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Chapter 4 

CAPACITY CREDIT OF RENEWABLE GENERATION AND 

WIND POWER OUTPUT MODEL 

4.1 Power System Planning and System Adequacy  

Reliability is the ultimate goal in any power system and power system reliability is 

basically divided into two aspects namely, system security and system adequacy. A 

power system is considered secure if it can withstand the loss of key elements such 

power plants or transmission lines. A system is said to be adequate if there is 

sufficient installed generation capacity to meet the demand, and transmission 

capacity to deliver the generation to load centers under different conditions such as 

during dry weather and maintenance of key power plants and transmission lines. 

Therefore, long term generation planning is carried out in such a way that it ensures 

an adequate installed capacity to meet the forecasted demands under predefined 

reliability targets. 

The reliability metrics such as Loss of Load Probability (LOLP) and Loss of Load 

Expectation (LOLE) are often used for adequacy evaluations. The probability that 

the available generation capacity will be insufficient to meet the system demand at a 

given time is called the Loss of Load Probability or LOLP. The duration of time 

where the demand will not be met over a defined period of time is called the Loss of 

Load Expectation. The capacity contribution that any given generator makes to the 

system adequacy is called the Effective Load Carrying Capability (ELCC) or in other 

words, the additional load that can be served by the new generator while maintaining 

the same reliability levels [39] (Often measured in LOLE).  

4.2 Methods of Calculating the Capacity Credit of NCRE Generators 

Even though there are concerns on how renewable generators such as wind plants 

can have a capacity value when there are situations with no resource availability 

(wind), it should be noted that no power generating technology is perfectly reliable. 

Forced outages occur even in conventional power plants due to various reasons. 

However, it is unlikely that conventional generators will experience forced outages 
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because of fuel shortages as in renewable generators. Still, there is always a non-zero 

probability that it may not be available during peak load periods. Therefore, the same 

methodologies which are used to calculate the ELCC of conventional generators 

could be used to calculate the capacity credit of NCRE generators as well.  

Several publications exist on how to calculate the capacity credit of NCRE plants and 

most methods presented are based on power system reliability analysis methods. 

According to Milligan and Porter (2005) [40], there are several properties that a good 

capacity credit metric should possess where it should be commonly usable to assess 

different types of generators, it has to be data driven, mathematically consistent and 

simple. Since all generators have some probability of failure, the metric has to 

identify the generators that consistently delivers during high-risk (peak) periods and 

should assign a relatively high capacity value to those generators. 

The most consistent and widely accepted method is using the ELCC and it is based 

on well-established reliability theories and can be applied to all types of generators 

including baseload, conventional and intermittent generation [41]. The ELCC of a 

renewable generator could be calculated with the help of a power system reliability 

model, and ELCC can differentiate generating units with differing levels of 

reliability, size, and power delivery during peak and off-peak periods. It can 

effectively assign high capacity values for plants that delivers consistently during 

peak demand periods and when it comes to intermittent generators such as wind, 

high capacity values are assigned for plants with output profiles that are highly 

positively correlated with system load profiles.  

Even though the ELCC method is rigorous, data-driven and consistent in 

distinguishing generators that have different impacts on the system reliability, it 

requires a lot of quality data such as time series of system loads, NCRE generation, 

conventional generation and also a database of forced outage rates and specific 

maintenance schedules of conventional generators. Hence, several simpler methods 

have been developed over the years to approximate ELCC due to the unavailability 

and potential difficulty in assembling appropriate databases. These approximation 

methods are sometimes based on renewable generation during high system risk hours 
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(Capacity Factor methods) and in other instances, the system’s LOLP is 

approximated. In addition, a Multi-State unit representation of renewable generators 

in several de-rated states could also be used as an alternative to the preferred ELCC 

method, which utilizes a probabilistic representation of the renewable generator. 

4.2.1 Effective Load Carrying Capability 

This method is widely used to find the capacity contribution of conventional thermal 

generation and could also be used to find the capacity contribution of intermittent 

generations as well. Conventional generators are usually modeled by their capacities 

and their Forced Outage Rates (FORs). However, since intermittent generation can 

have many de-rated states, NCRE sources like wind power cannot be adequately 

modeled by its capacity and FOR, and thus requires a different approach than the 

traditional calculation method [42]. This section describes the methodology of 

calculating the ELCC of intermittent generation with the help of a reliability model. 

When the capacity contribution from the intermittent generator is not considered, the 

annual LOLE can be calculated as, 

LOLE = � P(�
	
� C < L) 

Where, P() denotes the probability function, Ci is the available capacity in hour i, Li 

is the hourly system load and N is the number of hours in the year. Adding the 

capacity from the intermittent generator will enhance the system reliability and the 

new LOLE’ could be expressed as, 

LOLE′ = � P[(�
	
� C + IG) < L] 

Where IGi is the available output from the intermittent generator during hour i. The 

ELCC of the system is the load that can be supplied at a predefined level of risk of 

loss of load. 

� P(�
	
� C < L) = � P[(�

	
� C + IG) < (L + AL)] 
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When the increased capacity due to the contribution from the intermittent generator 

can supply the additional load of ALi at the same reliability level that the original 

load Li could be supplied with the Capacity Ci, the value of ALi represents the 

Capacity Credit or the ELCC of the intermittent generator. 

Since it is not possible to analytically solve the equation, ELCC is calculated in 

several steps using a reliability model. First, the system is modeled without the 

renewable generator. The generation time series and the load time series is used to 

find the daily LOLP and then the annual LOLE. If required, the loads are adjusted to 

achieve the desired reliability level.  

Secondly, the renewable generation time series is treated as a negative load and is 

combined with the original load time series. The net load will be lower and the 

model is re-run with the modified load to calculate the new LOLE. Due to the 

reduction in the load, the LOLP will be decreased, which in turn will improve the 

LOLE.  

Finally, the load data is increased in small steps across all hours using an iterative 

process and the LOLE is recalculated at each step until the original LOLE is reached. 

The sum of incremental load steps at the original reliability level is the Capacity 

Credit of the renewable generator. 

4.2.2 Approximation methods 

In the absence of quality data sets, it would be helpful to calculate the Capacity 

Credit of a renewable generator with the minimal available data, and several methods 

can be employed to calculate the capacity contribution. 

I. Multi-state unit representation 

NCRE generators can have a range of power output levels depending on the resource 

availability. In this method, NCRE generators are modeled with partial capacity 

outage states similar to conventional units with several de-rated states. Each of these 

states has an associated probability and to evaluate the LOLP at a given time, the 

NCRE generator is also treated as a multi-state conventional unit. ELCC of the 

NCRE generator could then be calculated as described above in the previous section.  
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The probability distribution of the plant output is typically used to develop the multi-

state model with a number of capacity blocks to represent the NCRE generator in the 

ELCC calculation. A major disadvantage associated with this method is the loss of 

information on the correlation between demand and the timing of the NCRE plant 

output. However, this concern could be addressed to a certain extent by using 

different probability distributions to represent different categories of hours. 

 

Figure 4.1: Probability distribution of the plant output and capacity blocks 

II. Peak-period capacity factors 

Capacity factor based methods are being used by many utilities around the world due 

to its simplicity in application and reasonable accuracy [43]. Generally, the capacity 

factor (defined as the ratio of the average output to the total output) of the NCRE 

generator calculated over several suitable peak hours is considered as the Capacity 

Credit of the NCRE generator.  

This method is well suited for situations where there is a clearly notable peak period 

in the daily load profile of the system and only one year of NCRE generation data is 

adequate to carry out the calculations, although several years of data is always 

preferred. Generally, the selected peak hours are weighted evenly, but if required, 

higher weights could be placed on high load hours and low weights on low weight 

hours.  
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III. Capacity factor during high LOLP hours 

This method also calculates the capacity factor. However, instead of considering the 

peak hours, this method calculates the capacity factor when the system LOLP is at its 

highest. These hours are generally the highest load hours, and the NCRE generation 

output during these hours is then used to calculate the capacity factor as an estimate 

of the NCRE generator’s capacity credit.  

Milligan and Parsons (1999) carried out these calculations for the top 1% to 30% of 

loads using an increment of 1% to determine the usefulness of these simpler 

approaches, and the results have shown that when approximately 10% or more of the 

top load hours are considered, the capacity factor is within a few percentage points of 

the ELCC [44]. 

4.2.3 Proposed method to calculate the Capacity Credit of NCRE generation 

in Sri Lanka 

The typical daily load profile of Sri Lanka takes the same shape throughout the year 

and there is a clearly distinct peak period due to the domestic loads. According to the 

system control center of the CEB, the system peak generally occurs between 19.00 

and 20.00 hours with a steep increase from 18.00 to 19.00 hours followed by a 

decrease in demand at a slow rate until about 22.00 hours.  

 

Source: Study report on electricity demand and system peak reduction, PUCSL, 
December 2012 

Figure 4.2: Typical system load profile of Sri Lanka 
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Due to the high data requirement of the ELCC method, an approximation method is 

proposed in this thesis to calculate the capacity credit of intermittent NCRE plants. 

The peak period capacity factor method can provide accurate results when the system 

peak period is known for the whole year, and requires less effort and data when 

compared with other methods. In addition, it is suitable for long term studies and 

therefore, the peak period capacity factor method was used to calculate the capacity 

contribution of the NCRE plants. NCRE generation during 18.00 to 22.00 hours will 

be taken into account considering the daily load profile of Sri Lanka. In the following 

sections, this method is used to calculate the capacity credit of a hypothetical wind 

plant using actual wind measurement data. 

4.3 Wind Power Output Model 

In this thesis, the capacity credit calculation of a NCRE plant was carried out using a 

hypothetical wind plant proposed in Mannar which is still in its initial planning 

stages. A wind power output model was developed using Matlab to calculate the 

hourly wind plant output and energy production. The output from this model was 

then used in capacity credit calculations and WASP optimizations. Actual hourly 

wind measurement data collected in Nadukuda beach in Mannar obtained from Sri 

Lanka Energies (Pvt) Ltd was used to evaluate the model. 

First, the excel file containing the wind speeds and corresponding timestamps was 

read into an array in Matlab and was filtered to remove any outliers by looping 

through the array of wind speeds. Vestas V52 – 850kW turbine was selected as the 

reference turbine in this analysis, and since the wind speed is affected by ground 

surface friction, the collected wind data was then corrected for roughness to account 

for the difference between the hub height of the selected turbine and the wind speed 

measurement height. The collected wind measurements were available at 10, 20 and 

40m and the 40m data was corrected using the commonly used Hellmann 

exponential law that correlates the wind speed readings at two different heights and 

is expressed by, 

W��� ��	��� =  W� 	�	!" ��	��� # Hub HeightInitial Height/0
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Where α is the friction coefficient or Hellmann exponent. For Mannar, α is assumed 

to be 0.10 considering the local terrain and the measured values that were available at 

10, 20 and 40m heights [45]. 

The power curve of the reference turbine is defined by the manufacturer. However, 

the defined table shows power values only for discrete values. In order to calculate 

the output power at any speed between the cut-off and cut-in wind speed, the variable 

part of the power curve was fitted into a polynomial curve in the Matlab model. 

Power curve values of the reference turbine are given in Appendix A and the plot of 

the Matlab curve fitting is given in Appendix B. 

As the next step, the power output of the turbine was defined in a separate function 

which estimated the power output of the turbine based on the wind speed, and 

individual turbine output for each hour was calculated. It was assumed that wind 

incident is same on every turbine and each turbine acts independently. Therefore, the 

total power output of the wind park was calculated for every hour using the sum of 

the power produced by each turbine. 

Finally, the capacity factor was calculated by using the hourly power output during 

the system peak period and the monthly energy production of the wind park was 

calculated after taking into account the losses. Generally, there are several sources 

that contribute to the energy loss of a wind plant such as the wake effect, turbine 

performance, plant availability, electrical efficiency, curtailments and environmental 

losses. Most of these losses are site specific. However, in aggregate, total losses of a 

wind power plant is typically in the 10-20 percent range, and in this thesis, the total 

energy loss is considered to be 15 percent [46]. The Matlab code of the wind power 

output model is included in Appendix C. 
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Figure 4.3: Flowchart of the wind power output model 

4.3.1 Output of the modeled wind park 

To evaluate the model, wind data from Nadukuda beach in Mannar was used as per 

the information given below, and the expected monthly outputs from the modeled 

wind park is plotted in Figures 4.4 and 4.5. However, it has to be noted that the 

reference turbine was selected assuming the wind park to be in its initial planning 

stages. A more accurate wind park output could be obtained once the wind park 

turbine is selected after detailed evaluations. 

Wind park capacity   – 100MW 
Wind measurements  – 17th Sep 2002 to 17th Sep 2003, at 40m height in one 

hour resolution 
Turbine    – Vestas V52 – 850kW, 52m Rotor 
Cut-in wind speed   – 4 m/s 
Cut-out wind speed   – 25 m/s 
Tower height    – 65m 
Surface friction coefficient – 0.1 
Aggregated losses   – 15% 

Historical wind speed time series

• Removed any outliers
• Corrected for surface friction (Tower height adjustment)

Wind turbine power curve

• Variable part is defined by a polynomial curve

Estimated hourly power output

• Capacity factor was calculated by using the power output 
during peak hours

• Energy production was calculated after including the losses
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Figure 4.4: Monthly Capacity Credit of the wind park 

 

 

 

 

 

 

 

 

 

Figure 4.5: Monthly energy production of the wind park 
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It is evident that the capacity contribution of the wind park is very high during the 

South-West monsoon period, and is quite low during the months of November, 

March and April. According to the CEB data, the highest system demand is generally 

seen in March and subsequently, the LOLP will be high. As a result, the overall 

capacity contribution from this wind park to the system adequacy is expected to be 

small due to the low capacity credit during March.  

Energy production of the wind park also takes the same pattern as that of the capacity 

credit, and a certain amount of thermal generation is likely to be displaced due to 

contribution from wind generation when the wind park is added to the system. 

Therefore, a separate evaluation was carried out in Chapter 5 to calculate the energy 

credit, capacity credit and the emission credit of this modeled wind park.  

4.3.2 Analysis of the wind power output model 

For an accurate estimation of a wind plant output, the wind resource has to be 

evaluated in detail which often requires a lot of effort. While there are several other 

uncertainties, such as environmental factors, turbine performance and operational 

interruptions, wind condition is the main source of uncertainty and is a major factor 

that affects the power generation of a wind power plant. Therefore, every effort has 

to be taken to maximize the length, quality and the geographical coverage of the data 

collection, because the economic value of a wind plant is highly dependent on the 

energy production, which in turn is very much sensitive to the prevailing wind 

conditions. However, long term generation planning is usually conducted many years 

prior to the actual implementation of a project, and resource assessments of the 

proposed wind power projects are often in the initial stages where some compromise 

in the predicted performance is inevitable.  

In this thesis, hourly wind data of only a year was used to predict the output of the 

planned wind park due to the unavailability of data. However, wind data of three 

years or more is desirable to capture the annual variability of the wind resource [46]. 

In addition, wind data with a better resolution such as of 10 minute intervals can 

provide more accurate outputs and if available, such data can be readily used with the 

developed Matlab wind power output model.  
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For a small wind power plant, wind measurements taken from one metrological mast 

is generally sufficient to provide an accurate assessment of the wind resource at the 

site. For medium and large projects located in complex terrains or when there is 

significant forestry, it is likely that more than one metrological mast is required to 

evaluate the wind resource in detail. Nevertheless, this is highly site specific and for 

simple terrains, measurements from one mast at the initial stages of a project can 

provide reasonably accurate estimations of the wind conditions although 

measurements from several masts are required when detailed evaluations are carried 

out. Wind data collection by the CEB in Nadukuda beach had been carried out using 

a single mast, which is common practice in the initial stages. This data was used to 

calculate the wind power output of the planned 100MW wind park in Mannar, and 

due to the simple terrain, it was assumed that the same wind conditions will apply to 

all the individual turbines of the wind park.  

Furthermore, siting of the individual turbines is carried out in such a manner that the 

energy production of the wind power plant is optimized by improving independent 

operation and reducing wake losses. Since such information is often unavailable and 

requires complex dynamic modeling which is not essential for long term generation 

planning studies, the wind power output model was kept simple by including the 

wake losses in the total aggregated losses of the wind park. However, when detailed 

evaluations are carried out, wind measurements are generally collected from several 

locations and a more accurate output could be obtained from the model by 

calculating the cluster wise wind generation after dividing the project site into a 

suitable number of clusters. 

The changes in input data such as wind measurement data, turbine power curve data 

and tower height could be accommodated towards the latter stages of a project to 

improve the output accuracy. However, since the wind power output model is 

intended to be used in long term generation planning studies, finer changes such as 

the layout changes of individual turbines were not included and cannot be modified 

in the model. Such uncertainties were accounted in the total aggregated loss of the 

project to simplify the application. 


