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I. Introduction  
Wind power technology is playing an increasingly important role in the power system and could not 

be considered anymore as marginal. All European countries set ambitious levels of renewable energy 

in their generation mix compared to their energy consumption (European Commission, 2006). With 

high amounts of wind energy on the system, a new challenge has to be faced in the near future to 

integrate this “intermittent” generation technology: the impact of large-scale wind power on the 

reliability of power system. 

Reliability of a power system, and particularly its long term generation component “Adequacy”, is a 

well-known problem that consists to adequate the installed generation capacity to control the 

possibilities that peak demand exceed the production capability at a given moment. Historically 

central planners sought to ensure that installed generation capacity could meet forecast peak 

demand within a planning horizon with a level of certainty. 

No conventional generation technology is perfectly reliable (i.e. forced outage cannot be avoided 

completely). However, as the probability of forced outage is very weak at plant level, its rated 

capacity is a good indicator of its contribution to adequacy. Wind power technology has weaker 

individual reliability given the intermittency of its primary energy (i.e. wind). The so-called “capacity 

credit” is a measure of the contribution that intermittent generation can make to adequacy. The 

capacity credit is the proportion of capacity that can replace conventional capacity by this 

intermittent generation to maintain a given level of adequacy (e.g. the same level of loss of load 

probability). 

Several wind power impact studies or works of research have studied the wind power capacity 

credits for different systems (generally countries or states) using different methodologies 

(references). These studies show that capacity credits depend on the level of wind power 

penetration, the characteristics of wind power resource (regime, geographic dispersion), the 

characteristics of demand, etc. These results are quite useful to evaluate the contribution of wind 

power to adequacy. However, capacity credits computations consider almost always only “national” 

or “state” point of view despite the linkages between national generation adequacies in a regional 

power system. Considering interactions in regional power systems is particularly important for 

Europe because the type and size of the adequacy problem in each national system could be very 

different depending upon the type of generation units, the patterns of consumptions and wind 

production, etc. 

The aim of this paper is to analyze the impact of interconnections in the computation of capacity 

credits. This work sets up a first step in order to take into account interconnection in the 

computation of capacity credits for regional power systems. This paper is organized as follows. 

Section II briefly explains the adequacy problem and the concept of capacity credits. In Section III the 
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model and the stylized system to compute capacity credits are firstly presented. Then results of 

simulations are shown and discussed. Finally Section IV concludes. 

II.  Generation adequacy  and capacity credits for wind power  
In this section we introduce the bases of the generation adequacy problem and how the capacity 

credits allow to evaluate the contribution of wind power to the adequacy problem. 

II.1. Generation Adequacy  
To maintain reliability of a power system, the probability that peak demand exceed the production 

capability of the installed generation at a given moment must be reduced to a given level. Generation 

adequacy is the long term generation component of reliability and it is often measured by an index 

representing the frequency and/or the duration of cases when demand cannot be completely served.  

Historically central planners ensured a given level of generation adequacy increasing installed 

generation capacity in order to meet forecast peak demand within a planning horizon. In liberalized 

markets, individual market participants are responsible only for ensuring adequate generation 

capacity is available to meet their own contracts to supply electricity. In theory, electricity market 

should solve the generation adequacy problem if short-term demand was elastic and without public 

good properties (Stoft, 2002). However, given electricity market failures (inelastic demand, imperfect 

rationing, etc.), public authorities (e.g. regulator) should intervene and ensure that the market rules 

and the definition of the roles and responsibilities of the participants in the market, contribute to 

obtain a given level of generation adequacy. Different approaches have been adopted in the world to 

a sufficient level of adequacy.1 Most part of these adequacy approaches/methods need in some 

terms the use of old planning engineering tools. Indeed whatever the approach used to ensure 

generation adequacy, a level of adequacy have to be measured/computed and linked to the “system 

margin” (Prada 1999).  

What is a system margin? 

The system margin, that generally represents the difference between generation capacity and load, 

can be defined in different ways. We can distinguish two ways of definition: installed capacity system 

margin and available capacity system margin. On the one hand, installed capacity system margin 

(ICSM) is the amount by which the total installed capacity (TIC) of all the generating plants on the 

system exceeds the anticipated peak load (APL): ICSM=TIC-APL. Available capacity system margin 

(ACSM) is defined for a particular moment and it is equal to the difference between actual available 

generation capacity (all technologies) (AGC) and actual load in peaking hours (AL): ACSM=AGC-AL. 

The figure n°1 represents this difference. Even if these two concepts are interrelated it is important 

to see its differences when calculating adequacy levels.2  

                                                           
1
 These approaches are for instance:”energy-only” design, capacity payments, public strategic reserves, 

capacity requirement placed on suppliers with secondary markets, etc. In the last years research has been 
concentrated on the design of these different generation adequacy mechanisms (Joskow, 2006; Cramton and 
Stoft, 2006; Finon and Pignon, 2006). 
2
 It can be seen that available generation capacity depends on installed capacity, so a bigger installed capacity 

margin will correspond to a bigger available capacity. The relation between these two concepts depend 
strongly on the types of technologies presented in the system. 
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Figure 1 : system margin definition 

Whatever the definition of the system margin, it is needed to cope with unavailability of installed 

generation and fluctuations in electricity requirements. Conventional plant – coal, gas, nuclear – 

cannot be completely relied upon to generate electricity at times of peak demand as there is, very 

approximately, a one-in-ten chance that unexpected failures (or “forced outages”) in power plant or 

electricity transmission networks will cause any individual conventional generating unit not to be 

available to generate power. Even with a system margin, there is no absolute guarantee in any 

electricity system that all demands can be met at all times. 

Typical probabilistic adequacy models combine an available generation capacity model and a 

load/demand model (for instance a load duration curve) to derive an available capacity margin model 

(see figure n° 2). These models allow to compute the level of risk of the system (i.e. the probability 

that demand is higher than available capacity at a given moment) as well as the needed system 

margin to reach a given level of risk. The risk of demand being unmet can be characterized 

statistically, and the measure commonly used to quantify this risk is called Loss of Load Probability 

(LOLP). It measures the likelihood that any load (demand) is not met, and it is usually a requirement 

of electricity systems that LOLP is kept small.3  

                                                           
3
 There is some debate over the extent to which existing measures of reliability, particularly LOLP, fully capture 

the changes that arise when intermittent sources are added to the network. This is because intermittent 
generation changes the nature of the unreliability that may arise (for example, increasing the number of 
occasions in which relatively small curtailments of demand may be required). These aspects may be represented 
by using different statistics to calculate risk, in addition to a simple LOLP. It is important to note that the LOLP 
function is one tool by which reliability may be measured. LOLP may not capture the full range of impacts 
associated with intermittent generation ς for example the chronology and duration of lost loads. There are a 
range of metrics and there has been extensive research into measures of reliability, but this is an important area 
of ongoing and future research (UKERC 2006). 
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Figure 2: Adequacy model (Billington and Allan 1996) 

Given its intermittency, wind power generation increases the size of the system margin required to 

maintain a given level of reliability. This is because the variability in output of intermittent generators 

means they are less likely to be generating at full power at times of peak demand. The system margin 

needed to achieve a desired level of reliability depends on many complex factors but may be 

explored by statistical calculations or simplified models. Intermittent generation introduces new 

factors into the calculations and changes some of the numbers, but it does not change the 

fundamental principles on which such calculations are based. Capacity credits allow to represent the 

contribution of intermittent generation to adequacy. 

 

II.2. Capacity credits for wind power  
In this section we first define the capacity credits and explain how are they computed, then we 

introduce the uses of the capacity credits and finally we briefly show some key results from literature 

related to wind power credit capacity computation.   

II.2.1. What is a capacity credit and how is it computed?  

Wind generators can make a contribution to system adequacy, provided there is some probability of 

output during peak periods. They may be generating power when conventional stations experience 

forced outages and their output may be more or less correlated with the energy demand. These 

factors can be taken into account when the relationship between system margin and adequacy is 

calculated using statistical principles. 

Capacity credit is a measure of the contribution that wind generation can make to adequacy. 

Capacity credit is the level of conventional generation than can be replaced with wind generation. It 
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is usually expressed as a percentage of the installed capacity of the wind generators.4 The smaller the 

capacity credit, the more capacity needed to maintain adequacy, hence the larger the system margin. 

Typical methods to compute capacity credits include a reliability model that represents generation 

and load and compute some reliability index (cf. section II.1). Most popular reliability index are “Loss 

of Load Probability” (LOLP) or Loss of Load Expectation (LOLE). 

Capacity credit is determined by considering the total variance of both generation and load, including 

intermittent options on the generation side, and then comparing this to a ‘without intermittency’ 

case. It is calculated through three basic steps. Start from the amount of conventional capacity 

required to maintain a given loss of load probability “LOLPref“(see Figure 3) (UKERC 2006). 

¶ Step N° 1. Assess the change to the available capacity system margin distribution introduced 

by adding wind generation which flattens and widens the frequency distribution first shown 

and increases the loss of load probability (seed figure 3).  

¶ Step N° 2. Calculate the capacity of conventional generation required to return LOLP to the 

desired level LOLPref (seed figure 4).  

¶ Step N° 3. Calculate the amount of conventional capacity that has been displaced in moving 

from the scenario with no intermittent generators to the scenario with intermittent stations 

and LOLP as per an all thermal system. This is capacity credit. 

Putting the computation of capacity credits in formulae we have:  

LOLPref=Prob(C < L)=Prob(CW+W < L) (1)         

Where C, L, CW and W are random variables: 

¶ C - Available generation capacity without wind to have a level LOLPref 

¶ L - Load 

¶ CW - Available generation capacity with wind to have a level LOLPref 

¶ W - Available generation capacity of wind power 

Capacity Credit=(C-CW)/W      (2) 

                                                           
4
 The concept of capacity credit has to be differentiated from the capacity factor. Capacity factor indicates the 

level of energy produced by a certain level of wind power installed capacity. Capacity factor can be calculated 
for a year, dividing the total yearly generation by the installed capacity multiplied by 8760 (i.e. the maximal 
theoretical energy generation for this installed capacity). Capacity factor can be also calculated by hour just 
dividing hourly wind generation by wind power installed capacity. 
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Figure 2 : Margin distribution and LOLP, all conventional plants (UKERC 2006) 

 
Figure 3 : Margin distribution and LOLP, 80% of conventional plants and 20% of wind power plants (UKERC 2006) 

 
Figure 4 : Margin distribution and LOLP, > 80% of conventional plants (UKERC 2006) 

 

II.2.2. What are capacity credits f or? 

Knowing the value of capacity credit of a given wind power farm or the whole wind power generation 

is useful for two main reasons. Firstly, capacity credits allow to compute the over costs on adequacy 

provoked by wind power technology. Knowing how much capacity can be replaced by wind power 

allow to compute the cost of the capacity that cannot be replaced by wind. Secondly, capacity credits 

allow to redefine “system margin” and to relate it to installed capacity of different technologies. This 

second point is a key issue when designing adequacy policy. 

¶ The cost of intermittency in terms of Adequacy: The first implication of capacity credits is that 

more plants will be needed to ensure reliability than would be the case without intermittent 

stations. The need to retain or construct plant alongside renewable generators, in order to 
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ensure reliability, will give rise to a cost. Knowing the range on capacity credit, and hence the 

scale of its contribution to reliability, requirements for ‘back up’ and costs can be estimated. 

¶ Redefining system margin as a guide to make adequacy policy: The ‘installed capacity system 

margin’ as defined as the difference between installed capacity and peak load becomes less 

meaningful when intermittent generation is introduced onto a system. The difference 

between installed capacity and expected peak demand is no longer a good indicator of how 

reliable supplies are likely to be. Intermittent generators will be generating at full capacity for 

only a small percentage of the time, and only at 30% or less of their capacity (assuming a 30% 

capacity factor) for half the time, and at 15% for one quarter of the time. Yet they can 

contribute to meeting peak loads and sometimes do this when ‘conventional’ generation is 

down. In other terms, they have a ‘capacity credit’. From the definitions given earlier, the 

following relationships can be derived:  

i) For a system comprised entirely of ‘conventional’ plants the system margin as a 

percentage of peak demand is defined as:  

Installed Capacity System margin = Capacity on the system – Peak demand 

and  

ii) When intermittent generation is added to the system, it is:  

System margin = ‘Conventional’ capacity on the system + Capacity credit of 

intermittent generation – Peak demand. 

The capacity credit is estimated such that the loss of-load probability with intermittent 

generation is the same as with a thermal only system. Then the system margin is the same in 

the two cases. This provides a familiar yardstick by which the adequacy of system margins 

may be assessed. Margin computed in this way can be used to set up capacity obligations 

that are the base of capacity markets. 

II.2.3. Key results concerning capacity credits  

There is a range of estimates for capacity credits in the literature and the reasons for there being a 

range are well understood. To illustrate this range and their reasons, we use the example of Great 

Britain where a high number of calculations of wind power capacity credit have been made.  

The range of findings relevant to British conditions is approximately 20 – 30% of wind power installed 

capacity when up to 20% of electricity is sourced from intermittent supplies (usually assumed to be 

wind power). See figure 6. 
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Figure 5 : Range of findings on capacity credit of intermittent generation (UKERC 2006) 

The capacity credits depend on: 

¶ Wind characteristics (penetration, correlation, dispersion) 

¶ Demand characteristics (correlation) 

¶ Other technologies (Hydro – correlation) 

¶ Etc. 

Capacity credit as a percentage of installed intermittent capacity declines as the share of electricity 

supplied by intermittent sources increases. This is because the auto-correlation of wind power 

production. 

From the study of UKERC (2006), we can see that a lot of studies were interested in estimated the 

value of wind power capacity credit in Great Britain. However, they analyze the case of Great Britain 

regardless of the wind power production in the neighboring interconnected power systems. But 

following the same reasoning as previously, the value of capacity credit in Great Britain (for this 

particular case) may still vary with the correlation between the wind power productions of the 

different areas, the correlation between the different power consumptions, etc 

We then propose to take into account interconnection capacities while calculating capacity credit.  
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III.  Capacity credits  and interconnections  
 

In this section a simplified model is developed to study the adequacy problem and the capacity 

credits for wind power taking into account the interconnection capacity and the interaction of 

interconnected power systems. We first present briefly the model and then some simulations are 

made up in order to evaluate the influence of interconnection on the capacity credits calculations. 

III.1. The model  
Based on (PJM, 2005) and (Cepeda, 2007), we adapt the national method we used previously to 

calculate analytically adequacy by taking into account now interconnections. Our model considers a 

system made up of two zones interconnected by a transmission line of capacity K (see Fig. 6). In 

order to isolate the role of interconnection in generation adequacy, each area is represented by a 

system similar to the base case ones (same generation pattern, same demand, and same generation 

adequacy policies). This model is called "symmetrical case". It is important to note that we do not 

consider national transmission constraints within the zones. 

 

Figure 7 : Scheme of the two-zones system. 

 

In our basic example we consider two different production technologies. On the one hand, a 

technology that is “not correlated”, neither with demand nor with the other technologies of 

production. This technology could be for instance thermal power plants  where the random events 

that  affect the available production capacity refers mainly to outages in each power plant and are 

independent of any other variable such as the weather, the demand and others production 

technologies. On the other hand, we also consider in our model a technology whose its generation 

pattern may be correlated positively or negatively with the demand. This is the case of wind power.  

The simulation model computes Loss of Load Probability (LOLP) by using a “Monte Carlo” method for 

different values of transmission capacity. We assume that the available margin follows a normal 

distribution. Monte Carlo simulates 10000 random numbers in Matlab from the bivariate normal 

distribution of probability. It allows us to compute LOLP of each zone taking into the joint probability 

PAB considering any value of mA (variable margin of zone A) and mB (variable margin of zone B) and 

taking into account the dependence between these variables. 

 

LOLPref
A (K) =  P ((mA<0)  Æ (K < mA))  +   P ((mA < 0) Æ ( K > |mA|) Æ (mB  < - mA))  (3)       
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where mA and mB are respectively the margin of each zone and K is the interconnection capacity 

between the two zones. In the simulation, we use a LOLPref equal to 1%  (or 0.01 ). This is a value 

currently used in several countries. From the obtained values of margin mA (or mB) and the peak 

demand values, we estimate available capacity. This computation is made when system is comprised 

entirely of 'conventional' plant and when intermittent generation is added to the system. Finally, the 

capacity credit for each value of capacity interconnection is calculated from equations (1) and (2). 

 

In the simulation, we use a LOLPref equal to 1%  (or 0.01 ) what is currently used in several countries. 

From obtained values of margin mA (or mB) and the peak demand values, we estimate available 

capacity. This computation is made when system is comprised entirely of 'conventional' plant and 

when intermittent generation is added to the system. Finally, the capacity credit for each value of 

capacity interconnection is calculated from of equation (1) and (2). 

 

III.2. Simulations and results  
In this subsection the results of simulations are presented and discussed. In order to understand the 

role of the interconnection capacity on the capacity credits, we do an analysis in progressive steps.  

 

We study the two zones systems in the “symmetric” case. We focus on the impact of the 

transmission capacity level on the capacity credit. In the first step, we analyze first the impact of 

interconnection capacity and wind power penetration. In the second step, we analyze the effect of 

correlations on the capacity credit. This correlation study is made in two stages:  we first focus on the 

effect of national correlations on the capacity credit, without taking into account the regional 

correlations. In the second stage, the regional correlations are integrated into our simulation model. 

 

III.2.1. What are the effects on capacity credits of interconnecting power systems?  

In order to study, in an isolated way, the effects of interconnections on the capacity credits, we 

studied a two zones system in the symmetric case: same size, same generation technologies, same 

demand patterns and same generation adequacy objective (see table 1).   

Zone A and B 
Installed 

Capacity [GW] 

Available Capacity 

mean [GW] standard deviation [GW]  

Demand - 81 6 

Thermal  Generation 88 75 2 

Wind Generation [0, 20, 30] [0,4,6] [0, 3.17,4.45]
5
 

 

Objective Risk 1 % 

                                                           
5
 Como los resultados me daban con capacity credit negativos cambié la forma para representar la evolución de 

la desviación estándar cuando capacidad aumenta. Los valores calculados aquí suponen una variación con la 
raíz 1,2 de la media (y no en forma lineal). El coeficiente 1,2 se puede cambiar después. 
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Table 1. Data of base case system 

 

Fig. 8 represents capacity credits values for two levels of wind power penetration (installed capacities 

of 20GW and 30GW) and as a function of interconnection capacities. It can be seen that capacity 

credits decrease for higher wind power penetration. This is a straightforward result and it indicates 

the effect of autocorrelation of wind power availability (Ford and Milborrow 2005 or UKERC 2006, 

Fig. 5). 

 

Fig. 8 also shows that increasing transmission capacity improves the capacity credit (reduces needed 

conventional generation capacity) of each zone. Given the stochastic characteristics of power system 

increasing the size of system should improve the adequacy concerns. The relation of capacity credits 

and interconnection is quite not linear. The increase of capacity credits when transmission capacity 

increase is higher for high wind power penetration (3.5% for 20 GW and 4.5% for 30 GW). It would 

indeed result in the diversification of risk due to imperfectly correlated random events. Nevertheless, 

figure 8 shows that improvements in capacity credits stop after a certain level (here a transmission 

capacity around 12 GW). The curve of the credit capacity becomes a horizontal asymptote parallel to 

x-axis. At this level, there would not be useful anymore to increase the interconnection capacity 

because there would not have additional gains in terms of capacity credit. 
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Figure 8: Capacity Credit Vs Interconnection 
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III .2.2.  Impacts of correlations between wind power  and/or demand patterns  

This subsection makes two studies of the impacts of correlations between random variables. 

First we analyze the impacts of correlation between the intermittent production and 

demand pattern on the value of capacity credit. Second we study the effects of correlation 

between the national generation of intermittent technology on the capacity credit.  

Figure 9 illustrates a sensibility analysis to different values (-0.1, 0 and 0.1) of the ‘‘national 

correlation’’ factor (wind and demand pattern). The family of curves shows that for a given 

interconnection capacity, a system will more easily increase its capacity credit as the correlation 

between demand and power wind is positive and high.  
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Figure 9: Capacity Credits (zone A and  B) vs. interconnection capacity K for different National Correlation Factors 

Figure 10 shows the results for regional correlations between wind powers of each zone. The 

difference between capacity credits’ curves are illustrated for different “regional correlation factors” 

(-0.2, 0 and 0.2). The negative (positive) effects of the negative (positive) correlation between wind 

powers of each zone are less important in this case.  
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Figure 10: Capacity Credits (zone A and  B) vs. interconnection capacity K for different Regional Correlation Factors 

IV. Conclusions 
 

Capacity credit is a useful concept to evaluate the contribution of wind power technology to 

generation adequacy. This working paper makes a first step in order to compute capacity credits in 

regional system. This working paper studies the impacts of considering transmission interconnection 

capacity between two zones. 

First results indicate that the computation of capacity credits has to take into account the 

interconnection capacities as well as the margin pattern in neighbor systems in order to evaluate real 

contribution of wind power to the generation adequacy. Capacity credits increase when the 

interconnection capacity between two zones is increased. However, the increase of credit capacity 

stops at certain level of interconnection capacity. The relation between credit capacity and 

transmission interconnection capacity is quite non-linear and depend on “national” wind-demand 

correlations and regional correlations. Thus, in order to estimate capacity credit in regional systems, 

probabilistic adequacy models considering the level of interconnection and the different subsystems 

pattern have to be used. 
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