MWh] 

PGC market price green certificates [€/MWh] 

FC fuel cost [€/MWh] 

A+
 upward reserve activation [MWh] 

A-
 downward reserve activation [MWh] 
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Unit commitment model symbols 

 

Sets  

I generating unit   

U period 

 

Parameters 

fci fuel cost of generating unit i [€/GJ] 

cci CO2 cost of generating unit i [€/GJ] 

si marginal fuel consumption generating unit i [GJ] 

ci no load fuel consumption generating unit i [GJ] 

sui start-up fuel consumption generating unit i [GJ] 

pcurt compensation cost wind power curtailment [€/MWh] 

pshed compensation cost demand shedding [€/MWh] 

pi
min minimum output level generating unit i [MW] 

pi
max

 maximum output level generating unit i [MW] 

wt average wind power predicted in period t [MW] 

qt average electricity demand in period t [MW] 

ri maximum hourly ramp rate for generating unit i [MW] 

ri
x spinning reserve capability unit i for category x [MW] 

ri
1 spinning reserve capability unit i for category R1 [MW] 

ri
2 spinning reserve capability unit i for category R2 [MW] 

ri
3,s spinning reserve capability unit i for category R3 [MW] 

ri
3,ns non-spinning reserve capability unit i for category R3 [MW] 

moi minimum-on time for generating unit i [h] 

mdi minimum-down time generating unit i [h] 

qt
1,+ primary upward reserve capacity demand in period t [MW] 

qt
2,+ secondary upward reserve capacity demand in period t [MW] 

qt
3,+ tertiary upward reserve capacity demand in period t [MW] 

qt
1,- primary downward reserve capacity demand in period t [MW] 

qt
2,- secondary downward reserve capacity demand in period t [MW] 

qt
3,- tertiary downward reserve capacity demand in period t [MW] 

prx compensation cost of reserve reduction [€/MW] 
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pg green certificate price [€/MWh] 

ɸ probability of reserve activation 

at availability wind power reserves in period t [MW] 

 

Non-negative decision variables 

C    total expected generation cost [€] 

Ft,i      fuel consumption generating unit i in period t [GJ] 

SUFt,i     start-up fuel consumption generating unit i in period t [GJ]  

Pt,i  average output level generating unit i in period t [MW] 

Pt
W  average wind power injection in period t [MW] 

Qt  average off-take in period t [MW] 

CURTt  average wind power curtailment in period t [MW] 

SHEDt  average demand shedding in period t [MW] 

FLEXt,i
+,s,x  upward spinning flexibility unit i in period t reserve x [MW] 

FLEXt,i
-,s,x  downward spinning flexibility unit i in period t reserve x [MW] 

FLEXt,i
+,ns  upward non-spinning flexibility unit i in period t [MW] 

FLEXt,i
-,ns  downward non-spinning flexibility unit i in period t [MW] 

FLEXt
+,x  total upward flexibility in period t for reserve x [MW] 

FLEXt
-,x  total downward flexibility in period t for reserve x [MW] 

Rt,i
1,+

  upward R1 provided by unit i in period t [MW] 

Rt,i
2,+

  upward R2 provided by unit i in period t [MW] 

Rt,i
3,+,s

  upward spinning R3 provided by unit i in period t [MW] 

Rt,i
3,+,ns

  upward non-spinning R3 provided by unit i in period t [MW] 

Rt,i
1,-

  downward R1 provided by unit i in period t [MW] 

Rt,i
2,-

  downward R2 provided by unit i in period t [MW] 

Rt,i
3,-,s

  downward spinning R3 provided by unit i in period t [MW] 

Rt,i
3,-,ns

  downward non-spinning R3 provided by unit i in period t [MW] 

Rxt
1,+

 upward primary reserve reduction in period t [MW] 

Rxt
2,+

 upward secondary reserve reduction in period t [MW] 

Rxt
3,+ upward tertiary reserve reduction in period t [MW] 

Rxt
1,-

 downward primary reserve reduction in period t [MW] 

Rxt
2,-

 downward secondary reserve reduction in period t [MW] 

Rxt
3,- downward tertiary reserve reduction in period t [MW] 
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1. INTRODUCTION  

1.1 Context and motivation 

 Integration of renewable energy sources for electricity 1.1.1

 European policy targets 1.1.1.1

The European Union has made commitments, considering an environmental, 
economic and strategic perspective, to encourage the use of renewable energy 
sources in the European electricity mix. Today, under Directive 2009/28/EC, binding 
goals are set for 2020, which has to result in a share of 20% renewable energy share 
in the final European energy demand (European Commission 2009)1. The overall goal 
is distributed over all European member states, resulting in national targets (e.g. 
Belgium 13%, Germany 18%, The Netherlands 14%, and France 23%). New 
member states are charged in the same way (e.g. Cyprus 13%, Romania 24% and 
Estonia 25%), namely according to a country’s Gross Domestic Product (GDP), 
starting point and renewable energy potential. In contrast, support schemes 
encouraging renewable developments are determined nationally (Ragwitz et al. 
2007). 

In the framework of the directive, the member states were required to submit their 
trajectory towards 2020 in a national renewable energy action plan (NREAP) in June 
2010. Based on these documents, aggregated projections became available 
concerning the expected share of renewable energy sources (RES) in 2020 (EREC 
2011; Beurskens et al. 2011). It is found that the target is expected to be met with a 
slight overshoot, i.e. 20.7%, and that electricity generation bears the largest burden 
with 34.3% of total electricity demand with renewable energy sources for electricity 
(RES-E).  

Figure 1 reproduces recent projections concerning the electricity sector in the EU-27 
published by EURELECTRIC (2013), taking into account the NREAPs. These figures 
demonstrate the growth of wind and solar technologies in terms of installed capacity 
and electricity generation towards 2020. By the end of that year, total installed 

                                                      
1 This target is part of the triple goal of the '20-20-20' initiative for 2020, together with saving 
of 20% of the Union's primary energy consumption (compared to 2020 business-as-usual 
projections) and greenhouse gas emissions (compared to 1990 levels). Current EU roadmaps 
towards 2050 strive for 80 – 95% reduction of greenhouse gas emissions (European 
Commission 2011).  
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electricity generation capacity is expected to amount up to 1069 GW. In terms of 
capacity, wind is expected to lead the RES-E, ensuring 18% of the total installed 
generation capacity, followed by hydroelectricity (15%), solar (7%) and biofuel 
(3%). In terms of the annual electricity generation in 2020, wind takes again the 
lead with 11%, followed by hydroelectricity (11%), biofuel (4%) and solar (2%). 
These figures represent a significant growth compared to 2010 and it can be 
concluded that renewable energy becomes a major player in the European electricity 
supply. Nevertheless, conventional generation technologies, i.e. nuclear, coal, gas 
and oil, remain of major importance, providing 56% of total installed capacity and 
69% of annual electricity generation in 2020. 

 

Figure 1: Electricity generation statistics of the EU-27 for 2010 and trends towards 2020 in 
terms of installed capacity and energy (based on data published by EURELECTRIC in 2013) 
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Table 1 represents the national statistics of leading EU member states in terms of the 
observed installed capacities of wind and solar photovoltaic power (PV) by the end of 
2011 (ENTSO-E 2012). The average penetration expresses the annual electricity 
generation in terms of total consumption. In Belgium, both technologies only 
accounted for 2.7% and 1.7%, respectively. Concerning wind power integration, 
lessons can be learned today from leading countries such as Denmark (25.9%), 
Portugal (17.8%), Ireland (16.7%) and Spain (16.3%). For PV integration, leading 
countries are found to be Spain (3.8%), Germany (3.4%) and Italy (3.2%). 

Table 1: Installed capacity (GW) and annual electricity generation (TWh) of wind and PV in 
selected European countries (based on data published by ENTSO-E 2012) 

  
wind PV 

GW TWh 
penetration [%] 

GW TWh 
penetration [%] 

 mean1 max2 mean1 max2 

Denmark 4.0 8.9 25.9 181.4 0.0 0.0 0.0 0.8 

Spain 20.7 41.7 16.3 115.2 4.9 9.6 3.8 27.3 

Portugal 4.1 9.0 17.8 123.3 0.2 0.3 0.5 4.7 

Ireland 1.6 4.4 16.7 101.8 0.0 0.0 0.0 0.0 

Germany 28.3 44.6 8.2 79.4 22.3 18.3 3.4 62.7 

Italy 6.9 9.8 2.9 33.6 12.8 10.7 3.2 62.1 

Belgium 1.1 2.3 2.7 16.7 1.9 1.5 1.7 30.0 
1 mean penetration: annual electricity generation in terms of total consumption;                        
2 max penetration: installed capacity in terms of minimum consumption 

However, in low demand periods, these shares may account for maximum 
penetrations exceeding 100% of the minimum demand. Table 1 shows how this may 
already be the case for wind power in Denmark (181.4%), Spain (115.2%), Portugal 
(123.3%) and Ireland (101.8%), when expressing the installed wind and PV capacity 
in terms of the minimum consumption level. The maximum penetration is an 
indicator for the need for export or storage in order to maximally absorb the 
renewable electricity generation in the system.  

 Variability of RES-E 1.1.1.2

Wind and PV are referred to as variable RES-E as their output depends on a variable 
resource (IEA 2008). This characteristic induces a variable generation profile with a 
limited controllability and predictability. Therefore, they are often referred to as non-
dispatchable as their output cannot be managed like conventional power plants (IEA 
2011). Nevertheless, they can be controlled by reducing their output, depending on 
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the weather conditions, and can be predicted to a certain extent by means of 
improving forecast tools.  

The variable nature of wind and PV implies that the average output level, expressed 
as percentage of the rated capacity, is usually lower than competitive conventional 
power plants. This is indicated by the capacity factor, which is the ratio of the actual 
electricity generation in a given period, to the hypothetical maximum possible, i.e. 
running full time at rated power (RERL 2007). The annual capacity factors for wind 
power are between 25 - 40 % (Ackermann 2012). For PV, capacity factors are 
between 11 - 24% (IPCC 2011).  

The variability of RES-E is subdivided into variations and prediction errors (IEA 
2011)2. The first represents the output variations over time and is to be coupled with 
the capabilities of power systems to counteract on these variations. A distinction is 
made between long- (seasonal, annual) and short-term variations (diurnal, hourly, 
minutely) (Ackermann 2012). If well predicted, wind power output variations are 
rarely a technical problem. Conventional power plants are scheduled in order to 
compensate for these output variations, similar to demand variations. Only in specific 
occasions such as storms, or very high shares in the generation mix, these power 
ramps require specific attention. Unpredicted wind power variations are more 
problematic as power plants are scheduled before real-time, and generally one-day 
ahead, following the technical complexities of power system operation. 
Consequently, prediction errors become a problem when insufficient capacity is 
available for real-time up- or downward regulation. Figure 2 (left) illustrates the 
variability of wind power with a three-day generation profile for Belgium (Elia System 
Operator 2013). 

Solar power is characterised by a diurnal and seasonal pattern. Due to the lack of 
inertia, rapid power output changes have been observed in individual PV installations 
when experiencing cloud shading. As with wind, aggregation in larger systems and 
spatial diversity mitigates part of this variability (Pérez-Arriaga 2011). Forecasting PV 
on a regional and single-plant scale is relatively new but forecast accuracy 
observations show values of the same magnitude and even better compared to wind 
power (Lorenz et al. 2012). Aggregated profiles present substantial smoothing 
effects, almost entirely compensating cloud effects. However, morning or evening 
ramps or specific weather phenomena such as fog or snow may require specific 
measures (EPIA 2012). Figure 2 (right) illustrates the variability of wind power with a 

                                                      
2 In the literature, intermittency is also used when referring to RES-E variability (Pérez-Arriaga 
2011). Because this terminology is associated with an uncontrolled on/off behaviour, 
contrasting with the limited controllability and predictability of wind power, this is not adopted 
in this dissertation. According to Pérez-Arriaga (2011), intermittency comprises two elements: 
limited-controllable variability and partial unpredictability. This corresponds with the 
classification in variations and prediction errors used in this thesis. 
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three-day generation profile for the control area of 50 Hertz in Germany (50 Hertz 
Transmission 2013). 

The variability and distributed nature of variable RES-E challenge its large-scale 
integration in the power system. One important feature is maintaining system 
reliability which is defined as the ability of power systems to deliver electricity to all 
users within acceptable standards and in the amounts desired (Luickx 2009). This is 
generally decoupled into two components, i.e. adequacy and security (NERC 2013). 
The first treats the ability to comply with demand requirements at all times. This 
deals with long-term planning and captures for instance the availability of flexible 
generation capacity to cover high variations or periods with low RES-E generation, 
but also the availability of transmission capacity to transport variable RES-E power 
flows. Security refers to the ability to withstand sudden disturbances and deals with 
short-term issues such as frequency and voltage stability. It includes operational 
measures to appropriately balance the variability and limited predictability of wind 
power generation, i.e. the focus of this dissertation.  

An overview of the impact of variable RES-E on transmission and generation systems 
is found in an elaborate set of overview papers (Strbac et al. 2008; Milligan et al. 
2009; Kling et al. 2011), reports (Gross et al. 2006; NERC 2009; Holttinen et al. 
2009; Ackermann & Kuwahata 2011) and specific case studies (Deutsche Energie-
Agentur GmbH 2010; Enernex Corporation 2010).  

  

 Figure 2: Forecasted and measured wind power generation in the Elia control zone (Belgium)  
and PV power generation in 50 Hertz control zone (Germany) for 26/05/2012 - 28/05/2012 

(based on data provided by Elia System Operator and 50 Hertz System Operator) 

 System balancing including variable RES-E 1.1.2

 Operating reserves 1.1.2.1

Electricity has typical characteristics implying certain constraints to the large-scale 
penetration of variable RES-E. Conditionally to a supply that has to match demand at 
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each point in time, a limited storability and a variable consumption with a limited 
predictability, generation of electricity with conventional power plants requires a 
certain factor of adaptability, meaning a controllable, i.e. possibility of forecasting 
and adaptability and flexible output. Power plants with such characteristics are called 
dispatchable (Delarue 2009). 

Transmission System Operators (TSOs), responsible for safeguarding the overall 
power system security, are supposed to ensure the final balance between generation 
and demand, including losses. Divergence of this equilibrium results in frequency 
deviations which may cause the disconnection of generation and eventually leading 
to a black-out. It is self-evident that maintaining the frequency close to rated levels, 
i.e. 60 Hz in North-America, parts of South-America and Asia, 50 Hz in the rest of the 
world, is one of the priorities of the TSOs. System inertia, i.e. kinetic energy of 
rotational units, slows the frequency deviations down to a certain extent. However, 
in order to stabilise and restore the system frequency on a longer time scale, the 
TSO contracts balancing services from generator companies or consumers, i.e. 
operating reserves. The last one is defined as available generation or demand 
capacity which can be activated automatically or on decision by the TSO to affect 
their active power generation or consumption. These providers are referred to as 
Balancing Service Providers (BSPs) and by activating these reserves up- or 
downward, TSOs are able to restore the system balance (Vandezande 2011).  

Operating reserves are one of the ancillary services (AS) provided to the system 
operator in support of the basic service of generating real power and injecting it into 
the grid (Stoft 2002; ACER 2011). The literature describes different sorts of reserves 
and due to the use of different terminology in different regions, the subdivision is not 
always easy to understand. First of all, this dissertation deals with operating 
reserves, i.e. short-term active power capacity for the real-time balancing of demand 
and generation (Holttinen et al. 2012a). Other reserves such as reactive power 
reserves for voltage control or planning reserves for long-term generation adequacy 
are not dealt with. 

Classification 

Operating reserves are generally classified into different categories depending on 
their response time or other characteristics. Classification, nomenclature and specific 
characteristics vary over different power systems (Rebours et al. 2007; Tractebel 
Engineering and Katholieke Universiteit Leuven 2009; CIGRE 2010, Ela et al. 2011).  

In the ENTSO-E synchronous zones, operating reserves are categorised into three 
main groups: primary (R1), secondary (R2) and tertiary reserves (R3). An overview 
of their interrelation is shown in Figure 3. A network code is currently under 
development providing a general framework for load-frequency-control and reserves 
(LFC&R NC). This work aims to provide minimum requirements for TSOs and BSPs in 
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Europe, and achieve a harmonised, solid technical framework while building on best 
practices and experience (ENTSO-E 2013). This network code implements new 
harmonised terminology for the three reserve categories: frequency containment 
reserve (FCR), frequency restoration reserve (FRR) and replacement reserve (RR). 

Primary or frequency containment reserves are used to stabilise the system 
frequency at a stationary value after a disturbance or incident in the time frame of 
seconds. The capacity is determined at the level of the synchronous area and 
distributed among the participating control areas according to their weight in the 
system3. Activation occurs automatically whenever the service provider observes grid 
frequency excursions (automatic generator control through governors). The reserve 
provider has to provide half of the contracted capacity within 15 s and full capacity 
within 30 s and should be able to maintain this power output level for at least 15 min 
(Elia System Operator 2012).  

 

Figure 3: Activation process of operating reserves (ENTSO-E 2013) 

                                                      
3 ENTSO-E defines a synchronous area as an interconnected zone with a common system 
frequency such as the synchronous area Continental Europe (CE). Load-frequency control areas 
are part of such a zone, operated by one or more TSOs such as the Elia System Operator 
control area (ENTSO-E 2013). 
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Secondary or frequency restoration reserves aim to restore the frequency by 
releasing system wide activated primary reserves. In particular, they restore the 
balance in the control area, and consequently the power exchanges between TSOs. 
Secondary reserves are activated automatically or manually by the TSO’s dispatching 
centre and contracted capacity should be available between 30 s and 15 min for as 
long as the service is required. The activation is triggered by the Area Control Error 
(ACE) which is calculated from the deviation between the scheduled and actual 
power interchange of a control area, corrected for the frequency. Finally, the tertiary 
or replacement reserves are scheduled or activated manually to free or assist the 
activated secondary reserves. In most control zones, tertiary reserves require full 
delivery within 15 min (Elia System Operator 2012). 

General characteristics of reserves 

First of all, operating reserves can be provided with different types of technology. 
Today, reserves are generally procured from conventional power plants, pumped-
hydro installations and industrial consumers. In the future, storage and flexible 
demand is expected to play an increasing role. These technologies all have different 
technical and cost characteristics.  

Secondly, a distinction is made between up- and downward reserves: upward 
(downward) reserves require generating units to generate under (above) their 
maximum (minimum) output. For thermal power plants, this results in must-run 
obligation costs, i.e. scheduling power plants even if market prices are below variable 
production costs, and reduced efficiency costs due to partial loading (Vandezande 
2011).  

Thirdly, the required response time of the generating units is to be taken into 
account resulting in spinning and non-spinning (Strbac et al. 2007). Fast-response 
reserves (required for primary and secondary reserves) are typically provided with 
generating units synchronised to the grid (spinning) while slower response reserves 
(required for tertiary reserves) can be procured from off-line generating units which 
can be started in a time frame of minutes (non-spinning). These include quick-start 
diesel- or gas-fired generating units as well as most hydro-units (Wood and 
Wollenberg 1996). This distinction is logically not applicable to downward reserves, 
which are always spinning. The slower response reserves can be provided with a 
quick shut-down of flexible power plants.  

Fourthly, two types of costs are involved: reservation and activation costs (Singh and 
Papalexopoulos 1999). Reservation costs result from the scheduling of power plants 
to keep their generating units on-line: reserves may require a suboptimal scheduling 
- for instance spreading the demand over additional generating units – resulting in 
increased start-up costs and efficiency losses due to partial loading. The activation 
costs are incurred when the reserves are actually dispatched resulting in additional 
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fuel costs or savings for up- or downward spinning reserves. For non-spinning 
reserves, activation is generally more expensive because it includes a start-up and 
shut-down cost.  

Finally, the operation status of the system is an important parameter: high demand 
conditions result in fully loaded generating units resulting in expensive upward 
reservation. It requires for instance the activation of additional and expensive power 
plants resulting in start-up costs and fuel efficiency losses due to partial loading. In 
contrast, downward reservation becomes nearly cost free due to high downward 
flexibility. Vice versa, low demand may result in partially loaded generating units 
resulting in cheap up- and expensive downward reserves. 

 Balancing responsibility 1.1.2.2

In European liberalised markets, part of the balancing responsibility is covered by the 
market (Figure 4). Generator companies, traders and consumers aggregate their 
positions in the market under representative entities known as Balancing Responsible 
Parties (BRPs). These entities are generally required to schedule and nominate all 
portfolio positions day-ahead to the TSO, e.g. 14h00 in Belgium. This deadline is 
referred to as gate closure and allows the TSO to ensure real-time system security4. 

  

Figure 4: Balancing services procurement and imbalance settlement by TSO (Vandezande 2011) 

Secondly, the BRPs are encouraged to achieve a real-time portfolio balance by 
means of the ‘imbalance settlement mechanism’. The timeframe over which the 
nominated and measured positions are to be balanced is the settlement period which 
is generally 15 (Benelux), 30 (France, UK) or 60 min (Scandinavia, Spain) (ENTSO-E 
2012). The TSO charges tariffs or penalties on the BRP’s imbalance volume i.e. the 

                                                      
4 Recent market developments allow market players to reschedule their positions after gate 
closure, i.e. intra-day. Moreover, most power exchanges support a separate intra-day market.  
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measured difference between its average injections and off-takes over the settlement 
period. Tariffs are preferably cost-reflective and derived from the activation and 
reservation cost of the balancing services (Vandezande et al. 2010).  

The TSO, as final responsible party, covers the remaining system imbalance: the 
aggregated imbalances of all BRPs resulting from demand and RES-E variations, or 
unexpected outages of generation or transmission equipment. It acquires reserve 
capacity from grid users, i.e. BSPs, as an ancillary service in order to maintain 
integrity and stability of the system as well to ensure power quality. This capacity is 
generally remunerated by means of a capacity and/or energy payment. 

Specific details concerning the balancing markets are discussed further in this 
dissertation. A general framework for a European balancing market design can be 
found in the PhD dissertation of Vandezande (2011) which decouples the balancing 
market into a procurement side, i.e. reserves, and a settlement side (i.e. imbalance 
settlement tariffs). In reality, current balancing markets remain national or regional 
and are a patchwork of different regulations and requirements. The thesis of Rebours 
(2008) compares the specifications of different ancillary service markets over 
different control zones, including operating reserves. An overview of all different 
market arrangements in place throughout Europe is recently provided by ENTSO-E 
(2012). Hiroux (2007) gives an overview of the integration of wind power in a 
liberalised market while Frunt (2012) discusses specific market design parameters of 
the balancing market in a context of increasing shares of RES-E. 

 Impact of variable RES-E on balancing 1.1.2.3

The balancing problem is not new for power systems as they already cope with 
uncertainty since there origin. Indeed, a variable demand and the risk for equipment 
failures has always required appropriate measures to ensure the real-time balance 
between demand and supply. Today, the integration of wind power, or other variable 
RES-E, can be seen as an additional driver for system imbalances. However, due to 
the increasing shares of renewable generation in future electric power generation, its 
impact is expected to become significant. 

Variability and uncertainty requires generation systems to be flexible. Flexibility refers 
to the ability of a power system to modify electric generation or consumption 
according to these characteristics (IEA 2011; Ma et al. 2013). This requires flexible 
capacity (expressed in MW) which can be regulated up or down in order to ensure 
the balance between demand and supply. Flexibility is mainly provided with 
conventional thermal power plants such as combined-cycle gas turbines (CCGT) and 
open-cycle gas turbines (OCGT). Additionally, it can be obtained from energy storage 
facilities, e.g. pumped-storage and compressed air energy storage (CAES) or demand 
response technology, e.g. industrial cooling and plug-in electric vehicle charging 
(PHEV). The implementation of these technologies for balancing the power system is 
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facilitated by means of transmission systems and markets. Balancing markets ensure 
that the system can access the available flexibility while transmission and 
interconnections unlock flexibility in other regions (Figure 5). 

First of all, it is crucial for power systems to have access to flexible capacity. The 
technical flexibility represents the maximum available capacity which can be accessed 
by a control zone. This is closely coupled with adequacy as it deals with investments 
in the flexible technologies mentioned. On the other hand, the operational flexibility 
determines the capacity which is real-time available, taking into account the short-
term scheduling of these assets (maintenance, forward markets, etc.). The last one 
is ensured by imposing operating reserve requirements to the system. 

 

Figure 5: Power system flexibility 

Extensive efforts have been put in the quantification of wind power imbalances and 
the impact on operating reserve requirements (Holttinen 2004). New services such 
as for instance ramping margins or inertia emulation are for instance defined for 
balancing future electricity systems (Holttinen et al. 2012b). Specific focus is put on 
the development or assessment of forecasting tools (Souto Perez 2011; Giebel et al. 
2011). Also the impact of market design is assessed as an important parameter, such 
as the introduction of market coupling and the development of well-functioning 
balancing markets and intra-day markets (Vandezande et al. 2010; Weber 2010). 
Other studies focus on the smoothing effect of aggregating wind over larger areas 
(Focken et al. 2002; Soens 2005).  

Obviously, there is a strong motivation to minimise the additional reserve 
requirements following variable RES-E integration. Operating reserves are generally 
assessed as expensive and increase system integration costs of renewable 
generation sources substantially. In countries where these technologies face full 
balancing responsibility, large parts of these costs are borne by the responsible 
market players. Specific research is conducted towards the minimisation of these 
costs for the BRPs and different tools are suggested such as portfolio optimisation, 
optimising the use of intra-day markets and implementing state-of-the-art forecast 
tools (De Vos et al. 2009).  
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In any case, variable RES-E are expected to redesign the balancing of power 
systems. While increasing the need for balancing services, the growing shares of 
RES-E replace conventional power plants, currently the main supplier of flexibility and 
reserve capacity, backing-up wind energy (Traber and Kemfert 2011). Therefore, 
besides system operation strategies limiting the balancing needs of power systems, 
the development and deployment of alternative flexibility resources is an important 
focus for research. This includes research towards new technologies, such as energy 
storage and demand-side management, or future European balancing markets with 
adequate interconnection capacity between different control areas. 

 Scope and objective 1.1.3

The general objective of this dissertation is to investigate improved management 
strategies for operating reserves minimising the impact of wind power on real-time 
system balancing and costs. More specifically, this thesis aims to size and allocate 
additional reserve requirements following wind power integration; to evaluate this 
additional reserve capacity in terms of its impact on the scheduling of generating 
units and costs; and to introduce dynamic reserves and the active participation of 
wind power in reserves as new strategies for reserve management. 

This thesis builds further on the work of Holttinen (2004) and Silva (2010), 
determining the impact of wind power variability on system flexibility, reserve 
requirements and costs. Furthermore, the model used for the generation system 
simulations is inspired by the work of Delarue (2009) and Luickx (2009), developing 
and deploying unit commitment models for investigating power plant scheduling with 
wind power. Finally, the work of Soens (2005) and Souto-Perez (2011) provide the 
foundations of using qualitative wind power data, describing the variability and 
predictability of aggregated generation profiles. 

This contribution focuses particularly on the development of cost-efficient and 
reliable strategies managing operating reserves for balancing wind power: a strategy 
sizing the reserve on the statistical characteristics of wind, a cost-efficient allocation 
strategy towards fast- and slow-response reserves, a cost reducing dynamic reserve 
strategy, and the active participation of wind power in reserves are put forward and 
assessed towards their potential of reducing reserve capacity and costs. Therefore, 
three simulation tools are developed and deployed: firstly, a numerical wind power 
model is built representing the wind power injections and predictions in the North 
Sea region. Secondly, the unit commitment model is extended in order to focus on 
the procurement of different categories of reserve capacity. Finally, a simplified 
probabilistic wind power forecast model is introduced to study the potential benefits 
of dynamic reserves and active wind power participation. In combination, these 
models allow studying the impact of the proposed reserve strategies by means of 
realistic wind power behaviour and power system operation. 
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The suggested strategies aim to improve current power system operation with 
significant levels of wind power. It is explained that these deal with the effects of the 
demand-side of the reserve market, i.e. the reduction of thermal reserve capacity 
requirements and costs. Therefore, the supply-side is fixed and focus remains on 
conventional power plant technologies when balancing wind power with the 
suggested reserve strategies. Today, the majority of the reserve capacity is provided 
by thermal power plants and are still expected to play an important role towards 
2020 (Section 1.1.1). Balancing technologies such as demand response or 
decentralised storage are relatively new, still have unknown potential and are costly. 
Other balancing options such as pumped-storage and international balancing markets 
are not available in every system. Making abstraction of the future technology mix 
avoids complexities in future power system projections, modelling and result 
interpretation. In parallel with this work, research is conducted focusing specifically 
on the potential contribution of new balancing technologies, e.g. storage (Silva 
2010), demand response (De Jonghe 2011) or market framework, e.g.  balancing 
markets (Vandezande 2010). 

Despite the growing share of PV in recent years, the focus of this text is kept strictly 
on wind power. In line with current projections, wind power is expected to be the 
largest contributor of renewable electricity generation towards 2020. Furthermore, its 
growth in the last decade resulted in reliable observations for wind power generation 
and predictions. In contrast, the large-scale deployment of PV is relatively new and 
data collecting approaches are still immature. Furthermore, its distributed nature 
complicates large-scale observation. Although part of the methodologies and 
conclusions for wind are likely to be similar, caution is advised when extrapolating 
results towards PV.   

Finally, the scope of this dissertation is the European power system. Although that 
the organisation of balancing markets varies strongly between the different member 
states. The discussion of these different market models or market harmonisation is 
not the subject of this thesis and the current ENTSO-E framework is followed. In 
order to pursue general conclusions, independent from individual power system 
specificities, simulations are conducted for a concept thermal generation system. 
Nevertheless, wind and demand profiles represent a North Sea region, i.e. Belgium 
and the Netherlands.   

 Case-study: Pentecost weekend in Belgium 1.1.4

As a proof of relevance, an illustration is presented of how variable RES-E already 
impact the operation of reserves in current power systems. In the Pentecost 
weekend, 26-28 May 2012, the Belgian balancing mechanism was pushed to its 
limits. According to the communications of Elia System Operator, there was a 
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concurrence of high renewable generation together with a low demand, resulting in 
unexpected exports of energy towards France.  

Figure 6 represents the day-ahead scheduling of the power system. The day-ahead 
predicted demand, including distributed generation, and the wind power generation 
are published by the Belgian TSO (Elia System Operator 2013). This is compared to 
prices on the day-ahead market, published by the Belgian power exchange (Belpex 
2013). It is confirmed that predicted demand in this holiday weekend is rather low, 
falling below 6.3 GW in off-peak periods, compared to the annual demand statistics 
of 2012 (min: 5.9 GW; average: 9.3 GW; max: 13.4 GW). Finally, the predicted wind 
power generation is moderate, remaining lower than 0.5 GW which is 50% of the 
monitored wind power capacity. The figure clearly shows the correlation with the 
market prices which tumble under the 15 €/MWh on Sunday between 4h – 7h and 
15h – 16h, which is low compared to the monthly average of 39 €/MWh. 
Nevertheless, prices remain positive which shows that the system does not seem to 
face serious difficulties balancing demand and supply, at least on the day-ahead time 
scale.  

 

Figure 6: Day-ahead market prices, demand forecast and wind power forecast for the Pentecost 
weekend (based on data published by Elia System Operator and Belpex) 

In reality, a large system imbalance is observed in this weekend during the day-time 
(Figure 7): this imbalance is calculated and published by the system operator as the 
difference between the area control error and the net regulation volume which is 
used to manage the balance in the system. The first indicates the balance in the 
control zone by comparing the nominated and measured interchange of a control 
area. As discussed in Section 1.1.2.1, this triggers the activation of reserves for 
which the net sum expresses the net regulation volume. By subtracting the activated 
reserves from the area control error, the original system imbalance of a system is 
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determined. As can be seen, the system copes with large positive imbalances in the 
day-time strongly correlated with the demand forecast error reaching 
overestimations of almost 1 GW. In contrast to the demand, the wind power is better 
predicted due to state-of-the art forecasting models tailored to individual wind power 
plants.  

In this case, the wrongfully predicted photovoltaic power injections are found to be 
the cause of the imbalance. Due to their distributed nature and inadequate market 
integration, they are inadequately predicted by the BRPs. This results in large 
portfolio imbalances of the BRPs which causes on its turn large system imbalances. 
This is shown in Figure 7 where the PV power estimations represent the PV 
generation, forecasted by the TSO (1600 MW monitored PV capacity). As can be 
seen, the demand imbalance is highly correlated with the expected PV generation. 
This theory is supported by interviews with generating companies, regulator and 
system operator. However, the market may already cover part of the demand 
prediction error by means of flexibility in their portfolios (e.g. reduce CCGTs to 
minimum load) or intra-day trading. This explains why the final system imbalance is 
lower than the demand prediction error. 

 

Figure 7: Forecast error demand, wind and total system imbalance for the Pentecost weekend 
(based on data published by Elia System Operator)  

This system imbalance results in the activation of contracted and available reserves5. 
Figure 8 represents the activation of the different categories of reserves on Monday 
May, 28, 2012. First the contracted secondary reserves are activated up to their 
maximum level, about 140 MW. For higher imbalances, tertiary reserves are 

                                                      
5 Recently, a new source of reserves is introduced netting the imbalance of systems with 
neighbour control zones (Elia System Operator 2013). 
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activated. The activation of upward tertiary reserves is not represented as they 
remain zero over the entire day. However, the elevated positive imbalance requires 
the activation of downward tertiary reserves at 6h and between 11h and 19h. 

First, available free bids for downward tertiary reserves are activated. However, 
between 16h and 18h, available capacity is not sufficient to cover the system 

imbalance and an additionally category of tertiary reserves is to be activated. In this 
case, this is 200 MW of inter-TSO contracts activated for an hour. The figure shows 

how the activation process may result in a simultaneous activation of up- and 
downward reserves. This is explained by the difference in response time between 
different categories. Furthermore, the activation of reserves follows a merit order, 

activating cheap reserve capacity first. 

 

Figure 8: Activation of regulation capacity on Monday 28 May (based on data published by Elia 
System Operator) (R2up and R2down: up- and downward secondary reserves; R3down: 

downward tertiary reserves, BIDSdown: downward tertiary reserves provided with free bids)  

First of all, this case study shows that variable RES-E, even without the large 
capacities projected towards 2020, already affect operating reserve management in 
power systems. This illustration shows how additional reserves are to be activated to 
maintain the system imbalance with high penetrations of PV. Secondly, this case 
presents the importance of predictions and appropriate market design supporting an 
efficient scheduling in order to minimise the impact. Thirdly, it is shown that current 
reserve capacities may not be adequate in the future and should be carefully sized 
and allocated over the different services. These three topics play a central role in this 
dissertation, with a specific focus on wind energy.  
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1.2 Thesis outline 

PART I – Wind power imbalances and generation system flexibility 

Chapter 2 aims quantifying the short-term variations and prediction errors as 
imbalance drivers of wind power. Based on historical data of wind speed predictions 
and measurements for different locations in the Netherlands, a numerical wind power 
model is developed. This tool allows generating realistic time series of predicted and 
real-time wind power injections for the North Sea region.  

Chapter 3 compares the impact of wind power on the system imbalance with the 
operational flexibility which resides in thermal generation systems. A unit 
commitment model is developed representing the scheduling of a generation system 
including wind power. Simulation results focus on the amount of up- and downward 
flexibility available for the real-time balancing. This indicates the scarcity and cost of 
reserve capacity which is needed to achieve a reliable integration of wind power. 

PART II – Sizing, allocation and cost of operating reserves  

Chapter 4 sizes the reserve requirements to be withheld by the TSO to integrate 
wind power while maintaining system security levels. By means of the numerical 
model presented in Chapter 2, reserve requirements are determined to cover the 
short-term variations and prediction errors. Focus is on strategies allocating these 
reserves towards fast- and slow-response reserves. 

Chapter 5 studies the impact of operating reserves on generation scheduling and 
cost. This is not only important to determine the final integration cost of wind power, 
but also to assess the different reserve strategies suggested in the previous chapter. 
Therefore, the unit commitment model of Chapter 3 is elaborated in order to ensure 
clearing of both demand for power and reserve capacity.  

PART III – Dynamic reserves and active wind power participation 

Chapter 6 replaces the static reserves implemented in the previous chapter by a 
dynamic reserve strategy. This way, the reserve capacity is determined from hour to 
hour in function of the wind power predictions. This avoids reserve redundancy. The 
dynamic reserves are studied by means of a simplified probabilistic wind power 
forecast model, and system benefits are assessed by means of the generation 
system model presented in Chapter 3 and 5. 

Chapter 7 investigates the active participation of wind power in operating reserves. 
It is shown that there are no insurmountable technical objections for wind to 
participate in this ancillary service. The availability of wind power reserve capacity is 
derived from the probabilistic forecast model and integrated in the unit commitment 
model in order to determine if this service has value, and in which occasions. Again, 
focus is on the system benefits of providing reserve services with wind power.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

PART I 

Wind power imbalances and 

generation system flexibility 



   

 

 



 

 

2. SHORT-TERM WIND POWER VARIABILITY 

AND PREDICTABILITY 

Chapter 1 discusses how the variable nature of wind affects the operating reserve 
requirements of power systems. Unexpected wind power variations result in system 
imbalances, endangering the real-time balance between demand and supply. In 
order to size and allocate appropriate reserve requirements, which are the subject of 
the next chapters, it is therefore important to gain insight in the order of magnitude 
of imbalances initiated by wind power. 

The availability of data representing predicted and measured wind power injections 
in an electricity system is obviously a crucial element when quantifying wind power 
imbalances. Therefore, a numerical wind power model is developed generating time 
series of wind power injections and predictions over a region. This model is based on 
historical time series of wind speed measurements and predictions distributed over 
an area in the North Sea region, including offshore, near-shore and inland locations. 
Besides investigating wind power imbalances, it is obvious that this model is a useful 
tool for studying the interaction of wind power and power systems in general. 

In this chapter, the numerical wind power model is presented and employed to study 
short-term variations and prediction errors, which are defined as the two main 
imbalance drivers following wind power integration. These values are used in the 
next chapters to benchmark available generation flexibility for real-time balancing 
and to size and allocate appropriate reserve requirements6. 

Section 1 “Introduction” gives a brief overview of the current literature and case 
studies dealing with short-term wind power variability and prediction errors. An 
important issue is the further improvement of forecast tools and the presence of 
geographical smoothing. Results of these studies are used to benchmark the results 
of the numerical model. 

Section 2 “Numerical wind power model” presents a numerical model which 
aggregates wind power over a medium-sized North Sea region. A total installed 
capacity of 500 MW is assumed, distributed over two offshore (2 x 130 MW), one 
coastal (1 x 80 MW) and two inland locations (2 x 80 MW). The scalability of the 

                                                      
6 This chapter is based on the journal article “De Vos, K., Driesen, J., Belmans, R. (2011). 
Assessment of imbalance settlement exemptions for offshore wind power generation in 
Belgium. Energy Policy 39 (3), pp. 1486-1494.” This work is funded by the Belgian Science 
Policy BELSPO in the framework of project “WindBalance”.  
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model allows a various range of set-ups. This section focuses on the inputs of the 
model, i.e. the wind speed measurements, predictions and installed capacities. 

Section 3 “Wind power variability and predictability” uses the numerical 
model to generate time series representing predicted and real-time wind power 
injections over the system. These are used to assess the short-term variations and 
the prediction errors of wind power. Results are expressed as a percentage of the 
installed capacity and give a clear indication of the order of magnitude of these 
imbalance drivers in power systems. 

Chapter Highlights 

This chapter presents a numerical wind power model generating time series of 
predicted and real-time injections for a medium-sized North Sea region. Intra-hour 
variations are found to remain lower than 8% of the installed wind power capacity. 
Although wind power generation is generally well predictable, maximum prediction 
errors are found to exceed 45 – 34% of the installed wind power, respectively for 
day-ahead and intra-day predictions. 

2.1 Introduction 

 Wind power variability 2.1.1

Wind power generation depends on a variable resource. The instantaneous 
generation depends on prevailing weather conditions and can be expressed as a 
percentage of the rated output, i.e. the maximum capacity of the wind turbine, farm 
or park7. Depending on the type of turbine and wind regime, the averaged output is 
usually situated between 25% and 40% of the rated capacity (Ackermann 2012). 
This value is referred to as the capacity factor of wind power (Section 1.1.1.2).  

The capacity factor does not provide information about the probability distribution of 
generation. Duration curves are used to represent the time that wind power reaches 
a certain output level. For a single wind turbine, it is found that the rated capacity is 
only reached for 1 - 5% of the time while a zero power output occurs relatively 
frequently, i.e. 10 - 20% of the time (Ackermann 2012). The variability of wind 
power is site and region dependent (IPCC 2011) and it is observed that the 
frequency of extreme low or high output levels decreases in favour of the average 
output level when aggregating wind in larger areas (EWEA 2010).  

                                                      
7 The term wind farm in this dissertation refers to indicate a local concentration of wind 
turbines. These clusters are generally connected to the grid as a single generating unit and 
therefore, the term wind power plant is also used (EWEA 2010). The term wind park in this 
dissertation indicates the aggregation of wind turbines over a region or control zone. 
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An important distinction is made between the short- and long-term variability of wind 
power. The last one deals specifically with monthly, seasonal and annual variations 
and is more relevant for long- and mid-term planning purposes, for instance 
maintenance or investments (EWEA 2010). The annual generation is for instance 
between ±15% of the average long-term generation (Ackermann 2012). 
Furthermore, most regions show clear seasonal and diurnal patterns in wind speeds 
(IPCC 2011). In contrast, this dissertation deals with system operation and focus is 
put on short-term variability, dealing with time frames going from a few seconds to 
several hours.  

First of all, different studies confirm that the short-term variability of wind power is 
reduced with aggregation over increasing geographical surfaces (IPCC 2011; De 
Decker and Kreutzkamp 2011). This is explained by limited correlation of the wind 
resources over different locations and is referred to as spatial or geographical 
smoothing (Czisch and Ersnt 2001; Ackermann 2012). For instance, maximum power 
ramps of 6% and 12% have been observed in respectively Germany and Ireland over 
10 - 15 min. These values increase up to 17% and 30% for 60 min (EWEA 2010). 
Subsequently, the geographical spread of wind power and the resulting power flows 
over a region is an important issue in research (TradeWind 2009; Roques et al. 2010; 
Rombauts et al. 2011). 

Secondly, the short-term variability of wind power increases when studying longer 
time frames: it is found that the variations of wind power in the time frame of 
seconds to one minute are not noticeable when it is aggregated over a region (EWEA 
2010; Ackermann 2012). This is explained by the inertia of the rotor and the 
smoothing of these variations when aggregating the output of individual turbines 
over a wind farm or region (Boyle 2007). In contrast, going beyond minutes, the 
variations become more pronounced: for an offshore wind farm, maximum ramps are 
observed to remain respectively within 3.5, 17 and 30% of the installed capacity 
inside a time frame of 1, 10 and 30 min, taking into account a 99% confidence 
interval (Sørensen et al. 2007). In general, it can be said that the larger the area, the 
longer the periods in which the smoothing effect is observed (Ackermann 2012). 

 Wind power prediction error 2.1.2

Hourly variations are generally well predicted and these predictions are taken into 
account when scheduling, trading or nominating electricity. This way, the variations 
do not have direct impact on the real-time balancing of power systems. In contrast, 
it is the prediction error which mainly determines the impact on balancing (Kling et 
al. 2011).  

Wind power forecast tools have known significant improvements over the last 
decennia (Costa et al. 2008; Giebel et al. 2011). Current short-term (up to 48 h) 
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wind power prediction tools are based on meteorological forecast data from 
numerical weather prediction (NWP) models. These are obtained from national 
meteorological institutes and provide rough predictions concerning wind speed, wind 
direction, pressure, temperature, etc. (Boyle 2009). In a second step, most wind 
power prediction tools apply a combination of physical and statistical models to 
transform the meteorological information such as wind speeds into power (Boyle 
2009; Giebel et al. 2011). The first is based on the characteristics of the wind power 
plant (terrain, power curve, hub height, etc.). The second approach uses statistical 
or artificial intelligence models to link the meteorological input data to the prediction. 

The performance of wind power predictions is expressed by means of the Root Mean 
Square Error (RMSE), indicating the variance of the prediction error and generally 
expressed as the percentage of the rated wind power installed. It is concluded that 
current day-ahead prediction models achieve RMSE accuracies between 10 – 20% for 
individual wind farms (Holttinen 2009). In terms of energy, Kling et al. (2011) couple 
these figures with 40 – 50% of the annual wind energy. These values decrease for 
larger areas as it is shown that the RMSE drops below 10% for a single control zone 
which corresponds to 30% of annual energy (Kling et al. 2011). The latter is again a 
consequence of the smoothing effect confirmed by different case studies such as in 
Germany (Focken et al. 2002).  

Currently, the accuracy of forecast tools is further improved by combining different 
weather prediction models, i.e. ensemble forecasts (Zacharias 2008). For Germany, 
experiments show that the day-ahead RMSE of the aggregated prediction error can 
be reduced from 5.1% to 3.9% (Milligan et al. 2009; Kling et al. 2011). These values 
are further reduced to values below 3% with shorter prediction horizons as the 
predictability of wind power generally increases when approaching real-time (EWEA 
2010). However, it is to be stressed that the accuracy of forecast tools depends on 
the prediction model, local weather conditions and the size of the region. Further 
developments focus on the prediction of events such as storms and the 
implementation of probabilistic forecasts (Giebel et al. 2011; Chapter 6).  

2.2 Numerical wind power model 

A schematic overview of the numerical model is depicted in Figure 9. As can be seen, 
the model is built on three main inputs: the wind speed measurements, the wind 
speed predictions and the installed wind power capacity. These are discussed in 
detail in this section. The wind speed time series are processed towards wind 
generation time series which allows obtaining time series representing the wind 
power output, prediction errors and short-term variations over a medium-sized North 
Sea region (Section 2.3). 
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 Wind speed measurements 2.2.1

Wind speed data is obtained from the Dutch Meteorological Institute, KNMI. In the 
framework of the Hydra project, historic time series of hourly average wind speeds 
are published for several years and locations all over the Netherlands (KNMI 2012). 
In this context, the focus is on five locations, i.e. Vlakte Van De Raan, Lichteiland 
Goeree, Stavenisse, Woensdrecht and Eindhoven for 2011 (Figure 10). These 
locations correspond to a region of 16000 km², including offshore (De Raan & 
Goeree), near-shore (Stavenisse) and inland (Woensdrecht & Eindhoven) locations. 

 

Figure 9:  Representation of numerical wind power model 

 

Figure 10: Geographical location of the five KNMI measurement stations 
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As the resolution of these data does not allow the study of short-term variations, an 
additional set of data is obtained from the KNMI with 10 min average wind speeds 
over the same locations for the same year. These time series are used to compose a 
single accurate time series with 10 min average wind speed values for each location 
for 2011. Before converting this time series into wind power generation, it needs to 
be processed from a height of 10 towards 100 m, i.e. the hub height of a 
representative turbine. This is conducted by means of an estimation based on the 
logarithmic power law using the roughness length of the location (Manwell et al. 
2002). Figure 11 plots the wind speed measurement data at 100 m height for an 
offshore (Vlakte van de Raan) and inland location (Eindhoven). As described in the 
literature, the wind speeds show the typical Weibull probability density curve 
(Seguro and Lambert 2000):  
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with x expressing the wind speed values, using the corresponding Weibull 
coefficients, i.e. the scale parameter a and the shape parameter b. The shape of the 
curve varies when comparing the off- (a: 10.6; b: 2.3) to the inland (a: 6.4; b: 1.6) 
location. This is due to the higher wind speeds at offshore locations. Table 2 shows 
the average wind speed and standard deviation of each location and confirms that 
offshore locations have higher wind speeds than the near-shore or inland locations. 
Maximum average wind speeds can however be exceeded by instantaneous wind 
gusts. 

 

Figure 11: Distribution of the wind speeds for De Raan (offshore) and Eindhoven (inland)        
at 100 m height 
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Table 2: Statistical parameters of the measured wind speeds at 100 m height 

[m/s] DE RAAN GOEREE STAVENISSE WOENSDRECHT EINDHOVEN 

Mean 9.38 9.84 7.48 5.84 5.78 

St.dev. 4.39 4.68 3.80 3.38 3.29 

Max. 25.63 27.35 24.34 20.16 26.84 

 Wind speed predictions 2.2.2

Wind speed predictions for the same locations and time period are obtained from 
ECN Nederland. The predictions are generated by means of their forecast tool 
(AVDE), based on a combined physical and statistical methodology to predict wind 
speeds or wind power output. The tool has been developed in 2009 and follows a 
typical approach for current forecast models (Brand and Kok 2003). First of all, the 
model is based on meteorological weather predictions obtained from weather service 
providers. Secondly, the data is downscaled in order to represent a specific location 
and height. Finally, a statistical correction is conducted based on historical data.  

Different prediction horizons become available in this study as the prediction tool 
provides four runs a day (0, 6, 12 and 18 h). At each prediction run, prediction data 
is provided with a 10 min resolution for the next 48 h. This data is further processed 
towards seven time series representing day-ahead and intra-day prediction horizons. 
These are now coupled to the wind speed measurement time series (Figure 12).  

 

Figure 12: Process transferring four prediction runs prediction data into seven prediction 
horizons (D-1: day-ahead prediction, D: intra-day prediction) 
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As current power systems require day-ahead nomination, the 00h prediction run is 
generally used for the day-ahead scheduling. This is even reinforced by the day-
ahead power exchange closure, generally closing a few hours before gate closure, 
i.e. 14h. Each day, the required data for the next day, [0h + 24h; 0h + 48h], is 
taken from the prediction run. When conducting this procedure for each daily 00h 
prediction run, a time series is obtained representing the annual day-ahead 
prediction (0h D-1). This process is repeated to obtain the 6h D-1, 12h D-1 and 18h 
D-1 predictions.   

Intra-day prediction horizons (0h D, 6h D and 12h D) are more complex to construct 
as part of the day elapsed. This means part of the prediction run cannot be used. 
Furthermore, predicted values for the first six hours of a prediction run are not 
reliable due to calculation times and limited accuracy of these prediction models for 
near to real-time predictions. The process for each horizon is depicted in Figure 12: 
for the 0h D horizon, data is again obtained from the first 24 h of 00h prediction run. 
However, accurate data is only available after six hours and only data from [0h + 6h 
to 0h + 24h] can be used to reschedule nominations intra-day. Predictions of the 
first six hours are therefore taken from the previous prediction run, in this case 18 h. 
As prediction horizons closer to real-time result in higher accuracies, average wind 
power imbalances are reduced when using them to update market positions.  

 Wind power installed capacity 2.2.3

The power curve represents the output characteristics of a wind turbine, farm or 
park and can be used to convert wind speeds in active power output. For this study, 
normalised, regional aggregated power curves are used which are developed in the 
framework of TradeWind (McLean 2008)8. These curves take into account wind farm 
effects such as wake effects, terrain topography and electrical efficiency as well as 
regional effects such as spatial averaging of the wind speeds and technical 
availability of the turbines. This results in smoother curves (not all turbines start 
generating power at the same time), lower maximum power output (aerodynamic 
and electrical losses, unavailability,...) and a smooth decrease in power output in 
case of high wind speeds (not all wind turbines shut down at the same time during a 
storm).  

The off- and onshore power curves which are used in this chapter are depicted in 
Figure 13. Obviously, these curves are more realistic than individual wind turbine 
power curves when assessing regional wind power generation. Furthermore, McLean 

                                                      
8 In this project, installed wind power capacity is clustered and allocated towards 138 regions 
covering entire Europe. These are related to a historical wind speed database covering nodes 
over Europe. The equivalent power curves convert the wind speed of each node towards the 
total wind power injection over the corresponding region (Tradewind 2009).  
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(2008) considered expected technology developments towards 2030: power curves 
representing technology trends towards 2030 are characterised by a lower cut-in, a 
steeper ramp and a higher cut-out.  

In the remainder of this dissertation, the reference scenario assumes an installed 
wind power capacity of 500 MW. This absolute value is chosen to allow transparent 
calculations as results are expressed in percentages of the rated capacity. To model 
predicted and real-time wind power injection, the installed capacities is distributed 
over the five locations. The proportion of installed wind power capacity over offshore 
and onshore locations is roughly based on the Belgian renewable energy action plans 
towards 2020 (CONCERE-ENOVER 2011)9 resulting in 52% of the capacity installed 
offshore. As the proportion inland and near-shore is not given, the onshore capacity 
is assumed to be distributed proportionally over the three locations (Table 3).  

 

Figure 13: Regional Power Curves including technological developments towards 2030 
(expressed as percentage of rated capacity Pr) (MC Lean 2008) 

Table 3: Installed wind power capacity 

 offshore   near-shore inland 

 DE RAAN GOEREE STAVENISSE WOENSDR. EINDH. 

[MW] 130 130 80 80 80 

 Model output 2.2.4

By means of the numerical wind power model, the wind speed predictions and 
measurements time series are converted into active power injections and predictions, 
taking into account the power curve and installed capacity. This is executed for each 
location, individually. By taking the sum over the five locations, the regional 

                                                      
9 Current action plans for Belgium schedule to install 4320 MW of wind power towards 2020, 
with 2000 MW expected to be installed offshore. 
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predicted and real-time injections are calculated (Figure 14). This results in one main 
dataset with the predicted and real-time generation for five locations in 2011, as well 
as aggregated. This represents seven prediction horizons with a resolution of 10 min.  

The data represents Dutch wind behaviour over an area of 16000 km² and is area 
specific. However, due to geographical proximity and the comparable area size 
(Belgium: 30500 km²; Flanders: 13500 km²), the wind speed behaviour is assumed 
to be also representative for Belgium or in general, a medium-sized North Sea 
region. The generated time series are used to determine time series representing the 
prediction errors and the short-term variations which are expressed in percentage of 
the rated capacity. However, caution is required when extrapolating results towards 
other wind regimes. 

In reality, most forecast providers deliver output forecasts tailored to specific wind 
farms, portfolios or control zones. This results in better forecast accuracies than 
observed in the numerical wind power model. This disadvantage is amply 
compensated by the scalability and the transparency of the model. In addition, the 
aggregation of offshore, near-shore and inland locations ensures that a large part of 
the smoothing effects are captured.  

 
Figure 14: Process converting wind speeds to regional aggregated wind power 

2.3 Wind power generation and predictions 

In this section, the output of the numerical model, i.e. the real-time and predicted 
wind power time series, are discussed. Besides the real-time wind generation, focus 
is on the short-term variations and prediction errors. The first is studied by means of 
the intra-hourly wind power variations calculated as the deviation from the hourly 
average wind power injection. The second is determined as the hourly averaged 
deviation between the predicted and the injected wind energy.  

When assuming a one hour settlement period, this corresponds to the two drivers for 
wind power imbalances: the variations inside the settlement period which are not 
anticipated by the market, and the remaining prediction error over the settlement 
period incurred by the market players. Although the ramps can impact the wind 
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power imbalances, certainly when moving from hour to hour, this is not strictly 
indicated as an imbalance driver because well predicted ramps do not impact the 
system imbalance.  

 Wind power generation 2.3.1

First of all, wind power generation is studied by means of the 10 min resolution time 
series for the five individual locations, as well as the aggregated wind power output 
time series. The capacity factor is calculated for each time series and varies over the 
different locations between 40.6% (Goeree) and 21.4% (Eindhoven) (Table 4). The 
offshore locations perform better than the near-shore and inland locations in general: 
wind speeds are expected to decrease with an increasing distance to the shore. 
These numbers fall inside the typical wind farm margins put forward in the literature 
(Section 2.1.1). 

Table 4: Capacity factor (CF) of wind power generation 

[%] DE RAAN GOEREE STAV. WOENSDR. EINDH. TOTAL 

CF 37.8 40.6 33.5 22.4 21.4 32.7 

The total capacity factor of the wind power installed is 32.7%. This value is close to 
the capacity factor of 33.1% which is considered in the Dutch NREAP scenario (EREC 
2011). In contrast, the Belgian capacity factor put forward in the NREAP scenario is 
27.7%, which substantially lower (CONCERE-ENOVER 2011). These differences can 
be explained by different meteorological conditions, or assumptions made in the 
numerical model, for instance the regional power curve or geographical distribution. 

Furthermore, the literature stresses that wind resources are subject to seasonal and 
annual variations (Section 2.1.1). The wind generation put forward by the renewable 
energy action plans are therefore only a rough indication. For instance, when wind 
speed data of 2004-2011 are fed into the presented numerical model, results show 
that the annual capacity factor over these eight years varies between 28.7% and 
34.6%. The average capacity factor over these years is 32.1%.  

Table 5 shows that the wind power generation for the different locations is highly 
correlated. This effect is reduced with increasing distance. This is in conformity with 
the findings presented in the literature (Section 2.1.1). Figure 15 discusses the 
probability distribution of the aggregated wind power generation time series 
representing the 10 min average generation. The wind power park rarely generates 
at levels higher than 90% of the installed capacity: this is only observed in 1.9% of 
the time. In contrast, 44% of the time, the park generates less than 20%. The total 
wind park can be seen as a generation source which generates at partial load and 
provides on time-averaged power output of 32.7% of the installed capacity. 
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Table 5: Correlation of the wind power generation at different locations in 2011 

 DE RAAN GOEREE STAVENISSE WOENSDRECHT EINDHHOVEN 

DE RAAN 1.00 0.89 0.80 0.67 0.64 

GOEREE - 1.00 0.79 0.65 0.64 

STAVENISSE - - 1.00 0.81 0.75 

WOENSDRECHT - - - 1.00 0.82 

EINDHOVEN - - - - 1.00 

 

 

 Short-term wind power variations 2.3.2

The short-term variations are calculated as the deviation of the real-time wind power 
generation from the hourly average. The variation in each time period t (∆t

10) is 
calculated as the difference between the 10 (Pt

10) and 60 min average (Pt
60): 

 

10 10 60

t t t
P P∆ = −

   
t∀  (2.2) .

 
Higher resolution data is unfortunately not available but the literature generally 
neglects the minutely variations due to rotor inertia and wind farm or regional 
smoothing effects (Ackermann 2012). Table 6 shows the mean absolute error (MAE) 
and the maximum of the short-term variations. In order to avoid the impact of 
outliers, the maximum represents the positive boundary of the 99.9% confidence 

Pt
10 [% Pr] Prob. [%] 

[0;10] 26.66 

[10;20] 17.81 

[20;30] 11.33 

[30;40] 9.09 

[40;50] 7.32 

[50;60] 7.06 

[60;70] 6.92 

[70;80] 6.32 

[80;90] 5.64 

[90;100] 1.86 

Figure 15: Probability distribution of the aggregated wind power generation               
(expressed as % of the installed wind power capacity Pr) 
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interval. The mean absolute values are relatively low and slightly higher for onshore 
locations. Maximum output variations are substantially reduced when aggregated. 
This is due to the very low correlation between the different locations (Table 7). This 
confirms the smoothing effect of variations on the ten minute time scale and 
substantially decreases the likelihood of facing a simultaneous extreme short-term 
variation at multiple locations. 

Table 6: Mean Absolute (MA) and Maximum (MAX)  of the short-term wind power variations  
(% of the installed capacity) 

 [%] DE RAAN GOEREE STAV. WOENSDR. EINDH. TOTAL 

MA 2 2 3 3 3 2 

MAX 33 31 43 39 39 13 

Table 7: Correlation of the short-term variations over the five locations  

 DE RAAN GOEREE STAVENISSE WOENSDRECHT EINDHOVEN 

DE RAAN 1.00 0.06 0.01 0.01 0.00 

GOEREE - 1.00 0.04 0.02 0.02 

STAVENISSE - - 1.00 0.07 0.03 

WOENSDRECHT - - - 1.00 0.04 

EINDHOVEN - - - - 1.00 

Figure 16 presents the probability distribution of the aggregated short-term 
variations over the region which is found to be Laplace distributed: 
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− −

=  (2.3) , 

with x the short-term variations, using the corresponding locational parameter a and 
scale parameter b (Abramowitz and Stegun 1972). Compared to the normal 
distribution, the Laplace distribution has a pronounced peak, is dented and has 
heavier tails. Studying this distribution (a: 0.00, b: 7.54), it is shown that 95% of all 
variations find themselves inside 5% of the installed capacity of the wind park. In 
contrast, only very limited variations exceed 15% of the installed capacity. When 
focusing on the tails of the distribution, it is found that 99% of all variations remain 
below 8% of the installed capacity. 
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Probability 99.9% 99.0% 95.0% 90.0% 

Confidence Interval [-13; 13]% [-8; 8]% [-5; 5] % [-4; 4]% 

Figure 16: Probability distribution of the aggregated short-term wind power variations                       
(% of the installed wind power capacity Pr) 

 Wind power prediction errors 2.3.3

In general, the wind power predictions are, together with the demand predictions, 
used to schedule conventional generating units. As continental European power 
markets use hourly products, the prediction error (et

60) assessed here as the 
difference between the hourly averaged measurement (Pt

60) and prediction (Ṕt
60) in a 

period t. 

 
60 60 60ˆ
t t te P P= −  t∀

 
(2.4)

 

Consequently, the prediction error can be positive or negative. A positive (negative) 
prediction error corresponds to a real-time generation being larger (smaller) than 
predicted. The prediction error over a certain time frame, e.g. year, is generally 
assessed by means of the average error (BIAS), mean absolute value (MAE) and root 
mean square error (RMSE) (Madsen et al. 2004) (Box 2.2).  

These indicators are frequently used by the wind energy sector to evaluate the 
accuracy of prediction models. In order to allow a comparison, the prediction errors 
are generally expressed as a percentage of the installed wind power capacity. In this 
way, the error is referred to as the normalised prediction error. Consequently, the 
prediction error indicators are referred to as NBIAS, NMAE and NRMSE. 

Δt
10

 [% Pr] Prob. [%] 

[-25;-20] 0.00 

[-20;-15] 0.03 

[-15;-10] 0.16 

[-10;-5] 2.02 

[-5;0] 48.20 

[0;5] 47.29 

[5;10] 2.07 

[10;15] 0.20 

[15;20] 0.03 

[20;25] 0.00 
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Results show a NRMSE between 17-22% depending on the location (Table 8). First 
of all, offshore locations are observed to perform slightly better10. Secondly, it is 
shown that the NBIAS is not zero, showing asymmetric predictions: the offshore 
locations tend towards positive prediction errors while the opposite is true for the 
onshore locations. Finally, the aggregation of the different locations is found to result 
in a significant reduction of the NRMSE towards 14%. This phenomenon is described 
in the literature as spatial smoothing and induced by the imperfect correlation 
between the wind speeds of different locations (Section 2.1.2). 

Table 8: BIAS, RMSE and MAE of the 00H day-ahead prediction  

2011 DE RAAN GOEREE STAV. WOENSDR. EINDH. TOTAL 

NBIAS 2.37 3.84 -2.95 -2.37 -8.71 -0.63 

NMAE 13.16 11.54 14.02 13.91 15.99 10.27 

NRMSE 18.95 17.18 19.99 19.21 21.85 14.39 

In contrast to the short-term variations, correlations of the prediction error between 
the different locations are present but are found to decrease for larger distances 
(Table 9). Wind power forecasts rely on the same weather prediction models and 
wind speed correlations are reduced when assessing larger areas. This explains the 

                                                      
10 This result contrasts to previous work published where analysis was conducted for 2004 data 
(De Vos et al. 2011a). This is due to the use of a different data series and power curves. The 
onshore predictions perform worse when using the power curves representing 2030 technology. 
The lower cut-in and higher ramp rate reduces low wind power predictability more difficult as 
smaller wind power variations result in higher output variations.  

Box 2.1 
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With N the number of data points. 
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observed smoothing effect, though less pronounced as for the short-term variations. 
Finally, results also show an increasing accuracy when the forecast horizon 
approaches real-time. This decreasing effect on the aggregated NRMSE is shown in 
Table 10 and achieves a NRMSE of 11% for the aggregated prediction error.  

Table 9: Correlation of the hourly prediction error over different locations for the 0h D-1 
prediction horizon  

 
DE RAAN GOEREE STAVENISSE WOENSDRECHT EINDHOVEN 

DE RAAN 1.00 0.96 0.93 0.85 0.82 

GOEREE 
 

1.00 0.92 0.84 0.82 

STAVENISSE 
  

1.00 0.92 0.88 

WOENSDRECHT 
   

1.00 0.93 

EINDHOVEN 
    

1.00 

Table 10: NRMSE for the seven predictions horizons for the aggregated prediction error over 
the five locations  

 
0h D-1 6h D-1 12h D-1 18h D-1 0h D 6h D 12h D 

Total NRMSE 14.39 13.47 12.81 11.94 11.59 11.04 10.85 

The prediction model performs worse than the values presented in Section 2.1.2. 
This can be explained by different factors. First of all, the prediction accuracy 
strongly depends on the local weather conditions and prediction model. Secondly, 
prediction models are especially designed for the wind power output of a specific 
wind farm, portfolio or control zone. This is in contrast to the forecasts used in this 
study which focus only on the wind speed prediction of a single location. Thirdly, the 
prediction error studied over a short period, e.g. year, is a stochastic variable and 
may vary over the years. Fourthly, the covered region is smaller as the presented 
case studies, resulting in lower smoothing effects. 

The probability distribution of the total prediction error in the control zone is shown 
in Figure 17. Similar to the short-term variations, the prediction error is Laplace 
distributed (a: 3.15; b: 51.47).  Wind power generation is relatively well predicted: 
62% of the time, the prediction error is lower than [-10; 10]% of the installed 
capacity. Higher prediction errors decrease quickly in frequency. Nevertheless, it is 
observed that 1% of the predictions is still higher than [-45; 44]% of the installed 
capacity. This number is reduced towards [-34; 31]%, respectively for negative and 
positive prediction errors.  
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Confidence Interval 0h D-1 6h D-1 12h D-1 18h D-1 0h D 6h D 12h D 

99.9%  
-61.54 -55.19 -50.47 -50.06 -52.98 -46.48 -46.06 

57.31 56.32 50.86 49.66 50.75 41.33 39.25 

99.0%  
-44.53 -42.46 -41.28 -38.34 -38.85 -35.03 -34.20 

43.97 43.30 36.32 35.77 32.69 31.53 30.81 

95.0% 
-33.07 -30.54 -29.40 -26.15 -25.93 -24.25 -23.63 

29.89 27.32 25.72 25.85 22.75 22.36 22.36 

90.0% 
-26.08 -23.91 -22.64 -20.62 -20.46 -19.40 -18.45 

23.16 20.79 20.47 19.57 18.44 18.07 17.84 

Figure 17: Probability distribution of the wind power prediction error                                    
(% of the installed wind power capacity Pr) 

et
60 [% Pr]* Prob. [%] 

[-80;-70] 0.01 

[-70;-60] 0.05 

[-60;-50] 0.14 

[-50;-40] 0.78 

[-40;-30] 2.55 

[-30;-20] 4.74 

[-20;-10] 12.13 

[-10;0] 30.75 

[0;10] 30.81 

[10;20] 11.47 

[20;30] 4.12 

[30;40] 1.67 

[40;50] 0.58 

[50;60] 0.18 

[60;70] 0.02 

[70;80] 0.00 
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2.4 Conclusions 

This chapter puts forward a numerical wind power model in order to generate 10 min 
resolution time series of real-time and predicted wind power injections over a 
medium-sized North Sea region. In this case, the model is based on Dutch 
meteorological wind speed data for 2011 and captures day-ahead and intra-day 
predictions, geographical smoothing effects. The installed wind power capacity at 
different locations is the main input parameter ensuring an easy scalability. A case 
study is conducted with a total installed capacity of 500 MW, distributed over two 
offshore (2 x 130 MW), one near-shore (80 MW) and two inland locations (2 x 
80 MW).  

Model results present a regional wind power capacity factor of 32.7%. It is found 
that 99% of the intra-hourly variations, i.e. average 10 min deviations from the 
hourly average, remain inside a bandwidth of [-8; 8]% of the installed wind power 
capacity. This is relatively low due to the negligible correlation between the different 
locations on the 10 min time scale. In contrast, the spatial smoothing is less 
pronounced for the hourly prediction errors: 99 % of the prediction errors remain 
below [-45; 44]% for day-ahead and [-34; 31]% for intra-day predictions. 
Nevertheless, wind power is predictable to a certain extent as 62% of the prediction 
errors remain inside [-10; 10]% of the installed wind power capacity. Unfortunately, 
system security measures such as operating reserves are taken in accordance to 
worst case scenarios. 

Although the model results are close to values presented in other research studies, 
the estimation of the prediction error is found to be rather conservative. It is 
reasonable to assume that wind power prediction performance improves with state-
of-the-art forecast tools, as well with a better distribution of wind power over a 
region. Nevertheless, the availability of realistic wind power data remains a stringent 
bottleneck and this model is therefore a useful tool to study the interaction between 
wind power and power systems. In the rest of this dissertation, the model is 
particularly used to size and allocate reserve requirements and to generate wind 
power profiles, for generation system simulations. 



 

 

3. OPERATIONAL FLEXIBILITY FOR BALANCING 

WIND POWER 

Chapter 1 and 2 discuss how wind power variability, and in particular its limited 
predictability, impacts the system imbalance and consequently, the operating reserve 
requirements. The feasibility and cost of providing these reserves are strongly 
coupled with the flexibility of power systems, i.e. their ability to cope with variability 
and uncertainty in both generation and demand. In this chapter, a unit commitment 
model is deployed representing the day-ahead scheduling of power plants in order to 
meet the expected electricity demand. The results allow determining the operational 
thermal flexibility, defined as the available thermal capacity able to regulate up- or 
downward to cover for real-time system imbalances. This is a good indicator for 
assessing the need and cost of additional reserves following wind power integration. 

It is explained in Chapter 1 that the focus of this dissertation is kept on flexibility and 
reserves provided with conventional power plants. These are still the largest 
contributor of system flexibility and reserves, and this is not expected to change 
fundamentally towards 2020. This means that the impact of new sources of flexibility 
such as storage or demand response is not dealt with in this text. Other sources such 
as pumped-storage are mature technologies but bound to geographical conditions, 
are not considered. The same applies for, importing external flexibility which is 
constrained by the available interconnection capacity and market framework11.  

Section 1 “Introduction” provides a brief introduction of the role and impact of 
unit commitment simulation models. In line with the chapter’s objectives, an 
overview is given of current state-of-the-art approaches integrating wind energy in 
power plant scheduling. 

Section 2 “Optimisation model” presents the unit commitment model used in this 
thesis. Focus is on the mathematical model description and interpretation. In first 
instance, the model does not take into account security constraints in order to assess 

                                                      
11 This chapter is based on the journal article “De Vos, K., Petoussis, A., J., Driesen, J. and 
Belmans, R. 2013. Revision of reserve requirements following wind power integration in island 
power systems. Renewable Energy 50 pp. 268-279.” This work is funded by the European 
Commission in the framework of FP7 project “7MW-WEC-by-11”. In order to integrate the 
research results in this thesis, the Cyprus case study is generalised by means of a conceptual 
generation system which will be used throughout the rest of this thesis. 
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the need for scheduling operational flexibility. In later chapters, the model is 
elaborated with reserve capacity requirements. 

Section 3 “Case study” applies the optimisation model to a conceptual generation 
system representing a medium-sized North Sea region. Specific efforts are made to 
make this generation system as realistic as possible: generation mix, wind power 
generation and demand are based are carefully matched. Successively, an installed 
wind power capacity of 0, 250, 500 and 750 MW is simulated in a thermal generation 
system of 1950 MW installed, respectively covering 0, 6, 12 and 18% of the annual 
electricity demand. 

Section 4 “General results” studies the impact of the expected wind power on the 
day-ahead scheduling of power plants. Focus is on the electricity generation cost and 
wind power curtailment. The aim of this section is to validate and understand 
generation system operation with increasing shares of wind power.   

Section 5 “Operational flexibility for real-time balancing” calculates the 
operational flexibility by means of the day-ahead power plant operation schedule. A 
classification is made towards the flexibility meeting the response times of different 
reserve categories: fast-response primary and secondary reserves, and slow-
response tertiary reserves. Specific attention is directed towards the impact of a 
flexible versus inflexible base load. 

Chapter Highlights 

A unit commitment scheduling model is developed assessing the operational thermal 
generation flexibility which represents the capability to cover real-time system 
imbalances. Although simulations show no insurmountable problems for the day-
ahead scheduling, operational flexibility is found to be inadequate to ensure a 
reliable system operation. Upward fast-response generation flexibility is found to be 
scarce and supplementary operating reserves are needed and expected to be 
expensive. Upward slow-response and downward flexibility are less stringent, 
respectively explained by the availability of peak power plants and flexible base load 
generating units.  

3.1 Introduction 

Simulating the planning and operation of power systems is not an evident task due 
to specific complexities such as voltage and frequency stability, or uncertainties 
concerning short- and long-term demand and generation. Furthermore, various 
alternative scheduling and planning alternatives are present following different 
generation technologies with different techno-economic characteristics (Hobbs 1995). 
Therefore, ensuring a reliable, clean and cost-efficient generation schedule requires a 
broad set of simulation models.  
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The literature identifies power system simulation models for different purposes. 
These models can be categorised according to various properties such as time-scale, 
competition, use, etc. (Hobbs 1995; Ventosa et al. 2005; Delarue 2009). In the rest 
of this dissertation, focus is on unit commitment models. These models are already in 
use for a long time to study the operation of power generation systems and are 
extensively described in the literature (Sheble and Fahd 1994; Wood and Wollenberg 
1996; Sen and Kothari 1998; Padhy 2004). They can be described as short-term 
power plant scheduling models without elastic demand and with a single objective 
representing optimising behaviour (Delarue 2009). In other words, these models 
decide when to start and shut down a generating units as to minimise costs and 
maintain reliability, given demand forecasts and available generating units (Hobbs 
1995). 

 Unit commitment models 3.1.1

In brief, unit commitment models search the optimal output levels of power plants 
over a certain time period12. They are run before actual power delivery, generally a 
week up to several hours in advance, to schedule generating units for power delivery 
at a certain moment in the future. This problem becomes complex when taking into 
account that power plants face start-up costs (Stoft 2002). Furthermore, they are 
characterised by limitations concerning load following (varying levels of output) and 
cycling (on/off) to protect them from wear (Kirschen and Strbac 2004).  

Also uncertainty concerning the demand or price impedes finding an optimal solution. 
From a centralised point of view, scheduling is generally based on cost minimisation 
following demand forecasts. From a decentralised point of view, the scheduling of 
utilities maximises profits based on price forecasts. These models are generally 
referred to as cost-based or price-based unit commitment, respectively 
(Shahidehpour et al. 2002). Furthermore, other complexities such as for instance 
environmental regulations or new generation technologies further complicate the 
problem (Kirschen and Strbac 2004).  

In the strict sense, unit commitment determines only the on/off state of power 
generating units. The actual output level of a unit is determined in the economic 
dispatch taking into account their commitment status (Delarue 2009). Generally, a 
generating unit can only deliver power when committed in advance. Depending on 
the technical characteristics concerning start-up, nuclear power plants have to be 
committed multiple days in advance while internal combustion engine power plants 

                                                      
12 A power plant refers to an industrial facility for the generation of electric power. In contrast, 
a generating unit is the sum of all equipment necessary for production of electricity. 
Consequently, power plants may consist of several independent generating units. For sake of 
simplicity, this thesis assumes power plants representing one generating unit and both concepts 
are used interchangeably. 
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can be committed a few minutes before real-time. Generally, unit commitment and 
economic dispatch are treated simultaneously under the name of unit commitment, 
as is done in the rest of this study.  

However, in case of uncertainty resulting from unexpected outages, or demand or 
variable RES-E generation forecasts, the real-time dispatch deviates from the unit 
commitment. This results in multi-stage optimisation models (Delarue 2009). A 
typical two-stage model solves the unit commitment problem in the first stage. This 
is based on the day-ahead expectations of the system conditions (e.g. demand, 
wind, etc.). In the second stage, the economic dispatch is based on the real-time 
system operation and the results of the day-ahead unit commitment. Alternatively, 
this uncertainty can be integrated directly in the first stage by means of stochastic 
programming which is currently the state-of-the-art in unit commitment modelling 
(Conejo et al. 2010).  

As explained, unit commitment models try to find a cost-efficient way to meet 
demand taking into account the technical limitations of power plants: these may be 
constrained by their rated capacity, minimum run time or capacity, ramp rates, etc., 
which yields a different solution than the merit order. Over the years, different 
methods have been developed in the field of operations research to solve the unit 
commitment problem (Sheble and Fahd 1994; Padhy 2004; Zhu 2009 Conejo et al. 
2010). In this study, focus is on Mixed Integer Linear Programming (Winston 2003). 
Unit commitment models are typically used for short-term horizons, generally a few 
hours up to a week. This means no investments (long-term) or maintenance 
scheduling (mid-term) decisions are made and the generation portfolio is assumed to 
be fixed. Additionally, no long term contracting or planning are incorporated (De 
Jonghe 2011). 

Power plant scheduling in unit commitment models is frequently elaborated with 
additional constraints resulting from transmission system operation. In a first 
instance, transmission capacity constraints directly impact the generation scheduling. 
Secondly, security provisions such as N-1 or ancillary service requirements such as 
active and reactive power procurement and black-start requirements makes system 
operation more complex. Most of these transmission constraints can be integrated in 
the unit commitment model at a computational cost. In that case, the literature 
refers to these models as security-constrained unit commitment (Wang et al. 2008).  

 Wind power in unit commitment models 3.1.2

Wind power is generally introduced in unit commitment models by means of a 
negative demand. Basic models use one- or two-stage deterministic models (Ummels 
et al. 2007; Delarue 2009). In these two-stage deterministic models, wind power 
predictions are used in the first-stage unit commitment while the second-stage 
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economic dispatch takes into account the real-time wind power injection. These 
models are frequently used to determine the economic value of wind power 
forecasting by comparing the results with a scenario without forecast errors (Delarue 
and D’haeseleer 2008). Two-stage deterministic problems can have difficulties 
integrating wind because feasibility problems may occur in the real-time dispatch. 
Indeed, the flexibility following the scheduled power plants may be inadequate to 
cover for wind power imbalances. This can be resolved by means of implementing 
reserve capacity to be withheld in the unit commitment stage (Delarue 2009). In this 
case, the model is referred to as security-constrained unit commitment 
(Section 5.1.1). 

State-of-the-art models use stochastic one- or two-stage unit commitment models in 
order to take into account the uncertainty of wind power (Wang et al. 2008; Bouffard 
and Galiana 2008; Meibom et al. 2010; Conejo et al. 2010). This uncertainty is 
implemented by means of different scenarios representing the different possible 
states of the power system in real-time, i.e. demand, wind power injection and 
outages, taking into account the likelihood of each scenario. These models generally 
incorporate the reserve capacity implicitly following a trade-off between the costs of 
security problems, such as loss of load or generation, and the costs of reserve 
capacity. Finally, different models include multiple stages to represent possible intra-
day rescheduling based on updated forecast information and existing schedules 
(Meibom et al. 2010). Indeed, the time frame in which a generating unit can be 
rescheduled depends on its characteristics and on the market framework. 

3.2 Optimisation model 

 General model description 3.2.1

The simulation model used for this study is based on standard unit commitment 
models described in the literature (Padhy 2004). The model schedules the output 
levels of power plants in a power system to meet demand over a certain period while 
minimising the total electricity generation costs. These costs take into account the 
fuel cost, CO2 emissions cost and start-up cost and the scheduling of power plants is 
constrained by their maximum and minimum output levels, ramp rates and minimum 
up and down times. Various elaborations on the cost and operation of power plants 
are described in the literature as for instance personnel costs and constraints, fuel 
limitations, etc. (Padhy 2004).  

The focus of this chapter is on assessing operational flexibility for real-time balancing 
purposes. This flexibility is derived from the day-ahead scheduling of thermal power 
plants, i.e. the expected activation and output levels of the power plants in the 
system, one day before real-time, based on the expected demand and wind power 
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generation. This assumes a perfect day-ahead forecast of the real-time system 
conditions. This corresponds with a cost-based deterministic one-stage unit 
commitment model. The cost-based approach is in line with the system perspective, 
assessing optimal power plant scheduling. In contrast, price-based models would 
impose additional complexities due to price forecasting.  

Secondly the one-stage deterministic model assumes that all generator companies 
schedule their portfolio without taking into account uncertainty. In other words, the 
generator companies or the transmission system operators do not hold any reserve 
capacity for balancing real-time system imbalances. This assumption is motivated by 
the final objective of this chapter to assess the operational flexibility in thermal 
electricity generation systems in order to derive the need and cost of reserve 
capacity requirements. Besides the conventional power plants, no alternative sources 
of flexibility are modelled. Focus remains on thermal flexibility and demand response, 
storage facilities or flexibility obtained by means of transmission interconnections are 
not taken into account. As the focus of this chapter is on generation flexibility, the 
transmission network is disregarded.  

The optimisation minimises the costs to meet demand over two consecutive days 
with hourly time periods. In order to avoid distortions in the first and final hour of 
the simulation due to single start-up and switch-off events of generating units, 
simulations are conducted for 48 time steps of one hour, from 12h00 D-1 until 12h00 
D+1 (Sioshansi and Short 2009). The model allows both wind curtailment and 
demand shedding at a predefined cost per MWh. The optimisation model is modelled 
as a Mixed Integer Linear Problem (MILP) and solved in GAMS using the CPLEX 
optimiser (GAMS 2012).  

All optimisations are conducted with a relative optimality criterion of maximum 0.1%. 
This parameter determines the maximum allowed relative deviation between the 
objective value of the integer solution found with the best possible solution (GAMS 
2012). Setting this gap is necessary in order to keep the simulation time within 
acceptable limits (Delarue 2009). However, individual simulations vary between a 
few minutes and a few hours and depend strongly on the net demand profile. It is 
shown that setting a higher optimality criterion results in shorter simulation times. 

 Mathematical model description 3.2.2

The unit commitment model is described mathematically in this section using 
uppercase for variables and lowercase for parameters. Two indices represent the 
period (t) and generating unit (i). The two main variables of the model are the 
average generating unit output in one hour expressed in MW (Pt,i) and its 
commitment (Zt,i). The last one is a binary variable equal to 1 when a generating unit 
is scheduled to be on-line and 0 otherwise. 
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 Objective function 3.2.2.1

A mathematical description of the optimisation model is given in Box 3.1. As 
explained in Section 3.2.1, the unit commitment model is formulated as a cost 
minimisation problem using mixed integer linear programming. The objective 
function of the problem minimises generation cost and takes into account the 
variable fuel, CO2 emission and start-up costs.  

The fuel consumption in terms of electrical output is represented by the input-output 
characteristic of a generating unit (Wood and Wollenberg 1996). In this study, the 
fuel consumption of generating unit i in hour t is expressed in GJ13 and represented 
by the variable Ft,i. This parameter is generally represented by a smooth and 
quadratic curve and derived from historical operational data, experiments or the 
manufacturers’ design data (Zhu 2009). 

 

                                                      
13 In US textbooks, thermal energy is typically expressed in BTU. However, in other parts of the 
world, such as Continental Europe, this is generally replaced by the SI-unit for energy, i.e. 
Joule. 

Box 3.1: Model objective function 
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The fuel consumption function is frequently replaced by a series of straight-line 
segments (Wood and Wollenberg 1996), i.e. a piecewise linear fuel consumption 
compatible with mixed integer linear programming algorithms (Carrion and Arroyo 
2006). In order to reduce the complexity and circumvent the lack of reliable data, the 
function is further approximated by a linear function connecting the minimum and 
maximum output levels. This is illustrated in Figure 18 where the approximation is 
conducted based on the minimum and maximum output level and induces therefore 
an overestimation of the fuel consumption. Calculations for several case-studies 
(Wood and Wollenberg 2006) show that the overestimation is rather small and can 
be neglected. This means that the marginal fuel consumption remains constant and 
the average fuel consumption decreases linearly. In other words, the average 
efficiency increases linearly with the output level.  

 

Figure 18: Linear approximation (full line) of the convex fuel consumption (dashed)  

The fuel consumption is thus modelled by means of the intersection with the y-axis 
(ci) and the slope (si) as input parameters. These parameters depend on the fuel 
consumption characteristics of each technology. Based on this, the variable 
generation costs are calculated by means of the fuel cost (fci) and CO2 emission cost 
(cci) per GJ for each technology. These input parameters are determined based on 
the commodity prices and CO2 content per fuel type.  

Secondly, every time a generation unit is started, a technology specific fixed start-up 
fuel (SUFt,i) is consumed. Knowing the start-up fuel consumption parameter (sui), 
this variable is only positive when the commitment of the generating unit i in hour t 
changes from 0 to 1, compared to the previous period. Again, the total start-up costs 
are calculated by means of the fuel cost and CO2 emission cost per GJ. Finally, the 
model enables wind power curtailment (CURTt) and demand shedding (SHEDt) at a 
price or cost per MWh (pcurt and pshed). Setting the curtailment cost and demand 
shedding has an important impact on the feasibility of the model and may ensure the 
integration of wind and the delivery of demand at a reasonable cost. 
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Compared to the models described in the literature, this objective function is kept 
relatively basic. Various elaborations exist to improve the veracity of the simulations 
such as quadratic fuel consumption (or at least a piecewise approximation), a 
cold/warm/hot start fuel consumption, or maintenance personnel costs. However, in 
order to limit complexity and calculation time, a trade-off is to be made depending 
on research objectives. 

 Model constraints 3.2.3

The constraints are described in Box 3.2 and are categorised in two main groups: the 
power system balance and the power plant technical characteristics. In order to 
ensure the balance between supply and demand, scheduled injections and off-takes 
are required to be in equilibrium. This is required by the system operator when 
submitting nominations. This requirement is even more important in real-time in 
order to avoid system failure. 

 

Box 3.2: Model constraints 
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The system balance is the core constraint of the unit commitment model. In this 
model, curtailment of wind and shedding of demand is allowed, hence creating a gap 
between the available wind power and demand (wt and qt), and the wind power 
injected (Pt

W) and the demand off-take (Qt), respectively. This ensures the feasibility 
of the model while the use of this measure can be controlled by means of the wind 
power curtailment and demand shedding prices in the objective function.  

As already discussed, the technical limitations of the power plants complicate the unit 
commitment problem. This model includes a minimum and maximum output level 
(pi

max and pi
min), a maximum ramp rate (ri) and a minimum up- and down-time (moi 

and mdi) for each generating unit. The implementation of these model constraints 
corresponds to unit commitment models presented in the literature (Padhy 2004; 
Delarue 2009).  

Similar to the objective function, a trade-off between complexity and accuracy is 
made and various additional constraints can be defined and implemented depending 
on the research focus, e.g. an asymmetric or variable ramp, maintenance, fuel and 
personnel resource limitations, etc. However, a model constraint usually included is 
the reserve capacity requirement in order to meet system security standards (Wang 
2008; Conejo et al. 2010). This constraint is discussed in detail in Chapter 5. Active 
and reactive power network constraints are not incorporated (Padhy 2004).  

3.3 Case study 

 Electricity generation system 3.3.1

The generation model used for this case study represents a conceptual power 
system, roughly based on the Cypriot power system. This is used in order to limit 
complexity and ensure transparency of the model and its results. The system is 
chosen due to the availability of reliable data following an FP7 research project 
“7MW-WEC-by-11 (2012)” in which the Cyprus generation towards 2020 was 
modelled. However, a few adaptations are done in order to generalise the model. 
The generation park is based on projections provided by the TSO of Cyprus (Cyprus 
TSO 2012). Projections are made before the explosion nearby the Vassilikos 
generation site, damaging part of the installed capacity. Depending on restoration 
plans, the real scheduled generation park in 2020 may look different. 

The main difference of the model with the Cyprus power system is that the fuel mix 
is enlarged with coal and natural gas to obtain a more representative power system. 
Currently, coal- and gas-fired power plants in Cyprus are respectively fired with 
heavy oil and gasoil. Preparations to import natural gas in Cyprus are present and 
are planned to be used for electricity generation (European Commission 2013). 
Furthermore, some of the technical characteristics of the power plants have been 
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altered. For instance, minimum off- and downtime are decreased to approach state-
of-the art technology described in the literature. Generating unit size, efficiency and 
total installed capacity are kept identical. 

Technical characteristics of the different power plants have been obtained from the 
Electricity Authority of Cyprus (EAC 2012) and are verified with data published in 
handbooks (Vuorinen 2007) and case studies such as the All Island Grid Study for 
the Irish generation system (Meibom et al. 2007). The final values used in the model 
are shown in Table 11. The generation park consists of 21 power plants among 
which six coal-fired steam turbine power plants (STEAM), four combined-cycle gas 
turbines (CCGT), five open-cycle gas turbines (GT) and six oil-based internal 
combustion engine power plants (ICE). This results in a total installed capacity of 
1950 MW. 

Table 11: Technical characteristics of conventional generating units                                   
Data based on EAC (2012), Vuorinen (2007) and Meibom et al. (2007) 

 STEAM CCGT GT ICE 

Units (#) 6 4 5 6 

Fuel Type coal natural gas natural gas heavy oil 

Max. Gen. Capacity [MW] 130 220 37.5 16.7 

Min. Gen. Capacity [MW] 52 113 4 10 

Ramp Rate [MW/min]1 3 8 5 5 

Min on time [h.] 8 4 1 1 

Min off time [h.] 5 4 1 1 

Efficiency full load2 [%] 40 50 29 42 

Efficiency partial load2 [%] 38 40 14 40 
1 Symmetric up- and downward ramp 
2 Representing static efficiency 

When assuming that the coal-fired power plants (40% of the installed conventional 
capacity) are operated as base load, the CCGTs (45%) as load following and the gas 
turbines and internal combustion engines (15%) as peak load, the proportion of 
these three generation categories corresponds with other European control zones 
(EURELECTRIC 2013). These proportions do not fundamentally change when 
assuming a nuclear instead of a coal-fired base load, however this may have an 
impact on electricity generation costs and system flexibility, as will be discussed in 
Section 3.5.3. 

Fuel costs are determined by the efficiency of the generating units together with the 
average prices of oil, natural gas and coal. As discussed, the fuel consumption 
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depends on the output level and efficiency decreases when moving to partial loading 
conditions. The fuel prices are derived from the prospects towards 2020 published in 
the IEA World Energy Outlook (IEA 2010). All values are derived from the Current 
Policies Scenario.  Furthermore, the future CO2 emission price is set relatively high at 
38 €/tonne.  

Table 12 represents these fuel prices together with the derived generation cost. As 
can be seen, the resulting merit order, i.e. the ranking of power plants according to 
the marginal generation cost (Stoft 2002), puts the coal-fired power plants as the 
cheapest generating units, followed by respectively CCGT, GT and ICE14. At partial 
loading and assuming static efficiencies, the generation cost per MWh increases 
significantly, especially for the gas-fired power plants. This results in a merit order 
switch making the ICE cheaper as the GT. Furthermore, start-up energy consumption 
is derived from the All Island Grid study. Finally, the CCGT turbines are assessed as 
the cleanest technology. 

Table 12: Fuel prices, electricity generation cost and emissions per technology in 2020             
Data based on IEA (2010), EAC (2012), Vuorinen (2007) and Meibom et al. (2007) 

 STEAM CCGT GT ICE 

Fuel Cost [€/GJth] 2.63 8.43 8.43 13.21 

CO2 Emission [kg/GJth] 94.60 56.10 56.10 73.30 

Generation Cost @ full load [€/MWhel] 56.05 76.05 131.12 137.14 

Generation Cost @ min. load [€/MWhel] 59.01 95.04 271.61 144.02 

CO2 Emission @ full load [kg/MWhel] 851 404 698 628 

Start-up Cost [€] 19657 16169 381 160 

Start-up CO2 Emission [tonne] 299 86 2 1 

In order to ensure a feasible solution, demand and wind curtailment are allowed as a 
last resort measure. This is implemented by attaching an elevated cost of 
respectively 1,000,000 and 100 €/MWh for the use of demand shedding and wind 
power curtailment. These elevated costs are set to keep focus on the flexibility of the 
thermal generation system, disregarding demand-response or wind power output 
reductions. A price-irresponsive demand is often assumed when studying electricity 

                                                      
14 Variable electricity generation costs of generators are determined by the fuel price and CO2 
assumptions. Consequently, generation cost results are sensitive to future price projections. 
Results in Table 12 confirm the merit order which is usually observed in reality and values are 
very close to the ones used in other recent research (NSCOGI 2012). It is also shown that the 
merit order is relatively insensitive for changes in the CO2 price, CCGTs start replacing coal-fired 
as from CO2 prices above 90 €/MWh (assuming fixed fuel prices). 
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markets (Stoft 2002; Kirschen and Strbac 2004). On the other hand, the cost for 
wind curtailment represents the compensation for the lost revenues of wind power 
generator companies (De Jonghe 2011). In reality, this curtailment cost may depend 
on the specific policies applied in a control zone (Klessmann et al. 2008).  

 Demand profiles 3.3.2

Simulations are conducted with four demand profiles representing an average 
summer/spring weekday, summer/spring weekend, winter/autumn weekday and 
winter/autumn weekend. The resulting profiles with hourly resolution are 
represented in Table 13 and Figure 19 (left). The probability of each demand profile 
allows determining annual trends by means of the weight of each simulation.  

Table 13: Representation of probability and characteristics of the four demand profiles 

[MW] probability average maximum minimum 

summer weekend 0.16 1209 1307 1091 

summer weekday 0.35 1318 1421 1141 

winter weekend 0.15 1355 1516 1187 

winter weekday 0.34 1464 1644 1241 

 

Figure 19: Illustration of four demand profiles covering 48 hours (left) and three 
wind power profiles covering three days for the 500 MW scenario (right) 

The demand profiles are derived from the demand data in Belgium for 2011 
published by the TSO (Elia System Operator 2013). This time series is averaged into 
the four demand scenarios representing the demand over 48 h: from 12h00 D-1 until 
12h00 D+1. In a second step, the data are scaled carefully to realistically match the 
generation mix presented in Section 2.3.1. According to the system adequacy 
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forecasts published by ENTSO-E (2009), the demand profiles are rescaled taking into 
account unavailability of generation assets and demand growth towards 2020. 

Summer weekend (minimum demand) and winter weekday (maximum demand) are 
most interesting from the viewpoint of system security (Figure 19, left). However, 
two other medium demand scenarios are included to allow calculations representing 
one year. Based on this data, the average daily demand is determined at 32.6 GWh. 

 Wind power profiles 3.3.3

By means of the numerical model described in Chapter 2, a one year time series of 
hourly day-ahead wind power predictions is created. It represents the total expected 
wind power generation for a North Sea region with an installed wind power capacity 
of 500 MW. This time series is used to select wind power profiles of 48 h with a time 
step of one hour.  

In order to obtain representative wind power profiles, the time series is sorted in six 
categories ranging from low to high wind days. This is conducted by means 
calculating the capacity factor for each individual day. As shown in Table 14, each 
category is associated with a probability. For instance, all days of the one year time 
series with an average wind power generation lower than 15% of the installed wind 
power capacity are categorised as ‘very low wind’. Consequently, this category 
contains 106 days and has a likelihood of 29%. Obviously, the likelihood of a low 
wind days is higher than for high wind day. 

Table 14: Wind power profile categories representing an increasing daily capacity factor  

wind profile category capacity factor [%] probability 

very low wind 0-15 0.29 

low wind 15-30 0.23 

low-moderate wind  30-45 0.20 

moderate-high wind 45-60 0.10 

high wind  60-75 0.09 

very high wind 75-100 0.08 

Four wind power profiles representing one day are selected from each category and 
associated with the demand profiles. This results in 24 wind power profiles and 
similar to the demand, annual trends can be observed by calculating the weighted 
average taking into account the likelihood of each wind profile. This way, an annual 
capacity factor of 33% is observed. Three of these wind power profiles are illustrated 
in Figure 19 (right). 
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 Installed wind power capacity 3.3.4

As already discussed in Chapter 2, an installed wind power capacity of 500 MW is 
taken as the reference scenario. In this model, it represents 26% of the thermal 
capacity installed. This corresponds to the renewable energy action plans towards 
2020 of some countries, e.g. Belgium. In order to allow some sensitivity analysis, this 
scenario is compared with alternative scenarios, i.e. one where respectively 50% and 
150% of the expected installed wind power capacity is realised. This corresponds 
with the current discussions between conservative and ecological viewpoints. Based 
on this, four development scenarios are examined for the generation model: 

• No wind power capacity scenario 
• Low wind power capacity scenario: 250 MW 
• Reference wind power capacity scenario: 500 MW 
• High wind power capacity scenario: 750 MW 

Every simulation contains 24 individual simulation runs, one for each combination of 
demand and wind power profile. By means of these representative net demand 
profiles, results can be extrapolated towards an entire year. For the 500 MW 
scenario, this capacity results in an average daily wind power generation of 4.0 GWh, 
which corresponds with a total share of 12% of the total electricity demand. As 
explained in Section 1.1.1, this is slightly higher than the Belgian target towards 
2020. On the other hand, this numbers are not exaggerated as Denmark, Spain and 
Portugal already achieved higher penetrations by the end of 2011. The 250 and 
750 MW scenario account respectively for 6 and 18% of the demand. 

3.4 General results 

 Power plant scheduling 3.4.1

Figure 20 illustrates the scheduling of power plants following the unit commitment 
model for the zero wind scenario for a summer weekend and a winter weekday, by 
showing the output level per generating unit and technology over the period of 24 h. 
Results show that the six coal-fired generating units are scheduled at full load 
throughout the day. This is explained by their merit order ranking, being the power 
plants with the lowest variable costs. Consequently, these six power plants are 
referred to as base load. 

The four CCGTs are characterised by higher operational costs and are scheduled on 
top of the coal-fired generating units in order to meet demand. Their commitment 
and output level depend on the demand level and they can therefore be referred to 
as load following. For a low demand scenario, two CCGTs are scheduled, reducing 
their output towards minimum load during night. For a high demand, all four CCGTs 
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are activated to meet peak demand. The peak power plants, being the ICE and GT, 
are scheduled to meet short peak demand periods for instance observed in the 
summer weekday. This avoids the technical constraints and costs of starting an 
additional CCGT. Secondly, starting an additional CCGT to provide only a few 
additional MW drives the CCGTs towards partial loading resulting in significant 
efficiency losses. This is also illustrated between 9h00-10h00 in the winter weekday 
profile. The generation cost of a GT is lower than an ICE for full loading and vice 
versa for partial loading (Table 12). As a result, the scheduled output level impacts 
the choice of peak power plant.  

 

Figure 20: Generation system scheduling for a summer weekend (left) and winter weekday 
(right) for the no wind power scenario 

Figure 21 illustrates the impact of wind power integration on the scheduling of power 
plants for a summer weekday with a high but stable wind power profile. For the 250 
MW wind power scenario, conventional generation output is reduced: one CCGT less 
is scheduled. The output of the remaining CCGT follows the net demand and peak 
power plants are used to cover peak net demand periods. For the 500 MW scenario, 
conventional generation is further reduced and the remaining CCGT is shut down 
during the night. In this period, the generation system is only operated with coal-
fired power plants and wind. As can be seen, the output of the coal-fired power 
plants is reduced towards partial load. The rest of the day, one CCGT is kept on-line 
at partial loading. In the 750 MW wind scenario, the generation system is run 
entirely by means of wind and coal-fired power plants. This means base load are 
now operated as load following power plants, using their ramping capabilities.  

In general, it is concluded that wind power replaces conventional generation 
following the merit order: the most expensive power plants are replaced first. This 
means the capacity factor of the thermal power plants is expected to be reduced. 
Particularly the CCGTs, as load following generating units, face capacity factor 
reductions. This is confirmed in Table 15 showing the capacity factor of the 
conventional generating technologies. First of all, the capacity factor of the CCGTs 
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are indeed impacted the most as they are reduced from 64.7% to 38.3% for 
respectively a 0 and 750 MW wind power scenario.  

 

Figure 21: Impact of wind power integration on generation system scheduling for a summer 
weekday with high wind for increasing wind power capacity installed 

Table 15: Capacity factor (expressed in percentage) of the conventional generating 
technologies following increasing wind power installed capacities  

wind installed  0 MW   250 MW   500 MW   750 MW  

 STEAM  99.90 99.89 99.47 97.66 

 GT  2.67 2.45 3.24 2.82 

 ICE  0.82 1.39 1.55 1.69 

 CCGT  64.74 55.31 46.07 38.33 
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In contrast, the capacity factor of the coal-fired power plants is only slightly impacted 
and their output remains close to the rated output. This is explained as these power 
plants are only reduced in output when facing very high wind power profiles which 
have a lower likelihood. The peak power plants are almost not impacted as they keep 
their functionality of covering short-period net demand peaks. 

The feasibility of wind power integration can be studied by observing the wind power 
curtailment and demand shedding. Demand and wind curtailment may be unwanted 
from the viewpoint of policy objectives (priority dispatch for RES-E), which is the 
reason that these measures are implemented in the simulations at a high cost. 
Simulations reveal that demand shedding or wind power curtailment is not required 
in any of the scenarios. It is to be stressed that the model accounts only curtailment 
based on the day-ahead scheduling of the power plants and disregards transmission 
system constraints. This is based on the wind power predictions which are much 
smoother than the actual real-time variations. Consequently, wind power variability is 
particularly expected to lead to wind power curtailment and demand shedding in the 
real-time, at least, without proper reserve capacity. This is further dealt with in 
Section 3.5. 

 Electricity generation costs 3.4.2

Table 16 shows the results for the average electricity generation costs for the four 
installed wind power scenarios. These costs are calculated as the weighted average 
over the 24 simulation runs. The zero wind scenario shows an average electricity 
generation cost of 66 €/MWh. As can be seen, 61% of the costs are derived from the 
fuel costs while 38% from CO2 emission costs. The large share of the CO2 emission 
cost is explained by the coal-fired base load and the relatively high CO2 price. 
Although the start-up cost has a large impact on unit commitment, it only has a small 
share in the overall generation cost. Simulation runs for individual days show little 
variations as average costs vary between 65 and 68 €/MWh. 

Table 16: Annual average electricity generation cost expressed in €/MWh                   
(weighted over 24 simulations) 

[€/MWh] no wind 250 MW 500 MW 750 MW 

Fuel cost 40.50 36.90 33.22 29.73 

Fuel CO2 cost 25.40 24.49 23.49 22.35 

Start-up fuel cost 0.41 0.39 0.54 0.64 

Start-up fuel CO2 cost 0.10 0.10 0.14 0.16 

Total  66.41 61.87 57.39 52.88 

Saving [€/MWh wind] - 74.12 73.72 73.69 
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A decrease in the average electricity generation costs is observed when increasing 
the wind power capacity installed, explained by the fuel and CO2 emission savings, 
which results from replacing thermal generation with an electricity generation source 
with zero variable cost. The start-up costs increase due to the additional switching of 
the CCGTs. Cost reductions vary over different simulation runs and are related to the 
demand and wind power profile. Consequently, the cost variations over different 
simulations become more pronounced. This is confirmed by minimum and maximum 
cost of 29 and 64 €/MWh, respectively, for the 750 MW wind scenario.  

Important cost reductions are achieved by replacing the output of the expensive 
CCGTs, increasing the share of the cheap coal-fired power plants. This is not the 
case for the CO2 emissions as the coal-fired power plants have higher emissions as 
the CCGTs. It should be noted that these cost figures take into account efficiency 
losses due to partial loading of the power plants. These slightly reduce the initial 
benefits of wind power in terms of cost and CO2 emission reductions. Furthermore, 
with increasing shares of wind power, the replaced thermal generation moves lower 
in the merit order replacing cheaper coal-fired generation. This lowers the average 
cost reduction resulting from wind power.  

This effect is shown in the last row of Table 16 representing the cost saving 
expressed in terms of the electricity generated by wind power. It is found that on 
average, wind power results in a cost saving of 73.7 € per MWh wind power 
generated in the 500 MW scenario. In general, it is expected that this value 
decreases for increasing wind power capacities. Indeed, additional generating units 
replace technologies lower in the merit order and the marginal benefit of additional 
wind is negative. However, this effect is hardly observed. The cost saving is set by 
the CCGT output reductions and the cases where the cheaper base load is replaced 
have little weight in the final cost as this only occurs under high wind conditions. 

3.5 Available operational flexibility  

The operational flexibility for covering real-time imbalances is determined by the day-
ahead scheduling of power plants. The up- and downward operational flexibility of 
power plants is determined by the means of the difference between its scheduled 
output level and its maximum and minimum output. In order to associate flexibility 
with their ability to contribute in primary, secondary and tertiary reserves, it is 
constrained by means of the generating unit’s response capabilities (ri

1, ri
2, ri

3,s) 
expressed as ri

x with x being the reserve category. These assumptions determine the 
spinning flexibility in each period t for power plant i, related to reserve category x: 
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,*+ s x max x

t,i i t,i i t iFLEX = min(p P ;r ) Z−   ,t i∀  (3.16)  

 , , min

,*s x x

t,i t,i i i t iFLEX = min(P p ;r ) Z− −  ,t i∀  (3.17)  

Furthermore, peak power plants provide additional non-spinning flexibility related to 
the tertiary reserves as they can be quickly started or shut down. The upward non-
spinning capability equals the maximum output level of the peak power plants. In 
contrast, the downward non-spinning capability equals the minimum output level. 
The difference between its scheduled output and minimum output level is already 
included as downward spinning flexibility: 

 ; ,+,ns max

t,i i t,iFLEX = p * (1- Z )       t i ICE GT∀ ∀ ∈  (3.18)  

 min        ; ,,ns

t,i i t,iFLEX = p * Z        t i ICE GT
− ∀ ∀ ∈  (3.19)  

The total aggregated flexibility related to each reserve category is thereafter 
calculated as the sum for all individual generating units, resulting in a time series 
representing the daily up- and downward flexibility profile: 

  , , ,x + s x +,ns

t t,i t,i

i

FLEX FLEX FLEX
+ = +∑  t∀  (3.20)  

 , , ,x s x ,ns

t t,i t,i

i

FLEX FLEX FLEX
− − −= +∑  t∀   (3.21)  

Table 17 depicts the maximum flexibility of the power plant technologies related to 
the response times of the reserve categories. The flexibility related to the primary 
reserve response time depends on the droop which is one of the parameters set on 
the primary speed controller of a generating set (generator and turbine). This 
technical data is obtained from the electricity generator company of Cyprus (EAC 
2012) and validated with the literature (Vuorinen 2007). The internal combustion 
engines are assumed to be not equipped for primary reserve participation.  

Table 17: Spinning reserve power capabilities (ri
1, ri

2, ri
3,s) of power plants                               

source: EAC (2012), Vuorinen (2007) and Meibom et al. (2007) 

[MW] STEAM GT ICE CCGT 

ri
1 (droop) 9 5 0 35 

ri
2 (5’ ramp) 15 25 25 40 

ri
3,s (15’ ramp) 45 75 75 120 
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The spinning flexibility for secondary and tertiary reserves is derived from their 
technical ramp rate over 5 or 15 min, respectively. Note that these values are further 
constrained by the difference between the minimum and maximum output. It is 
shown that the CCGTs are an important contributor for spinning flexibility, as well as 
the coal-fired power plants, although to a lesser extent. The flexible of both peak 
power plants is substantial, however constrained by their low rated capacity. In 
contrast they provide significant contribution towards the flexibility for tertiary 
reserves by means of their non-spinning reserve capabilities.  

 General results 3.5.1

The weighted average and minimum flexibility over the 24 simulations is visualised in 
Figure 22 for the 500 MW wind power scenario, expressing the total flexibility that 
can be provided, as well as the categorisation towards the different reserve 
categories. The tertiary reserve flexibility distinguishes the spinning and non-spinning 
flexibility. For example, the break-down of the upward flexibility between 0h00 -1h00 
is as follows: the total available upward flexibility is observed to be 352 MW, while 
only 32 MW of this flexibility can be used for primary reserves. Additionally, 6 MW 
can be activated with lower ramp rates and can be used as secondary reserves. 
Therefore, depending on the amount allocated for primary reserves, the maximum 
secondary reserve capacity is 38 MW (32 + 6 MW). Similarly, the maximum tertiary 
reserve capacity is 352 MW. However, contracted capacities of primary and 
secondary reserves have to be subtracted from this value. 

 

Figure 22: Average and minimum operational flexibility for up- (+) and downward (-) regulation 
for a 500 MW wind scenario.  

In general, the average flexibility (Figure 22, left) is related with the demand. During 
peak demand, the upward flexibility is generally lower while the downward is higher. 
This is explained as plants are generally dispatched at maximum output levels, 
leaving less room for upward regulation. During low demand periods, power plants 
are scheduled at partial load, resulting in low downward flexibility. This effect is 
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found to be reduced with the integration of wind power, impacting the net demand 
profile and distorting the typical low night and high day net demand. 

Secondly, the amount of upward fast-response flexibility is found to be critical. This 
is due to the fact that these are only supplied by the marginal generating unit15, 
usually a load-following CCGT. On the other hand, the slow-response upward 
flexibility remains high as the peak power plants are rarely committed and thus 
providing large amounts of non-spinning flexibility. In contrast, the downward fast-
and slow-response flexibility is high compared to the upward. This can be explained 
as downward flexibility is supplied by all the scheduled generating units. Only for low 
demand periods, these power plants are reduced towards partial loading, and 
downward flexibility is reduced. The impact of the peak power plants is limited as 
they are rarely scheduled. These trends are confirmed when observing the minimum 
flexibility (Figure 22, right).   

The need for additional reserves and its impact on the costs is further illustrated in 
Figure 23 which shows the probability that flexibility for primary, secondary and 
tertiary reserves is available. This probability is calculated by extrapolating the 24 
simulation runs towards an entire year, based on the likelihood of each demand and 
wind profile (Section 3.3). In general, low availability indicates the need for reserve 
requirements which results in scheduling additional power plants and an increasing 
electricity generation cost. In contrast, high availability makes the need for reserve 
requirements less stringent and cheap as they have limited impact on the unit 
commitment.  

 

Figure 23: Availability of operational flexibility for upward (left) and downward (right) regulation 
for a 500 MW wind scenario 

                                                      
15 The marginal generating unit is defined as the generating unit scheduled with the highest 
variable cost. This generating unit determines the marginal cost of electricity generation. In 
contrast, the infra-marginal power plants are all units scheduled with lower variable costs. 

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

Upward Flexibility [MW]

A
v
a

ila
b

ili
ty

 [
%

]

 

 

R1

R2

R3

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

Downward Flexibility [MW]

 

 

R1

R2

R3



Operational flexibility for balancing wind power 81 

 

Based on the cumulative distribution functions, Table 18 focuses on the flexible 
capacity that is available with a reliability of 95%. For the 500 MW wind scenario, it 
is observed that only 0, 4 and 235 MW of upward primary, secondary and tertiary 
reserve flexibility, respectively. As almost no upward fast-response flexibility is 
available, it is concluded that primary and secondary upward reserves are necessary 
to cover real-time system imbalances. Indeed, in moments with low flexibility, 
unpredicted wind power variations are likely to result in demand shedding. In order 
to avoid this and maintain system reliability, additional reserves are recommended. 
These are expected to result in a rescheduling of the generating units, resulting in 
additional electricity generation costs.  

Table 18: Minimum operational flexibility (MW) with a 95% reliability 

[MW] primary reserves secondary reserves tertiary reserves 

wind power scenario up down up down up down 

0 MW 1 112 5 145 230 391 

250 MW 0 88 3 130 240 321 

500 MW 0 54 4 90 235 270 

750 MW 0 45 4 75 240 209 

 

Concerning downward flexibility, capacities of 54, 90 and 270 MW, respectively, are 
secured. The issue here seems less stringent as the available flexibility seems 
adequate to cover current conventional imbalance requirements. In addition, the 
temporarily curtailment of wind power is societally more acceptable as demand 
shedding. However, taking into account the prediction errors of wind presented in 
Chapter 2, high wind power integration levels are likely to result in additional 
downward reserve requirements. 

It can be concluded that operational flexibility, and in particular fast-response 
flexibility, is inadequate for balancing wind power and ensure its reliable integration 
in the system. Therefore, in order to increase the available generation flexibility, 
additional reserve requirements become necessary. They should be dimensioned 
based on the total system imbalance and a predefined reliability level. Total system 
imbalance aggregates all variable RES-E, demand and unexpected power plant 
outages of an entire control zone. It is already discussed in Section that wind power 
impacts particularly the demand for secondary and tertiary reserves and has little 
effect on the primary reserves (Ackermann 2012).  
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 Impact of wind power generation 3.5.2

Based on the results in Table 18, it is found that the integration of wind power has 
significant impact on the downward operational flexibility available for real-time 
balancing. This is explained as wind power drives the conventional power plants off-
line or towards partial loading, reducing the downward flexibility. The impact on the 
upward flexibility is more difficult to determine. As discussed, this flexibility is 
generally determined by means of the marginal power plant. If driven towards partial 
loading, the upward flexibility increases. However a little more wind power can drive 
the power plant off-line resulting in less flexibility.  

This is confirmed when plotting the aggregated flexibility for each period in each 
simulation for the 500 MW scenario and related to the wind power penetration in 
that period, i.e. the expected wind power in terms of the demand (Figure 24). The 
decreasing flexibility is particularly noticed for the secondary and tertiary reserves 
due to rescheduling of CCGTs towards an off-line status. The impact on the upward 
flexibility is more difficult to determine. The only significant trend is the increase in 
tertiary reserves as more peak power plants are found to remain off-line which 
increases the non-spinning reserve capabilities. In conclusion, wind power has a 
direct negative impact on the downward operational flexibility for real-time 
balancing. Consequently, it increases the need and the cost of scheduling operating 
reserve requirements.  

 

Figure 24: Up- (left) and downward (right) operational flexibility in terms of the expected wind 
power penetration (hourly wind power as percentage of demand)  

 Impact of base load flexibility 3.5.3

The previous sections have already shown the importance of the coal-fired power 
plants when supplying the system with downward flexibility. In the concept 
generation system, these base load power plants are assumed to be characterised by 
acceptable flexibility capabilities (Section 3.2.1). In contrast, countries with a nuclear 
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base load, e.g. France or Belgium, are often described to lack this flexibility. 
Historically, nuclear power plants have been categorised as a base-load source of 
electricity (OECD 2011). This is not only explained by technical limitations, but mainly 
by market economics which motivate an operation at maximum output.  

Nevertheless, the need for system flexibility increases with growing shares of variable 
RES-E. This means that load-following actions from base load power plants such as 
coal-fired or nuclear power plants are more and more required (EURELECTRIC 2011). 
Recent studies demonstrate that modern nuclear power plants do have load-
following capabilities (Pouret and Nuttall 2008, OECD 2011)16. Moreover, these 
capabilities are already applied in France and Germany to balance daily and weekly 
demand variations, or high penetrations of variable RES-E (OECD 2011). 
Furthermore, this technology is already used to provide primary and secondary 
reserves, e.g. France. The main economic implication is the reduced load factor while 
extra maintenance and investment costs remain limited (OECD 2011).  

To assess the importance of this base load flexibility, the 500 MW reference scenario 
is simulated for an output level of the coal-fired power plants which is fixed at its 
maximum output. The resulting power plant schedules show that problems arise for 
situations with high wind and low demand. In the initial scenario, the scheduled 
output levels of the base load generating units are temporally reduced in order to 
avoid shut-down and start-up of a CCGT, or to absorb part of the forecasted wind. 
This is for instance observed for a summer weekend with high wind (Figure 25): 
wind power is curtailed when wind power and base load output exceeds the demand. 

 

Figure 25: Impact of base load inflexibility on generation system scheduling for a summer 
weekend with high wind with 500 MW installed wind power capacity 

 

                                                      
16 European Utility Requirements require modern power plants to support daily load cycling 
between 50 – 100 % of the rated output and ramp rates of 3 – 5 % per minute (OECD 2011).  
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Focussing further on the scenario without base load flexibility, it is found that 
curtailment occurs in 5.9% of the time while a maximum of 17.8% of the 
instantaneous wind generation is curtailed. However, this only occurs in the high 
wind scenarios with low demand, which have a low probability, and the impact on 
the weighted daily wind power curtailment remains limited to 0.5% of the total wind 
power generation. In line with the impact on power plant scheduling, the average 
electricity cost increases with 2.1% for individual scenarios but remains limited when 
looking at the weighted average. 

However, the problem becomes really substantial when assessing the operational 
flexibility for real-time balancing. Table 19 shows how the downward flexibility is 
seriously impacted and reduced from respectively 54, 90 270 MW R1, R2 and R3 to 
4, 12, 31 MW R1, R2 and R3 for the 95 % reliability level. In contrast, no significant 
impact is observed concerning the upward flexibility. Consequently, an inflexible base 
load substantially increases the need and cost of downward reserve requirements, or 
is expected to result in elevated levels of real-time curtailment. 

Table 19: Minimum operational flexibility (MW) with a 95% reliability for scenario with and 
without base load flexibility 

[MW] primary reserves secondary reserves tertiary reserves 

wind power scenario up down up down up down 

500 MW flex. base 0 54 4 90 235 270 

500 MW inflex. base 0 4 3 12 224 15 

3.6 Conclusions 

This chapter studies the operational flexibility in thermal generation systems for 
covering system imbalances. It is motivated that the introduction of large shares of 
variable RES-E such as wind energy is expected to increase operating reserve 
capacity in order to maintain current reliability standards. Consequently, the 
availability of operational flexibility is a good indicator for the need and cost of 
operating reserves. 

A unit commitment model is deployed optimising the scheduling of power plants 
while meeting the electricity demand. Simulations are conducted for an electricity 
generation system with an installed wind power capacity of 0, 250, 500 and 750 MW 
covering 0, 6, 12 and 18% of the annual electricity demand, respectively. Wind 
power is treated as negative demand and integrated in a conventional generation 
park with an installed capacity of 1950 MW, based on coal, natural gas and oil.  Wind 
and demand profiles represent a medium-sized North Sea region.  
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Results do not reveal significant problems for integrating the predicted wind power 
variations, as far as the day-ahead scheduling of power plants is concerned. Wind 
power replaces scheduled thermal generation in line with the merit order. Feasibility 
of the model is due to the flexibility provided by the base load power plants; in this 
case the coal-fired power plants which are able to reduce output when expecting 
high wind power injections. In contrast, operational flexibility is observed to be 
scarce, particularly for the fast-response flexibility, and reliability issues are therefore 
expected to occur when facing unexpected wind power variations, or other 
imbalances, in the real-time.  

Results of the flexibility assessment tool reveal that without reserve requirements, 
the system is not expected to be able to balance the system. For the 500 MW wind 
power scenario, the flexible capacity that is available with a reliability of 95% is 
observed to be maximally 0, 4 and 235 MW of upward primary, secondary and 
tertiary reserve flexibility, respectively. High upward tertiary flexibility is guaranteed 
by the non-spinning peak power plants. For the downward flexibility, capacities of 
54, 90, 270 MW, respectively, are secured. High downward availability is largely due 
to the flexibility of the base load power plants and evaporates almost entirely when 
assuming an inflexible base load operation. Furthermore, additional high wind power 
penetrations are found to reduce the downward flexibility due to the replacement 
and partial loading of generating units.  

This chapter shows that without a proper revision of the current reserve strategies, 
the system is not able to facilitate wind power without high levels of real-time wind 
curtailment or demand shedding. Reserve requirements are needed and are likely to 
result in an increase in the electricity generation cost, particularly in case of the 
upward-fast response reserves. 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PART II 

Sizing, allocation and cost of 

operating reserves 



 

 



 

 

4. IMPACT OF WIND POWER ON SIZING AND 

ALLOCATION OF RESERVE REQUIREMENTS  

The further growth of wind energy in the national power systems in Europe is to be 
aligned with an electricity system that requires a continuous balance between 
demand and generation. The divergence from this equilibrium results in frequency 
deviations which may disrupt the entire system by causing the disconnection of 
generation or load, technically leading to black-outs. The variability and uncertainty 
of wind power challenges this balance. This issue is even further reinforced when 
knowing that generation systems are scheduled in advance, generally day-ahead.  

TSOs are responsible for balancing their control area, a task they accomplish by 
contracting operating reserves, mainly from generating companies. This capacity can 
be activated up- or downward upon request in order to restore system balance. 
These services are usually expensive and an appropriate sizing of the reserves is a 
matter of weighing costs and risks. Various studies show that the integration of wind 
power is expected to amplify system imbalances, thereby increasing reserve 
requirements and system operation costs.  

The objective of this chapter is to size additional reserve requirements following wind 
power integration17. A statistical approach is suggested and focus is on a 
methodology for subdividing reserves into fast- (referred to as “secondary reserves”) 
and slow-response reserves (referred to as “tertiary reserves”). This division is 
important, because provision of slow-response reserves may be cheaper than 
provision of fast-response reserves; hence an optimal allocation offers significant 
cost savings. While this chapter deals particularly with the sizing of the reserve 
capacity, Chapter 5 deals with the cost implication of the proposed strategies. 

Section 1 “Introduction” presents an overview of existing practices and research 
efforts towards the sizing of the required reserve capacity in power systems. The 
literature describes heuristic, statistical and system simulation approaches. It is 
decided that the statistical approach is the best in terms of trading of complexity and 
accuracy, and is further implemented in the rest of this dissertation. 

Section 2 “Sizing and allocation methodology” describes the suggested 
statistical methodology to size reserve requirements following wind power 

                                                      
17 This chapter is based on the journal article “De Vos, K., Morbee, J., Driesen, J. and Belmans, 
R. 2013. Impact of wind power on sizing and allocation of reserve requirements. IET Renewable 
Power Generation 7 (1) pp. 1-9.” This work is conducted in the framework of a research study 
funded by the European Commission Joint Research Centre. 
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integration. Focus is on different strategies to allocate the reserves over fast- and 
slow-response reserves.  

Section 3 “Results for North Sea case study” deploys the suggested 
methodologies for the North Sea region case study. Therefore, time series real-time 
and predicted wind power injections are created with the numerical wind power 
model presented in Chapter 2. The resulting reserve requirements are expressed in 
terms of percentages of the installed capacity in order to enable the extrapolation of 
the results to other installed capacities or regions.  

Chapter Highlights 

A statistical methodology is used to determine additional operating reserves which 
are required to safely integrate wind power. It is found that a strategy which aims 
covering the entire wind power imbalance with fast-response reserves results in 
elevated capacity requirements of 55% of the installed wind power capacity, 
assuming a 99.9% reliability level with intra-day trading. In contrast, strategies 
transferring part of this capacity to cheaper slow-response reserves can reduce this 
capacity towards 10%. In contrast, the slow-response reserve requirements increase 
up to 55% (worst case) – 35% (best case) of the installed wind power capacity. 

4.1 Introduction 

It is discussed in Section 1.1.2 how operating reserves can be subcategorised in 
services with specific purposes varying amongst the different control zones. Creating 
a uniform framework for sizing and allocating reserves is therefore not an easy task. 
Various efforts are made to list and compare definitions and characteristics of 
reserves in different control zones (Rebours et al. 2007; CIGRE 2010; ENTSO-E 
2012). Efforts are made towards uniform reserve market frameworks in order to 
enhance harmonisation terminology or market integration (Tractebel and Univeristy 
of Leuven 2009; Ela et al. 2011). As suggested in Section 1.1.2, focus is on the 
current ENTSO-E framework, based on primary, secondary and tertiary reserves. 

Different studies demonstrate that wind power integration in a control zone does not 
directly impacts the primary reserves (Holttinen et al. 2012). These contingency 
reserves are sized on the largest possible event and due to the distributed nature of 
wind power, the capacity factor of individual power plants remains far under the 
capacity of conventional power plants. Furthermore, the aggregated second-to-
second variations remain too small to affect the primary reserve requirements 
(Ackermann 2012). Consequently, the impact of wind power integration on primary 
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reserve requirements is not further dealt with18. In contrast, the secondary and 
tertiary reserves are likely to be affected by a large-scale integration of wind power 
(Holttinen et al. 2009; Ela et al. 2011; Ackermann 2012). It is shown that minute-to-
minute variations are present, growing in size with increasing time scale (IPCC 
2012).  

 Sizing operating reserves  4.1.1

The existing literature presents three main methodologies for sizing reserve 
requirements: heuristic, statistical and system simulation approaches. A typical 
example of a heuristic approach is “N-1”, a rule of thumb which determines reserves 
as a contingency for the case of a sudden loss of the largest generating unit in the 
control area (Wood and Wollenberg 1996). Other examples include fixed percentages 
of the expected demand or wind power (Holttinen et al. 2012). Although such 
approaches are still in use across the continental European synchronous zone 
ENTSO-E, and elsewhere (Dragoon and Milligan 2003), they are unlikely to be 
adequate to tackle the increasing complexity of uncertainty that modern power 
systems are coping with. 

System simulations based on unit commitment and economic dispatch (Tuohy et al. 
2009; Padhy 2004) or dynamic system models (Dany 2001) determine optimal power 
plant activation over time, and can be used to check the reliability of a given power 
system. Using multiple scenarios or Monte Carlo simulations (Wang et al. 2008) 
allows, in principle, an accurate computation of reliability and the costs of a 
predefined level of power reserves, but it is less suitable for determining the level of 
reserves itself. This argumentation is further reinforced taking into account complex 
simulation tools and long computation times. 

When specifically focusing on sizing power reserve requirements, the statistical 
method, as proposed by Anstine et al. (1963), Maurer et al. (2009), Holttinen et al. 
(2008), Strbac et al. (2007), Deutsche Energie-Agentur GmbH (2010) is usually 
presented as the most efficient approach (Holttinen et al. 2012), trading off 
complexity and accuracy. In this methodology, statistical indicators, e.g. standard 
deviation, describing wind power variability and other drivers for uncertainty, are 
combined and used as a measure for reserve requirements.  

A typical example is the “n-sigma” approach suggested by Holttinen et al. (2008). In 
this case, the standard deviation (σ or sigma) of the wind power or demand short-
term variations or prediction errors is taken as a measure for reserve capacity: e.g. 
assuming a Gaussian probability distribution, reserves set at 3*σ(et

60) cover 99% of 

                                                      
18 It is noted that wind power integration may affect the primary reserve requirements 
indirectly, i.e. by impacting the largest possible event due to an alternative scheduling of the 
power system. 
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the prediction errors (et
60).  Furthermore, when assuming no correlations with other 

imbalance drivers (e.g. demand), the total reserve requirements can be sized by 
calculating the total variance of the net error, driven by for instance wind (σW) 
demand (σL) (Holttinen et al. 2012): 

 
60 2 60 2 60( ) ( ) ( )
t W t L t

e e eσ σ σ= +  (4.1)  

In order to avoid assumptions about the forecast error distribution, which is not 
normal distributed as shown in Section 2.3.3; or to avoid assumptions concerning the 
correlation of different imbalance drivers, a recursive convolution approach is 
proposed (DENA 2010, Holttinen et al. 2012). This way, the different imbalance 
drivers are combined into one single overall distribution function representing the 
total system imbalance. By means of the Loss of Load Probability (LOLP), the 
reserves can be determined to meet a certain reliability level (Holttinen et al. 2012). 
These statistical approaches are currently being implemented by system operators 
such as for instance in Belgium (CREG 2012). Further research focuses particularly 
on quantifying the correlation between different imbalance drivers induced by 
demand and variable RES-E (Halamay et al. 2011). However, the availability of 
adequate data remains a stringent bottleneck.  

 State-of-the art reserve strategies 4.1.2

Currently, operating reserves are implemented in a static way, as they are 
determined and fixed for a certain period, e.g. year or season. State-of-the-art 
research emphasises the application of probabilistic forecast tools integrating the 
uncertainty in the wind power forecast. This enables implementing variable reserve 
requirements depending on the estimated state of the generation system 
(Menemenlis et al. 2012; Kiviluoma 2012). This avoids reserve capacity redundancy 
in periods with lower expected risks. 

Dynamic reserve strategies are compatible with the heuristic, statistical and system 
simulation approaches defined in Section 4.1.1. Information concerning the 
uncertainty of wind power predictions may allow system operators to size reserves 
day-ahead or intra-day based on a trade-off between risk and cost. Furthermore, 
with stochastic programming the uncertainty can be implemented directly in system 
simulation models, allowing simultaneous calculation of optimal generation levels and 
reserve capacities (Conejo et al. 2010). In reality, static reserve strategies are still 
widespread and remain the focus of this chapter. In Chapter 6, dynamic reserve 
strategies are introduced, showing substantial potential for reserve capacity and cost 
reductions. 

Another field of research, and the focus of this chapter, is the decomposition in fast- 
and slow-response reserves. This is compatible with different market frameworks; in 
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this case, secondary reserves are categorised as fast-response reserves and provided 
by spinning reserves. In contrast, the tertiary reserves are seen as slow-response 
reserves which are allowed to be delivered as well with spinning as non-spinning 
reserves (Vandezande 2011). As fast-response reserves are generally assessed as 
more expensive compared to slow-response reserves (Strabc et al. 2007), an 
appropriate allocation may enhance the cost-efficient sizing of reserves.  

Covering the entire system imbalance with fast-response reserves may be a difficult 
or costly matter when available spinning flexibility is limited, for instance due to a 
nuclear base load (Strbac et al. 2007). Secondly, high spinning reserves result in 
partial loading efficiency losses, must-run obligation costs and cost of guaranteed 
availability (Vandezande 2011). In contrast, more flexibility is available for slow-
response reserves with the availability of non-spinning reserves. On the other hand, 
these result in additional start-up costs and high operating costs (Strbac et al. 2007). 
It can be concluded that in general, non-spinning reserves face high activation costs 
while the spinning reserves face high reservation costs. The allocation of reserves 
towards fast- and slow-response reserves becomes therefore a trade-off between 
these costs and the activation frequency (Strbac et al. 2007). 

4.2 Sizing and allocation methodology 

 Sizing of total reserve requirements 4.2.1

In liberalised electricity markets, generator companies take positions in day-ahead 
and intra-day markets based on their expectations of the future. Unpredicted 
demand and RES-E output variations, together with generation or transmission 
failures, cause system imbalances which need to be covered with operating reserves. 
As explained in 1.1.2.2, they are balanced on the real-time market for reserve 
capacity and settled with the responsible market player. This real-time market is 
coordinated by the TSO, as the final responsible for system security. 

In reality, market players with flexible assets may compensate the imbalances in 
their portfolio themselves with operational flexibility, avoiding imbalance tariffs or 
penalties imposed by the TSO. Moreover, they could deliberately foresee additional 
flexibility by means of scheduling their generating units taking into account the 
uncertainty in their portfolio, so as to minimise their imbalance volume and costs. 
This is even mandatory in some power systems, e.g. Belgium (CREG 2012). Such 
flexible systems would require less stringent reserve conditions. For sake of 
simplicity, this is not taken into account in the rest of this chapter: all imbalances are 
assumed to be dealt with by the TSO, sourcing from one reserve market. On the 
other hand, all market players offer their flexibility to the same market. 
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To determine the required reserve capacity in this Chapter, a statistical methodology 
is applied: based on historical data, the theoretical or experimental probability 
distribution function of the total wind power imbalance is determined. This allows the 
calculation of up- and downward reserve requirements needed for wind power 
balancing by means of a predefined reliability level, e.g. 99%. Thus, the probability 
distribution curve is fitted on a time series of imbalances (Figure 26, left) and the 
reserves are chosen to cover 99 % of the imbalances (Figure 26, right). The 
remaining 1% may be resolved by demand shedding or generation curtailment.  

  

Figure 26: Representation of the total wind power imbalance (left) and the reserve sizing 
process based on the predefined 99% reliability level (right) 

The reliability level is generally referred to in the literature as the loss of load 
expectation (LOLP) which measures the probability within a certain period in which 
the load is not served (Meibom 2010). In this chapter, this concept is used for as well 
for demand shedding as the loss of generation due to wind power curtailment 
actions. The reliability level is therefore assumed to be symmetric when determining 
up- and downward reserve capacity. However, it would ideally be determined by 
means of trade-off between cost and value of additional reliability (Kirschen and 
Strbac 2004). This means that the optimal amount of energy not served is likely to 
be lower as the optimal amount of energy curtailed. Indeed, curtailment is found to 
be societally more acceptable as demand shedding.  

The total wind power imbalance over 10 min (It
10) is calculated as difference 

between the average wind power output over 10 min (Pt
10) and the average 

predicted wind power over the settlement period, in this case 60 min (Ṕt
60). This 

assumes that wind power is predicted and nominated on hourly basis, and that any 
deviations inside this period automatically result in an imbalance. However 
settlement periods of 15 min exist (cfr. Benelux, Section 1.1.2.2), the hourly 
settlement period is motivated by current power markets, usually offering 60 min 
products. The 10 min average power output resolution is driven by limitations of the 
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data. Though, the aggregated wind power fluctuations within 10 min are assumed to 
be limited (Ackermann 2012). In algebraic notation, we have: 

 
10 10 60ˆ
t t tI P P= −  (4.2)  

Since the real-time wind power output is uncertain, the total wind power imbalance 
is a stochastic variable. Total up- and downward reserve capacities are chosen in a 
way that: 

 10 +

tProb
(1- )

I < -R =
2

α
    (4.3)  

 10

tProb
(1- )

I -R =
2

α− >   (4.4)  

in which α is the predefined reliability level (e.g. 99%), and Prob[.] is the function 
that maps events to probabilities. Note that for intuitive clarity, the sign of the 
upward reserve capacity (R+) is chosen to be positive and the sign of the downward 
capacity (R-) is chosen to be negative. This convention will be maintained throughout 
the remainder of the thesis. 

It is important to keep in mind that in reality, the reserve requirements should be 
sized to cover the total system imbalance, including other drivers than wind power. 
This combination is expected to result in additional smoothing effects, reducing the 
total reserve requirements. Furthermore, potential correlation effects may be present 
between prediction errors of demand and renewable electricity generation as these 
are all related to weather prediction models. In contrast, this work focuses only on 
wind as an imbalance driver, and does not consider any smoothing or other 
correlation effects with other drivers. Hence, in order to focus on the effect of wind 
only, this chapter follows a conservative approach, which is likely to result in an 
overestimation of reserve capacity. 

 Allocation of total reserve requirements 4.2.2

 Strategy A 4.2.2.1

In order to ensure reliability, system imbalances are to be allocated towards flexible 
power plants which meet the maximum ramping rates of the imbalances. More 
specifically, this contribution is concerned with classifying the reserves into fast- and 
slow-response reserves. One possible approach is to cover total reserve requirements 
with fast-response reserves. This straightforward approach (which will be called 
“strategy A”) might be feasible in flexible generation systems, e.g. hydroelectricity 
based systems, but is expected to result in elevated costs due to the high reservation 
costs of spinning reserves. 
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 Strategy B 4.2.2.2

As mentioned in the introduction, one of the contributions of this chapter is a 
convenient methodology for subdividing total reserves into fast- and slow-response 
reserves in a cost-effective way. As explained in Section 4.1.2, secondary reserves 
are typically associated with high reservation costs and low activation costs while the 
opposite is the case for tertiary reserves. When these costs are allocated towards 
secondary and tertiary reserves, assuming that tertiary reserves are typically 
provided with slower standing reserves, the cost functions in Figure 27 can be 
derived. This allows expressing the costs of reserves in function of the activation 
frequency. From this viewpoint, frequent imbalances are better dealt with by 
secondary reserves while tertiary reserves are less expensive when activated rarely.  

 

Figure 27: Overview of proportional cost of secondary (R2) and tertiary (R3) reserves      
(R3min and R3max provide a cost range for R3) 

For the upward reserves, the activation cost of tertiary reserve activation is higher as 
the secondary, due to the additional start-up cost of the non-spinning reserves. 
Furthermore, the last one is usually associated with a higher fuel cost. This means 
that a certain activation frequency, the total cost of secondary reserves, mainly 
driven by the reservation cost, is exceeded. This is similar for the downward reserves 
where the activation of reserves results in a fuel saving, reducing the cost of 
secondary reserves with increasing activation frequency. In contrast, the tertiary 
reserves is also characterised by an additional cycling cost due to shut-down and 
start-up of the generating units, however this can be compensated by additional 
cycling costs due to shut-down and start-up. This results in a cost range constrained 
by a maximum (R3max) and minimum activation cost (R3min).  

The allocation of wind power imbalances in fast- and slow response reserves is based 
on a decomposition of the two wind power imbalance drivers:  

(i) the prediction error over the settlement period, 
(ii) the short-term variations inside the settlement period.  
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The prediction error over the settlement period is the difference between the 
average predicted and measured injection. As explained in Section 4.2.1, the 
aggregated prediction errors over the control zone are assumed to be balanced by 
the TSO and charged to the responsible BRPs by means of the imbalance settlement 
mechanism. The prediction errors over the settlement periods, facing time periods of 
15, 30 and 60 min (Section 1.1.2.2) are assumed to meet technical constraints of 
tertiary reserves which are usually characterised by full power response times of 15 
min after activation. 

The short-term variations inside the settlement period remain the responsibility of 
the TSO. In view of the total imbalance, both components may reinforce (positive 
fluctuation together with positive prediction error) or may compensate (positive 
fluctuation together with negative prediction error) each other. The allocation of the 
total reserve requirements towards fast- and slow-response reserves is based on the 
above-mentioned decomposition. The short-term fluctuations (∆t

10) represent the 
difference between the average 10 min wind power output (Pt

10) and the average 60 
min output (Pt

60). Vice versa, the prediction errors (et
60) are determined as the 

difference between the average 60 min average output and the average predicted 
output (Ṕt

60). Both time series are represented in Figure 28.  

 10 10 60

t t tP P∆ = −  (4.5)  

 60 60 60ˆ
t t te P P= −  (4.6)  

 

Figure 28: Representation of the prediction error and short-term variations 

The time series are now used to compose both probability distribution curves and, 
similar to the total imbalance, calculate the fast- (R2+ and R2-) and slow-response 
reserve (R3+ and R3-) by means of the predefined reliability level. First, fast-response 
reserves are sized based on the short-term variations inside the settlement period as 
they are too fast to be covered with slow-response reserves. Secondly, the amount 
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of slow-response reserves is chosen so as to be able to cover the prediction errors. 
This simple approach “strategy B” minimises the reserved capacity of fast-response 
reserves. This is a cost-effective solution in cases when fast-response reserves have 
high reservation costs compared to slow-response reserves: 

 210 +

t
Prob

(1- )
< -R =

2

α
 ∆   (4.7)  

 210

t
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(1- )
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2

α− ∆ >   (4.8)  
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e < -R =
2

α
    (4.9)  
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(1- )

e -R =
2

α− >   (4.10)  

 Strategy C 4.2.2.3

With the previous strategy, fast-response reserves are not allowed to participate in 
covering prediction errors, which is justified if the total activation cost of slow-
response reserves is cheap compared to these of fast-response reserves. Due to 
start-up or shut-down costs, this is generally not the case. Therefore, an alternative 
solution “strategy C” is to determine the amount of slow-response reserves by 
subtracting the fast-response reserves from the total reserve requirement calculated 
above. In this way, fast-response reserves are also activated to cover for prediction 
errors, which results in a reduction of the required slow-response reserve capacity. 
The secondary reserve capacity is calculated similar to strategy B which allows 
determining the remaining positive (IRt

+) and negative (IRt
-) imbalances: 

 10 102      0t t tIR I R I
+ += + ∀ >  (4.11)  

 10 102      0
t t t

IR I R I
− −= + ∀ <  (4.12)   

 3
t
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 3
t

(1 - a)
Prob < =

2
IR -R

− +    (4.14)  

In the activation phase, a choice can be made to maximise or minimise the use of 
fast-response reserves. In conclusion, the choice of reservation and activation 
strategy depends on the cost of activating fast- compared to slow-response reserves. 
Choosing the best strategy therefore depends on the power system characteristics. 
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Final costs activation and reservation costs are therefore to be tested by specific 
power system simulations.  

 Imbalance ramps 4.2.2.4

One drawback of the suggested methodologies is that the fast-response reserves 
may be underestimated due to the way power markets are currently organised. The 
60 min design result in jumps in prediction errors when moving between different 
settlement periods, leading to additional ramps in system imbalance, requiring 
additional fast-response reserves. This flaw is illustrated in Figure 29 and can be 
corrected by analysing the imbalance ramps and reallocating slow- to fast-response 
in order to meet the imbalance ramps. This leads to modified versions of strategies B 
and C, called B’ and C’, respectively. 

  

Figure 29: Illustration of reserve activation process 

4.3 Sizing and allocation of reserve requirements in 

the North Sea region 

 Scenarios 4.3.1

In order to determine the impact of wind power imbalances on reserve requirements, 
the suggested reserve policies are applied to the wind power generation profiles 
generated with the 500 MW wind power system presented in Chapter 2. This enables 
to determine the aggregated wind power prediction errors and short-term variations 
for the North Sea region. To ensure transparency, the results are categorised 
according to three scenarios: 

• 99.9% reliability, day-ahead predictions (0h D-1) 
• 99.9% reliability, intra-day predictions (12h D) 
• 99.0% reliability, intra-day predictions (12h D) 
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The first scenario assumes a 99.9% reliability, which is currently common in Europe, 
for instance in Belgium (CREG 2012), i.e. that demand shedding or generation 
curtailment events can occur maximum 8.8 h in a year. It is discussed in Section 
4.2.1 that although this value may be correct for the demand side, this reliability 
level is likely to be overestimated for loss of generation. Furthermore, market players 
use day-ahead (0h D-1) predictions to schedule and nominate their positions in the 
electricity market. This is a fair assumption as intra-day forecasts and markets 
remain rather new and suffer from childhood diseases (EWEA 2012). However with 
the further development of these possibilities towards 2020, this scenario can be too 
pessimistic. Therefore, the second scenario takes into account the use of these intra-
day (12h D) forecasts and assumes that market players are able to use reliable intra-
day predictions on well-functioning intra-day markets to correct their nominations. 
The third scenario assumes that the contracted amount of reserves is lower than the 
predefined reliability level of 99.9% and implies additional balancing actions from 
variable renewable sources (curtailment) or demand (shedding).  

 Results 4.3.2

Table 20 shows the reserve requirements when implementing the strategies 
discussed in Section 4.2. The reserve requirements are allocated between fast- (R2) 
and slow-response reserves (R3) and are expressed as a percentage of the installed 
wind power capacity. The two reserve sizing strategies suggested in this chapter 
(strategies B and C) are compared to a strategy that covers the entire imbalance 
with fast-response reserves (strategy A). The calculations are repeated for both 
strategies B’ and C’ in which the secondary reserves are based on the ramp of the 
system imbalance. The results in Table 20 show that large fast-response reserve 
capacities are required when covering all wind imbalances with fast-response 
reserves: in a scenario with 99.9% reliability and in the absence of intra-day trading 
possibilities, total fast-response reserve requirements would amount to [+73; -71]%. 
These values are found to decrease to [+37; -37]% when assuming lower reliability 
and intra-day trading. This is explained by higher forecast accuracies of intra-day 
predictions and a less stringent reserve requirement. 

Focusing on the 99.9% intra-day scenario (Figure 30), i.e. the middle rows in Table 
20, it can be observed that strategy B reduces fast-response reserves from [+55; -
56]% to [+10; -10]% of the installed wind power capacity. This value may increase 
to [+13; -13]% when taking into account imbalance ramps (strategy B’). In both 
strategies B and B’, the capacity of slow-response reserves remains high: the 
bandwidth of [+54; -55]% is as large as the total imbalance (R2A). This is because 
the fast-response reserves are not used to cover part of the prediction error, thereby 
leading to oversized slow-response reserves. As discussed in Section 4.2, this is cost-
effective when reservation costs for fast-response reserves are comparatively high. 
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Alternatively, if activation costs of fast-response reserves are relatively cheap 
compared to those of slow-response reserves, the fast-response reserves can be 
used to help cover prediction errors (i.e. strategy C), thereby reducing the slow-
response reserve requirement to [+36; -31]%. These figures are further reduced to 
[+33; -29]% when sizing the secondary reserves based on the imbalance ramp 
(strategy C’). 

Table 20: Annual reserve requirements expressed in % of wind capacity ( + upward reserves, - 
downward reserves; R2 = fast-response, R3 = slow-response; subscripts A, B, B’, C, C’ refer to 

the reserve sizing strategy chosen) 

[%] A B C 

  R2A R2B=R2C R2B’=R2C’ R3 R2B=R2C R2B’=R2C’ R3C R3C’ 

99,9% DA 
73 10 13 72 10 13 48 45 

-71 -10 -13 -70 -10 -13 -48 -45 

99,9% ID 
55 10 13 54 10 13 36 33 

-56 -10 -13 -55 -10 -13 -31 -29 

99% ID 

37 7 9 36 7 9 28 26 

-37 -7 -9 -36 -7 -9 -25 -23 

 

 

Figure 30: Upward reserve requirements expressed in % of wind capacity for 99.9% reliability 
with intra-day trading scenario (R2 = fast-response, R3 = slow-response; subscripts A, B, B’, C, 

and C’ refer to the reserve sizing strategy chosen) 
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Table 21 shows the annual estimated activation volumes when the proposed 
strategies are used to cover the wind power imbalances. They are calculated 
numerically based on the reserve capacities in Table 20 and the time series of total 
imbalance, prediction error and short-term variations. The activation volumes are 
expressed as a percentage of the annual wind power generation, i.e. 1.4 TWh. For 
reserve sizing strategy C, two possible activation strategies exist, called C1 and C2. 
In strategy C1, activation priority is given to slow-response reserves, while strategy 
C2 gives priority to fast-response reserves. 

Table 21: Annual reserve activation volumes expressed as % of the annual wind power 
generation (+ upward reserves, - downward reserves) subscripts A, B, B’, C1, C1’, C2, C2’ refer 

to the reserve sizing strategy chosen) 

[%] A B C 

  R2A R2B R2B' R3B R2C1 R2C1 R3C1 R3C1 R2C2' R2C2' R3C2' R3C2' 

99,9% DA 
17 2 3 17 2 10 17 7 3 11 17 5 

-15 -2 -3 -15 -2 -10 -15 -6 -3 -11 -15 -4 

99,9% ID 
12 2 3 12 2 8 12 4 3 9 12 3 

-13 -2 -3 -12 -2 -10 -12 -4 -3 -11 -12 -2 

99% ID 
12 2 3 12 2 6 12 6 3 7 11 4 

-13 -2 -3 -12 -2 -8 -12 -6 -3 -9 -12 -5 

 

For the 99.9% intra-day scenario, results show that total reserve activation to cover 
imbalances (R2.A) amounts to [+12; -13]% of the annual wind power generation. It 
is found that a part can be allocated towards fast-response reserves when its reserve 
capacity is minimised (i.e. in strategy B). In contrast, the levels of slow-response 
reserves activation remain more or less at the level of the total imbalance which 
implies that the total volume of activated reserves exceeds the total volume of wind 
imbalances. This can be explained by the fact that fast- and slow-response reserves 
may be moving in opposite directions. Again, this may be justified by cost differences 
between both. 

When applying reserve sizing strategy C, it is seen that a part of the activation of 
slow-response reserves is indeed transferred to fast-response activations (see 
activation strategy C1). This effect becomes even stronger when the fast-response 
reserves are used to the maximum for covering prediction errors (strategy C2): slow-
response reserve activations are reduced significantly at the cost of increased fast-
response reserve activation.  
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4.4 Conclusions 

This chapter sizes additional reserve requirements following increasing shares of 
wind power and suggests a cost-effective allocation between fast- (secondary) and 
slow-response (tertiary) reserves. A statistical approach is used based on the 
decomposition of the different imbalance drivers of wind power. In line with the 
technical response times of the reserve categories, a distinction is made between 
output variations inside the settlement period and prediction errors over the 
settlement period.  

This methodology is integrated in the wind power model presented in Chapter 2. This 
model generates the necessary data to conduct the analysis for the generic medium-
sized North Sea power system. Results show that when maintaining current static 
reserve strategies, allocating the entire reserve to the fast-response service, the total 
capacity requirement for a 99.9% reliability level amounts 73% of the installed wind 
power capacity. In the best case, this can be reduced to 37% when lowering the 
reliability level to 99% and implementing intra-day prediction horizons while 
assuming well-functioning intra-day markets.  

For 99.9% reliability with intra-day trading, the fast-response reserves are reduced 
from 56% to 10% of the installed wind power capacity, when the sizing is based on 
the short-term variations. The required slow-response reserve capacity, sized on the 
prediction errors, remains around 55% of the installed wind power capacity. This 
methodology minimises the expensive reservation costs of fast-response reserves. In 
case of cheap activation of fast-response reserves, an alternative approach is to 
maximise the use of available fast-response reserves. In doing so, the required 
capacity of slow-response reserves can be reduced to 36% of the installed wind 
power capacity. Activation of fast-response reserves can be maximised or minimised 
in this case depending on the activation cost ratio of fast- versus slow-response 
reserves.   

It is to be stressed that power system balancing is a shared responsibility between 
TSO and market players. Consequently, the suggested reserve capacity is to be 
allocated accordingly. In order to reduce the required reserve capacities and costs, 
research is to be directed towards further minimising reserve capacity requirements 
and costs while maintaining appropriate reliability levels. Further research is 
recommended towards the development of dynamic reserve strategies, varying 
reserve capacity over time, based on the expected risks or a trade-off between the 
costs and benefits of reliability. 



 

 



 

 

5. IMPACT OF OPERATING RESERVES ON THE 

SCHEDULING OF POWER PLANTS  

In the previous chapters, it is shown how the large-scale integration of wind power is 
expected to result in an additional need for operating reserves in order to maintain a 
reliable system operation. The objective of this chapter is to determine the impact of 
increasing reserve capacity requirements on the scheduling of power plants and 
corresponding electricity generation cost. 

Therefore, the unit commitment model presented in Chapter 3 is extended with 
primary, secondary and tertiary reserve requirements, corresponding to current 
ENTSO-E policies. This enables to determine the impact on the electricity generation 
cost and to reveal the final integration cost of wind power. The reservation cost, i.e. 
the additional cost following the scheduling of reserve capacity, is used to compare 
the fast- and slow-response reserve strategies which are put forward in Chapter 4.  

Simulations are conducted for a reference scenario, installing 500 MW of wind power 
in a 1950 MW thermal generation system based on coal, oil and gas. This represents 
12% of the annual electricity demand. Specific attention is on the impact of base 
load flexibility and the effect of increasing installed wind power capacities. 

Section 1 “Introduction” provides an overview of state-of-the-art methodologies 
integrating wind power and corresponding uncertainty. The integration of reserves in 
unit commitment models is not new as discussed extensively in the literature and 
such models are referred to as security-constrained unit commitment models.  

Section 2 “Security-constrained unit commitment model” presents the model 
extension of the unit commitment model presented in Chapter 3. Now, the 
scheduling of power plants takes into account a simultaneous clearing of both power 
and reserve capacity requirements. A clear distinction is made between fast-
response, i.e. primary and secondary reserves, and the slow-response, i.e. tertiary 
reserves. 

Section 3 “Data and assumptions” discusses data and assumptions for the case 
study simulations, representing the same case as described in previous chapter. 
Therefore, generating unit technology mix and capabilities are kept identical, as well 
as the demand and wind power profiles.  In contrast, the capability of power plants 
to provide operating reserves are now included as a parameter. 

Section 4 “Power plant scheduling with reserve capacity” examines the 
simulation results of increasing reserve capacity providing insight in the scheduling of 
power plants when facing increasing reserve capacity. Furthermore, results are 
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related to the findings of Chapter 3, discussing the operational flexibility. Additional 
simulations are conducted to reveal the impact of base load flexibility. 

Section 5 “Power plant scheduling for reserve strategies” simulates the fast- 
and slow-reserve strategies presented in Chapter 4. This enables to assess the 
impact on the reservation costs and the final impact of wind on the short-term 
electricity generation costs. Additional simulations are conducted to determine the 
impact of increasing wind power installed while including corresponding reserves. 

Chapter Highlights 

Simulations for an electricity generation system incorporating increasing reserve 
capacity confirm the relation between cost and available operational flexibility. In 
particular the upward fast-response reserves are found to be expensive, growing 
exponentially in cost for an increasing reserve demand. In contrast, the downward 
and slow-response reserves are cheaper due to the availability of base load flexibility 
and peak power plants, respectively. Case study simulations show that the slow-
response reserve strategies are indispensable to ensure cost-efficient wind power 
integration. In this case, the generation system faces a reservation cost which 
increases the electricity generation cost with 1.3 (best case) and 3.1% (worst case).  

5.1 Introduction 

Electricity markets are classified into two main markets, i.e. the forward market, with 
the day-ahead market as of major importance, and the real-time market, also 
referred to as the balancing market (Section 1.1.2). The day-ahead market clearing 
can be represented by means of unit commitment models such as the one presented 
in Chapter 3. In order to ensure system security, reserve capacity needs to be 
available for the real-time market in order to cover for generation and transmission 
contingencies or forecast errors following demand and RES-E variability. Chapter 4 
discussed how the large growth of the latter increases the importance of this issue.  

The literature shows that the impact of these additional reserve requirements on 
generation scheduling and costs are often based on unit commitment simulations. 
Reserves are integrated in these models which are thereafter referred to as security-
constrained unit commitment models, taking into account the necessary conditions to 
maintain system security. 

 Security-constrained unit commitment 5.1.1

It is discussed in Section 1.1.2.1 how the provision of reserve capacity impacts the 
optimal output levels of power plants, e.g. must-run conditions, partial loading. A 
strong relation is therefore present between energy and reserve capacity and 
therefore, these are generally modelled together (Guy 1971; Dillon et al. 1978; Rau 
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1999). This ensures a simultaneous clearing of both products and ensures feasibility 
and optimality (Galiana et al. 2005). These models are referred to in the literature as 
security-constrained market clearing (Morales et al. 2009). Alternatively, a sequential 
clearing is sometimes suggested (Singh and Papalexopoulos 1999; Shahidehpour et 
al. 2002), though this can lead to feasibility problems when power plants are 
scheduled in a way that the operational flexibility is not sufficient to meet reserve 
requirements. This could however be resolved with an iterative process. 
Alternatively, clearing reserve capacity first may result in cost-inefficient solutions. 

Reserve capacity has become an important issue in power system modelling. This 
can be dealt with by means of deterministic or statistical approaches. Following the 
discussion in Chapter 4, deterministic approaches are based on heuristic methods, 
e.g. N-1, but become inadequate with increasing complexity of power system 
operation. Therefore, statistical methods are introduced based on the likelihood of 
every possible failure event (Conejo et al. 2010). They are set-off against an 
acceptable reliability level or chosen as a trade-off between risk and costs. As this 
approach requires large amounts of data, challenging computer power and the 
availability of data, the use of hybrid statistical methods is advocated, only taking 
into account the most credible contingencies (Conejo et al. 2010). Both approaches 
result in capacity requirements integrated as a parameter in the unit commitment 
model (Li and Shahidehpour 2005; Wang et al. 2008; Meibom et al. 2010). While 
most studies focus on the generation aspects, other studies integrate transmission 
and voltage constraints into the model (Ma and Shahidehpour 1999; Fu et al. 2005). 

The required reserve capacity can be integrated as a constraint in the model, with 
the required capacity defined as an exogenous parameter, similar to the demand. 
Consequently, the model represents the day-ahead clearing of an exogenous 
demand for energy and reserves. The demand for energy represents the day-ahead 
energy market, where consumers and suppliers trade expected generation and 
consumption. In contrast, the demand for reserves is settled by the TSO which 
ensures the necessary flexibility to cover unexpected outages, demand and RES-E 
variations. This represents an unbundled market with a strict separation between 
day-ahead trading and balancing, i.e. all operating reserves are contracted via the 
balancing market. When not taking into account the real-time dispatch, these models 
are referred to in the literature as one-step deterministic security-constrained unit 
commitment models. 

A distinction can be made between different reserve categories such as fast- and 
slow-response reserves or primary, secondary and tertiary reserves, such as in 
current ENTSO-E policies. Although reserves are frequently modelled in unit 
commitment models, most approaches assume only two types of reserves: fast-
response reserves representing the fast-response spinning reserves, i.e. the 
generating units synchronised to the grid, and slow-responsive reserves representing 
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slow-response spinning reserves and non-spinning reserves (Dillon et al. 1978; 
Meibom et al. 2010). 

Alternatively, the reserves can be modelled indirectly by means of stochastic 
programming. In this case, the uncertainty of events is modelled together with a 
maximum amount of involuntary demand shedding expressed by the LOLE, LOLP or 
LOEE (Conejo et al. 2010). Moreover, the demand shedding constraint can be 
replaced by the expected cost of demand shedding, i.e. value of lost load (VOLL), 
which allows the model to make the trade-off between risk and costs and determine 
the optimal level of reserves implicitly (Bouffard et al. 2005; Conejo et al. 2010). 
Such models are often structured into multiple stages, i.e. day-ahead, intra-day and 
real-time, and therefore, referred to as multiple-stage stochastic unit commitment 
models. 

Security-constrained unit commitment models can be used for different and the exact 
model implementation depends on the specific research objectives. Some models 
focus for instance on the uncertainty of wind on real-time system operation and 
deploy multiple-stage stochastic models (Tuohy et al. 2009). Others, such as this 
dissertation, focus on the scheduling of reserve capacity and merit from single-stage 
deterministic models. Other research focuses on the integration of new technologies 
or market mechanisms such as storage (Black and Strbac 2007), demand response 
(De Jonghe 2011) or cross-border balancing (Van Der Weijde and Hobbs 2011). 

 Integration of wind power in security-constrained unit 5.1.2
commitment models 

The literature describes two main approaches to model uncertainty of wind power in 
unit commitment models: exogenous reserve requirements and stochastic 
programming (Ruiz et al. 2009). In the first approach, the additional reserve 
requirements following wind power are determined based on statistical indicators and 
thereafter explicitly integrated in the unit commitment model by means of additional 
constraints. The requested reserve capacity is included as a parameter. This 
approach is well-documented and benefits from a limited complexity and low 
computational burden compared to stochastic programming. It represents an 
unbundled market where the needs for power and reserve capacity are defined 
separately.  

Alternatively, the second approach models the reserve requirements implicitly by 
means of stochastic programming approaches. Wind power is treated as a stochastic 
variable where uncertainty is induced by the limitations of the day-ahead and intra-
day predictions. The uncertainty of a wind power prediction is based on scenarios 
representing the expected real-time wind power generation together with its 
probability (Morales et al. 2009). This can go from rather simple approaches where 
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for instance three wind generation scenarios follow the prediction (+30%, +0%, -
30%) with identical probabilities (De Jonghe 2011). On the other hand, some 
researchers present complex scenario tree models based on multiple stages (Tuohy 
et al. 2009; Meibom et al. 2010). Basic stages are of course day-ahead and real-
time. However, the use of intra-day stages allows including information updates 
while minimising the required reserve capacity.  

The implicit integration of the reserve capacity as an endogenous variable allows 
finding a cost-efficient solution. Indeed, the results follow the implicit trade-off 
between costs of demand shedding or wind curtailment and additional reserve 
requirements. Sometimes, both techniques are combined where explicit reserve 
requirements are modelled in a stochastic model (Tuohy et al. 2009; Ruiz et al. 
2009; Meibom et al. 2010). Again, the reserve capacity can be determined 
exogenously depending on the expected system state, e.g. the same scenario tree 
tool (Tuohy et al. 2009; Meibom et al. 2010). The amount of scenarios is a trade-off 
between accuracy and complexity. Indeed, a large amount of scenarios increases the 
size of the model, and thus the computational burden. Therefore, scenario reduction 
techniques remove those scenarios with low probabilities or with high similarity to 
other scenarios (Wang et al. 2008). Also, additional assumptions are often made 
such as single-node injection, limited sources of uncertainty and wind equivalent to 
negative demand (Conejo et al. 2010). 

An important issue in modelling wind in power systems is the possibility to use wind 
power curtailment (Morales et al. 2009; Conejo et al. 2010) as a result of technical or 
economic motivations such as limited transmission capacity or high cycling cost of 
generating units. 

5.2 Model description 

This chapter deploys a deterministic one-stage security-constrained unit commitment 
model, including fast- and slow-response reserves. The basic model remains identical 
to the one presented in Chapter 3, and only additional constraints and the expected 
activation costs corresponding to the reserves are discussed in this section. Again, 
the model is described using uppercase for variables and lowercase for parameters. 

 Primary reserve requirements 5.2.1

The mathematical description of the constraints describing the primary reserves is 
presented in Box 5.1. The primary reserves are fast-response spinning reserves. The 
primary up- and downward reserve capacity provided by each generating unit (i) in a 
time period (t) is expressed by respectively Rt,i

1,+ and Rt,i
1,-.  In order to meet the 

total reserve requirements (qt
1,+ and qt

1,-
 ), the sum of the reserve capacity procured 

from each generating unit has to equal this capacity requirement in each period. In 
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order to ensure feasibility of the model, the reserve requirements can be reduced 
temporarily (Rxt

1,+ and Rxt
1,-). These reductions are linked with a high cost in the 

objective function (Box 5.4).  

Firstly, the reserves are constrained by means of the technical capability of each 
generating unit, i.e. rt

1. This constraint is assumed to be symmetric, i.e. identical for 
up- as downward reserves. Secondly, the reserve capacity is limited by the available 
operational flexibility. As explained in detail in Section 3.5, this is determined by the 
difference between the maximum (pi

max) or minimum (pi
min) output level and the 

scheduled output (Pt,i) for each generating unit in each period. Additionally, the 
generating unit has to be synchronised in order to fulfil the spinning reserve 
requirement. This is ensured by means of the binary commitment variable (Zt,i). 

 

 Secondary reserve requirements 5.2.2

The secondary reserves (Box 5.2) are also modelled as a fast-response reserve 
provided with spinning generating units. Consequently, the implementation of 
secondary reserves (Rt,i

2,+ and Rt,i
2,-) is similar to the previous section. Again, in each 

period, a reserve capacity requirement (qt
2,+ and qt

2,-) has to be met, or is to be 
reduced (Rxt

2,+ and Rxt
2,-) at elevated cost. 

Box 5.1: Primary reserve requirements 
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*all symbols are explained in the text and in the list of  abbreviations and symbols  
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Due to the slower response time requirements of secondary reserves, the maximum 
reserve capability (ri

2) of a generating unit is increased. Furthermore, the supply of 
reserves is constrained by the available flexibility. When facing both constraints, it is 
important to take into account that a MW of reserve capacity can only be contracted 
once, i.e. for one service at a time. If a MW is already contracted as primary reserve 
capacity, this cannot be procured again as secondary reserve. This is implemented 
by comparing the sum of primary and secondary reserve capacity with the 
constraining parameters. 

 Tertiary reserve requirements 5.2.3

Tertiary reserves (Box 5.3) are defined as slow-response reserves and their capacity 
requirements (qt

3,+ and qt
3,-)  can be satisfied with both spinning (Rt,i

3,+,s and Rt,i
3,-,s) 

and non-spinning (Rt,i
3,+,ns and Rt,i

3,-,ns) reserves. The tertiary spinning reserves are 
implemented in a similar way as the primary and secondary reserves. The slower 
response time results in larger reserve capabilities (ri

3,s). Again, the aggregation with 
the other reserve categories ensures that this capacity cannot be scheduled if it is 
already allocated towards primary and/or secondary reserves. 

Box 5.2. Secondary reserve requirement 
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Box 5.3. Tertiary reserve requirement 
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*all symbols are explained in the text and in the list of  abbreviations and symbols  
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In contrast, the non-spinning reserves can only be procured from the peak power 
plants due to their quick start-up or shut-down. This is enforced by means of the 
non-spinning reserve capability (ri

3,ns) which equals the rated capacity for peak power 
plants and equals zero otherwise. For the non-spinning peak power plants, the 
upward reserved capacity is constrained by the maximum and minimum output level. 
This is implemented with the binary variable (Zt,i

3,+,ns) determining whether the non-
spinning reserve is contracted (1) or not (0).  

The implementation of downward non-spinning reserves may seem strange but 
refers in fact to the shut-down of a generating unit. In this model, ignoring pumped-
hydro technology, the non-spinning reserves are provided with peak power plants 
having quick start-up and shut-down times. Again, this is enforced by means of Zi 
and ri

3,ns. The model assumes that the downward non-spinning reserve, when 
scheduled (Zt,i

3,-,ns), equals the minimum output level. This can however only be 
activated as the rest of the downward flexibility (Pt,i - pi

max) is procured as spinning 
tertiary reserves. This relation is enforced by means of a correcting variable (Dt,i). 

 Objective function 5.2.4

The objective function (Box 5.4) is elaborated in order to take into account expected 
activation costs of the reserves and the cost of a temporarily reduction of the reserve 
capacity, i.e. reliability. The last one is implemented to ensure feasibility of the model 
allowing this reduction at a high cost (prx), expressed in € per MW curtailed.  
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The expected activation cost is included in the model to ensure a realistic 
procurement of reserve capacity. Without this, the model would be indifferent 
between contracting reserves from a power plant with cheap or expensive activation; 
at least if their reservation costs would be identical. In order to resolve this problem, 
the expected costs are accounted for in the objective function by means of the 
activation probability (ɸ). The expected activation cost includes the fuel cost 
increases (upward) and reductions (downward), as well as the start-up costs of the 
non-spinning reserves. This approach ensures a correct order of procurement. 

However, assuming a fixed activation probability over the different reserve categories 
is a simplification: firstly, it does not take into account that reserves with cheaper 
activation costs are likely to be activated more frequently. Secondly, it does not 
consider that the activation probability of primary, secondary and tertiary reserves 
are different. Thirdly, the activation of the non-spinning is simplified. As the focus of 
this dissertation remains on the reservation and not on the activation costs, this 
approach is found to be sufficient to obtain a realistic day-ahead scheduling of the 
power plants. Furthermore, this assumption avoids complex and computational 
intensive stochastic programming methodologies. 

5.3 Data and assumptions 

Simulations are conducted for the thermal generation system, i.e. 1950 MW installed 
capacity, as it is presented in Chapter 3. Power plant composition and techno-
economic characteristics are kept identical, as well as the demand and wind power 
profiles. Again an installed wind power capacity of 500 MW is treated as the 
benchmark scenario. However, the integration of reserve requirements results in a 
few additional parameters and assumptions. First of all, each generating unit is 
characterised by a predefined technical capability to provide reserves. This parameter 
is derived from the ramp rate, i.e. the maximum modification of the power output of 
a generating unit over a certain time period. By means of the required response time 
of each reserve category, the reserve capability of each technology is determined. 
Resulting values are already presented and discussed in Chapter 3 while assessing 
the operational flexibility (Table 17). 

This chapter assumes that the reserve capacity for each category is fixed on long-
term, e.g. monthly, annually, and allocated to the generating units day-ahead. 
Although the required reserve capacity is expressed in function of time (qt

x), this 
parameter is fixed for every hour and simulation. This corresponds with current 
‘static’ reserve strategies implemented in most ENTSO-E control zones (Rebours et 
al. 2007). For instance in Belgium, primary, secondary and tertiary reserve 
requirements are mainly determined and contracted on annual basis. A less rigid 
approach, assuming dynamic reserves, is discussed in Chapter 6.  
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Due to the specific market design parameters throughout different power systems, it 
is not possible to represent a uniform reserve market model. This chapter assumes 
asymmetric reserve procurement, i.e. up- and downward reserves are seen as 
separate service. This is reasonable due to the different cost structure explained in 
Section 1.1.2. However, up- and downward reserves for primary and secondary 
reserves in Belgium are procured by means of symmetric discrete bandwidths (Elia 
System Operator 2012). Other specific market regulations such as reserve capacity 
constraints following transmission security standards are disregarded. 

Finally, the price or cost of reserve requirement reductions is fixed at a hypothetical 
cost of 1 M€/MW. At such price, this only occurs in last resort in order to ensure 
feasibility. This corresponds with a system applying rigid security standards. Similar 
to Chapter 3, wind power curtailment and demand shedding is allowed at 
respectively 100 €/MWh and 1 M€/MWh. Simulations show that the increasing 
complexity of the model has a strong impact on the calculation time, increasing with 
the required reserve capacity. In this context, the optimality criterion is relaxed to 
0.5% to obtain a reasonable trade-off between accuracy and calculation time. The 
simulation period is reduced from 48 towards 32 h: from D – 4 h to D + 4 h.  

5.4 Power plant scheduling with reserve capacity 

In this section, simulations assess the impact of increasing reserve requirements on 
power plant scheduling. In this context, the required capacity for each reserve 
category is gradually increased to study the impact on the electricity generation cost, 
the CO2 emissions and wind power curtailment. Results are benchmarked against a 
scenario without reserves and the cost increase can be interpreted as the reservation 
cost of scheduling reserve capacity.  

A clear distinction is kept between the fast-response reserves, i.e. primary and 
secondary, and slow-response reserve, i.e. tertiary.  Before dealing with the impact 
of the reservation strategies following wind power (Section 5.5), this section aims to 
give a general insight in the impacts of reserves on generation system scheduling. 
Therefore, no relation is assumed with the installed wind power capacity. This 
motivation explains the separate simulations for up- and downward reserves. In 
contrast, Section 5.4.3 presents simulation results for a symmetric reserve increase. 
Section 5.4.4 focuses on the impact of base load flexibility.  

 Fast-response reserves: primary and secondary reserves 5.4.1

 Upward fast-response reserves 5.4.1.1

In order to derive the impact of upward primary reserves on system operation, the 
reserve capacity is gradually increased from 0 to 50 MW. A primary reserve capacity 
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of 50 MW would represent 2.5% of the installed conventional capacity which would 
be oversized for a country in the ENTSO-E synchronous zone and undersized for 
island power systems. Simulations are also conducted for an upward secondary 
reserve capacity varying between 0 and 200 MW. The latter would correspond with 
40% of the installed wind power capacity which is again overestimated when 
compared with current reserve policies, but not unrealistic taking into account the 
wind power imbalances and corresponding reserve requirements presented in 
Chapter 2 and 4, and the literature.  

Table 22 shows the daily average electricity generation cost and CO2 emissions in 
relative terms to the benchmark scenario without reserves. Results represent the 
weighted average over the 24 simulation runs, assumed to correspond with the 
average over an entire year.  Both reserve categories show an increasing trend in the 
costs when looking at the higher demand levels, i.e. 40 MW (+0.8%) for the primary 
and 80 MW (+1.2%) for the secondary reserves. The cost increases further towards 
+1.0 and +4.4% for respectively a demand of 50 MW primary and 200 MW 
secondary reserves. 

Table 22: Impact of upward R1 and R2 requirements on average daily electricity generation 
costs and emissions (expressed in relative terms compared to 0 MW reserves) 

R1 up [MW] 0 10 20 30 40 50 

Cost [€] 1,868,112 +0.19 +0.30 +0.58 +0.78 +0.99 

CO2 [Ton] 20,231 +0.06 +0.10 +0.20 +0.24 +0.27 

R2 up [MW] 0 40 80 120 160 200 

Cost [€] 1,868,112 +0.47 +1.17 +1.98 +3.06 +4.37 

CO2 [Ton] 20,231 +0.14 +0.24 +0.02 -0.85 -1.49 

Results show that the cost increase results from the variable costs following the 
scheduling of additional generating units further in the merit order. This leads to 
efficiency losses following partial loading. Generally, more peak power plants or 
CCGTs are scheduled in order to provide the requested upward flexibility. This also 
explains the slight increase in CO2 emissions for the low reserve capacities. This is 
illustrated in Figure 31 showing power plant scheduling in a low demand scenario 
with moderate-high wind. For a primary reserve capacity of 10 MW, the system 
follows a normal operation when facing low reserve capacity. It is observed that the 
system has enough flexibility and the system selects the capacity with the cheapest 
expected activation cost, in this case the coal-fired power plants when running under 
maximum output levels, between 13h and 18h, followed by the CCGT. 
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Figure 31: Power and reserve capacity schedule for a summer weekend with moderate-high 
wind with a 10 MW (left) and 40 MW (right) upward primary reserve capacity 

When this capacity increases towards 40 MW, operational flexibility is no longer 
sufficient and additional gas-fired peak power plants are scheduled to assist in 
delivering the requested amount of reserves. This is observed in time periods where 
the CCGT and the coal-fired power plants are generating at their maximum output 
levels, in this case between 0h - 7h and 20h - 23h. Furthermore, it can be seen how 
the coal-fired power plants slightly reschedule their output between 8h - 20h and at 
24h in order to maximise their operational flexibility for primary reserve participation.  

For higher reserve capacities, base load power plants are found to further reduce 
their output levels, particularly for providing reserves. Figure 32 shows the impact of 
an increasing upward secondary reserve requirement in case of low demand and low 
wind. When increasing the reserve demand from 40 MW to 160 MW, a third CCGT is 
scheduled as from 8h. The three CCGTs are now operated at partial load resulting in 
efficiency losses. Also, between 0 and 3h, additional gas-fired peak power plants are 
scheduled at minimum loading in order to provide additional reserves. Finally, 
between 3h and 8h, the coal-fired power plants participate in the provision of 
reserves through output reductions. This means the cheap but emission intensive 
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coal-fired generation is replaced by natural gas which explains the cost increase and 
emission reductions depicted in Table 22.  

Substantial cost increases are thus observed as from fast-response upward reserve 
requirements exceeding 2 - 4% of the thermal capacity. For reserve requirements 
exceeding the capacities depicted in Table 22, additional power plants are scheduling 
further in the merit order. This results in more partial loading of the infra-marginal 
power plants.  In last instance, wind power curtailment becomes inevitable to ensure 
the scheduling of the additional thermal plants. 

 

Figure 32: Power and reserve capacity schedule for a summer weekend with very low wind with 
a 40 MW (left) and 120 MW (right) upward secondary reserve capacity. 

 Downward fast-response reserves 5.4.1.2

Electricity generation costs for the downward reserves show that downward primary 
reserves up to 50 MW have no significant impact (Table 23). Downward reserves can 
be provided by all infra-marginal generating units. The six base load coal-fired power 
plants are always on-line and can be rescheduled to provide 54 MW of downward 
primary reserves. Costs only arise when facing low downward flexibility, i.e. low net 
demand, with the requested reserve capacity exceeding 54 MW. 
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Similar to the secondary reserves, a downward capacity of 90 MW can always be 
procured without additional costs. However, when exceeding this capacity, additional 
power plants are scheduled.  As can be seen, impact on the weighted average cost 
remains limited up to a capacity demand of 160 MW (+0.7%).  

Table 23: Impact of downward R1 and R2 requirements on average daily electricity generation 
costs and emissions (expressed in relative terms compared to 0 MW reserves) 

R1 down [MW] 0 10 20 30 40 50 

Cost [€]    1,865,220  +0.06 +0.10 +0.27 +0.17 +0.11 

CO2 [Ton]      20,214  +0.02 +0.04 +0.20 +0.09 +0.03 

R2 down [MW] 0 40 80 120 160 200 

Cost [€] 1,868,112 -0.08 +0.00 +0.08 +0.72 +2.93 

CO2 [Ton] 20,231 -0.03 +0.08 -0.21 -0.58 +0.01 

 

Figure 33: Power and reserve capacity schedule for a summer weekday with very high wind 
with a 40 MW (left) and 120 MW (right) downward secondary reserve capacity. 
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The limited impact is explained as downward flexibility scarcity arises at low demand 
periods with high wind. This is illustrated in Figure 33 for a downward secondary 
reserve capacity increase from 40 to 120 MW.  Between 0h and 5h, the CCGT is kept 
committed which results in additional fuel costs due to the replacement of coal-fired 
power plants. On the other hand, CO2 emissions are reduced due to this fuel switch. 

It is explained that these occasions have a low impact on the weighted average due 
to the limited capacity factor of wind power. Consequently, the cost increases with 
higher reserve capacity, i.e. with 2.9% for a capacity of 200 MW. Cost increases are 
therefore observed as from 8 - 10% of the installed thermal capacity. The base load 
power plants play an important role in the delivery of the downward reserves.  

 Slow-response reserves: tertiary reserves 5.4.2

Table 24  shows that the impact of tertiary reserves on the cost remains under 0.5% 
for capacity requirements up to 250 MW. For the upward reserves, this is explained 
through the availability of the peak power plants providing non-spinning reserves. As 
these peak power plants, with a total installed capacity of 287.7 MW, are rarely 
scheduled, they remain available for real-time activation. However, in individual 
simulation runs, where part of the peak power plants are scheduled, elevated reserve 
capacities require a rescheduling resulting in an additional cost.  

Table 24: Impact of up- and downward R3 on average daily electricity generation costs and 
emissions (expressed in relative terms compared to 0 MW reserves) 

R3 up [MW] 0 50 100 150 200 250 

Cost [€] 1,868,112 +0.05 +0.01 +0.12 +0.27 +0.43 

CO2 [Ton] 20,231 +0.01 -0.02 -0.06 -0.02 +0.00 

R3 down [MW] 0 50 100 150 200 250 

Cost [€] 1,868,112 +0.15 +0.08 +0.06 +0.05 +0.05 

CO2 [Ton] 20,218 +0.18 +0.05 +0.06 +0.06 +0.05 

This is illustrated in Figure 34 for a low demand with low wind, where part of the 
peak power plants are scheduled during the peak hours for a scenario with 100 MW 
upward tertiary reserve capacity. This capacity can still be provided with the 
remaining off-line peak power pants. However, when increasing the reserve 
requirement up to 250 MW, the off-line peak power capacity is not sufficient 
anymore. The peak power plants are replaced by an additional CCGT, freeing the 
peak power plants for upward reserve delivery. Note how the model always contracts 
the available spinning flexibility first due to the lower activation costs, after which the 
non-spinning reserves are reserved.  
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Figure 34: Power and reserve capacity schedule for a summer weekend with very low wind with 
a 100 MW (left) and 250 MW (right) upward tertiary reserve capacity. 

Power plant scheduling and electricity generation cost encounter an impact as from 
elevated reserve capacities, exceeding 250 MW. This corresponds with 13% of the 
installed thermal capacity. This is similar for the downward slow-response reserves 
where a large amount of downward operational flexibility is available due to the 
flexibility of the coal-fired generating units, i.e. 270 MW. 

 Impact of symmetric reserves 5.4.3

In reality, power systems face both up- and downward reserve requirements and 
simulations are repeated for symmetric reserve capacities. Figure 35 shows the 
average electricity generation cost and CO2 emissions increase in function of the 
requested symmetric reserve bandwidth and expressed in terms of the demand. This 
means that a requested reserve of 100 MW requires the same capacity as well up- as 
downward. As the cost represent the increase in electricity generation cost compared 
to a scenario without reserves, it refers to the reservation cost. 

Figure 35 shows an exponential cost increase for the secondary reserves which is in 
line with the findings of the fast-response upward reserves discussed in Section 
5.4.1. As the upward flexibility is scarce, the cost increases already with low reserve 
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demand representing 2 - 4% of the installed thermal capacity.  Additional power 
plants are scheduled, explaining the cost and CO2 increase. For higher capacities, 
coal-fired power plants are reduced resulting in steeper cost increases and CO2 
reductions. In a last stage, wind power is curtailed and replaced with conventional 
generation, further increasing generation costs. As this starts first in the very high 
wind simulations, this trend is not immediately observed in the CO2 emissions. 
However, the cost increase is now more pronounced as in Section 5.4.1 because the 
symmetric requirements require the additionally scheduled power plants to generate 
above minimum loading. This results in higher capacity reductions for the cheaper 
infra-marginal power plants. 

This trend is similar for tertiary reserve requirements. Only, the impact is now only 
observed for reserve capacities exceeding 13% of the installed thermal capacity. This 
is explained by the available flexibility provided by the peak power plants and 
downward base load flexibility discussed in the previous sections. 

 

Figure 35: Impact of increasing symmetric reserve requirements on average electricity 
generation cost and CO2 emissions (compared to no reserve scenario and expressed in terms of 

the average electricity demand) 

 Impact of inflexible base load 5.4.4

By means of the results discussed in the previous sections, it is concluded that 
downward fast- and slow-response reserves are relatively cheap. This is explained by 
the downward flexibility provided by the coal-fired power plants. Consequently, the 
base load flexibility is an important assumption and similar to Chapter 3, additional 
simulations are conducted assuming an inflexible base load: coal-fired power plants 
are modelled in a way that they are always generating at maximum output and 
cannot participate in the reserve market.  

Table 26 shows how the electricity generation costs with downward reserves are 
seriously impacted, comparing a scenario with and without base load flexibility. In 
contrast to previous results, generation cost increase substantially due to the 
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scheduling of additional generating units, leading to additional partial loading, base 
load output reductions and finally, wind power curtailment. 

In contrast to the slow-response upward reserves, explained by availability of the 
non-spinning reserves, also the electricity generation costs with fast-response 
upward reserves are substantially impacted (Table 26). Due to the inflexible base 
load, additional power plants cannot result in base load output reductions anymore, 
more quickly resorting to wind power curtailment. 

Table 25: Impact of downward reserve requirements on average daily electricity generation 
costs with an inflexible base load generation (expressed in relative terms to 0 MW reserves) 

R1 down [MW] 0 10 20 30 40 50 

Cost inflex [€] 1.870.562 +0.35 +0.57 +0.69 +1.17 +1.96 

Cost flex [€] 1,868,112 +0.19 +0.30 +0.58 +0.78 +0.99 

R2 down [MW] 0 40 80 120 160 200 

Cost inflex [€] 1.870.562 +0.38 +1.88 +4.80 +1.44 +9.41 

Cost flex [€] 1,868,112 +0.47 +1.17 +1.98 +3.06 +4.37 

R3 down [MW] 0 50 100 150 200 250 

Cost inflex [€] 1.870.562 +0.44 +1.66 +3.37 +6.69 +7.76 

Cost flex [€] 1,868,112 +0.15 +0.08 +0.06 +0.05 +0.05 

Table 26: Impact of upward reserve requirements on average daily electricity generation costs 
with an inflexible base load generation (expressed in relative terms to 0MW reserves) 

R1 up [MW] 0 10 20 30 40 50 

Cost inflex [€] 1.870.562 +0.25 +0.59 +0.89 +1.30 +1.93 

Cost flex [€] 1,868,112 +0.19 +0.30 +0.58 +0.78 +0.99 

R2 up [MW] 0 40 80 120 160 200 

Cost inflex [€] 1.870.562 +0.65 +1.63 +2.68 +4.75 +8.07 

Cost flex [€] 1,868,112 +0.47 +1.17 +1.98 +3.06 +4.37 

R3 up [MW] 0 50 100 150 200 250 

Cost inflex [€] 1.870.562 +0.10 +0.07 +0.16 +0.40 +0.50 

Cost flex [€] 1,868,112 +0.05 +0.01 +0.12 +0.27 +0.43 
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5.5 Power plant scheduling for reserve strategies  

This final section evaluates the suggested reserve strategies presented in Chapter 4 
in terms of power plant scheduling and electricity generation cost. This is conducted 
by means of integrating the corresponding reserve capacities following wind power in 
the electricity generation system model. The previous section has shown that reserve 
capacity increases the electricity generation cost due to rescheduling of generating 
units, in particular for the fast-response upward reserves. Consequently, these costs 
erode part of the initial short-term cost reductions following wind power integration. 

In this section, the reserve requirements determined in Chapter 4 are simulated and 
results are benchmarked against a scenario with and without wind but with current 
reserve capacities. This allows determining the reservation cost, i.e. the cost increase 
compared to the scenario with wind power but without appropriate reserves, and the 
value of wind power, i.e. electricity generation cost reduction compared to the 
scenario without wind and while taking into account appropriate reserves.  

Reserve strategies include the current reserve requirements of an interconnected 
power system and are roughly based on the Belgian reserve requirements in 2012 
obtained from conventional generating units (CREG 2011). 106 MW primary, 140 MW 
secondary and 400 MW tertiary are rescaled to 10 MW, 15 MW and 40 MW to ensure 
a realistic proportion compared to the installed capacity and the demand in the 
conceptual model (Table 27). 

Table 27: Reserve requirements expressed in MW for the different reserve strategies following 
the 500 MW installed wind power scenario 

[MW] R1 up R1 down R2 up R2 down R3 up R3 down 

benchmark 10 10 15 15 40 40 

strategy A 10 10 290 290 40 40 

strategy B 10 10 65 65 315 315 

strategy C 10 10 65 65 215 215 

The benchmark scenario is compared to the impact of the static reserve 
requirements of the three strategies. Strategy A aims to balance wind power entirely 
with fast-response reserves, while strategy B and C transfer part of the reserve 
capacity to the slow-response reserves. The short-term variations are balanced with 
fast-response reserves and the prediction error (strategy B) or remaining imbalance 
(strategy C) with the slow-response reserves. For every strategy, the required 
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reserve capacities are sized based on 99.9% reliability while assuming intra-day 
predictions19.  

General system operation characteristics for the different reserve strategies are 
shown in Table 28 and Table 2920. First of all, it is found that strategy A is not a 
feasible solution in view of a cost-efficient integration of wind power. The cost 
increase (+18.9%) exceeds the costs when conducting simulations without wind 
power (+15.7%). In other words, the short-term benefit of wind power on electricity 
generation cost is completely eroded. This is explained by a highly inefficient 
scheduling of the generating units. Furthermore, 11.4% of the annual wind power 
generation is curtailed.  

Table 28: Average daily electricity generation costs and emissions (expressed in relative terms 
compared to benchmark reserve scenario) for reserve strategies 

 
benchmark no wind strategy A strategy B strategy C 

Generation costs [€] 1,872,573 +15.70% +18.89% +3.17% +1.34% 

CO2-emissions [Ton] 20,243 +7.98% -5.65% -1.92% -0.01% 

Wind curtailment 

[% generation] 
0.00% 0.00% 11.40% 0.96% 0.00% 

Demand shedding 

[% consumption] 
0,00% 0,00% 0,00% 0,02% 0,00% 

Table 29: Maximum wind power curtailment and demand shedding for reserve strategies 

 
benchmark no wind strategy A strategy B strategy C 

curtailment [MW] 0.00 0.00 267.67 100.34 6.19 

shedding [MW] 4.32 0.38 3.67 46.49 2.95 

This performance is improved when reducing the fast-response reserve capacities at 
the cost of additional slow-response reserves. By means of reserve strategy B and C, 
cost increases are reduced respectively to 3.2 and 1.3%. Also the wind power 
curtailment is substantially reduced. It can therefore be concluded that moving part 

                                                      
19 The 99.9% reliability with intra-day predictions is selected as the benchmark scenario 
between the maximum reserve requirements with a 99.9% day-ahead prediction scenario and a 
minimum with a 99% intra-day scenario. The intra-day predictions are treated as prediction 
accuracy improvements and do not take into account an intra-day rescheduling of the model.  
20 In order to reduce calculation times, the demand curtailment price is lowered to 
1000 €/MWh. This is reasonable as consumers are expected to have certain price elasticity. This 
avoids the scheduling of peak power plant to meet small and short demand peaks. 
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of the wind power imbalances to the slow-response reserves is a necessity to obtain 
a cost-efficient integration of wind power. 

Results in Table 28 and Table 29 show that for all simulations and scenarios, the 
average and maximum demand shedding remains limited. Only for strategy B, 
adequacy problems are found to arise for peak demand with low wind which is 
discussed in detail in Section 5.5.3. In all other cases, maximum curtailment remains 
under the 5 MW, avoiding the short-term start-up of an additional generating unit. 

 Benchmark scenario: current reserve strategy 5.5.1

The impact of the current reserve policy on the generation scheduling is limited. It is 
found that the reserve requirements increase the weighted daily average generation 
cost with 0.39%, from 1,865,364 to 1,872,573 €. This increase remains under the 
average optimality criterion and is therefore difficult to assess. However, for 
individual simulation runs, the cost increase can be higher, e.g. an increase of 0.68% 
is observed for a summer weekday with moderate wind.  

In this simulation run, additional peak power plants are scheduled to achieve the 
upward fast-response requirements. This is illustrated in Figure 36 where additional 
internal combustion engines are scheduled during peak hours 11h-12h and 18h-24h. 
Together with the gas-fired peak power plants, they provide the additional upward 
fast-response reserves. Consequently, this results in additional efficiency losses, fuel 
costs and CO2 emissions. In contrast, the slow-response upward reserves do not 
impact generation scheduling in any of the simulations due to the availability of the 
non-spinning peak power plants. Similarly, the downward reserves are always 
available due to the large downward flexibility, provided by coal-fired power plants. 

 

Figure 36: System operation for a summer weekday with low-moderate wind for a scenario 
without reserves (left) and current reserve requirements (right) 
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As the aim of this chapter is to assess the impact of reserve requirements following 
wind power, it is interesting to compare simulation results of the different strategies 
with a scenario without wind. Therefore, next to the benchmark scenario, an 
additional scenario is run with an identical model setting but without wind. 
Simulation results depicted in Table 28 show that without wind, generation costs of 
the benchmark scenario with current reserve requirements increases with 15.7%. In 
absolute terms the weighted daily average generation cost increases from 57.6 to 
66.6 €/MWh. CO2 emissions are increased from 623 kg/MWh towards 672 kg/MWh. 

 Strategy A: fast-response secondary reserves 5.5.2

Results depicted in Table 28 show that balancing the entire wind power imbalance 
with fast-response spinning reserves is not feasible from an economic perspective. 
Compared to the benchmark scenario, the average generation cost increases with 
18.9% towards 68.5 €/MWh. Moreover, compared to the benchmark scenario 
without wind, the short-term benefits of wind power turn negative. The elevated cost 
increases are caused by a very inefficient generation scheduling and high levels of 
wind power curtailment. For individual simulation runs, maximum cost increase of 
the daily electricity cost are found to be 73.8% compared to the benchmark scenario. 

The system challenge is illustrated in Figure 37 for a simulation with high demand 
and low wind. It is observed that the reserve requirements result in scheduling 
almost the entire generation park, including the peak power plants, in order to 
provide the required spinning reserves. This results in significant increases in fuel 
consumption and costs as additional and more expensive power plants are 
scheduled. The partial loading of the coal-fired power plants, replaced by natural gas 
technologies, explains the reduction in the CO2 emissions. 

This issue becomes even more problematic for a simulation with low demand and 
high wind (Figure 38) where a significant amount of wind is curtailed and replaced 
by thermal generation. In this case, almost all generating units are scheduled at mid-
load to meet up- and downward reserve capacity demand. For both illustrated 
simulation runs, a cost increase of respectively 50.3 and 73.8% is observed. 

 Strategy B: slow-response for prediction errors 5.5.3

With strategy B, part of the fast-response secondary reserves are transferred to the 
slow-response. Prediction errors are allocated towards the tertiary reserves and the 
short-term variations to the secondary. Results in Table 28 show large benefits 
compared to strategy A. The cost increase is reduced from 18.9 to 3.2% and average 
generation costs fall down to 59.4 €/MWh. Curtailment falls under 1.0% of the total 
wind power generation. For individual simulation runs, maximum cost increase of the 
daily electricity cost are found to be 10.4% compared to the benchmark scenario. 
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Figure 37: System operation with reserve strategy A for a winter weekday with very low wind 

 

Figure 38: System operation with reserve strategy A for a summer weekend with very high wind  

As illustrated for the high net demand scenario (Figure 39), the generation profiles 
are normalised as 288 MW of the upward tertiary reserve demand can be allocated 
to non-spinning peak power plants. This is indeed the case in this scenario where all 
peak power plants are withheld for the upward tertiary capacity requirement of 315 
MW. This explains why between 18 - 20h part of the demand is to be shed. The 
elevated tertiary reserves are thus found to result in adequacy problems in high 
demand scenarios. This is explained as the reserve reduction cost in the model is 
higher than the demand shedding cost. In other words, by reserving part of the 
capacity for security reasons, day-ahead generation scarcity is observed. This 
problem could be resolved by a reduction of the reserve capacity requirements. 

The rest of the demand for reserves is allocated towards the spinning reserves, still 
in total 102 MW (10 R1, 65 R2 and 27 R3). This demand still leads to important 
adaptations in the generation schedule and significant cost increases due to 
efficiency losses of partial loading and activating an additional CCGT power plant 
during the night. In contrast, the downward reserves can be provided by the 
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downward flexibility of the CCGT and the coal-fired power plants. For the low 
demand scenario (Figure 40), the general observations are similar: the peak power 
plants are mainly used for the upward tertiary reserves and additional power plants 
are scheduled to provide the remaining reserves. However, with the low demand, 
fewer generating units can be scheduled and wind power curtailment is observed. 
For both runs, a cost increase of respectively 6.7% and 10.3% is observed. 

 

Figure 39: System operation with reserve strategy B for a winter weekday with very low wind 

 

Figure 40: System operation with reserve strategy B for a summer weekend with very high wind  

 Strategy C: slow-response for remaining imbalances 5.5.4

Strategy C minimises the amount of tertiary reserve capacity by means of taking 
away the redundancy between short-term variations and prediction errors. Indeed, 
the secondary reserves can also contribute in covering part of the tertiary reserve. As 
can be seen in Table 28, the average generation cost increase is further reduced 
towards 1.3% (average generation cost of 58.2 €/MWh), compared to the 
benchmark scenario. For individual simulation runs, maximum cost increase of the 
daily electricity cost are found to be 2.8% compared to the benchmark scenario.  
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As can be seen in Figure 41 and Figure 42, the generation profiles further return to 
normal scheduling. The upward tertiary reserve requirements are lower than the 
standing reserve capacity and the CCGT power plants can therefore be used to cover 
the evening peak. For the upward fast-response reserves, additional CCGT units are 
kept on-line during low demand periods. The downward flexibility is sufficient to fulfil 
the downward reserve requirements. In general, fewer generating units are to be 
scheduled which facilitates the penetration of wind power. For both runs, a cost 
increase of respectively 2.8 and 1.5% is observed. 

 

Figure 41: System operation with reserve strategy C for a winter weekday with very low wind 

 

Figure 42: System operation with reserve strategy C for a summer weekend with very high wind  

 Increasing wind power capacity 5.5.5

This section quantifies the reservation cost and the value of wind power for the 
suggested strategies while increasing the installed wind power capacity to 0, 250, 
750 and 1000 MW (Figure 43). These represent an annual generation of 0, 6, 12 and 
24% of the total electricity consumption. Reserve requirements remain in proportion 
of the installed wind power capacity. Reservation cost and value of wind power are 
both expressed in terms of the total wind power injection. First of all, strategy A 
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quickly reduces wind power benefits in terms of generation cost reductions. For an 
installed wind power capacity of 250 MW, the reservation cost is already 47 € per 
MWh wind energy injected. This value increases to 89 € for 500 MW and the value of 
wind power turns negative. The previous sections already indicate that this strategy 
is not appropriate for integrating large shares of wind power in the system. 

Secondly, strategy B results in a reservation cost of 6 and 15 €/MWh for respectively 
250 MW and 500 MW wind power installed. This cost increases rapidly to 70 €/MWh 
for 750 MW which means the value of wind power remains positive. This slow-
response reserve strategy lowers wind power integration cost for the 500 MW 
scenario, achieving a reasonable value of wind power. Finally, strategy C further 
reduces the reservation cost to 5 and 6 €/MWh for 250 and 500 MW scenario. This 
cost increases towards 17 and 52 €/MWh for 750 and 1000MW. The value of wind 
power remains positive up to levels of 1000 MW installed capacity. It can be 
concluded that the slow-response reserve strategies substantially reduce the 
integration cost of wind and increase its potential penetration levels. 

 

Figure 43: Average reservation cost (left) and value of wind power (right) expressed in terms of 
total wind power generation in function of installed wind power capacity  

 Power plant capacity factor 5.5.6

This section discusses the issue of the operating hours of conventional power plants 
when integrating wind power. It is often motivated that on short-term, variable RES-
E generation reduces the capacity factor of the load-following power plants. In 
liberalised markets, this is translated in lower average electricity prices and price 
volatility. These phenomena are explained by the zero variable cost of these 
generation technologies and are usually referred to as the “merit order” effect (Pöyry 
2010; Ackermann 2012). In different studies, wind power is found to replace coal-
fired power plants in low demand hours and gas-fired power plants in high demand 
hours.  
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This effect is confirmed with the simulation model incorporating 500 MW of wind 
power in the 1950 MW thermal generation system. In Table 30, the capacity factor of 
each generating technology is calculated by means of the weighted daily average 
generation. As shown in Table 30, the introduction of wind power replaces the 
CCGTs and reduces the capacity factor from 64.7 to 46.3%. In this set-up, the 
integration of wind power hardly impacts the utilisation rate of the base load and the 
peak power plants. Only in high wind events combined with low demand, the base 
load is temporarily reduced. 

However, the introduction of additional reserve requirements following the three 
reserve strategies for wind power, impacts the capacity factor of the different 
technologies. First, strategy A, focusing on fast-response reserves, results in a 
replacement of base load with more flexible power plants, i.e. CCGT, GT and ICE. In 
contrast, strategy B and C normalise system operation with their implementation of 
slow-response reserves. This increases the CCGT capacity factor to 53 and 48% for 
respectively strategy B and C. The utilisation of the coal-fired power plants is also 
slightly reduced as well as the use of the peak power plants.  

Table 30: Average capacity factor [CF, %] of the four conventional generation technologies for 
reserve strategies 

CF no wind benchmark policy A policy B policy C 

STEAM 99.90 99.36 69.56 92.30 97.99 

CCGT 64.69 46.28 64.95 53.28 48.11 

GT 2.81 2.88 44.24 0.15 0.36 

ICE 0.95 1.18 10.73 1.08 0.52 

Simulations show that the CCGTs and the peak power plants lose importance in the 
day-ahead scheduling, although their flexibility is considered an important asset in 
the real-time market. In the simulations, they are found to be contracted frequently 
as reserve capacity. In Table 31, the average procurement of reserve capacity from 
each technology is expressed as the reservation factor (RF), i.e. the average 
contracted capacity as a percentage of the rated capacity. It is show that, in case of 
strategy B and C, the reservation factor of the CCGT increases substantially towards 
17 - 18%, 14 – 16%, respectively for up- and downward reserves. This trend is also 
observed for the other generation technologies: the peak power plants play an 
important role for the upward non-spinning reserves while the coal-fired power 
plants are an important asset for providing downward reserves. 

The reduced operating hours of a power plant in power markets are replaced with 
the supply of reserve capacity on the real-time balancing market.  This could create 
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an additional revenue stream, compensating (part of) the reduced electricity sales. 
However, when lacking well-functioning markets, failing to validate the value of 
flexibility, this may result in deferred investment, and consequently adequacy 
problems, such as the availability of capacity during high net demand or available 
generation flexibility to cover expected and unexpected ramps of the net demand 
(Milligan et al. 2012). Meanwhile, the necessity of generation flexibility for balancing 
the increasing shares of variable RES-E increases in importance (IEA 2011). This is 
one of the reasons that additional incentives are under debate to foster investments 
in flexible conventional generation technologies (Joskow 2008; Crampton and 
Ockenfels 2011; Mount et al. 2012). 

Table 31: Reservation factor of the generation technologies (average contracted capacity of up- 
and downward reserves expressed as percentage of the rated capacity) 

RF up no wind wind strategy A strategy B strategy C 

STEAM 0.00 0.46 14.47 7.53 1.91 

CCGT 5.57 5.06 17.50 18.40 17.30 

GT 7.38 7.47 34.70 76.35 58.52 

ICE 2.05 2.82 7.66 25.75 12.80 

RF down 
     

STEAM 0.00 1.20 14.08 31.22 20.99 

CCGT 6.81 5.77 17.27 16.45 14.25 

GT 2.21 2.09 35.87 0.15 0.09 

ICE 0.88 0.87 10.62 1.08 0.45 

5.6 Conclusions 

This chapter puts forward a unit commitment model representing the simultaneous 
scheduling of power and reserve capacity. The literature refers to these models as 
security-constrained unit commitment models, differentiating between stochastic and 
deterministic models. This chapter implements a one-step deterministic model 
representing generation scheduling with fast-response reserves, i.e. primary and 
secondary, and slow-response, i.e. tertiary. 

Simulations are conducted for the concept electricity generation system, integrating 
500 MW of wind power in a 1950 MW thermal generation system. The results for 
increasing reserve capacity requirements show an impact on power plant scheduling 
and electricity generation cost, particularly for the fast-response upward reserves. An 
exponential cost increase is observed as from capacity requirements between 2 - 4% 
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of the installed thermal capacity. This is due to the scheduling of addition power 
plants further in the merit order, resulting in partial loading efficiency losses, base 
load reductions and wind power curtailment.  

A similar trend is observed for downward fast-response reserves as from capacity 
requirements exceeding 8 - 10% of the thermal capacity. The upward slow-response 
reserve impacts electricity generation cost for capacities exceeding 13% of the 
thermal capacity. This is explained by the operational downward flexibility provided 
by the base load power plants and the non-spinning flexibility provided by the peak 
power plants. Additional simulations for an inflexible base load reveal a substantial 
cost increase and wind power curtailment, in particular for the downward reserves. 

In a second step, simulations are conducted for the suggested fast- and slow-
response reserve strategies following wind power integration. It is found that the 
strategy aiming to cover the entire real-time system imbalance caused by wind 
power with fast-response reserves is not feasible: elevated wind curtailment and 
increasing system generation costs erode the short-term benefits of wind power. In 
contrast, strategies with focus on slow-response reserves achieve better results: the 
electricity generation cost increase is limited to 1.3 (best case) or 3.1% (worst case). 
This corresponds with a cost of 6 or 15 € per MWh of wind power injected, 
respectively. A sensitivity analysis for the installed wind power capacity shows how 
the slow-response strategy limits the reservation costs to 5, 6 17 and 52 €/MWh for 
installed wind power capacities representing respectively 6, 12, 18 and 24% of the 
electricity demand.  

Finally, results show that the integration of wind power reduces the capacity factor of 
conventional generation technologies, particularly for the CCGTs. For this technology, 
results show capacity factor reductions from 65 to 46%. However, it is shown that 
this generation technology increases in importance in the reserve market as 17 - 
18% of their capacity is contracted as upward, and 14 - 16% for downward reserve, 
when implementing the slow-response strategies. Furthermore, substantial capacities 
of the peak power plants are contracted for upward reserves, and base load 
generating units for downward. 
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6. DYNAMIC OPERATING RESERVES 

In the previous chapters, reserve capacity requirements are assumed to be fixed on 
long-term, i.e. over a period of one year. Although this approach is still in line with 
current system operation practices, recent studies favour the implementation of 
dynamic reserve strategies. By means of these, the required reserve capacity is 
allowed to vary over time and is based on the expected operating conditions of the 
power system. This ensures an appropriate sizing of the reserves, i.e. maintaining 
system security, while avoiding expensive overcapacity.  

This chapter studies the implementation of dynamic reserves, particularly for 
balancing wind power. Reserves are sized with a probabilistic forecast tool providing 
the corresponding uncertainty of the day-ahead wind power prediction. In fact, two 
methodologies are presented: firstly, a first model sizes the reserve requirements on 
the technical limitations of the wind power curve. Secondly, a simplified probabilistic 
forecast model is deployed based on prediction and injection time series generated 
with the wind power model presented in Chapter 2.  

The objective of this chapter is to demonstrate the implementation and potential 
benefits of dynamic reserve strategies. The power curve and probabilistic model are 
assessed towards their reduction of the reserve capacity and the cost of scheduling 
of reserves. These are compared to the results of the corresponding static reserve 
strategies.  

Section 1 “Introduction” presents an overview of the literature dealing with the 
development of probabilistic wind power forecasts and their implementation in 
dynamic reserve strategies. In this perspective, current practices and state-of-the art 
developments are discussed. 

Section 2 “Dynamic reserve methodology” discusses two methodologies for 
implementing dynamic reserves. The first methodology, referred to as the “power 
curve model”, restricts the hourly reserve requirements by means of the technical 
limitations of the power curve. The second methodology, referred to as the 
“probabilistic model”, is based on the uncertainty of wind power predictions.   

Section 3 “Sizing and allocating of dynamic reserve capacity” combines the 
sizing and allocation strategies defined in Chapter 4 with the suggested dynamic 
approaches. Hourly reserve capacities are calculated for the North Sea case study 
and benchmarked against the corresponding static approach. Furthermore, the 
impact of different reliability levels and intra-day predictions are discussed. 

Section 4 “Power plant scheduling with dynamic reserves” integrates the 
dynamic reserve requirements in the unit commitment model presented in Chapter 5. 
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Electricity generation costs, emissions and wind power curtailment events are 
compared to the static reserve strategies in order to assess its impact on power plant 
scheduling and its potential cost reductions. 

Chapter Highlights 

Dynamic reserve strategies respectively reduce up- and downward reserve capacity 
when expecting low and high wind conditions. For the slow-response reserve 
strategy, the average up- and downward reserve capacity is reduced with 
respectively 36% and 16%, compared to the initial static capacity, depending on the 
strategy chosen. This results in a reduction of the average cost of scheduling 
reserves from 4, 5, 17, 51 to 3, 5, 8, 15 € per MWh wind power injected for the 250, 
500, 750 and 1000 MW wind power scenario, respectively. These savings are even 
more pronounced for the more demanding fast-response reserve strategies.  

6.1 Introduction 

 Probabilistic wind power forecasts 6.1.1

Current prediction tools provide the end-user with spot predictions of the power 
output of a wind power plant or region for the next 48 h. These day-ahead forecast 
models achieved a certain maturity with reasonable prediction accuracies. As 
discussed in Section 2.3.3, these accuracies are case specific and typical RMSE 
values of 14%, 6% and 5% are presented for wind power plants, medium regions 
and large regions, respectively (Ackermann 2012). Recent research activities focus 
particularly on new forecast services such as next-hour forecasts, wind power ramp 
event forecasting and ensemble forecasts21 (Jones 2011). 

One of these research activities is the development of probabilistic forecasting tools, 
providing end-users wind power predictions together with information concerning the 
uncertainty of the prediction. Currently, the output of the forecast model contains 
one single value per time period and is treated as the final wind power output. 
Consequently, no information is provided concerning the expected prediction error. 
Although, this approach is still commonly used in power systems (Nielsen et al. 2006; 
Girard et al. 2009; Giebel et al. 2011), interest in probabilistic forecast tools is 
increasing (Jones 2011).  

In contrast to these point forecasts, the probabilistic forecast provides information 
concerning the probability of a certain wind power output level (Juban et al. 2007). 
An overview of the recent advances in probabilistic forecasting is discussed in an 
extensive literature study of the ANEMOS.PLUS project dealing with recent 

                                                      
21 Ensemble prediction systems combine multiple wind power prediction models, resulting in 
accuracy improvements of the prediction (Ackermann 2012). 
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developments in wind power prediction (Girard et al. 2009; Giebel et al. 2011). 
Probabilistic forecast methodologies can be obtained with statistical approaches 
derived from numerical weather prediction (NWP) models. Alternatively, information 
concerning the uncertainty of predictions can be obtained from the implementation 
of ensemble prediction systems, combining multiple NWP models. The probabilistic 
forecasts are represented by means of quantile forecasts, predictive intervals or 
probability distribution curves (Giebel et al. 2011).  

An example of predictive or confidence intervals is given in Figure 44. These tools 
can provide the probability that the real-time wind power remains inside a certain 
bandwidth; the probability the real-time wind power exceeds a certain value, etc. For 
several reasons, probabilistic forecasts are expected to become a valuable asset for 
wind power integration. First of all, the uncertainty of wind power generation can be 
used to enhance power system operation such as the scheduling of power plants or 
the operation of transmission assets. By means of stochastic programming, the 
uncertainty of the prediction can be integrated in power system scheduling (Conejo 
et al. 2010). Secondly, probabilistic forecasts can be used to improve trading 
strategies in power markets (Pinson et al. 2007).  

 

Figure 44: Representation of the wind power prediction and corresponding confidence interval 
(Giebel et al. 2011) 

 Dynamic operating reserves 6.1.2

Section 4.1 explains how heuristic, statistical and system simulation approaches are 
used for sizing the appropriate reserve capacity. It is shown that current approaches 
in industry are often based on heuristic methodologies, although interest in using 
statistical methodologies is growing (Jones 2011). In Section 4.1, the statistical 
approach is put forward as the best methodology, trading off complexity and 
accuracy. In this way, reserves are sized based on a statistical combination of the 
different system imbalance drivers, i.e. unexpected outages, demand variations and 
RES-E variability.  
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In contrast to static reserve strategies, dynamic strategies size the reserve capacity 
based on the expected system conditions. This approach allows reducing the 
required reserve capacity in occasions where the system faces lower imbalance risks. 
For example, when predicting no-wind conditions, negative wind power imbalances, 
i.e. overestimations, are less likely to occur and additional upward reserves can be 
limited in capacity (e.g. hour 15 in Figure 44). In these moments, a full static reserve 
bandwidth, for which reserve capacity is fixed annually based on the worst risk 
conditions, is not an appropriate strategy (Kiviluoma et al. 2012, Holttinen et al. 
2012). 

A dynamic scheduling of the reserves allows reserve requirement to vary over time, 
while maintaining fixed reliability levels. This way, the reserve requirement is 
expressed in terms of the uncertainty of demand, variable RES-E output and 
conventional power plant outages (Ela et al. 2010). Similar to the static reserves, the 
dynamic approach is best combined with the statistical methodology (Menemenlis et 
al. 2012). Alternatively, the dynamic reserves can be combined with heuristic (Ela et 
al. 2011; Holttinen et al. 2012) or system simulation approaches (Conejo et al. 
2010). In this case, the dynamic reserves are generally based on a basic function of 
the demand or stochastic programming, respectively.  

When focusing on wind power integration, as is the case in this thesis, dynamic 
reserves are defined as reserve requirements in function of the expected wind power 
output (Ela et al. 2010). These are ideally based on the probabilistic forecast models 
incorporating meteorological models indicating weather stability and accordingly, the 
risk of unexpected wind power deviations (Ackermann 2012). Dynamic reserve 
requirements based on probabilistic forecasts are generally not yet implemented in 
the daily system operation (Jones 2011). However, different forecast models already 
support the provision of predictions with uncertainty, as for instance the prediction 
model developed in the ANEMOS project (Makarov et al. 2011). Implementation is 
discussed in the recent research literature and methodologies are developed to 
determine and implement reserves based on the combined risk of demand, variable 
RES-E and unexpected outages (Matos and Bessa 2011; Makarov et al. 2011). 
Furthermore, the use of dynamic reserves is discussed in recent wind power 
integration studies (Kiviluoma et al. 2012; GE Energy 2010; EnerNex Corporation 
2010). 

6.2 Methodology 

Based on time series obtained with the numerical wind power model presented in 
Chapter 2, Figure 45 depicts the relation between the day-ahead predictions and the 
short-term variations (left) or the prediction errors (right). The correlation with the 
short-time variations is found to be very small while the opposite is observed for 
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prediction errors. Obviously, the maximum prediction errors are constrained by the 
technical limitations of the power curve. For instance if no wind is predicted, the 
prediction error can only be positive up to a maximum represented by the rated 
capacity. In contrast, when the wind park is predicted to generate at rated capacity, 
the prediction error can only be negative. This explains the relation depicted in 
Figure 45 (right).  

 

Figure 45: Scatter plot representing the relation of the day-ahead output prediction with the 
short-term variations (left) and prediction errors (right) 

This relation between the prediction and prediction error is used to determine the 
likelihood of prediction errors and imbalances, and thus to size and allocate the 
reserve capacity covering the wind power imbalances. Similar to Section 4.2, a 
predefined probability is used, representing the LOLP. The dynamic reserve 
strategies are based on the three statistical reserve strategies presented in Section 
4.2. In brief, strategy A covers the wind power imbalance by means of fast-response 
secondary reserves while strategy B and C allocates part of the reserve capacity to 
the slow-response tertiary reserves. In strategy B, the latter are based on the 
prediction error, while in strategy C, they are based on the remaining imbalances, 
after correcting for the short-term variations. As the relation between the short-term 
variations and the prediction is negligible, the dynamic reserves are only applied to 
that part of the reserves which is impacted by the prediction error, i.e. the total 
imbalance, the prediction error and the remaining imbalance. 

Two suggested dynamic reserve methodologies i.e. the power curve and the 
probabilistic forecast model are discussed in Section 6.2.1 and 6.2.2, respectively. It 
is noted that both methodologies are a simplification of real probabilistic forecast 
tools. Forecast tools based on weather prediction models and state-of-the-art 
statistical models are expected to be more accurate, resulting in further reserve 
capacity reductions. The results presented in this chapter are therefore conservative 
and represent a lower boundary of the capacity and cost reduction range which can 
be obtained with dynamic reserve strategies. 
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 Power curve model 6.2.1

Figure 45 shows the strong relation between the maximum prediction error which 
can occur and the predicted output level. This is a result of the technical limitations 
imposed by the power curve of the turbine, farm or park. For instance, if a turbine 
has a rated capacity of 1 MW and the predicted output is 0.4 MW, the prediction 
error remains in an interval between [-0.4; 0.6] MW. Consequently, for each 
predicted output level, a maximum and minimum level of the prediction error can be 
determined which can be used to constrain the static reserve capacity. After all, it 
does not make sense to hold on to the full static downward reserve requirement if a 
zero wind power output is predicted and nominated. 

According to this reasoning, the tertiary reserve requirements defined in Chapter 4 
(R3+ and R3-) and based on the prediction error are further restricted by the relation 
with the expected wind power (Ṕt

60) and the rated wind power capacity (Pr). In case 
of strategy B, the dynamic tertiary reserve requirements (qt

3,+ and  qt
3,-) can be 

expressed as: 

  ˆ3
3,+ + 60

t tq = min(R ;P )  t∀  (6.1)  

 ˆ3,- - 60

t t r
q = max(R3 ; P - P )  t∀  (6.2)  

This approach for the tertiary reserves for strategy B is illustrated in Figure 46 (left), 
resulting in lower upward (downward) reserve requirements for low (high) predicted 
wind power output levels. A similar notation is used for the secondary reserves in 
strategy A, i.e. based on the total imbalance, and the tertiary reserves in strategy C, 
i.e. based on the remaining imbalance. 

 

Figure 46: Illustration of the power curve (left) and the probabilistic forecast approach (right) 
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 Probabilistic wind power forecast model 6.2.2

In the second approach, the dynamic reserves are further refined by means of a 
simplified probabilistic forecast model. The essence of this approach is to use the 
information concerning the uncertainty of the wind power prediction to size the 
reserve requirements in function of the wind power prediction.  

The probabilistic forecast model is based on the time series of wind power 
predictions and measurements provided with the North Sea numerical wind power 
model presented in Chapter 2. The wind power predictions are categorised based on 
their prediction value. A number of categories (N) is chosen covering the power 
output range of wind power. For each individual category (y, with y = 1, 2,..., N), the 
corresponding reserve capacity (R3y

+ and R3y
-) for strategy B is determined based on 

a statistical analysis of the wind power prediction error. In fact, the same 
methodology is applied as presented in Section 4.2. In contrast, the statistical 
analysis is now conducted for the data points of each individual category, instead of 
the entire data time series. The reserve capacities of the static reserve approach 
therefore correspond with the results of the suggested dynamic approach assuming 
one single category. Again, the same approach can be used for sizing the dynamic 
secondary reserves for strategy A and the tertiary reserves for strategy C. 

This approach is illustrated in Figure 46 (right) for five categories. With this dynamic 
reserve model, each wind power forecast is now related to its corresponding reserve 
capacity requirement. Similar to the power curve model, up- and downward reserve 
requirements are reduced for respectively low and high wind conditions. In contrast 
the suggested model results in reserve capacities exceeding the corresponding static 
reserve when facing a concentration of high imbalances in a certain category. This 
for instance induced by a higher impact of the forecast error for certain positions on 
the wind power curve. This imperfection can be resolved by rearranging the reliability 
level in each category, allowing lower reliability in these categories at the cost of 
higher reliability levels in other categories. Furthermore, accuracy of the confidence 
bandwidth of a forecast is expected to increase when using weather-based 
probabilistic forecast models. 

More and smaller categories are expected to result in a better accuracy when 
determining the uncertainty of predictions. Consequently, this would avoid further 
overestimations of the reserve capacity requirements. However, with limited 
historical data available, the number of observations in each category is lower and it 
is becomes more difficult to derive reliable estimates of the uncertainty. The amount 
of categories in this chapter is chosen as a trade-off between reliability and accuracy 
and therefore fixed at ten. In reality, the probabilistic model would be integrated 
directly in the meteorological weather prediction models resulting in more accurate 
confidence bandwidths.  
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6.3 Sizing and allocation of dynamic reserve capacity 

Similar to the static reserve strategies in Chapter 4, the suggested dynamic 
strategies are implemented for the North Sea case study, assuming an installed wind 
power capacity of 500 MW (Chapter 2). The suggested dynamic approach is used to 
size and allocate hourly reserve capacities in line with the fast- and slow-response 
reserve strategies presented in Chapter 4. This allows assessing the maximum and 
average capacity reductions compared to the corresponding static strategies.  

These static reserve capacities are obtained when conducting calculations based on 
the original dataset, i.e. assuming one instead of ten categories. This results in a 
fixed reserve capacity over time disregarding the relation with the predicted wind 
power. In contrast to Chapter 4, the experimental probability distribution function is 
used, instead of the theoretical Laplace distribution. This is motivated by the limited 
number of observations for every category, particularly in the high wind categories. 
This explains why the static reserve capacities found in this chapter are slightly lower 
than the results presented in Chapter 4. 

Reserves are sized for a scenario representing a reliability level of 99%, assuming no 
intra-day trading possibilities. This replaces the 99.9% intra-day benchmark scenario 
put forward in Chapter 4 and 5. This choice is motivated by the additional 
complexities imposed by intra-day markets, as discussed in detail in Section 6.3.3. 
The required fast- and slow-response reserve capacity is added to the current static 
reserve capacity, i.e. 10, 15 and 40 MW, defined in Section 5.3. 

 Benchmark scenario: 99% reliability, no intra-day 6.3.1

 Reserve capacity 6.3.1.1

Figure 47 represents the capacity of the dynamic reserves for each reserve strategy, 
while benchmarked against the initial static reserves. For strategy A, the static 
secondary reserve requirements for wind power balancing are determined at 
[-238; 239] MW (Table 32). This includes the initial [-15; 15] MW secondary 
reserves. 

The power curve model caps the static reserve requirements for each of the ten 
prediction bins. The results for strategy A show that the upward (downward) reserve 
capacity can be reduced significantly for low (high) output predictions: reserve 
requirements can be reduced for predicted output levels up to 200 MW for the 
upward reserves and as from 300 MW for the downward. In both cases, reserve 
capacities can be reduced down to 65 MW.  

Figure 47 shows how the probabilistic forecast model further reduces the reserve 
requirements for prediction levels up to 250 MW and as from 200 MW, respectively 
for up- and downward reserves. As can be seen in Table 32, the capacity can be 
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reduced down to 53 MW and 21 MW. The lower minimum downward reserve is 
explained as the rated output of the wind park is never achieved due to 
unavailability, wake effects and power losses described in the aggregated power 
curve (Section 2.1.3). 

 

 

Figure 47: Dynamic reserve requirements for a 99% reliability with day-ahead predictions  

Table 32: Max. and min. dynamic reserve capacity (MW) for strategy A (R2), B (R3) and C (R3) 

[MW] strategy A (R2) strategy B (R3)* strategy C (R3)* 

 UPWARD STAT PROB PC STAT PROB PC STAT PROB PC 

Max 
239 

314 239 
263 

348 263 
224 

299 224 

Min 53 65 78 90 40 90 

DOWNWARD  
  

 
  

 
  

Max 
238 

286 238 
260 

311 260 
222 

270 222 

Min 21 65 45 90 40 90 

*R2 are not impacted by the dynamic reserves for strategy B and C, i.e. 55 MW 
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On the other hand, the maximum capacities exceed the static reserves and can 
amount up to respectively 314 MW and 286 MW, respectively. For strategy A, 
upward reserves are the highest for output predictions between 350 - 400 MW. The 
downward reserves peak between 100 - 150 MW. This is explained by larger 
expected prediction errors observed for these categories (Section 6.2.2). 
Furthermore, the upward and downward reserve capacity is reduced for the highest 
and lowest wind predictions in case of the probabilistic model. This is counterintuitive 
when taking into account the maximum wind power imbalances imposed by the 
power curve. This is explained by the shape of the power curve, i.e. a constant 
relation between the wind speed and the output for high and low wind speeds makes 
wind power easier to predict. This is also confirmed by the relation between the 
prediction and prediction error depicted in Figure 38 (right). 

For strategy B, the dynamic reserves only impact the slow-response reserves which 
are based on the prediction error. Indeed, the fast-response reserves are based on 
the short-term fluctuations which are assumed to show no significant correlation with 
the predicted output level. The secondary reserves remain static at [-55; 55] MW and 
therefore, only tertiary reserve are depicted in Figure 47. The static tertiary reserve 
requirements are determined at [-260; 263] MW, including the initial [-40; 40] MW. 
As the prediction errors have a large share in the total imbalance, the dynamic 
reserves results are very similar to the secondary reserves in strategy A.  

In Strategy C, where the tertiary reserves are based on the remaining imbalance, 
total static tertiary reserve requirements are reduced to [-222; 224] MW. This makes 
the reduction due to the dynamic reserves less pronounced. For the power curve 
model, upward reserves are reduced up to a predicted output of 150 MW and 
downward reserves as from 350 MW. These values become 250 MW and 200 MW 
when using the probabilistic forecast. Minimum and maximum reserves are 
respectively 40 and 299 MW for the upward and 40 and 270 MW for the downward 
reserves. 

 Duration curve 6.3.1.2

The previous section shows that the dynamic reserve approach is able to 
substantially reduce the reserve capacity, depending on the expected wind power 
output. By means of the duration curves, the frequency of these capacity reductions 
can be evaluated. The probabilistic and power curve model are coupled with the one 
year time series of predictions which allows determining the required reserve 
capacity for each hour for the entire year.  

Figure 48 represents the duration of the reserve requirements for strategy A. The 
primary (10 MW) and tertiary reserves (40 MW) remain static while the secondary 
reserves follow the wind power imbalance. By means of the power curve model, the 
up- and downward capacity is reduced in 65% and 21% of the time. The capacity 
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reductions are more pronounced in the case of the upward reserves as low wind 
power levels occur more than high ones. Furthermore, it is found that these 
percentages increase up to 75% and 60% when implementing the probabilistic 
model. However, as explained in the previous sections, this comes at a cost of 
capacity increases in the remaining periods. The results for strategy B and C are 
similar: the secondary reserves now based on the short-term fluctuations and 
become static. In contrast the tertiary reserves become dynamic, based on the 
prediction errors or the remaining imbalance (Figure 49). 

These results are confirmed when calculating the average capacity (Table 33). The 
average upward capacity is reduced with 30 - 36% compared to the corresponding 
static strategy, depending on the strategy chosen. The downward capacity is reduced 
with 15 - 16%. These values are slightly reduced for the power curve model reduced 
up to 23 - 32% and 4 - 7%, respectively.  

 

 

 

Figure 48: Duration curve of primary (R1), secondary (R2) and tertiary (R3) reserve for strategy 
A compared to the total static reserve requirement (R STAT) 
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Table 33: Average reserve capacity for strategy A (R2), B (R3) and C (R3) 

[MW] Strategy A (R2) Strategy B (R3) Strategy C (R3) 

  STAT PROB PC STAT PROB PC STAT PROB PC 

Up  239 159 163 263 184 187 224 144 172 

Down 238 201 220 260 222 243 222 186 212 

 

Figure 49: Duration curve of primary (R1), secondary (R2) and tertiary (R3) reserve for strategy 
C compared to the total static reserve requirement (R STAT) 

 Impact of the reliability level: 99.9% versus 99% 6.3.2

Figure 50 compares a 99 with a 99.9% reliability level. This way, the probability that 
the reserve capacity is not able to cover the wind power imbalance is reduced 
towards 0.1% of the time. Obviously, the reliability level has no direct impact on the 
power curve model. However, as the static reserve capacity increases, the relative 
advantage of the power curve model is increased. The same conclusion can be 
drawn for the probabilistic forecast model. The reliability increase now has a direct 
increasing impact on the dynamic reserve in each category. For strategy A and B, 
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this effect is the largest for the up- and downward reserves for respectively the 
higher and lower output predictions.  

For strategy C, the increased reliability level reduces the tertiary reserve capacity for 
lower and higher prediction levels in case of up- and downward reserves, 
respectively. The higher reliability level increases the secondary reserve capacity 
based on the short-term wind variations. As this remains static, the relative weight in 
the total imbalance becomes larger and less tertiary reserve capacity is needed.  

 

 

Figure 50: Dynamic reserve requirements for a 99 and 99.9% reliability with day-ahead 
predictions 

 Impact of intra-day predictions 6.3.3

Figure 51 compares a day-ahead with an intra-day forecast approach. With intra-day 
forecasts and corresponding intra-day markets, reserve requirements are reduced as 
market parties are assumed to reschedule their positions based on the improved 
accuracy of the new prediction, and hereby reduce system imbalances. Off course, 
this would also require an intra-day rescheduling of the reserve capacity. This might 
be feasible when facing flexible power systems which enable an easy rescheduling of 
the power plants intra-day. In the other case, the availability of sufficient reserve 
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capacity becomes a problem on short time scales. As intra-day rescheduling is not 
supported in the unit commitment model, this option is not further investigated. 

With the intra-day predictions, the correlation between the day-ahead prediction en 
the forecast error disappears. For example, if no wind is predicted day-ahead, an 
intra-day rescheduling may still result in a negative imbalance. For this reason, the 
power curve model is not a feasible methodology anymore when implementing intra-
day forecasts. Due to intra-day adaptations in nominations, the imbalance can 
exceed the minimum and maximum based on the day-ahead prediction. This 
problem would be resolved when allowing intra-day allocation of reserves.  

The same problem occurs for the probabilistic forecast model. Due to the reduced 
correlation between day-ahead prediction and prediction error, it becomes more 
difficult to correctly size the dynamic reserves. Results show that the model performs 
less for the low or high wind conditions what concerns the upward or downward 
reserves, respectively. For instance, when the maximum wind power output is 
predicted, the intra-day adaptation is likely to be downward, increasing the 
probability of a positive prediction error or imbalance. 

 

 

Figure 51: Dynamic reserve requirements for a 99% reliability with day-ahead (DA) and intra-
day (ID) predictions 
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6.4 Power plant scheduling with dynamic reserves 

 Methodology and assumptions 6.4.1

While Section 6.3 deals with the capacity reductions which can be achieved when 
introducing a dynamic reserve strategy, the aim of this section is to determine the 
impact on power plant scheduling, and particularly electricity generation cost. 
Therefore, the dynamic reserves are integrated in the unit commitment model 
presented in Section 5.2. In brief, this model minimises the generation costs when 
conducting the day-ahead scheduling of power plants to satisfy the demand for 
energy and reserves. Instead of fixed parameters representing the requested 
secondary and tertiary reserve, qt

2,+, qt
2,-, qt

3,+ and qt
3,-  vary over each period (t). 

Primary reserve demand is not impacted by wind power and therefore kept static. 

Simulations are again the conceptual electricity generation system integrating 
500 MW of wind power in a 1950 MW thermal generation system. Similar to previous 
chapters, each simulation corresponds with 24 runs for representative days, which 
allows the extrapolation of the results towards one year. The electricity generation 
system, wind power and demand profiles are discussed in detail in Section 3.3.  

Simulations are conducted for the power curve and probabilistic model for the fast- 
and slow-response reserve strategies A, B and C. Reserve requirements are related 
the wind power profiles, representing the day-ahead prediction. Focus is on the 99% 
reliability scenario without intra-day trading and reserve capacities correspond with 
the values depicted in Figure 47. Simulations are conducted allowing wind power 
curtailment and demand shedding at a cost of respectively 100 and 1000 €/MWh, 
and the optimality criterion is set at 0.5%.  

 Simulation results 6.4.2

Table 34 presents an overview of the average daily electricity generation costs and 
CO2 emissions comparing the results of the dynamic with the static reserve 
strategies. Table 35 shows the maximum and average wind power curtailment levels, 
indicating the feasibility of system scheduling. The results are expressed in relative 
terms to the reference scenario (10 MW R1, 15 MW R2 and 40 MW R3) without 
additional reserves to cover wind power imbalances.  

Section 5.5 already discussed the growing electricity generation costs for increasing 
reserve capacity and shows that the strategies transferring part of this capacity from 
fast- to slow-response reserves are indispensable to obtain an economically feasible 
integration of wind power. This is confirmed in Table 34 and Table 35, though 
elevated electricity generation cost and wind power curtailment is less pronounced as 
in Section 5.5 due to use of the experimental distribution function, resulting in less 
stringent reserve requirements.  



152 Chapter 6 

Table 34: Average daily generation costs, CO2 emissions in absolute and relative terms with a 
probabilistic forecast (PROB), power curve model (PC) and static reserves (STAT) 

  
ref. strategy A strategy B strategy C 

generation costs 

[€] 

STAT 

1,873,029 

+9.65 +1.55 +1.13 

PC +7.28 +1.15 +1.03 

PROB +7.59 +1.20 +0.97 

CO2 emission 

[Ton] 

STAT 

20,247 

-4.19 -0.51 -0.03 

PC -1.77 -0.30 -0.02 

PROB -0.86 -0.27 -0.09 

*Reference (ref.) expressed in absolute terms; positive reserve capacity simulations expressed 
in relative terms to the reference. 

Table 35: Average (% of the daily wind power generation) and maximum (% of the rated 
capacity) wind power curtailment  

   ref. strategy A strategy B strategy C 

M
E

A
N

 STAT 

0.00 

0.85 0.07 0.00 

PC 0.05 0.00 0.00 

PROB 0.00 0.00 0.00 

M
A

X
 

STAT 

0.00 

21.72 8.32 0.99 

PC 9.16 0.00 0.00 

PROB 2.34 0.00 0.00 

In all strategies, the dynamic reserves are found to reduce electricity generation 
cost, and to reduce the amount of wind energy curtailed. This effect is more 
pronounced in the more stringent strategy A. Secondly, it is found that the more 
sophisticated probabilistic model does not necessarily outperforms the power curve 
model. 

 Strategy A 6.4.2.1

The average cost increase compared to the benchmark strategy is reduced from 9.7 
to 7.6% when implementing the probabilistic model for dynamic reserves (Table 34). 
When expressing the reservation cost in terms of total wind power injected, this 



Dynamic operating reserves 153 

 

 

accounts for a cost reduction from 45 to 36 €/MWh22. In contrast, CO2 emissions are 
increased when the system returns closer to normal operation and base load returns 
to operate at rated output. The power curve model is found to perform slightly better 
with a cost increase of 7.3%, i.e. a reservation cost of 34 €/MWh, although this 
result is difficult to validate as the difference between both dynamic approaches is 
lower than the optimality criterion.  

One of the main drivers of the cost decrease is the reduction of wind power 
curtailment due to a better absorption of wind. Table 35 shows that average wind 
power curtailment is reduced from 0.9 to 0 - 0.1% of the total wind power 
generation, respectively for the probabilistic and the power curve model. The 
maximum curtailed capacity is reduced significantly from 21.8 to 2.3 - 9.2%. Less 
reserve capacity results in fewer generating units on-line, which improves the 
absorption of wind power (Figure 52). 

  

Figure 52: System operation for a summer weekday with very high wind for a static and 
dynamic reserve strategy A (probabilistic model) 

                                                      
22 Similar to Section 5.4.3, the wind power reservation cost is calculated as the cost increase of 
the studied reserve strategy, compared to the benchmark without additional reserves. 
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The static reserve requirements (Figure 52, upper, left) result in scheduling 
additional power plants, partial loading and wind power curtailment. This drives the 
reservation costs up. Based on the wind power forecast (down, right), dynamic 
reserve requirements are introduced (down, left). Due to the elevated wind power 
predictions, downward reserves can be reduced significantly between 0 - 07h and 11 
- 24h. However, the probabilistic model results in capacity excursions for certain 
periods, as can be seen for the upward reserves between 3 - 6h and between 10 -
15h. Between 7 - 12h, wind power predictions present a serious drop in output and 
downward reserve requirements increase. 

When showing the implication for the generation schedule (upper, right), less peak 
power plants are to be committed to provide the downward flexibility. This increases 
the fuel efficiency of the power system. Furthermore, this allows a better absorption 
of the wind power and base load generation. This illustration shows how the dynamic 
reserves release the downward reserve in cases where the downward flexibility is low 
due to a low demand with high wind. In this specific simulation, electricity generation 
costs are reduced with 9.6% compared to a case with static reserve. This is also the 
maximum cost reduction observed over the 24 simulation runs. In general, largest 
cost reductions are observed when facing high and low wind power profiles. 

The capacity excursions which correspond with the probabilistic model erode part of 
the cost savings. In two individual days, the daily average cost increases with 1.4 - 
1.7%. This is illustrated in Figure 53 where the average wind power profile results in 
higher downward reserves, requiring scheduling additional generating units. In this 
particular case, daily generation costs increase with 1.7%. For this reason, the 
probabilistic model does not always outperform the power curve model. The latter 
does not face these capacity excursions which have large impact on the costs as 
generation costs. These are therefore not always compensated with the capacity 
reduction in other days. 

Consequently, none of the individual simulations show cost increases and some 
simulations show larger cost savings than the probabilistic model.  

Figure 54 illustrates system operation using the power curve model compared to the 
probabilistic model for a winter weekend with moderate-high wind. The probabilistic 
model results in a cost saving of 7.1% compared to the corresponding static 
approach. In contrast, the power curve model achieves a cost reduction of 8.3%. 
The probabilistic model results in additional upward reserves between 03 - 15h, 
causing the scheduling of one additional CCGT. Consequently, additional costs are 
accounted for due partial loading and the replacement of the cheap base load 
output. Furthermore, the downward reserve excursion between 15 - 18h results in 
the commitment of additional peak power plants. 
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Figure 53: System operation for a winter weekday with low wind for a static and dynamic 
reserve strategy A (probabilistic model) 

 Strategy B and C 6.4.2.2

For strategy B and C, the dynamic reserves lower the slow-response tertiary reserve 
capacity. However, this capacity requirement is less stringent due to the downward 
flexibility of the base load and the upward flexibility of the peak power plants. This is 
shown in the results for the static reserve requirements for strategy B which increase 
the costs with 1.6% compared to the benchmark scenario without additional 
reserves. Similar to strategy A, additional costs occur from scheduling additional 
generating units, partial loading efficiency losses and wind power curtailment. 

By means of the dynamic reserves, average cost increase is reduced to 1.2%. When 
looking at individual simulation runs, the maximum cost saving compared to the 
static reserves is 1.9% and 2.0%, in case of the probabilistic and power curve model, 
respectively. Again, largest cost reductions are observed in runs with low wind 
profiles, reducing the upward capacity requirement. Similar to strategy A, the 
dynamic reserves results in less generating units scheduled which leads to a better 
absorption of wind power and base load. Table 35 shows that the wind power 
curtailment events disappear with both dynamic reserve approaches. 
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Figure 54: Reserve requirements following wind power prediction for probabilistic and power 
curve model for a winter weekend with moderate-high wind in strategy A 

For strategy C, the initial cost increase of the static reserves is reduced from 1.1% to 
1.0%. Again, the benefits of dynamic reserves are low due to reduced reserve 
capacities when applying this reserve strategy. Similar to strategy B, benefits are 
more pronounced in individual simulations with where cost reductions amount up to 
1.1 - 1.4% when facing low wind profiles. 

 Increasing wind power capacity 6.4.2.3

Similar to Section 5.5.5, a sensitivity analysis is conducted for an increasing wind 
power capacity installed: 0 - 250 - 500 - 750 and 1000 MW. This corresponds with an 
average share of 0 - 6 - 12 - 18 and 24% of the total electricity demand. For each 
strategy, the static reserve strategies are compared with the probabilistic dynamic 
strategies. Figure 55 depicts the reservation cost and the value of wind power and 
both indicators are expressed in terms of the wind power injection.  
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Figure 55: Average reservation cost (left) and generation cost reduction (right) in function of 
installed wind power capacity (in terms of wind power generation). 

Results for all three strategies show a significant reduction of the reservation cost, 
particularly for more demanding reserve strategies, including higher installed wind 
capacities with appropriate reserve requirements. The dynamic approach is able to 
keep the reservation cost under 20 €/MWh for installed wind power capacities of 
250, 750 and 1000 MW in strategy A, B and C, respectively. In these three cases 
respectively, reservation costs are reduced from 21, 30 and 51 €/MWh to 8, 11 and 
15 €/MWh. 

Nevertheless, the potential remains limited for the fast-respnse strategy A: 
reservation costs increase quickly above 20 €/MWh for installed wind power 
capacities higher than 250 MW, even with the dynamic approach. Although the 
dynamic reserves result in substantial cost reductions, strategy A should be 
abandoned in order to obtain a reasonable integration of higher wind power 
capacities, even with dynamic reserves. The slow-response strategies B and C, for 
which initial reservation cost savings were found to be small for installed wind power 
capacities up to 500 MW, show substantial cost reductions for higher installed 
capacities. Thus, combined with a reserve strategy based on slow-response reserves, 
dynamic reserves are an interesting solution to maintain wind power value in case of 
high wind power penetrations. 

6.5 Conclusions 

Operating reserves in power systems usually rely on static reserve strategies, fixing 
capacity requirements for longer periods, e.g. one year. However, imbalance risk 
depends on the expected operating conditions of the power system and a dynamic 
approach, i.e. using varying reserve capacity, is recommended. The objective of this 
chapter is to assess the benefits in terms of reserve capacity and electricity 
generation cost of such an approach. Two methodologies are introduced in absence 
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of a real probabilistic forecast tool, providing the uncertainty of a prediction: a 
“power curve model” based on the technical limitations of the power curve, and a 
simplified “probabilistic forecast model” based on time series of wind power 
predictions and injections. Both approaches are used to size dynamic reserves.  

Results for the probabilistic model show that the average reserve capacity is reduced 
with 30-36% and 15-16% for up- and downward reserves, respectively, depending 
on strategy chosen. These capacity reductions are respectively reduced towards 23-
32% and 4-7% for the power curve model. Upward reserves are found to be reduced 
for low expected wind conditions, while downward reserves are reduced for high 
wind conditions. Taking into account the limited capacity factor of wind power, this 
explains the higher capacity reductions for the upward reserves. Capacity reductions 
are more pronounced in the demanding fast-response reserve strategies. A 
decreasing reliability level reduces the potential benefits of dynamic reserves. The 
same is observed for intra-day predictions if not combined with an intra-day 
scheduling of reserve capacity. 

Simulations for the conceptual electricity generation model integrating 500 MW in a 
1950 MW thermal system show substantial reductions in electricity generation cost, 
particularly for the more demanding fast-response strategies. In this case, the 
average daily generation cost increase, compared to a scenario without the 
additional reserves, can be reduced from 9.7% to 7.3%. These cost savings are 
explained by lower reserve capacities which results in fewer power plants on-line, 
leading to a better absorption of wind power and base load. In the slow-response 
strategies, the average cost reductions remain below 0.5% but achieve substantial 
values of 2.0% and 1.4% for individual days. 

The benefits of dynamic reserves are found to increase with higher wind power 
installed. The dynamic approach is able to keep the reservation cost under 20 
€/MWh wind injected for installed wind power capacities of 250, 750 and 1000 MW in 
strategy A, B and C, respectively. In these three cases respectively, reservation costs 
expressed in terms of the injected wind power are reduced from 21, 30 and 51 
€/MWh to 8, 11 and 15 €/MWh. Combined with a reserve strategy based on slow-
response reserves, dynamic reserves are recommended to maintain wind power 
value in case of high wind power penetrations. 

 

   



 

 

7. ACTIVE PARTICIPATION OF WIND POWER IN 

RESERVES 

The literature puts forward simulations and demonstrations showing the technical 
capabilities of wind power to control its active power output. This means that the 
output of wind power can be temporarily set under its maximum output given the 
available wind conditions. This service can be used to guarantee system security 
standards, to overcome transmission constraints, or to balance the system under low 
demand conditions. These output reductions are typically referred to as curtailment 
and currently executed under exceptional conditions for system security purposes.  

This chapter discusses the potential value of using these control capabilities for an 
active participation in the reserve market. In this way, wind power would act as an 
ancillary service provider, supplying the TSO with system balancing services. Indeed, 
previous chapters show that future power systems with high shares of variable 
generation need additional reserve capacity and therefore, operational flexibility. 
Furthermore, the declining shares of conventional generation constraints the supply, 
motivating the search for new suppliers of balancing services. 

Firstly, the technical and economic feasibility of wind power participating in the 
reserve market is discussed. Main focus is on the issue of supplying reliable capacity 
with a variable generation source characterised by a limited predictability, as well as 
on the cost of providing up- or downward reserves with wind power. In a second 
step, the potential value is investigated from a system perspective by means of 
modelling the capability of wind power providing fast- and slow-response, up- and 
downward reserves in the unit commitment model. The results allow assessing if this 
service is used, and if so, in which occasions. By means of studying the impact on 
electricity generation cost, the final system value can be revealed. 

Section 1 “Introduction” studies the available scientific literature and case study 
reports to evince the techno-economic feasibility of wind power participating in 
operating reserves. Firstly, the relevant technical characteristics, such as the 
response time of reserve capacity, are dealt with. Secondly, the feasibility of 
providing firm reserve capacity with a variable generation source is discussed. 
Finally, focus is put on the economic perspective, determining the cost of scheduling 
the reserve capacity, i.e. the reservation cost, and the cost of real-time activation. 

Section 2 “Methodology” extents the unit commitment model presented in 
Chapter 5 with the capability of wind power to participate in up- and downward, fast- 
and slow-response reserves. In order to guarantee reliability, the wind power reserve 
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capacity is restricted by means of the uncertainty of the wind power predictions 
provided with the probabilistic forecast model presented in Chapter 6. 

Section 3 “Data and assumptions” discusses the required inputs to conduct 
simulations for the concept generation system. The power plant characteristics 
demand and wind power profiles are kept identical to Chapter 5.  Together with the 
conventional power plants, wind power is now allowed to provide reserve capacity. 
Their capability is restricted by means of probabilistic forecast model, determining 
the wind power capacity which can be safely guaranteed. 

Section 4 “Power plant scheduling with wind power reserves” presents the 
simulations results for increasing fast- and slow-response, up- and downward reserve 
requirements. Results provide insight in which occasions this service is called and 
magnitude of the cost saving compared to a scenario without wind power 
participation. In addition, the impact of the green certificate price and the reliability 
level of this service are assessed. 

Section 5 “Power plant scheduling for reserve strategies” conducts 
simulations for the concept electricity generation system in combination with the 
reserve strategies put forward in the previous chapters. This includes both the 
allocation towards fast -and slow-response reserves and the dynamic reserves. The 
value of this service is assessed by means of the observed electricity generation cost 
saving. 

Chapter Highlights 

When implementing probabilistic forecast tools, wind power becomes a reliable 
provider of reserve capacity; or at least when predicting moderate to high wind 
conditions. Simulation taking into account the reservation and expected activation 
cost for increasing reserve capacities show that downward wind power reserves are 
used for fast-response downward reserve as from requirements of 8 - 10% of the 
installed thermal capacity, achieving an average capacity corresponding with 4 - 9% 
of the wind power injected, respectively; and results in an electricity cost saving of 
0.7 -1.9%. Simulations for the suggested reserve strategies show substantial 
potential for the static fast-response strategy, which is reduced when implementing 
less demanding slow-response and dynamic reserve strategies. 

7.1 Techno-economic feasibility  

 Technical feasibility 7.1.1

The participation of wind power or other RES-E and DG in ancillary services is a 
topical subject (Ernst 1999; Braun 2008; Miller and Clark 2010). To date, majority of 
these services are procured from conventional power plants resulting in grid code 
requirements and remuneration schemes which are oriented towards these 
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technologies (Gesino 2010). On the other hand, the increasing share of distributed 
and renewable generation replaces conventional electricity generation and restricts 
the supply of these ancillary services. In addition, the output variability of certain of 
these technologies increases the demand for these services. This trend drives the 
participation of DG in the provision of ancillary services (Lopes et al. 2006).   

The technical capabilities of DG for providing ancillary services depend on the 
technology and their grid coupling (Braun 2008; Buehner and Buchholz 2010). 
Focusing on wind, the recent switch towards variable speed wind energy convertors 
with power electronic interfaces provides extended control possibilities concerning 
active and reactive power (Hansen et al. 2006; Bousseau et al. 2006). This results in 
an extensive list of potential services including frequency and voltage control, fault-
ride trough and black-start capabilities (Braun 2007; Quitmann et al. 2009).  

The active power output of a wind turbine can be controlled by means of pitching the 
rotor blades and controlling the invertor system (Boëda et al. 2007). This can be 
used to smooth power peaks, limit ramp rates, control the set-point or reduce power 
during overfrequency (Ackermann 2012). Currently, most of these capabilities are 
already included in grid code requirements and IEC standards (Ackermann 2012). By 
means of a wind farm controller, these capabilities are also implemented on wind 
farm level (Kristoffersen 2005; Hansen et al. 2006). Four different control techniques 
for regulating the active power output of a wind farm are described in the literature 
(Figure 56). In several countries, e.g. Spain, Portugal, these capabilities are 
regionally clustered in Wind Farm Cluster Management Systems (Rohrig et al. 2009; 
Gesino 2010). 

 
Figure 56: Outline of the active power control functions in the Horns Rev wind farm 

(Kristoffersen 2005) 
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This chapter deals with frequency control by means of operating reserves. Focus is 
on the participation in secondary and tertiary reserves. The participation in primary 
reserves is not dealt with as the demand for this service is assumed not to be 
significantly impacted by increasing shares of wind power (Ackermann 2012). 
However, in limited interconnected or isolated systems, primary reserve requirements 
can be relatively high and it is shown that the participation of wind might be 
recommended (7 MW-WEC-by-11 2012). Other new frequency support services 
including inertia response providing short-term frequency support by managing the 
kinetic energy in the rotational mass of the wind turbine (Lalor et al. 2005; Morren et 
al. 2005; Teninge et al. 2009; Tielens et al. 2012) are not covered either. 

Simulations and real-life experience show that power control capabilities meet all 
necessary technical requirements to participate in fast reserve services (Kristoffersen 
2005; Akhmatov et al. 2007). An individual turbine achieve ramp rates of 20% 
(Ackermann 2012) and by clustering these turbines over farms or regions, the 
aggregated ramp exceeds the ramping capabilities of any conventional power plant. 
Today, the active power control of wind power is mainly used to curtail wind power 
output in high wind conditions for reasons of transmission capacity constraints or 
generation balancing requirements, e.g. Germany and Spain (Matevosyan 2007; Fink 
et al. 2009, Rogers et al. 2010; Martin-Martinez et al. 2012). However, the next 
sections show that by means of a well-designed reserve market, an active 
participation in balancing markets becomes possible.  

 Availability 7.1.2

When assessing wind power towards their participation in reserves, the main barrier 
is imposed by its variability. The overall objective of operating reserves is to 
guarantee the availability of real-time balancing capacity: reserves are procured 
before real-time by means of long-term contracts covering several months or years 
while others facilitate day-ahead procurement (Rebours et al. 2007). In both cases, 
this real-time availability requires high reliability levels, e.g. 99%, which cannot be 
achieved taking into account the limited predictability of wind power. 

This is illustrated by means of calculating the availability of wind power capacity for 
the time series generated with the numerical wind power model (Chapter 2). The 10 
min average wind power injection (Pt

10) time series are used to calculate the 
minimum hourly capacity available. This allows determining the availability of stand-
alone reserve capacity, illustrated for a capacity of 5 and 10% of the installed 
capacity (Table 36). Aggregated over the entire region, it is found these capacities 
are only available for 81 and 67% of the time, respectively. As expected, this result 
performs better than the individual locations. In any case, these capacities remain 
insufficient compared to projected reliability levels of 99% and higher. 
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Table 36: Availability (expressed as % of the hours) in which an up- or downward 
reserve capacity of 5% or 10% of the rated wind power capacity is available 

 [%] DE RAAN GOEREE STAV. WOENSDR. EINDH. TOTAL 

5% 
real-time 78.65 80.40 73.24 56.72 55.70 80.91 

day-ahead 88.41 90.95 81.78 65.13 64.72 90.11 

10% 
real-time 67.57 70.33 58.90 43.60 43.53 67.35 

day-ahead 84.28 88.76 72.84 57.73 56.60 83.97 

*real-time: probability of real-time injection larger as reserve capacity; day-ahead: probability 
of real-time injection larger as reserve capacity when day-ahead prediction larger as reserve 
capacity. 

However, Table 36 shows that reliability levels are increased when taking into 
account the day-ahead predictability of wind. When assuming that wind power 
reserve capacity is contracted or allocated day-ahead only when the suggested 
capacity is predicted, the aggregated availability can be increased towards 90 and 
84% respectively. This is calculated as the conditional probability, i.e. the probability 
that the real-time injection is higher as the requested capacity, in the case that the 
prediction exceeds the capacity.  

The reliability level is substantially increased when allowing day-ahead or intra-day 
allocation of reserve capacity. This can be realised by means of day-ahead contracts 
with individual wind power generating companies, or long-term contracts with 
generator companies combining different technologies. For low expected wind 
conditions, alternative technologies can be nominated as reserve power. These 
portfolios also allow increasing the real-time availability of reserve power, covering 
possible prediction errors with alternative technologies, e.g. CCGT, storage, demand 
response, guaranteeing the capacity. Day-ahead procurement and allocation 
mechanisms are already present in current power systems, e.g. Belgium and Ireland 
(Rebours et al. 2007, Elia System Operator 2012). 

Besides geographical smoothing and portfolio aggregation, the day-ahead allocation 
of reserves coupled with probabilistic forecasts further enhances the reliability of 
wind power participation. It is explained in Section 6.2.2 how a probabilistic forecast 
model provides a confidence interval of the prediction. The lower bound of the 
confidence interval represents in this case the minimum wind power which is 
expected to be available real-time. This way, availability levels of 99% and even 
higher become feasible. A similar approach is suggested by Gesino (2010) and 
Jansen et al. (2012). 

 

  



164 Chapter 7 

 Cost 7.1.3

Although no fundamental technical objections are present to exclude wind power 
from participating in the reserve market, the scepticism towards this service is 
dominated by economic arguments. Low variable electricity generation cost and 
existing production support mechanisms result in high opportunity costs when 
dispatching wind power under the maximum output level given the wind conditions. 
This makes this service expensive compared to thermal power plants, facing 
substantial variable costs due to fuel combustion. Secondly, this solution seems 
contradictory to climate policy goals, maximising the RES-E penetration. Finally, 
other means of flexibility are often presented as a solution for balancing such as 
storage, demand response, more flexible power plants and interconnections to other 
control zones (Brandstätt et al. 2011).  

Recent real-life illustrations of wind power curtailment suggest that a value arises in 
exceptional situations in the context of system security. Curtailment examples from 
Spain, Germany and Ireland up to 2010 shows that network congestion remains the 
main reason for congestion (Rogers et al. 2010). Furthermore, load-balancing and 
inertia and network stability reasons are expected to increase in importance with 
increasing shares of variable generation (Burke and O’Malley 2011; Jacobsen and 
Schröder 2012). In contrast, this chapter aims to integrate this flexibility in the 
reserve market, which means that wind power capacity is offered directly to the 
system operator in order to participate in up- or downward regulation for system 
balancing purposes. 

However, the delivery of reserves with renewable power sources is expensive: low 
variable costs and production support mechanisms such as feed-in tariffs or green 
certificates result in an important loss of revenues if wind power generates under its 
maximum output levels, given the available wind resources. Table 37 gives an 
overview of the reservation and activation cost components of wind power reserves 
and compares them to the costs of a gas-fired power plant synchronised with the 
grid. The last one is seen as one of the main contributors for operating reserves.  

Due to the specific cost structure of up- and downward reserve, both are dealt with 
separately. Several power systems require the procurement of symmetric reserves, 
which means that bids always entail an up- and downward bandwidth. As downward 
reserves are substantially cheaper, symmetric reserves would restrict the 
participation of wind power. Focus of this chapter remains on reservation and 
activation costs as these are assessed as the main cost components of operating 
reserves. Other costs which can be accounted are the investment (communication 
and automation), or wear and tear costs (Kiviluoma and Gubina 2013).  
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Table 37: Hourly reservation and activation costs of reserve capacity provided by a wind 
generator and a gas-fired generating unit synchronised to the grid. 

 Upward Reserves Downward Reserves 

 Reservation Activation Reservation Activation 

wind power ( ) *
E GC

P P R
+

+  *
GC

P A
+

−  0 *
GC

P A
−

 

gas unit ( ) *
E

P FC R
+

−  *FC A
+

 0 *FC A
−

−  

* PE price electricity (€/MWh), PGC price green certificate (€/MWh), R+ contracted upward bandwidth 

(MW), FC fuel cost (€/MWh), A+
 upward activation (MWh), A-

 downward activation (MWh) 

* Under the assumptions that the gas power plant is in the market (PE>FC) 

 Upward wind power reserves 7.1.3.1

In first instance, Table 37 shows the elevated reservation cost when contracting 
reserves from wind power. The wind turbines generate continuously under the 
maximum output levels given the available wind conditions. This causes a lost 
revenue based on electricity sales and the production support, in this case the green 
certificate price23. In contrast, a gas-fired power plant would only miss out on the 
profit margin determined by the electricity price and the fuel cost. Of course, this 
assumes that the power plant is in-the-market, i.e. its variable costs lower than the 
electricity price. In the other case, additional costs are accounted when additional 
generators are scheduled to provide in the requested reserve capacity. Compared to 
conventional generation, upward wind power reserves face elevated reservation 
costs.  

The activation of reserves has no impact on the electricity sales or the imbalance 
settlement mechanism. Electricity is sold day-ahead and production deviations 
following the activation of reserves are not subject to the imbalance settlement 
mechanism. The reserves are merely covering the imbalances from other generating 
units. Consequently, the gas-fired power plant only faces the additional variable costs 
of respectively increasing its output level. In contrast, a wind power plant does not 
face any fuel costs and activation of reserves is basically cost-free. However, under 
the green certificate mechanism, additional revenues are created following the 
upward activation of the reserves. Consequently, if despite the high reservation cost, 
wind power is contracted for upward reserves, this technology comes first in the 
activation merit order of upward reserves.  

                                                      
23 Both green certificate sales and feed-in revenues are assumed to be determined ex post 
based on real-time injections in terms of energy. Implications for reservation and activation 
costs are therefore similar. A comparison between both mechanisms can be found in Klessman 
et al. (2008). 
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 Downward wind power reserves 7.1.3.2

Downward wind power reserves do not face reservation costs as they require no 
scheduled capacity reductions. In contrast, costs only occur upon activation and 
depend on the activation frequency and length. The downward reserves are thus 
relatively cheap compared to the upward reserves and may be more interesting in 
terms of implementation. On the other hand, this is also the case for the downward 
reservation cost of the thermal power plant finding itself in-the-market. In the other 
case, if an additional generating unit is to be scheduled to meet downward reserves, 
a positive reservation cost occurs.  

The activation requires the temporarily reduction of the wind power output level. 
Without specific support mechanisms, this results in a zero cost. In case of the green 
certificate mechanism, the output reductions results in a revenue loss for the wind 
power generators. The opposite is true for conventional generators where an output 
reduction results in a fuel saving. Their downward activation cost is therefore cheap 
compared to the wind power reserves. This cost difference is not as dramatic as with 
upward reserves as the additional costs depend on the activation volume. If rarely 
activated, wind power reserves are cheap compared to rescheduling the conventional 
generators to meet downward reserves. This is likely to be the case as the expensive 
activation costs puts this technology last in the merit order for downward reserve 
activation. 

7.2 Methodology 

The participation of wind power in reserves is integrated in the unit commitment 
model presented in Section 5.2. Up to date, little efforts are conducted to model the 
participation of wind power in the reserve market. In contrast, the temporary 
curtailment of wind power is widely implemented in unit commitment models 
simulating wind power integration (Conejo et al. 2010). It is often treated as an 
indicator to assess the feasibility of wind power in a system (Luickx et al. 2008). In 
such models, wind power curtailment is allowed at zero or positive cost and is 
implemented to alleviate transmission or generation constraints.  

An example of a unit commitment model including wind power reserves is the 
WILMAR model (Meibom et al. 2010). Herein, upward spinning reserve requirements 
can be procured from wind power, alternatively from conventional power plants or 
storage facilities. In this case, the wind power reserve capacity is restricted by the 
lowest output scenario given the day-ahead or intra-day prediction. In contrast, 
downward reserves are implemented by allowing real-time curtailment. Results show 
that wind power reserves are used with increasing wind penetration levels. 

Box 7.1 presents the additional constraints and the objective function extension to 
integrate the participation of wind power in up- and downward, fast- and slow-
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response reserves, represented by Wt
2,+, Wt

2,-, Wt
3,+, Wt

3,-, in each period t. Together 
with the thermal reserve capacity procured from each conventional generator i in 
period t (Rt,i

2,+, Rt,i
2,-, Rt,i

3,+,s, Rt,i
3,-,s, Rt,i

3,+,ns, Rt,i
3,-,ns), they are required to meet the 

total demand for reserve capacity (qt
2,+, qt

3,+, qt
,3,-, qt

3,-). Again, a temporarily 
reduction is allowed at an elevated cost. 

 

Secondly, the wind power reserves are constrained by the expected wind power 
capacity provided with the probabilistic forecast model (at): for each time period, 
wind power reserve capacity is restricted by the minimum output level which is 
forecasted to be available at a predefined reliability level, for instance 99%. In 
contrast to the conventional generators, the power output ramp is no longer a 

Box 7.1. Wind power reserves 

1. Demand constraints 
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2. Availability wind reserves 
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4. Objective function: expected activation costs 
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restriction due to the regional aggregation of high ramping capabilities of individual 
wind turbines. 

Thirdly, the participation of wind power in upward reserves is coupled with the 
scheduled wind power injections. When wind power is scheduled as upward reserve 
capacity, the total wind power injection (Pt

W) remains under its maximum output 
level (wt) minus the upward reserved capacities. When assuming an additional cost 
for remunerating the lost support revenues of wind power generators, such as the 
green certificate price (pg), this cost is accounted in the objective function. It is 
explained in Section 7.1.3 that the downward reserves does not impact the 
scheduled output levels and reservation cost. Similar to Section 5.2, the expected 
activation cost is to be taken into account when scheduling the reserve capacity. For 
the wind power reserves, this corresponds with the green certificate price, being 
negative for the upward and positive for the downward reserves (Section 7.1.3). 
Similar to Section 5.2, the expected activation of reserves is represented by a 
constant probability ɸ ensuring a realistic order of reserve scheduling. 

7.3 Data and assumptions 

Simulations are conducted for the concept electricity generation system as it is 
presented in Chapter 5. Power plant characteristics, demand and wind power profiles 
are kept identical. In addition, the probabilistic day-ahead forecast model of Chapter 
6 is used to determine the available wind power reserve capacity at a predefined 
reliability level, in this case 95, 99 and 99.9%. This corresponds with the lower 
bound of the confidence interval of the corresponding prediction. As explained in 
Section 6.2, these confidence intervals are derived from time series of day-ahead 
wind power predictions and prediction errors, generated with the numerical wind 
power model presented in Chapter 2. 

Reserves are assumed to be contracted on hourly basis which means that the entire 
capacity is required to be available during the entire hour. Therefore the hourly 
averaged day-ahead predictions (Ṕt

60) are used and related to the minimum of the 10 
minute real-time observations within each hour (Pt

10). It is expected that the 
available capacity provided with wind power decreases when using a longer length of 
the product (Jansen et al. 2012). Furthermore, the available reserves are assumed to 
be procured in multiples of 5 MW and resulting values are rounded downwards. 

It is explained in Section 6.2 how the probabilistic forecast model categorises the 
predicted wind power in ten categories, covering the output range of the wind park, 
cfr. [0; 10%]Pr; [10; 20%]Pr;…; [90; 100%]Pr. For each prediction category, the 
real-time wind power output is represented by means of an experimental probability 
distribution. The predefined reliability level determines the maximum capacity which 
can be procured. For instance, when the expected wind power is between 90 and 
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100% of the installed wind power capacity, 50% of the installed capacity can be 
provided as reserve capacity with 99% reliability (Table 38). 

It is noted in Section 6.2 the probabilistic forecast model results presented in Table 
38 are likely to underestimate the available capacity. Indeed, accuracy of the 
simplified probabilistic forecast tool is likely to increase when incorporating real 
meteorological conditions or advanced statistical tools are expected to increase the 
available reserve capacity. It is explained that the development of such an advanced 
tool is out of scope and that the results are interpreted as a lower bound for the 
potential value induced by wind power participation in reserves.  

Table 38: Available wind power reserve following the day-ahead prediction for a 95, 99 or 
99.9% reliability level (expressed in % of wind power installed capacity) 

A
v

a
il

a
b

il
it

y
 [

%
] Pred. 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 

95,0% 0 2 3 5 7 14 23 32 45 69 

99,0% 0 1 1 2 3 9 14 15 32 50 

99,9% 0 0 0 1 1 2 8 2 14 37 

Besides the available wind power reserve, two parameters may impact the use of 
wind power as reserve capacity: the green certificate price and the expected 
activation volume. The 99% reliability is taken as a reference scenario and the green 
certificate price is set at 100 €/MWh which represents the average price of 
certificates originating from wind power in Belgium24. Both are further studied by 
means of a sensitivity analysis conducted in Section 7.4.4. The opportunity cost 
induced by the lost green certificate revenues assumes that this lost revenue is to be 
compensated to foster a voluntary participation of wind power. As the exact 
opportunity cost may vary with exact implementation of the support incentive 
schemes and are likely to reduce in the future, a sensitivity analysis is conducted 
lowering the price to 0 €/MWh. 

Similar to the previous chapters, the probability of activation ɸ is set at 0.1. It is thus 
assumed that on average 10% of each contracted reserve capacity either for wind or 
conventional is activated. This simplification, motivated in Section 5.3, does not take 
into account that the activation of reserve capacity follows a merit order, determined 
by the activation cost of each reserve capacity provider. Therefore, it is likely to 
overestimate the activation of the contracted downward wind power reserve 
capacity, and underestimate the activation of the upward. 

                                                      
24 The minimum price for offshore wind power is set to be 90 - 107 €/MWh and 90 €/MWh 
onshore (Flemish region) and 65 €/MWh (Walloon region). Average price on the Belpex trade 
platform is 72 €/MWh for 2011 (VREG 2012; FOD Economie 2012; Belpex 2012). 
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7.4 Power plant scheduling with wind power reserves 

Simulation in this section represent the day-ahead scheduling of power and reserves 
for increasing reserve capacities while allowing the participation of wind power. This 
approach is analogous to Section 5.4, integrating an installed wind power capacity of 
500 MW in a 1950 MW thermal electricity generation system. Each simulation entails 
24 daily runs combining different wind and demand profiles. It is explained in Section 
3.3 how the weighted average enables to represent annual indicators for power 
system scheduling such as the average electricity generation cost or the average 
wind power curtailment. 

Simulations are conducted for each group of reserves separately: fast-response 
secondary reserves are discussed in Section 7.4.1, while the slow-response tertiary 
reserves are dealt with in Section 7.4.2. Initially, a distinction is made between up- 
and downward reserve demand, in order to obtain insight in the impact of wind 
power participation. In reality, both up- and downward reserves are procured 
simultaneously and additional simulations with a symmetric demand are conducted in 
Section 7.4.3. Finally, a sensitivity analysis is conducted to derive the impact of the 
reliability level and the green certificate price. 

 Fast-response secondary reserves 7.4.1

 Downward reserves 7.4.1.1

Wind power reserve capacity 

A general overview of the use of downward wind power reserves is depicted in Table 
39. If the fast-response downward reserve capacity remains below 100 MW, no wind 
power participation is observed and results are therefore not displayed. As motivated 
in Section 5.2, simulations are limited to capacities of 200 MW.  

Table 39 expresses the maximum wind power reserve capacity over the 24 runs 
expressed in absolute values, as well in percentage of the rated wind power capacity. 
The average wind power reserve capacity expresses the hourly weighted average in 
terms of capacity, as well in percentage of the average hourly wind power output. As 
each run, based on a different demand or wind power profile, is attached with 
certain likelihood, the weighted daily average procurement represents the annual 
average. 

Results show that the maximum downward wind power reserve capacity increases 
linearly from 2% towards 22%, for a total reserve capacity requirement of 100 MW 
and 200 MW. Below a demand of 90 MW, no additional costs are observed due to 
the available downward flexibility of the base load power plants (Section 5.4.2). For 
higher reserve requirements, flexibility shortages occur during low net demand 
periods and scheduling additional generators becomes necessary, resulting in 
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additional costs. The scheduling of these additional generating units is now avoided 
by means of using the downward wind power reserves. In this context, the average 
contracted wind power reserve capacity increases sharply from 0.2 to 15.6 MW, or 
0.1 to 9.4% of the average wind power output, for a total reserve demand of 100 
and 200 MW, respectively.  

Table 39: Maximum and average participation of wind power in the secondary reserves for 
increasing down- and upward reserve requirements 

Downward R2 demand [MW] 100 120 140 160 180 200 

Max wind reserve [MW] 10.00 30.00 50.00 70.00 90.00 110.00 

Max wind reserve [% wind installed]  2.00 6.00 10.00 14.00 18.00 22.00 

Average wind reserve [MW] 0.15 0.51 2.63 5.95 10.82 15.51 

Average wind reserve [% wind generation] 0.09 0.31 1.59 3.59 6.52 9.36 

Upward R2 demand [MW] 100 120 140 160 180 200 

Max wind reserve [MW] 0.00 0.00 0.00 5.00 0.00 5.00 

Max wind reserve [% wind installed]  0.00 0.00 0.00 1.00 0.00 1.00 

Average wind reserve [MW] 0.00 0.00 0.00 0.23 0.00 0.37 

Average wind reserve [% wind generation] 0.00 0.00 0.00 0.14 0.00 0.23 

Impact on system operation 

The downward wind power reserves are particularly interesting in low demand 
periods with high wind and high reserve demand, i.e. when downward flexibility is 
lower than the required reserve capacity. This is illustrated in Figure 57 for a summer 
weekend with moderate-high wind profile and a downward reserve requirement of 
160 MW. 

As can be seen in the case without wind power reserves (Figure 57, left), the largest 
part of the reserve requirements are provided by the coal-fired power plants 
(90 MW) and the CCGT (40 MW). However, in order to provide the last 30 MW, two 
additional gas-fired peak power plants are scheduled, replacing part of the output of 
the CCGT and the coal-fired power plants. Consequently, the system has not enough 
downward flexibility and the 160 MW reserve requirement increases electricity 
generation cost by means of scheduling additional power plants.  

With wind power able to participate in the downward reserves, additional downward 
flexibility is available. In Figure 57 (right), it is shown how the two gas power plants 
can be kept off-line during most of the day, reducing electricity generation cost. Only 
between 0 - 9h, less than 30 MW of wind power reserves are available due to low 
wind conditions and one additional gas-fired peak power plant is kept on-line. This 
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service is thus only used when thermal flexibility is low and when the requested 
reserve requires scheduling additional power plants. This is explained as thermal 
generation has a negative expected activation cost, i.e. fuel saving, while wind power 
faces a high positive activation cost, i.e. green certificate. This means that when 
thermal flexibility is available, this is given priority for reserve procurement. 

 

 

Figure 57: Power and downward reserve capacity schedule for a summer weekend and 
moderate-high wind including a downward secondary reserve demand of 160 MW 

Impact on the generation costs and emissions 

Downward wind power reserves are found to be useful when facing high wind power 
penetrations, low downward flexibility and high reserve requirements. Focus of this 
section is put on the benefits in terms of electricity generation costs. The difference 
between the scenario with and without wind power participation represents the cost 
saving due to the procurement of wind power reserves. 

Table 40 represents the weighted average daily electricity generation cost and 
emissions. The reference simulations (without reserve requirements) is expressed in 
absolute terms (€ and Tonne CO2) while all other simulations are expressed in 
relative terms compared to this reference. This stresses the total reservation costs, 
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i.e. additional electricity generation costs due to the scheduling of reserves. The 
figures in Table 40 depict a clear impact of wind power participation on the cost 
increase when facing increasing downward reserves. For instance, the initial cost 
increase for the 160 and 200 MW downward reserve capacity decreases from 
respectively 0.9 and 3.1% towards 0.1 and 1.1%. Electricity generation costs face a 
total cost saving of 0.7% - 1.9% compared to the initial case without wind.  

Table 40: Average daily electricity generation costs and emissions with and without wind power 
reserves for increasing up- and downward secondary reserves  

R2 down [MW] 0 (ref.) 100 120 140 160 180 200 

Cost with wind reserves [€] 1,865,364 -0.01 -0.02 +0.01 +0.10 +0.49 +1.06 

Cost wo wind reserves [€] 1,865,364 +0.06 +0.04 +0.41 +0.85 +1.70 +3.05 

Emission [Ton] 20,215 -0.06 -0.16 -0.24 -0.30 -0.33 -0.34 

Emission wo wind reserves [Ton] 20,215 -0.07 -0.31 -0.25 -0.42 -0.26 +0.08 

R2 up [MW] 0 (ref.) 100 120 140 160 180 200 

Cost with wind reserves [€] 1,865,364 +1.71 +2.17 +2.65 +3.22 +3.87 +4.50 

Cost wo wind reserves [€] 1,865,364 +1.74 +2.16 +2.64 +3.22 +3.87 +4.52 

Emission with wind reserves[Tonne] 20,215 +0.22 +0.10 -0.33 -0.74 -1.16 -1.43 

Emission wo wind reserves [Tonne] 20,215 +0.20 +0.10 -0.34 -0.73 -1.19 -1.41 

*Reference (ref.) expressed in absolute terms; positive reserve capacity simulations expressed 
in relative terms to the reference. 

It is explained that the observed cost saving results from an increased efficiency of 
power plant scheduling. For individual simulation runs showing low downward 
flexibility, i.e. low demand and high wind, the generation cost reduction amounts up 
to 6.4% and 11.1%, respectively for 160 and 200 MW reserve capacity. The impact 
on the weighted average is limited because the low net demand days in a year are 
limited.  

 Upward wind power reserves 7.4.1.2

In comparison, the upward wind power reserves are only used in rare occasions and 
small amounts. They are only observed as from demand levels of 140 MW and the 
increase with demand level is less pronounced. The reserve capacities do not exceed 
5 MW (1% of the wind power installed) and average contracted capacity remains 
under the 0.2% of the average wind power generation. This is explained by the high 
reservation costs of upward wind power reserves: wind would be replaced by 
conventional generation leading to additional fuel and emission costs. Furthermore, 
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the lost revenue of the support mechanisms is to be compensated. Therefore, it is 
cheaper to schedule an additional power plant for providing the reserve capacity.  

Nevertheless, results show that the wind power reserves are used to replace a peak 
power plant, scheduled at minimum output to provide the last MWs of requested 
reserve capacity. This is illustrated in Figure 58 which represents a simulation for a 
summer weekend with high wind. Without wind, the 160 MW of upward reserves are 
mainly procured from the coal-fired generating units and the CCGT. Furthermore, 
two gas-fired peak power plants are scheduled to provide the final 30 MW.  

Simulation results show that is better to replace the gas-fired peak power plant 
which is scheduled at minimum load, i.e. 4 MW to provide the last 5 MW reserve 
capacity with wind power. The model assesses that it is cheaper to provide this 
capacity with wind power and lose 5 MWh worth of green certificates while 
increasing the CCGT output level with 9 MW. In contrast, replacing the second 
minimum loaded gas-fired peak power plant would however be too expensive as this 
generator provides 25 MW reserve capacity.  

 

Figure 58: Power and upward reserve capacity schedule for a summer weekend with high wind 
including an upward secondary reserve demand of 160 MW 
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The average electricity generation costs in Table 40  shows that the impact of wind 
power participation remains limited. Nevertheless, the expensive upward wind power 
reserves are shown to be selected in individual simulation runs to inhibit scheduling 
of an additional gas-fired peak power plant. In such case (Figure 58), a cost 
reduction of 0.9% is observed. However, this cost saving is dissolved in the weighted 
average.  

 Slow-response tertiary reserves 7.4.2

Results for the fast-response secondary reserves in the previous section have shown 
that the wind power reserves are particularly useful for downward reserves in 
occasions where the downward flexibility is limited. As the available flexibility for 
slow-response reserves is much larger, the benefits of downward reserves are 
expected to be less pronounced. 

This is confirmed when simulations are repeated for the tertiary reserves. Simulations 
show that the use of downward wind power reserves only starts as from a downward 
reserve requirement of 280 MW. Again, this is due to the availability of downward 
flexibility ensured by the six coal-fired power plants, i.e. 270 MW. For higher reserve 
demand, the use of the procurement of downward reserves increases gradually 
similar to the fast-response reserves. For respectively 280 and 300 MW reserve 
capacity, a maximum of 10, 30 MW and average of 0.13, 0.46 MW is procured. The 
impact on the cost is also similar to the fast-response reserves: e.g. for the 300 MW 
reserve capacity, the cost increase of 1.2% compared to the reference scenario 
without reserves is reduced to zero. 

In contrast, the use of upward wind power reserves is not observed for simulations 
up to reserve capacities of 300 MW. Again, this is explained by the availability of the 
peak power plants and the elevated cost of upward wind power reserves. 

 Impact of symmetric reserves 7.4.3

Similar to Section 5.4.3, additional simulations are conducted for symmetrically 
increasing up- and downward reserve requirements, comparing a scenario without 
and with wind power participation. Figure 59 represents the cost increase compared 
to the scenario without reserves and is expressed in terms of the electricity demand. 

The exponential trend in the first scenario is discussed in Section 5.4.3: firstly, for 
low reserve requirements available flexibility is sufficient to facilitate reserves without 
additional costs. When increasing reserve capacity is required, additional power 
plants are scheduled to provide up- and downward reserves. As these are located 
further in the merit order, average electricity generation cost increases. Furthermore, 
these partial loaded power plants replace the output of the other power plants, 
resulting in partial loading efficiency losses. For high reserve requirements, base load 
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is replaced and wind power curtailment is observed, further increasing the average 
electricity generation cost. For the fast-response reserves, this results in a cost 
increase of respectively 3.4 and 9.1% for 160 and 200 MW compared to a case 
without reserves. For the slow-response reserve, cost increases are observed later 
and are found to be 1.2 and 3.8% for respectively 300 and 400 MW. 

When allowing wind power reserves, a cost reduction is observed for the higher 
reserve requirements. Similar to the previous sections, the wind power mainly 
participates in downward reserves. In this case, they cannot avoid the scheduling of 
additional power plants, as these remain necessary for the upward reserves. 
Therefore, the cost reducing effect is less pronounced as in the previous sections. 
However, wind power reserves can reduce the output levels of these additional 
generating units towards minimum output levels, increasing the output levels of the 
cheaper power plants, and avoiding wind power curtailment. This enhances the 
absorption of wind power in the system. For the fast-response reserves, the cost 
increase is reduced to 3.3 and 7.3%, respectively. For the slow-response reserves, 
these are reduced to 1.2 and 3.4%. 

Figure 60 illustrates system operation for a summer weekend with moderate - high 
wind and a symmetric reserve capacity of 200 MW. Without wind (left), an additional 
CCGT and two gas-fired peak power plants are scheduled to provide in the requested 
up- and downward reserves. With wind power participation (right), one CCGT can be 
replaced between 9 - 24h and gas-fired peak power plants can be reduced to 
minimum load, increasing the output levels of the cheaper base load power plants. In 
some hours, additional peak power plants are scheduled to provide upward reserves. 

 

Figure 59: Impact of increasing symmetric reserve requirements on average electricity 
generation cost (increase compared to no reserve scenario and expressed in terms of average 

electricity demand) 
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Figure 60: Power and upward reserve schedule for a summer weekend with moderate - high 
wind including symmetric secondary reserve demand of 200 MW 

 Green certificate price and reliability level 7.4.4

In the previous subsections, a green certificate price of 100 €/MWh is assumed. It is 
explained how this support mechanism increases the cost of wind power participation 
in reserves, reducing the attractiveness as reserve provider. Therefore, simulations 
are conducted varying the price between 0 - 150 €/MWh for a scenario with a fast-
response reserve demand of 160 MW, enabling wind power participation. Similar to 
Sections 7.4 1, separate simulations are conducted for up- and downward reserves. 

Apparently, increasing the green certificate price from 0 to 150 €/MWh has only a 
small impact on the procurement of reserves (Table 41). Furthermore, it is found 
that for each individual simulation run, the impact on the cost remains far under the 
optimality criterion which makes the trend difficult to validate. This is explained as 
the activation probability is set at 0.1 which makes the final impact on the cost 
limited compared to the cost of scheduling additional power plants.   

Table 41: Impact of green certificate price on the participation of wind power in downward and 
upward reserves (reserve demand 160 MW, reliability 99%) 

 
downward wind reserves upward wind reserves 

price [€/MWh] average [MW] average [% wind] average [MW] average [% wind] 

0 6.00 3.62 0.30 0.18 

50 5.98 3.61 0.26 0.16 

100 5.96 3.59 0.23 0.14 

150 5.96 3.59 0.03 0.02 
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The certificate price has higher weight in the upward reserves, as it is entirely 
accounted as a lost revenue when contracted. Again, an increasing price makes this 
service less attractive when assessing the replacement of thermal reserve capacity. 
This is confirmed by the results in Table 41, gradually reducing the wind power 
participation to zero for increasing prices. 

Section 7.3 (Table 38) shows how the available wind power for reserve participation 
is further constrained when increasing the imposed reliability level. This explained 
the decreasing use of wind power for downward reserves (Table 42). In contrast, the 
impact on the upward wind power reserves is not clear and even counterintuitive. 
However, all cost results remain under the optimality criterion and it is therefore 
concluded that the effect is negligible. As the upward reserves are rarely used, and 
only in very small capacities, these are expected to be less impacted by reducing 
availabilities. 

Table 42: Impact of reliability level of the probabilistic forecast on the participation of wind 
power in downward reserves (reserve demand 160 MW, green certificate price 100 €) 

 
downward wind reserves upward wind reserves 

reliability [%] average [MW] average [% wind] average [MW] average [% wind] 

95.0 6.41 3.87 0.19 0.11 

99.0 5.96 3.59 0.23 0.14 

99.9 4.11 2.48 0.24 0.14 

7.5 Power plant scheduling for reserve strategies 

In this section, simulations are conducted while integrating fast- and slow-response 
reserve strategies presented in Section 4.3 and integrated in the concept generation 
model in the same way as described in Section 5.5. In first instance, the reserve 
capacities are fixed over time and are referred to as static (Section 7.5.1). Additional 
simulations for dynamic reserves are discussed in Section 7.5.2. For every strategy, 
simulations are conducted with and without wind power reserves. The participation 
of wind is enabled for as well fast- and slow response reserves.  

 Static reserve strategy 7.5.1

The general impact of wind power reserve participation on electricity generation 
costs and CO2 emissions are depicted in Table 43. Again, these results represent the 
weighted average daily cost and emission over 24 simulation runs, representing 
individual days with different demand and wind power profiles. The benchmark 
scenario represents a scenario with 500 MW wind installed, without additional 



Active participation of wind power in reserves 179 

 

 

reserve capacity requirements. It is expressed in absolute terms and no impact of 
wind power participating in reserves is observed. This is explained by the limited 
reserve requirements, i.e. 10, 15 and 40 MW primary, secondary and tertiary 
reserves, respectively (Section 5.3).  

Fast- and slow-response reserve strategies A, B and C proposed in Chapter 5 are 
simulated and results are expressed in relative terms to the benchmark strategy. The 
capacity requirements for each strategy are taken from the 99.9% reliability scenario 
assuming intra-day trading possibilities (Section 4.3 .1). In the fast-response strategy 
A, the average cost savings of applying wind power reserves are significant while this 
becomes less clear in the slow-response strategies B and C. It can be concluded that 
the value of this service is particularly high in the more demanding fast-response 
strategy. This is in line with the results obtained in Section 7.4 where clear cost 
savings are observed as from required capacities of 160 MW. In contrast, cost 
increases for slow-response reserve capacities are only observed as from a capacity 
of 300 MW. 

Table 43: Daily average electricity generation cost and emission for different reserve strategies 

 
benchmark strategy A strategy B strategy C 

Cost with wind reserves [€] 
1,872,879 

+14.73% +2.87% +1.34% 

Cost wo wind reserves [€] +18.85% +3.21% +1.35% 

Emission with wind reserves [Tonne] 
20,249 

-4.85% -2.10% -0.04% 

Emission wo wind reserves [Tonne] -5.70% -1.93% -0.02% 

*Benchmark (current policy) expressed in absolute terms; strategy A, B and C expressed in 
relative terms to the benchmark. 

 Fast-response strategy 7.5.1.1

Table 43 shows the results for strategy A, i.e. 10 MW primary, 290 MW secondary 
and 40 MW tertiary reserve. Consequently, it covers the entire wind power imbalance 
with fast-response reserves. It is discussed in Section 5.5 that this has a large impact 
on the electricity generation costs, increasing with 18.9% compared to the 
benchmark strategy. It is discussed that this strategy makes the integration of wind 
power economically infeasible; or at least very inefficient as the costs exceed the 
scenario without wind power.  

However, with wind participating in reserves, this cost increase is reduced to 14.7%. 
CO2 emissions increase as base load generators increase their output back towards 
normal operation. In terms of the daily wind power generation, the reservation cost 
decreases from 88.7 to 69.3 € per MWh wind energy injected. Applying wind power 
reserves thus results in significant cost benefits in case of a strategy aiming to cover 
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wind power imbalances with fast-response reserves.  The contribution of wind power 
in the total reserves is shown in Table 44.  

The downward reserves are frequently used (15.6% of the total wind generation is 
contracted as downward secondary reserves) and up to elevated levels (maximally 
31.6% of the installed wind power capacity). When calculating the average share of 
the different technologies in the total secondary reserve, downward wind reserves 
are found to cover on average 9% of the total capacity requirement. This replaces 
part of the capacity provided by the gas-fired peak power plants and CCGTs. 

Table 44: Maximum and average use of wind power reserve capacity for strategy A 

 
R2 up R2 down R3 up R3 down 

Max [MW] 5.00 157.56 0.00 0.00 

Max [% wind installed] 1.00 31.51 0.00 0.00 

Average [MW] 0.28 26.14 0.00 0.00 

Average [% wind generated] 0.17 15.56 0.00 0.00 

 The highest cost savings are found in individual simulations with high wind power 
predictions and low demand. In these occasions, cost savings may amount up to 
26.4% of the daily electricity generation cost. In these simulation runs, available 
downward flexibility is limited during low demand hours as fewer power plants are 
scheduled. Secondly, high wind predictions ensure the availability of wind power 
reserves. However, as these situations have a lower likelihood, their impact on the 
weighted average is limited. 

An illustration of the impact on generation and reserve scheduling when facing low 
demand and low-moderate wind is given in Figure 61. In a case without wind 
reserves, elevated levels of fast-response reserves distort system operation and 
result in high amounts of wind power curtailment (upper left): almost all generators 
are scheduled to run at partial loading in order to meet up- and downward reserve 
demand. Consequently, when wind power is predicted, downward wind power 
reserves allow to reduce the amount of power plants scheduled, reduce curtailment 
and the partial loading of power plants. This specific case achieves a cost reduction 
of 6.4% compared to the scenario without wind power participation.  

 Slow-response strategies 7.5.1.2

When applying the slow-response strategies, the pressure on the secondary reserve 
market is transferred to the tertiary reserves. However, the capacity requirements for 
tertiary reserves are less of an issue due to availability of non-spinning peak power 
plants and the large downward flexibility of the base load generators. Therefore, 



Active participation of wind power in reserves 181 

 

 

these strategies are less demanding in terms of power system operation and the use 
of wind power reserves as last-resort measure is substantially reduced which explains 
the limited cost savings (Table 43). Strategy B (10, 65 and 315 MW for R1, R2 and 
R3), i.e. covering short-term wind power variations with fast-response and prediction 
errors with slow-response reserves reduces the average cost increase from 3.2 to 
2.9%. This corresponds with a reservation cost reduction from 15.0 to 13.6 € per 
MWh wind energy injected. Strategy C (10, 65 and 215 MW), further minimising the 
slow-response reserve capacity based on the remaining imbalance, faces no impact 
at all. The small cost increase from 3.5 to 3.4% is explained by random variations in 
the model output due to the optimality criterion and the impact is therefore assumed 
to be negligible. 

 

 

Figure 61: Power and reserve capacity schedule with and without system reserves for a summer 
weekend with a low-moderate wind profile for reserve strategy A. 

Table 45 presents the maximum and average procurement of wind power capacity 
for downward reserves. No upward wind reserves are observed and therefore not 
depicted. The downward wind power reserve capacity remains in use for strategy B, 
however reduced to 0.4 and 1.7% of the total wind generation for respectively 
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secondary and tertiary reserves. In case of strategy C, the use of wind power in 
reserves reaches insignificant values.  

In individual simulations for strategy B, with low demand and high wind, significant 
cost reductions are still observed which amount up to maximum 7.5%. However, as 
these occasions are rare, and only occur in high wind speed scenarios, the impact on 
the annual average remains small. In contrast, in strategy C, maximum reduction 
over the 24 runs is found to be 0.2%, and cannot be verified by means of the 
optimality criterion.  

Table 45: Maximum and average use of wind power reserve capacity for secondary (R2) and 
tertiary (R3) reserves in absolute and relative terms (strategy B & C) 

 
Strategy B Strategy C 

 
R2 down R3 down R2 down R3 down 

Max [MW] 30.00 105.00 0.34 6.19 

Max [% wind installed] 6.00 21.00 0.07 1.24 

Average [MW] 0.67 2.72 0.00 0.01 

Average [% wind generated] 0.41 1.64 0.00 0.00 

 Dynamic reserve strategy 7.5.2

When simulating strategy A, B and C for the dynamic reserve strategies (Chapter 6), 
the average electricity generation cost savings following wind power participation are 
further limited. When comparing the average cost between a case with and without 
wind reserves, the cost increase compared to the benchmark is reduced from 3.9 to 
3.5% for strategy A, and remains at 1.3 and 1.2% for strategy B and C, respectively. 
It is discussed in Section 6.4 that the dynamic reserves reduce the requested reserve 
capacity, reducing the potential benefits for wind power participation. 

Results show that wind power reserves are only used in strategy A for the secondary 
reserves (Table 46). Average utilisation remains low compared to the corresponding 
static approach: 0.1% of the wind power generation for the upward and 1.9% for 
the downward reserves. This is of course explained as the wind power reserves are 
expensive and only procured as a last-resort measure. Similar to the slow-response 
reserve strategies, the dynamic reserves relieve the stress on the reserve market, 
which makes the need for expensive wind power reserve capacity less pronounced. 
Furthermore, both strategies counteract: in case of high wind power predictions, 
when large wind power capacities can be guaranteed for reserve participation, the 
downward reserve demand is now reduced. In contrast, the high upward reserve 
demand cannot be met with wind power reserves as this service is found to be too 
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expensive. However, when high downward reserves are required in case of low wind 
power predictions, little wind power reserves can be secured. 

Table 46: Maximum and average use of wind power reserve capacity for strategy A 

Strategy A R2u R2d R3u R3d 

max [MW] 8.12 51.47 0.00 0.00 

max [% wind installed] 1.62 10.29 0.00 0.00 

average [MW] 0.10 3.17 0.00 0.00 

average [% wind generated] 0.06 1.91 0.00 0.00 

7.6 Conclusions 

Given the available wind conditions, wind power turbines are able to control their 
active power output. It is shown that the technical characteristics meet the 
requirements for participating in primary, secondary and tertiary reserves. However, 
the limited and uncertain availability of capacity remains a major barrier. This 
problem can be overcome by using probabilistic forecasting tools, combined with 
day-ahead allocation of reserves. In contrast, sceptics correctly state that this 
alternative collides with cost-efficiency and climate policy goals as this service implies 
the curtailment of a renewable energy source with low variable costs. Upward 
reserve participation requires a continuous output reduction and is therefore 
characterised by a high opportunity cost. On the other hand, downward reserve 
participation does not face this reservation cost but is still characterised with a high 
activation cost, related to the activation capacity and frequency.  

Simulations are conducted for the concept electricity generation system, assuming an 
installed wind power capacity of 500 MW in a 1950 MW thermal generation system. 
Results show that wind power participation in downward fast-response reserves 
reduces the average electricity cost increase from 0.9 and 3.1% to 0.1 and 1.1%, 
following a reserve capacity requirement of 160 and 200 MW, respectively. In this 
case, respectively 4 and 9% of the average wind power output is contracted as 
downward reserve; and results in an electricity cost saving of 0.7 and 1.9%, 
respectively. In contrast, upward wind power participation is rarely implemented and 
if so, in limited amounts to replace a minimum loaded peak power plants. The slow-
response reserves only schedule wind reserves as from capacities of 280 MW due to 
higher operational flexibility available.  

Simulations for the proposed fast- and slow-response static reserve strategies 
following wind power integration show that the value of wind power participation is 
substantial in the demanding fast-response strategy. In this case, the average wind 
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power capacity procured for downward reserve capacity amounts up to 16% of the 
average wind power output. Average reservation costs are reduced from 89 to 69 € 
per MWh wind injected which remains high for a cost-efficient integration. 

In contrast, slow-response strategies achieve lower average cost reductions. The 
wind power participation reduces the average reservation cost from 15 to 14 €/MWh 
for strategy B, although average cost reductions up to 7.5% are observed for 
individual days with low demand and high wind. In contrast, no significant cost 
reductions are observed for strategy C. The potential benefits are even further 
reduced when combined with dynamic reserve strategies. This is explained as the 
dynamic reserves relieve the need for wind power reserves by reducing overall 
reserve requirements. Furthermore, available wind power capacity is high when 
expecting high wind conditions, in which the dynamic reserves relieve the downward 
reserve requirements. 

This chapter indicates that the participation of wind power in reserves remains a last-
resort measure when downward flexibility is scarce. The need for this service is 
therefore reduced when introducing capacity-reducing reserve strategies such as 
slow-response reserve allocation and dynamic reserves. Although average value for 
the system remains limited in these cases, specific cost reductions may still be 
acquired when facing high wind conditions, low demand, and elevated downward 
reserve requirements    
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8. CONCLUSIONS AND FURTHER RESEARCH 

8.1 General conclusions 

This dissertation deals with the management of operating reserves guarding the real-
time balance between electricity generation and demand. This is a prerequisite for 
frequency stability in power systems and is challenged by the large-scale integration 
of variable renewable generation sources, such as wind power. Short-term variations 
and prediction errors become an important driver for system imbalances, increasing 
the required reserve capacity for maintaining current reliability standards for 
electricity supply. The procurement of these operating reserves is observed to be 
expensive, increasing the integration costs of variable generation. Consequently, the 
development and deployment of cost-efficient sizing and allocation strategies for 
reserves is indispensable when aiming for high shares of wind power, while ensuring 
reliability and competitiveness of electricity supply. 

An appropriate management of reserves is a key issue for the system operators, 
bearing the final responsibility of power system reliability. Underestimation of reserve 
requirements results in reduced reliability while overestimation induces unnecessary 
electricity generation costs. Therefore, TSOs are incentivised by their customers or 
the regulator to procure appropriate operating reserves for system balancing at 
reasonable costs. Grid users, both consumers and generator companies, benefit 
directly from an efficient reserve policy as they finally bear the costs of reserves, by 
means of imbalance settlement mechanisms, increasing electricity cost or reducing 
profitability margins, respectively. This issue grows in importance with increasing 
shares of variable renewable generation, induced by policy goals towards 2020 and 
beyond. 

This work proposes improved strategies for sizing and allocating operating reserves 
for balancing wind power. Besides an appropriate sizing methodology, the allocation 
towards fast- and slow-response reserve, the introduction of dynamic reserve 
requirements and the active participation of wind in reserves are put forward as cost-
efficient strategies following wind power integration. These strategies are particularly 
interesting as they are based on an improved operation of existing electricity 
generation assets, and do not require elevated overhead costs. In other words, they 
reduce the demand for additional system flexibility, softening the need for additional 
investments in conventional, e.g. transmission lines, gas-fired power plants, and new 
sources of flexibility, e.g. decentralised storage, demand response.  
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The research methodology is based on three mathematical models: firstly, a 
numerical wind power model is developed to generate realistic time series of wind 
power predictions and injections over a medium-sized North Sea region. Secondly, an 
optimisation model is created simulating the optimal day-ahead scheduling of a 
concept generation system, including an installed wind power capacity representing 
12% of the annual electricity demand. Thirdly, a probabilistic forecast model is 
introduced in order to allow the implementation of dynamic reserves and wind power 
participation. 

PART I: Wind power imbalances and generation system flexibility 

The numerical wind power model is a useful module for wind power integration 
studies in general. The accessibility of appropriate wind power generation and 
prediction data is often constrained, and if available, this data lacks the details for 
research or extrapolation towards future wind power scenarios, e.g. intra-day 
predictions or the installed capacity. In contrast, the numerical model is derived from 
the wind speed and generates an aggregated wind power generation and prediction 
profile including regional smoothing effects between inland, near-shore and offshore 
areas, as well as intra-day forecast updates. Furthermore, it allows an easy scalability 
to larger wind power capacities installed. As the numerical model is based on North 
Sea wind speed conditions, caution is needed when extrapolating results towards 
other regions. 

In this thesis, the model is used to determine the intra-hourly variations and the 
hourly prediction errors, i.e. two main drivers for wind power imbalances. It is found 
that the variations remain relatively low due to the low correlation between different 
locations on a 10 min time-scale: 99% of the variations remain inside a bandwidth of 
[-8; +8]% of the installed wind power capacity. In contrast, this effect is less 
pronounced for the hourly prediction errors: only 99% of the prediction errors remain 
inside a bandwidth of [-44; +45]% and [-34; +31]%, respectively for day-ahead and 
intra-day predictions. Nevertheless, wind power is fairly predictable as 62% remain 
inside [-10; +10]% of the installed capacity. Unfortunately, security measures such 
as operating reserves are determined on worst case scenarios. 

These wind power imbalance drivers are benchmarked against a flexibility 
assessment tool based on the day-ahead scheduling of power plants. This approach 
enables determining the availability of operational flexibility which can be regulated 
up- or downward for real-time balancing purposes. This is a useful indicator for 
assessing the feasibility and cost of additional reserve requirements. Simulations are 
conducted for a concept generation system, based on a thermal power plant mix of 
coal, natural gas and oil, including a wind power penetration representing 12% of 
the annual electricity demand. It is found that 0, 1, 47 % and 11, 18, 54 % of the 
installed wind power capacity is secured with reasonable availability, i.e. 95%, for 
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respectively primary, secondary and tertiary, up- and downward reserves. Particularly 
the upward fast-response flexibility is found to be critical compared to the wind 
power imbalances observed. This indicates the need for reserve requirements which 
is expected to result in additional electricity generation cost due to a suboptimal 
rescheduling of the power plants. In contrast, slow-response upward flexibility is 
found to be less stringent due to the availability of non-committed peak power 
plants. Downward flexibility is covered by the infra-marginal power plants, with the 
base load as of major importance. Furthermore, downward flexibility declines with 
lower net demand profiles.  

This flexibility assessment tool is useful to assess available flexibility with different 
system topologies with increasing shares of wind. For instance, simulation results 
stress the importance of peak power plants and base load flexibility. The first is 
subject for further discussion as decreasing capacity factors reduce the profitability of 
these power plants. On the other hand, simulations show that the downward 
flexibility becomes a serious problem when base load is assumed to be strictly 
operated at rated output, which might be the case with high shares of nuclear 
generation.  

PART II: Sizing, allocation and cost of reserve requirements  

This dissertation suggests using a statistical approach for sizing operating reserves in 
a system. This is assessed as the best in terms of trading off accuracy and 
complexity. Focus is on allocating part of the reserve requirements towards slow-
response reserves, relieving expensive fast-response reserves. Results for the North 
Sea case study, based on the numerical wind power model, show that a strategy 
allocating the entire wind power imbalance towards the fast-response reserves 
requires 55% of the installed wind power capacity; at least when assuming a 
common 99.9% reliability with intra-day trading. In contrast, the slow-response 
reserve strategies reduce this capacity to 10%, based on the short-term variations of 
wind. This is at the expense of the slow-response reserves which are determined at 
55% or 36%, respectively sized on the prediction error or remaining imbalance.  
Furthermore, a large impact is observed when assuming alternative reliability levels 
or wind power predictability, i.e. day-ahead versus intra-day forecasting. 

System simulations, including a simultaneous clearing of energy demand and reserve 
capacity, are in line with the finding of the flexibility assessment. Fast-response 
reserves show an exponential increase of the reservation cost starting from reserve 
capacities of 2 - 4% of the installed thermal capacity. This cost increase is induced 
by scheduling additional power plants further in the merit order, efficiency losses due 
to partial loading and wind power curtailment. This trend is only observed as from 
capacities higher as 8 - 10% for the fast-response downward reserves. For the slow-
response reserves, both up-and downward cost increases are observes for capacities 
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higher as 13% of the installed thermal capacity. For the downward reserves, 
reservations costs start occurring in low net demand periods, i.e. low demand with 
high wind when fewer power plants are on-line. Downward reservation costs are 
strongly increased when assuming an inflexible base load. Upward slow-response 
reserves are ensured by means of the non-spinning peak power plants. 

When evaluating the suggested fast- and slow-response strategies, it is found that 
the strategy covering the entire real-time wind power imbalance with fast-response 
reserves is not feasible from an economic perspective: elevated wind curtailment and 
increasing electricity generation costs erode the benefit of injecting wind power with 
zero variable cost. In contrast, strategies with focus on slow-response reserves 
achieve better results: total electricity cost increase is limited to 1.3 (best case) or 
3.1% (worst case). This corresponds with a total reservation cost of 6 - 15 € per 
MWh of wind power injected.  

Simulation results show that the slow-response strategy increases the techno-
economic system integration potential for wind power. While the fast-response 
reserve strategy resulted in elevated costs and levels of wind curtailment, and even 
problems meeting the requested reserve capacity, the best slow-response strategies 
achieve a reservation costs of 5, 6 and 17 €/MWh for installed wind power capacities 
representing 6, 12 and 18% of the total electricity demand, in this particular power 
system. Involving slow-response reserves is therefore concluded to be indispensable 
when balancing large shares of wind power. 

In each of the scenarios, the integration of wind power reduces the capacity factor of 
conventional generation technologies, particularly these of the CCGTs. For this 
technology, results show capacity factor reductions from 65 to 46% for the reference 
wind power scenario. However, it is shown that this generation technology increases 
in importance in the reserve market as 17 - 18% of their capacity is now contracted 
as upward, and 14 - 16% for downward reserve. Substantial capacities of the peak 
power plants are contracted for upward reserves, and base load generating units for 
downward. Therefore, it can be concluded that part of the conventional power 
plants’ value moves from the energy market to the reserve market. 

PART III: Dynamic and active participation of wind power  

The introduction of probabilistic wind power forecast models enable the 
implementation of dynamic reserves and the active participation of wind power in 
reserves. A simplified probabilistic forecast model is derived from the developed 
numerical wind power model to quantify the potential benefits for power system 
operation. 

When sizing reserves in function of the hourly average wind power prediction, the 
required reserve capacities can be reduced in individual periods without impacting 
system reliability. Results show that the average reserve capacity is lowered with 
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30 - 36% and 15 - 16% for up- and downward reserves, respectively, when pursuing 
the cost-efficient slow-response strategy. Upward reserves are reduced for low 
expected wind conditions and downward reserves for high wind conditions. As low 
wind speed conditions have a higher likelihood, this explains the larger advantage for 
upward reserves. Capacity reductions are more pronounced in the demanding 
reserve strategies. It is to be noted that intra-day predictions reduces the potential 
value of the dynamic reserve strategies if not combined with an intra-day re-
allocation of the reserve capacity.  

Simulations show substantial reductions in electricity generation cost, particularly for 
the more demanding fast-response strategies. In the last case, the average daily 
generation cost increase, compared to a scenario without the additional reserves, 
can be reduced from 9.7% to 7.3%. These cost savings are explained by the reserve 
capacity reductions which results that less power plants are scheduled leading to a 
better absorption of wind power and base load. In the slow-response strategies, the 
average cost reductions remain below 0.5% but can achieve values of 2.0 - 1.4% 
and 1.4 - 1.1% for individual days with low or high wind. 

The benefits of dynamic reserves are found to increase with higher wind power 
installed. The dynamic fast-response strategy is able to reduce the reservation cost 
from 21 to 8 and 45 to 36 €/MWh for an installed wind power capacity of 
respectively 250 and 500 MW. In contrast, the suggested slow-response strategy 
reduces the costs from 17 to 8 and 51 to 15 €/MWh for an installed capacity of 750 
and 1000 MW. Combined with a reserve strategy based on slow-response reserves, 
dynamic reserves are found to better maintain wind power value in case of high wind 
power shares in power systems. 

It is shown that wind power meets the technical requirements to participate in 
reserves in terms of its ramping capabilities. Furthermore, when combined with 
probabilistic forecast tools and day-ahead allocation, reliability levels similar to 
conventional power plants are obtained. However, the active participation of wind 
power in reserves is assessed as an expensive source of operating reserves, 
particularly when implemented for upward reserve capacity. This is further reinforced 
with green certificate support mechanisms, increasing the opportunity cost of 
scheduling output under maximum power given the wind conditions. Although the 
downward reservation costs of wind power are zero, the expected activation costs 
remain expensive compared to thermal reserve capacity, facing a fuel saving upon 
activation. 

Simulation results for increasing reserve capacities show that downward wind power 
reserves are used for fast-response reserve as from requirements of 8 - 10% of the 
installed thermal capacity. In this case, wind power provides an average capacity 
corresponding with 4 - 9% of the wind power injected, respectively; and results in an 
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electricity cost saving of 0.7 -1.9%. It is shown that wind power reserves are only 
used when facing elevated capacity requirements combined with high wind 
predictions and low electricity demand, i.e. low downward flexibility. In this case, the 
cost of scheduling additional power plants is avoided.  

Cost savings are found to be substantial for the demanding fast-response reserve 
strategy, but evaporate quickly when lowering the reserve demand by using slow-
response reserve or dynamic reserve strategies. This confirms the last resort source 
of flexibility, even when assuming zero compensation for the support mechanism. 
For a static fast-reserve approach with 500 MW wind installed, electricity generation 
costs are reduced but remain highly inefficient from an economic point of view. In 
contrast, the slow-response reserves achieve no substantial savings for this capacity. 
Potential cost savings are further reduced when combining wind power participation 
with dynamic reserves. Both approaches are not complementary: wind power 
participation has potential capabilities when expecting high wind conditions. 
However, in this case, the requested downward reserve is found to be low.  

8.2 Recommendations for further research 

PART I: Wind power imbalances and generation system flexibility 

First of all, the numerical wind power model can be further refined. This includes 
more locations and longer time frames. Different studies and roadmaps stress the 
importance of reliable wind power data for research purposes. The model presented 
can be further elaborated towards an easy-to-use but powerful module for studying 
interactions between wind and power systems. Furthermore, the tool should be 
coupled with a similar tool for PV as power systems face a rapid growth of this 
variable generation source. Specific questions to be answered are which reserve 
categories are impacted by PV, and to which extend. Secondly, it is to be 
investigated if these imbalances are correlated with wind, or other system imbalance 
drivers.  

The assessment of flexibility is conducted for a conceptual model of a thermal 
electricity generation system, integrating wind power. However, results are strongly 
related to the specific characteristics of a power system. For instance, the presence 
of large-scale hydro or a nuclear base load is likely to impact the available flexibility. 
Furthermore, additional flexibility may follow from interconnections or storage 
technologies. Therefore, it is important to acknowledge that the model provides 
valuable general insights but that appropriate simulations are needed when 
evaluating specific case studies. Further research is to be directed towards the 
optimal mix of flexibility resources, balancing the projected renewable integration 
scenarios towards 2020 and beyond. 
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PART II: Sizing, allocation and cost of reserve requirements 

In this study, operating reserves following wind power integration are treated 
individually. In reality, the wind power imbalance is aggregated with other imbalance 
drivers such as demand variability, unexpected outages and other RES-E imbalances. 
Therefore, this study is likely to overestimate the system imbalance, presenting a 
conservative approach. Future research efforts are to be put in the development of a 
tool for sizing reserves including all imbalance drivers, quantifying their correlation 
and effect on sizing reserves. 

This contribution assumes one system-wide reserve market for real-time system 
balancing, operated by the TSO. In reality, generator companies can be incentivised 
to withhold reserve capacity for balancing their individual portfolio. Secondly, parallel 
markets may arise with generating companies sharing or trading reserve capacity, 
relieving the reserve capacity to be procured by the TSO. Although the total 
operating reserve requirements put forward in this thesis remain correct, it is 
recommended to further research the allocation towards the BRPs and the TSO, and 
determine the final share to be foreseen by the TSO. 

The suggested reserve strategies for sizing operating reserves focus on the 
reservation side, i.e. the scheduling of capacity. Although the technical feasibility 
follows from the predefined reliability assumptions, additional system simulations 
may be required to check if all security conditions are met. This can be done by 
optimal power flow simulations following contingencies or other security issues. 
Specific focus is then put on the activation of reserves while checking specific 
transmission constraints. 

Throughout this dissertation, reliability levels are assumed to be fixed over time, and 
to be symmetric for loss of load and loss of electricity generation. This is motivated 
by the TSOs responsibility to ensure grid connection and electricity services. Ideally, 
reliability levels should be set in terms of a trade-off between the costs of additional 
reliability and the corresponding costs of failure. This is likely to result in asymmetric 
reserve capacity, varying over time. Further research is suggested towards such 
methodologies and the quantification of the benefits in terms of cost and reliability 
level. This research questions can be tackled with stochastic unit commitment 
models, imposing a value of lost load and lost generation.  

The system topology is likely to have an important impact on the final cost of 
reserves. The availability of flexible technologies such as CCGT, pumped-hydro 
installations, demand response or interconnections is expected to impact the cost of 
reserves. Also the electricity market framework such as market coupling or intra-day 
markets is likely to change the results. This is to be further investigated by means of 
sensitivity analyses, simulating different installed capacities of these technologies; or 
using investment models identifying optimal portfolio mix for balancing wind power. 
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PART III: Dynamic and wind power reserves 

In order to quantify the benefits of dynamic reserve capacities and the active 
participation of wind power, simulations are conducted using a simplified probabilistic 
wind power forecast model. Although this provides a useful lower boundary for the 
benefits, it is likely to underestimate the reserve capacity reduction and the 
corresponding cost savings. Therefore, further efforts are to be conducted to assess 
the impact of weather-based forecast models and statistical improvements. 

Secondly, efforts are to be put into the implementation. Dynamic reserves require a 
day-ahead procurement of reserve capacity which contrasts to the current market 
organisation which is still mainly based on long-term contracts. Going one step 
further, the intra-day re-allocation of operating reserves should be enabled, similar to 
power markets. Indeed, the generation system’s uncertainty is generally reduced by 
means of intra-day forecasts, which allows a more efficient generation system 
scheduling. Furthermore, the dynamic reserve strategy following wind power 
imbalances is to be elaborated towards other imbalance drivers requiring operating 
reserves, e.g. PV prediction errors, or possible equipment failures. In a final step, all 
these drivers are to be aggregated into one single reserve capacity, providing the 
need for optimal reserve from hour to hour. 

Similar to the dynamic reserves, the active participation of wind power is mainly a 
matter of implementation: adapt regulations to contract reserves from non-
conventional sources, allow day-ahead and intra-day procurement, foresee 
appropriate remuneration schemes, etc. Before doing this effort, it is important to 
check for individual power systems if this service is desirable. Indeed, wind power 
providing reserves is expensive and used as last resort measure when facing low 
alternative sources of flexibility. In parallel, research is to be conducted in the 
techno-economic feasibility of all variable RES-E participating in reserves. As these 
sources of electricity are becoming important market players, they should be able to 
participate in ancillary services, where meaningful, in order to ensure a safe and 
cost-efficient operation of the system.  

Furthermore, additional simulations are conducted for installed wind power capacities 
representing 18 and 24% of the demand. In the highest wind power scenarios, 
problems are observed with reliability and cost-efficiency of wind power integration, 
even when implementing the suggested strategies presented in this work. New 
system and market topologies for electricity systems are expected to arise when 
further increasing the share of variable generation towards 2030 and beyond. 
Periods with high renewable injections, even exceeding the demand, are expected to 
occur more frequently. This increasing the need for specific measures, as well what 
concerns installed technology, such as inertia, storage, as market and system 
operation, such as balancing market coupling, demand response. 
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