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ABSTRACT 

Renewable energy guidelines, such as the Renewable Portfolio Standard, arising from amassed 

environmental concerns have set very determined objectives for wind power penetration in 

electric power systems throughout the world. In many cases, the geographical locations with 

good wind resources are not close to the main load centers. It becomes extremely important to 

assess adequate transmission facility to deliver wind power to the power grid.  

Wind is a highly variable energy source, and therefore, transmission system planning for wind 

delivery is very different from conventional transmission planning. Most electric power utilities 

use a deterministic „n-1‟ criterion in transmission system planning. Deterministic methods cannot 

recognize the random nature of wind variation that dictates the power generated from wind 

power sources. This dissertation presents probabilistic method to evaluate the contribution of a 

wind power delivery system to the overall system reliability. The effects of site-specific wind 

regime, system load, transmission line unavailability, and redundancy on system reliability were 

studied using a basic system model. The developed method responds to the various system 

parameters and is capable of assessing the actual system risks. 
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Modern power system aims to provide reliable as well as cost effective power supply to its 

consumers. Reliability benefits, environmental benefits and operating cost savings from wind 

power integration should be compared with the associated investment costs in order to determine 

optimum transmission facility for wind power delivery. This dissertation presents the reliability 

and cost techniques for determining appropriate transmission line capacity to connect a wind 

farm to a power grid. The effect of transmission system cost, line length, wind regime, wind 

penetration and customer interruption cost on the optimum transmission line sizing were studied 

using a basic system model. The methodology and results presented in this dissertation should be 

useful in transmission system planning for delivering wind power to a power system. 

 

KEYWORDS:Reliability, Evaluation techniques, cost analysis, wind power, wind turbine 

 

 

CHAPTER- ONE                                   INTRODUCTION 

 

 

1.1 Power system reliability 

Power system reliability is the measure of the ability of the system to deliver electricity as 

demanded to various points of utilization within acceptable standards. 

Reliability of a product is defined as the probability that a device will perform its required 

function, subjected to stated conditions, for a specific period of time. It is quantified as Mean 

Time Between Failures (MTBF) for repairable product and Mean Time To Failure (MTTF) for 

non-repairable product [31].   

A quantitative measure of system reliability can be represented by numerical values using 

various reliability indices. The most impotent function of a power system is to ensure economic 

and reliable supply of electrical energy to its customers. Power system reliability evaluation 

provides a measure of the overall ability of the system to perform its intended function. Power 

system reliability evaluation is an important part of various facilities planning, such as 

generation, transmission and distribution networks. The evaluation of sufficient system facilities 

is essential in providing adequate and acceptable continuity of supply. Power system reliability 
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can be described by two important attributes: adequacy and security. The two attributes are 

shown in Figure 1.1. 

 

Fig.1.1 Attributes of power system reliability 

 Adequacy is the measure of a power system to satisfy the consumer demand in all steady state 

conditions. It is related to providing sufficient facilities to generate energy and to transport the 

energy through transmission and distribution networks to all the consumers. It is the ability of a 

power system to supply its customers with the installed system components. Adequacy does not 

include system disturbances.   

 

Security is a measure of the system ability to withstand a sudden & severe disturbance in the 

system while maintaining system integrity. This disturbance can be an electric short circuit or an 

unexpected loss of system components, such as major generation and transmission. Security is 

associated with the system response to different disturbances.    

The work done and reported in this dissertation is in the domain of system adequacy. System 

adequacy evaluation is an important part of power system planning and decision making process 

 

1.2 Hierarchical Levels in Adequacy Studies     

Modern power systems are generally complex, integrated and very large. It is not practical to 

conduct an adequacy evaluation of an entire power system. The system is generally divided into 

different functional zones of generation, transmission and distribution systems. System adequacy 

can be analyzed separately at the three different hierarchical levels (HL) [1], as shown in Figure 

1.2. 

 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
141 

November 
2015 

 

Fig. 1.2 Hierarchical levels 

 

HL-I refers to generation facilities and their ability to supply the demand. HL-II refers to the 

ability of the combined generation and transmission system to generate and deliver energy to the 

major load points.  HL-III refers to the complete system including generation, transmission and 

distribution systems. Adequacy evaluation is usually only done at the distribution system level 

and not at the HL-III level. Outputs from HL-II can be used as the inputs for distribution system 

adequacy evaluation.   

 

The scope of the work reported in this dissertation is at the HL-I level. Limited transmission 

facilities can also be considered at the HL-I level. HL-I studies can generally include a 

transmission system connecting remote generation facilities. This dissertation contains adequacy 

studies that consider transmission line that connects remotely located wind generation to a power 

system grid. 

 

 

1.3 Application of Wind Energy in Power Systems 

Renewable sources are getting considerable attention in power generation due to growing public 

concern with environmental degradation caused by conventional electricity generation. Wind is 

the most promising choice for producing substantial amount of electricity from green energy 

source. A number of generation companies are offering green electricity as an attractive product 
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to customers in a competitive electric utility environment. Wind power has grown rapidly in the 

last decade and is expected to grow more in the next decade. 

 

1.3.1 Growth of wind power 

Wind power has been growing continuously worldwide, according to the report made by the 

global wind energy council (GWEC) that the Global capacity growth hits 50GW in 2014, the 

first time to hit this milestone [30]. 

The figure below shows the annual growth installed capacity from 2006-2014, the installed 

capacity in 2014 was 51,477MW, a growth of 44% on the previous year. The total installed 

capacity stand at 369,553MW as at the end of 2014. 

 

 

Fig. 1.3 annual installed capacity of wind power from 2006-2014 

 

The bulk of the development came from China, where more than 23GW was installed. Europe 

added 12.8GW, with Germany contributing the largest increase (5.2GW), followed by the UK 

(1.7GW). In Asia India was a distant second to China with 2,315MW. 

In the Americas, the US added 4,854MW, Canada 1,871MW and Mexico 522MW. In Latin 

America, 3,749MW was added. Out of this, Brazil contributed 2,472MW, Chile 506MW and 

Uruguay 405MW.The increases come after a slow 2013, when global installations fell for the 
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first time since records began in 1996. Only 35.5GW of new wind farms were installed in 2013, 

nearly 10GW less than in the year before [30]. 

 

1.4 Problems associated with wind power 

Wind power is anticipated to grow many folds in the near future. Significantly high wind 

penetration in power systems can introduce serious problems in adequate system planning and 

reliable system operation. Wind power is mainly viewed only as a fuel saver, and is not normally 

considered in power system planning. Most of the electric utilities do not consider wind power in 

generation planning. Although wind power can help in avoiding new conventional power plants 

in a system, it is not given any credit in generation planning. Wind power has significant effect 

in improving system reliability up to a certain level. There has been some work done in resolving 

adequacy problems associated with generation system planning [7-9]. There has been significant 

work done for economic assessment of wind energy utilization in power systems [10-13].    

 

Geographical sites with good wind resources are being explored for potential large wind farms in 

order to meet the high penetration targets set by reliability portfolio standard (RPS). Many of 

these sites can be far away from a power grid. The large wind farms that are located far away 

from a power grid need to be connected to the grid with transmission lines. Determining an 

adequate transmission system to deliver wind power to a power grid is a difficult problem. Wind 

power generation randomly fluctuates between zero and the wind farm‟s rated capacity. 

Designing a transmission system to match the wind farm‟s installed capacity can lead to over 

investment. On the other hand, it is important to provide fair access to the power transmission 

network to all the participating power producers in many power systems. In deregulated systems, 

an equal access to the system network must be provided to each of the participating generation 

companies (GENCOS). This problem needs to be addressed by applying suitable power system 

reliability evaluation techniques and economic assessment. There has not been sufficient work 

done in this area. There is a need to develop proper methodology and evaluation approach for 

evaluating transmission system adequacy on wind power delivery.    

 

High penetration of wind power can also cause various problems related to system operation and 

power quality. Wind power affects power system dynamics and stability, reactive power control, 
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voltage control and flickering. Some of these problems have been studied by different 

researchers in previous work [14-16]. 

 

1.5 Reliability and cost worth analysis 

The basic function of an electric power system is to provide reliable and economic supply of 

power to all the consumers. It generally requires an increased investment in the system facilities 

to enhance the reliability of the system. It is therefore quite conflicting to supply power 

economically with a high level of reliability. It is a challenging work for power system planners 

and operators to design and operate the system with an optimum balance between reliability level 

and investment cost. The continuously increasing application of wind power in conventional 

power systems has created more challenges in system planning and operation.    

Conventional generating units are capable of producing the rated power output most of the time. 

Conventional transmission planning is done based on the rated generating capacity installed at 

various locations within the system. Wind power fluctuates continuously with available wind 

speed. Unlike conventional generation, the power output from a WTG is uncertain and the 

probability of getting rated power is very low. Sizing a transmission system to deliver wind 

power based on the rated capacity of the wind farm can lead to over investment. It is however 

important to provide fair access to transmission facility to all power generators including wind 

power producers. An optimum transmission system to obtain maximum benefits from wind 

energy can be determined using appropriate reliability and cost analysis.    

One of the key benefits from wind power application in a conventional power system is the 

offset in fuel cost. Wind power generation can also contribute to overall system reliability, and 

help in reducing customer cost of electric power interruption. Offsetting conventional fuel 

consumption means reducing harmful emissions produced by fuel and therefore, providing 

environmental benefits. Environmental benefits are realized by monetary values in the form of 

governmental incentives or renewable energy credits (REC). Wind power producers are eligible 

to obtain incentives such as wind power purchase incentives (WPPI) on each unit of the 

renewable energy generated. The cost savings due to these benefits can be compared with the 

investment in the transmission system for wind power delivery. 

 

 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
145 

November 
2015 

1.6 Significance of the study 

Renewable energy sources are receiving more importance in power generation due to cumulative 

environmental concerns. Various countries around the world have made obligation to the Kyoto 

protocol, which specifies a target to significantly reduce Green House Gas (GHG) emissions. 

Electric power generation is a major contributor to global GHG emission. The application of 

green energy sources in power generation can be helpful in reducing GHG. Wind energy sources 

are recognized as the most capable renewable energy sources for replacing conventional energy 

generation and making significant reduction in GHG emission.  

 

Global public awareness leading to energy programs such as the reliability portfolio standard 

(RPS) and different forms of governmental encouragements to promote renewable energy have 

become the driving force for wind power production. Wind power production incentives (WPPI) 

are available to wind power producers in many authorities to promote wind power and to 

compete with the relatively less costly conventional power generation. Wind power production is 

favored by many independent and small energy producers due to its relatively small installation 

time compared to other conventional power plants. Power system deregulation has opened 

chances for many private energy producers by providing open access to the grid. 

It is discussed in section 1.3.1 that wind power penetration in electric power systems will grow 

many folds in the next decade as utilities move towards wind power to meet their RPS targets. 

Bulk power generation from wind can be obtained in geographic locations with good wind 

resources, it is obvious to all Nigerians that North West geopolitical zone is having the best wind 

potentialities amongst other geopolitical zones in the country. Such locations need to be 

connected to a power system grid to transmit wind energy. It becomes very important to 

determine adequate transmission facility to connect large wind farms to the system grid. Wind 

farms cannot provide rated power most of the time as the power produced by wind turbine 

generators (WTG) varies randomly with the site wind speed. Realistic reliability and cost 

evaluation techniques should be developed and utilized in determining adequate transmission 

facilities to utilize the available resources in these region to complements the conventional 

sources of energy in the Country. This will be more significant for both vertically integrated 

system and deregulated power systems in order to determine proper investment in the 

transmission system. 
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1.7 Research Objective 

The basic objective of this work is to assess the optimum transmission system to deliver wind 

power by comparing reliability and energy benefits available from wind energy with the 

investment cost in the system. A WTG is not able to generate power at its rated capacity most of 

the time. The design of a transmission system based on the wind farm‟s installed capacity can 

lead to unnecessary investment costs, and therefore, fail to meet the objective of a power system 

to supply reliable and economic power to consumers. The objective of this dissertation is to 

present suitable techniques for adequacy and cost evaluation of a transmission system for 

delivering wind power.    

Different system parameters such as the system peak load, transmission line size, length and 

outage probability, and wind regime at the wind farm location can have significant impact on the 

overall system cost and reliability. The objective of the research work also includes an analysis 

of the effect of these various system parameters in determining appropriate transmission system 

for wind power.    

Many electric utilities use an „n-1‟ reliability criterion in transmission system planning. This 

criterion specifies that the system should be able to withstand the outage of any major single 

system component, such as a transmission line. It is very important to analyze the credibility of 

that criterion in transmission planning considering wind power. Another objective of this 

research work is to evaluate the „n-1‟ criterion for wind power transmission and recommend 

appropriate reliability criteria for transmission planning considering wind power. 

 

1.8 Organization of the Dissertation  

The rapid growth of wind power has dictated a need to develop new methods to determine 

appropriate transmission facility to capitalize on the benefits from wind energy application in 

power systems. Analytical probabilistic techniques have been utilized in the work reported in this 

dissertation in order to determine adequate transmission system to connect wind power sources 

to a power system.    

 

Chapter 1   introduces the basic concepts of power system reliability. This chapter provides 

information on the reliability portfolio standard (RPS) energy policy and its consequence on 
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wind power development. It also describes the problems associated with increasing wind power 

penetration in power systems and related research work previously done in that field. The 

chapter describes significant and the main objectives of the research work.   

Chapter 2   describes various power system reliability techniques that can be applied to evaluate 

power system reliability evaluation considering wind power. Different deterministic and 

probabilistic techniques using analytical and simulation methods are briefly discussed. An 

analytical technique known as the Tie Line Constrained Equivalent Unit Approach is explained 

for incorporating limited transmission system in a reliability evaluation at the HL-I level. The 

reliability indices such as the Loss of Load Expectation (LOLE) [1] and the Loss of Energy 

Expectation (LOEE) are described in this chapter.    

Chapter 3   presents system modeling and evaluation methods. System modeling is explained in 

three major steps consisting of wind speed modeling, WTG modeling and system risk modeling. 

This chapter also introduces a basic system model used for this research work. The flow diagram 

is presented to show the system reliability evaluation process.   

Chapter 4   presents the application of the developed reliability techniques on an example system 

to evaluate the contribution of the wind transmission system to the overall system reliability. A 

case study considering six sites in some states in the North West geopolitical zone of Nigeria, the 

impact on the reliability contribution of various system parameters, such as the transmission line 

capacity, unavailability and redundancy are analyzed. The effect of the transmission line size and 

the other parameters on the Expected Power Output (EPO) is evaluated, and its importance is 

discussed. Studies were done on a wind system with and without considering its integration to a 

large power system. The results from both the studies are presented and discussed in this chapter.   

Chapter 5 presents reliability cost and worth evaluation techniques to determine appropriate 

transmission facility to connect a wind farm to a power system. The investment cost associated 

with the transmission system is compared with the overall benefits obtained from the wind 

energy application. The optimum transmission line size depends on different parameters, such as 

the transmission line cost and length, wind regime at the wind farm location, wind penetration, 

customer cost of interruption, etc. The effect of these parameters on the optimum transmission 

line sizing is analyzed in this chapter.   

Chapter 6   discusses the important conclusions drawn from the various analyses, and also 

presents the summary of the research work.  



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
148 

November 
2015 

CHAPTER - TWO 

RELIABILITY EVALUATION TECHNIQUES 

 

 

2.1 Introduction 

Power system reliability evaluation is an important process in system planning and designing in 

order to ensure healthy system operation in the future. Different methods have been used by 

electric power utilities for adequacy evaluation at the HL-I level in generating system planning. 

Reliability techniques can be broadly grouped in deterministic and probabilistic techniques. 

Deterministic techniques were the earliest methods used in power utilities to determine adequate 

generating capacity. These techniques have been replaced by probabilistic techniques in most of 

the major power utilities.   

2.2 Deterministic Techniques 

Deterministic techniques were used by almost all utilities in the past to determine adequate 

generating capacity to meet projected load demand in power system planning. The most widely 

used criteria within this method are described below.   

i. Capacity Reserve Margin (CRM) under this criterion, the installed capacity must be at least 

equal to the expected system peak load plus a fixed percentage of the peak load. This method is 

also known as the percentage reserve margin. The CRM criterion accounts for unexpected load 

growth in capacity planning.     

ii. Loss of the Largest Unit (LLU) a power system should be capable of satisfying the system 

peak load with the loss of largest generation unit under this criterion. The system capacity 

reserve required is at least equal to the capacity of the largest unit in the system in this case. The 

LLU criterion helps in avoiding load curtailment due to an outage of single unit in the system.   

iii. Combination of CRM and LLU the capacity reserve required in this case is equal to the 

capacity of the largest unit in the system plus a fixed percentage of either the installed capacity 

or the expected peak load. This criterion ensures system reliability by anticipating an outage of 

any single generating unit and the uncertainty in the peak load.    

Electric utilities in isolated systems, in island nation and the developing world, still use some 

form of deterministic methods in generation planning. A deterministic method, however is not 

capable of recognizing stochastic behavior of a power system and cannot provide consistent 
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system risk evaluation. Major power utilities have shifted from using deterministic to 

probabilistic techniques in generation planning. 

2.3 Probabilistic Techniques 

Power system behaves stochastically and it is rational to assess system reliability based on 

techniques that respond to the random system behavior in various scenarios. Probabilistic 

techniques have been developed to overcome the limitations of deterministic techniques and to 

provide quantitative measure of system reliability.    

 

Many utilities around the world have adopted probabilistic techniques for system risk evaluation 

at the HL-I level. It can be seen from Table 2.1 that the LOLE index is the most widely used 

index for system reliability evaluation at the HL-I level. The North American Electric Reliability 

Council (NERC) has provided LOLE index of 0.1day/year as a guideline for system planning at 

the HL-I level. This criterion requires that the generation system be designed such that the 

system load does not exceed the total generation for a long-term average value of 0.1 days in a 

year. Many utilities use this LOLE criterion in generation planning. Few utilities use the energy-

based index such as the Loss of Energy Expectation (LOEE) or the Expected Unused Energy 

(EUE).    

It is discussed earlier that probabilistic approach is quite complex in composite system planning. 

Many utilities use the „n-1‟ deterministic criterion for transmission system planning. Few utilities 

use software tools capable of conducting HL-I studies to obtain probabilistic measure of 

composite generation and transmission system adequacy. Probabilistic techniques can be 

categorized under analytical and simulation techniques that can be useful in obtaining various 

statistical system risk indices.    

i) Analytical Technique: The system is represented by a mathematical model in an             

analytical technique, which provides direct numerical solutions. The majority of existing 

techniques are based on analytical methods.   

 ii) Simulation Technique: This technique treats the problem as a series of real experiments and 

hence requires large amount of computing time. The system reliability indices are estimated by 

simulating the actual process and random behavior of the system. Simulation techniques are 

receiving greater attention with the continuous development of high-speed computers with 

enormous memory/storage capacity. 
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2.3.1 Analytical Techniques  

Analytical techniques developed for HL-I adequacy evaluation are extensively accepted and 

routinely applied by power utilities in generation planning. It is relatively difficult to apply 

analytical techniques in composite system planning that requires system risk evaluation at each 

load point in the system. However, limited transmission system can be incorporated in HL-I 

adequacy evaluation. Such an analysis is usually done to consider an important transmission line 

under study.   

2.3.1.1 Generation System Adequacy Evaluation 

The basic HL-I system model can be represented by the model shown in Figure 2.1. The overall 

system generation is symbolized as G, which provides power supply to the system load. The 

basic approach to system reliability evaluation at the HL-I level can be exemplified by Figure 

2.2. The evaluation process consists of three parts:  

a) Generation modeling  

b) Load modeling and  

c) Risk modelling 

 

 

Fig. 2.1: Basic HL-I system model 

 

 

 

Fig. 2.2: Basic concepts of HL-I adequacy evaluation 
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The forced outage rate (FOR) is an essential parameter in generation system modeling. It can be 

well-defined as the probability of finding the unit on forced outage at some distant time in the 

future. The FOR of a generating unit can be calculated using Equation 2.1 [1]. 

 

 

(2.1) 

 

The generating unit capacity ratings and the corresponding FOR are the important data inputs 

that are used to create a capacity outage probability table (COPT). It is an array of capacity levels 

and the associated probabilities of existence. The COPT can be formed by using the recursive 

algorithm shown in Equation 2.2 [1]. 

 

 

(2.2) 

Where P‟(X) and P(X) refer to the cumulative probabilities of the capacity outage state of X MW 

before and after the unit is added respectively. The above algorithm is initialized by setting P‟(X) 

= 1 for X ≤ 0 and P‟(X) = 0, otherwise. Generating unit may partially fail and reside in rerated 

states. „N‟ is the number of outage states with Ci MW on outage with a probability of pi. The 

load model represents the variation in the system load with time within a certain period. The 

basic period used in system planning and reliability study is a calendar year. It can also be 

presented in per unit of time. The system load can also be represented in per unit of the peak 

load. There are a number of load models, which can be used to produce different risk indices. 

The Daily Peak Load Variation Curve (DPLVC) and the Load Duration Curve (LDC) are widely 

used load models in analytical evaluation. The DPLVC is a model that represents the variation in 

the daily peak loads in the descending order. The resultant cumulative load model is known as 

the LDC when the individual hourly load values are used. Figure 2.3 shows a simple load model. 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
152 

November 
2015 

 

Fig. 2.3: Load model and risk indices 

The generation model is combined with the load model to evaluate different risk indices. The 

Loss of Load Expectation (LOLE) is being considered as one of the most important risk indices. 

It can be defined as number of days in specific duration in which daily peak load exceeds the 

available generation capacity. Figure 2.3 also shows the system installed capacity and the 

convolution of generation and the load model. It can be seen from the figure that any capacity 

outage in excess of the reserve will cause a load curtailment. Figure 2.3 shows that time tk is the 

duration for load curtailment due to capacity outage Ok, which is more than reserve capacity. Pk 

denotes the individual probability of the capacity outage Ok. The system LOLE can be evaluated 

by Equation 2.3 [1].  

 

 

(2.3) 

Where n = number of capacity outage states in the COPT 

Pk = individual probability of capacity outage Ok 

Tk = time duration of load curtailment due to outage Ok  
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If the time is in per unit of total time period, the above equation gives the Loss of Load 

Probability (LOLP) in lieu of the LOLE. The unit of LOLE is in days per year when using a 

DPLVC, and in hours per year when using a LDC load model.    

The area under the LDC represents the total energy demand in a year by the system. Figure 2.3 is 

a LDC, the shaded area (Ek) corresponds to an energy curtailment due to capacity outage Ok 

with a probability of Pk. Each outage state in the COPT is superimposed on the LDC to calculate 

the total energy curtailed. The energy based index Loss of Expected Energy (LOEE) can be 

calculated using Equation 2.4. This index is also known as the Expected Unsupplied Energy 

(EUE).   

 

 

                                                                                                                                              (2.4) 

 

2.3.1.2 Incorporating Transmission System in Adequacy Evaluation 

It is stated earlier that important transmission system can be incorporated in system adequacy 

evaluation at the HL-I level. The basic model incorporating transmission line is shown in Figure 

2.4.  Figure 2.4 represents a remotely located generation facility, such as a large wind farm, 

which is connected to a conventional grid system through a transmission system. TL is the 

transmission line, which connects a remotely located generation plant (RG) to the rest of the 

generation system (G) in a power grid. 

 

 

 

Fig. 2.4: HL-I system model incorporating transmission line 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
154 

November 
2015 

The generation system adequacy evaluation model in Figure 2.2 can be extended to incorporate 

limited transmission system as shown in Figure 2.5.  A tie line constraint equivalent unit 

approach [1] can be used to develop a generation model that includes transmission system. 

Additional data on transmission line capacity, length and failure rate are required to create a 

COPT for the system. 

 

 

Fig. 2.5: Evaluation model incorporating transmission system in HL-I 

 

The model in Figure 2.5 can be used to incorporate a transmission line that connects a remote 

power source to a power system. System adequacy evaluation considering transmission system 

can be conducted as shown in the model using the following steps. 

i)  A generation model for the remotely located generation plant is first developed in the form of 

a COPT.  

ii) The generation model developed in step-1 is modified to include the transmission line 

constraints. The available generation capacity of the remote plant is constrained by the 

transmission line capacity. Any generation capacity in excess of the tie line capability is replaced 

by the tie line capacity to create a COPT that incorporates the effect of the transmission line. The 

probabilities of the various capacity conditions in the generation model in step-1 are weighted by 
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the availability of the transmission line. The modified COPT represents a single unit that 

includes wind generation and transmission system models. 

iii) The total system generation COPT can finally be obtained by adding the equivalent unit 

model obtained in step-2 to the rest of the generation system using the recursive algorithm shown 

in Equation 2.2. 

 iv) The total system generation model is convolved with system load model to obtain the system 

risk indices.    

The analytical technique described above is used and extended in this research work to include a 

remotely located wind generation in adequacy evaluation of a wind power delivery system. A 

computer program named SIPSREL [18] developed at the University of Saskatchewan 

incorporates HL-I analytical techniques to evaluate various risk indices and energy indices. It is a 

useful graphical user interface software tool for generation system reliability studies. It has been 

developed as an educational tool, and has also been used in reliability studies of electric power 

utilities. This tool has been used in the analysis conducted in this research work. 

 

2.3.2 Simulation Techniques 

Simulation techniques are the other type of probabilistic methods used in power system 

reliability evaluation. Unlike analytical technique, this technique simulates the actual system 

process on a computer to evaluate various risk indices. The advancement in computing facility 

has made simulation process faster. Monte Carlo Simulation (MCS) process is based on random 

variable generator and it may provide different numerical solution every time the simulation is 

repeated. These techniques use chronological load variation for system risk evaluation.   

MCS process can be mainly used in two ways, random and sequential. The random approach 

simulates the basic duration of the system lifetime by choosing intervals randomly. The 

sequential approach simulates the system interval chronologically [19]. This approach is very 

essential to analyze the system for which one basic interval has significant effect on the next 

interval. Simulation techniques can be very useful in system risk evaluation at the HL-1 as well 

as at the HL-II level. Simulation techniques require large computation time and memory space. 

Slightly different results are usually obtained when a simulation process is repeated. These 

techniques are normally not used when direct analytical techniques are available. 
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2.4 Summery   

Power system reliability evaluation techniques are being continuously developed over the last 

fifty years. Deterministic techniques were widely used in power system planning and used by 

many utilities across the world. These techniques cannot recognize the random nature of 

component failures or load variations in power systems. The development of probabilistic 

techniques has attracted utilities to employ these methods in generation system planning.   

 

Probabilistic techniques using analytical and simulation technique are discussed. The basic 

concepts behind analytical methods for risk analysis are described. Risk indices such as LOLE 

and LOEE are explained. Most of the utilities use these indices for generation system reliability 

evaluation. Analytical HL-I adequacy evaluation methods can also incorporate limited 

transmission system. The method of incorporating transmission line in adequacy evaluation 

using a tie line capacity equivalent unit approach is described in this chapter. The analytical 

techniques described in this chapter are incorporated in the software tool SIPSREL. 

Probabilistic techniques are not used widely in transmission system planning. Most utilities use a 

deterministic „n-1‟ adequacy criterion in transmission planning. The probabilistic techniques to 

incorporate a transmission system in HL-I evaluation are extended in this research work in order 

to assess the benefit from wind power delivery.        
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CHAPTER –THREE 

SYSTEM MODELING AND EVALUATION METHOD 

 

3.1 Introduction 

 

Generation of electric power from the wind has been growing continuously since the last decade. 

The importance of wind power in meeting global energy demand has increased because of 

increasing environmental awareness and emerging energy policies that promote renewable 

power. It has become increasingly important to determine adequate transmission facility to 

connect remotely located large wind farms to power systems in order to optimize the benefits 

from wind energy. It is earlier discussed that wind power fluctuates randomly, and is therefore 

important to assess adequate transmission system from a reliability and cost point of view. Such 

analysis is required to maximize the benefits from wind while avoiding unnecessary investment 

in transmission system. This chapter presents system evaluation models and techniques that were 

developed to evaluate adequate transmission facility required to deliver wind power. The 

evaluation approach is illustrated using an example.   

 

Wind power system evaluation model consists of three major steps:  

i) Wind speed modeling  

ii) WTG system modeling  

iii) System risk modeling. The graphical presentation of the evaluation process is shown in 

Figure 3.1.  

 

 

Fig. 3.1 Basic system evaluation model 
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3.2 Wind speed modelling 

 

The amount of wind power generated depends on the density of air, wind turbine rotor area, and 

the wind speed.  The relationship is shown in Equation 3.1[20].   

 

P = ½ ρ A V
3 

                                                                (3.1) 

 

Where, P = Wind power generated in w (watts)  

                   ρ = Density of dry air in kg/m3 (kilograms per cubic meter)  

                  A = Rotor swept area in m/s (meter per second)  

                  V= Wind speed in m (meter)   

 

Wind power generation is proportional to the cube of the wind speed. It indicates that accurate 

wind speed modeling is essential for studying wind power effect on system reliability and cost. 

 

Wind speed varies continuously with time, and wind regimes vary with geographic conditions. A 

wind simulation model simulates the variation of wind speed over a specified period of time for a 

selected geographic site. Hourly wind speeds for a selected wind farm site were simulated using 

a time series Auto Regressive Moving Average (ARMA) model [21]. 

 

The simulated wind speed SWt at the t
th

 hour can be obtained using Equation 3.2 from the 

historical mean speed μt, standard deviation σt and the time series values yt. 

 

                                     SWt = μt + σt * yt                                                                     (3.2) 

 

The hourly mean wind speed and the standard deviation data for a given site should be collected 

using a data collection scheme over a number of years. A computer program was developed to 

use respective hourly wind speed data for a particular site and to implement ARMA (4, 3) model 

[21] in order to generate simulated wind speed data.  

This model represents the first step of wind system modeling discussed in the previous section.  
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3.3 Wind Turbine Generation System Modeling   

 

Electrical power generated through WTG depends on the availability of wind and energy 

conversion characteristics of the WTG unit. A WTG system or a wind farm usually consists of a 

large number of WTG units. WTG system modeling requires combining the wind speed model at 

the wind farm location with the WTG power generation characteristics of all the WTG units 

located in the wind farm. The following sections describe the concepts behind wind power 

generation that are utilized in the modelling process.   

 

3.3.1 Wind Energy Conversion System   

 

The basic working principal of wind energy conversion system (WECS) consists of two energy 

conversion processes. The wind turbine rotor extracts kinetic energy from wind and converts it 

into mechanical energy at the rotor shaft. The generator converts mechanical power into 

electrical power. Electrical power is delivered to the main grid system to share the system load. 

The symbolic representation of the general working principle of wind energy conversion system 

is shown in Figure 3.2.   

 

 

 

Fig. 3.2 General principle of WECS 
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Wind power generation varies with the WTG characteristics.  It depends on proper selection and 

design of the generator and the turbine system. It can be seen from Equation 3.1 that power 

produced is directly proportional to the rotor area. Hence, it is equally important to choose 

appropriate WTG design parameters to match a specific wind site.    

 

3.3.2 Wind Power Generation   

 

Wind power generation mainly depends on the availability of wind and the design parameters of 

the WTG unit. The main characteristics that influence generated power are the cut-in wind speed, 

cut-out wind speed, rated wind speed, and the rated power. Wind power generation varies non-

linearly with the wind speed and can be obtained from the power curve of a WTG as shown in 

Figure 3.3 [11]. 

 

 

Fig. 3.3 Power curve of WTG 

 

It can be seen from Figure 3.3 that wind turbines are generally designed to start running at 

specific minimum wind speed. This wind speed is called the Cut-in wind speed, Vci. The 

generated power increases non-linearly as shown in Figure 3.3 with the increase in the wind 

speed from Vci to the rated wind speed Vr. A WTG generates the rated power Pr at the rated wind 

speed. Wind turbines are designed to stop at high wind speed in order to avoid damaging the 

turbine. This maximum allowable wind speed is called the Cut-out wind speed, Vco.  

The power generated remains constant at the rated power level Pr when the wind speed varies 

between the rated wind speed and the cut-out wind speed. 
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The relation between the power output from a WTG and the available wind speed, which is 

shown by the power curve in Figure 3.3, can also be mathematically expressed by Equation 3.3. 

 

                            (3.3) 

 

Where, Pt is the wind power output at the t
th

 hour. Vci, Vr, Vco and Pr are cut-in speed, rated 

speed, cutout speed and rated power output of a WTG respectively. The constants A, B and C 

can be found using Vci, and Vr in Equation 3.4 [22]. 

 

 

 

                                                                                                                                         (3.4) 

3.3.3 Wind Power Generation Model 

 

The hourly electric power generated from a WTG can be calculated from the wind speed data 

using the power curve of the WTG. The simulated hourly wind speed obtained from step-1 of 

Figure 3.1 was used to calculate the hourly wind power generated from a WTG. The total power 

generated from a particular wind power system (also known as a wind farm) can be calculated by 

aggregating the power outputs of all the WTG installed in the wind farm. The hourly wind power 

outputs were grouped into a number of different power output steps, and the probability of 

occurrence of each output step was calculated. Hence, the wind power generation model was 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
162 

November 
2015 

created for a particular wind farm located at specific wind site. The generation model consists of 

all the power output levels and their associated probabilities for the wind farm. A computer 

program was developed to obtain the wind power generation model by superimposing the 

simulated wind speed on the power curve of WTG.    

 

The software tool SIPSREL, discussed in the previous chapter was designed [18] for evaluating 

reliability of a conventional power system. SIPSREL can take a generation unit with five de-

rated power output steps. The wind generation model should therefore be developed in a 5-step 

model to comply with SIPSREL.  It can be seen from Equation 3.3 that WTG cannot produce 

electric power when the wind speed is greater than the cut out wind speed and lower than the cut 

in wind speed. This condition was used to form the two steps comprising of rated output and zero 

output of generation model. The remaining three steps were formed by dividing the non-linear 

characteristics of WTG power curve into three different power output levels.  These three 

different power levels were determined such that the expected power output (EPO) of the 5-step 

wind power generation model is the same as that of the original wind power generation model. 

This condition was applied to maintain the wind power generation model accuracy while 

employing SIPSREL in the system risk evaluation.    

 

A wind farm generation model consists of a number of different power generation states and 

their corresponding probabilities. This is obtained by first determining the different simulated 

wind speeds. The probability pwi of a simulated wind speed SWi is given by Equation 3.5. 

 

                                                                       (3.5) 

 

Where N is the number of simulation years, and Ni is the number of occurrences of wind speeds 

in the range (SWj, SWj+1), where, 

 

                                                                  (3.6) 
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The power generated Pi by each individual WTG in the wind farm was calculated using Equation 

3.3, and aggregated to obtain the wind farm generation model which consists of the wind farm 

power generation states WPi and their corresponding probabilities pi. WPi corresponding to wind 

speed SWi is given by Equation 3.7. 

 

                                                                                    (3.7) 

 

Where n is the number of WTG in the wind farm. 

 

EPO is the long-term average power output, and is a useful power index in adequacy evaluation 

of a wind farm. It can be expressed by Equation 3.8. 

 

                                                                            (3.8) 

 

Where, WPi represents a generation state of WTG with probability pi and n is the number of 

generation states.   

 

This model was applied to a wind farm located at Lambar Rimi Katsina state, Nigeria. Historical 

wind speed data for Lambar Rimi site were used to obtain the respective ARMA time series 

model. The mean wind speed for this geographic location is 21.6 km/h with the hourly mean 

standard deviation ranging from 5.1 to 8.9 km/h. It was assumed that 100 identical WTGs each 

rated at 2.5 MW were installed in a wind farm at the Lambar Rimi site. The cut-in speed, the 

rated speed and the cut-out speed of each WTG are 14.4 km/h, 45 km/h and 90 km/h 

respectively. The resulting 5-step wind system/farm generation model is shown in Table 3.1. 
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                  Table 3.1: Wind Power Generation Model 

 

 

 

3.4 System Risk Modeling 

 

System risk modeling is the last step in the system adequacy evaluation process shown in Figure 

3.1. The wind system generation model obtained from step-2 is modified to incorporate the wind 

power transmission system using the tie line constrained equivalent unit approach. The 

equivalent unit, which represents the wind farm and the transmission line, is then combined with 

the rest of the system generating units to create the overall system generation model. This model 

is finally convolved with system load model to obtain the system risk and energy based indices. 

 

3.4.1 System Generation Model 

The effect of transmission line can be included in the wind generation model using the tie line 

constrained equivalent unit approach. The concept can be explained using Figure 3.4.    

 

Fig. 3.4: Wind system connected through a tie line 
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It can be seen from Figure 3.4 that the wind power delivery is constrained by the tie line 

capability and its availability. An equivalent unit model is evaluated to represent the wind 

generation and delivery system. The model incorporates the effect of the tie line capacity and its 

availability in the wind power generation model. The probability (pi) associated with wind power 

generation states are weighted by the probability of the tie line being available. It is mentioned 

earlier that each wind power generation state (WPi) greater than the tie line capacity is replaced 

by the tie line capacity, under the tie line constrained equivalent unit approach.    

The next step of the evaluation process is to develop the wind farm generation model at the grid 

access point. This model incorporates the transmission line, the power transfer capability and the 

forced outage probability of which constrains the wind farm generation model. The wind power 

available at the grid access point WPGi is constrained by the transmission line capacity Tcap as 

expressed in Equation 3.9. 

                                                  (3.9) 

 

The probability pGi of the generation state WPGi is given by Equation 3.10.  

  

 

                             (3.10) 

 

 

Where UT is the transmission line forced outage probability, s is the total number of j generation 

states constrained by the line transfer capability.    

In this way, Equations (3.7), (3.9) and (3.10) were used to determine the different power 

generation states and their corresponding probabilities at the grid access point. This model was 

used to determine the EPO using Equation 3.11.   
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                                                                         (3.11) 

 

 

The development of the equivalent unit model at grid access point, which includes a wind farm 

and its transmission system, can be illustrated with an example. It is assumed that the wind farm 

located in Lambar Rimi is connected to a power grid through a transmission line of 240 MW 

capacity and 100 km in length. Transmission system failure rate (λ) and average repair time (r) 

were assumed at 0.2 failure/km/year and 8.93 hours respectively. Transmission system 

unavailability (UT) and Availability (AT) can be calculated using Equation 3.12-a and 3.12-b 

respectively. In this case, UT and AT were calculated 0.02 and 0.98 respectively. 

                                                                       (3.12-a) 

 

                                                                               (3.12-b) 

The resulting wind generation model incorporating transmission line unavailability is shown in 

Table 3.2. The EPO at the grid access point is 67.4 MW. 

 

 

 

Table 3.2: Wind Power Generation Equivalent Unit Model 

 

 

The probability values (pGi) in Table 3.2 were obtained using Equation 3.11 by weighing the 

probability values (pi) in Table 3.1 by the availability of the transmission line. The wind 
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generation state of 250 MW in Table 3.1 is constrained to the tie line capacity of 240 MW in 

Table 3.2. The sample calculations for wind power generation of 0 MW, 42 MW and 240 MW 

states are shown below.   

Sample Calculation of Probability (pGi):   

(1) For WPGi = 0 MW 

                           pGi (0) = pi (0)* AT + UT = (0.1373664)*(0.98) + 0.02 = 0.1546191   

(2) For WPGi = 42 MW   

                           pGi (42) = pi (42)* AT = (0.4875411)*(0.98) = 0.4777903   

(3) For WPGi = 240 MW   

         pGi (240) = (pi (240) + pi (250))* AT = (0.0401198 + 0.0012432)*(0.98) = 0.0405357   

 

The wind power output is 0 MW under two conditions: when the transmission system is 

available and the WTG are not able to generate power, and when the transmission system is 

unavailable. This effect can be included and shown by sample calculation (1). The probability 

values (pGi) for wind generation states less than tie line capacity were weighted by availability 

(AT) of transmission line and can be shown by sample calculation (2). The probability values of 

wind generation states greater than and equal to tie line capacity were combined and formed a 

single wind power generation state. Table 3.2 consists of four wind power generation states 

instead of five states in Table 3.1. The probability values of 240 MW and 250 MW stages in 

Table 3.1 were combined in a single 240 MW states in Table 3.2. The probability value (pGi) for 

240 MW state in Table 3.2 was calculated by summing the probability values (pi) of wind 

generation states greater than and equal to the tie line capacity, and multiplying the summed 

value by the availability (AT) of transmission line. This calculation is shown in sample 

calculation (3).   

3.4.2 System Load Model   

The system load in an electrical power system varies with time and that variation can be 

represented by a load model. The description of different load models and its applications in 

evaluating various system risk indices are presented in the previous chapter. Figure 3.5 shows the 

load duration curve of the IEEE-Reliability Test System (RTS) [20], which is a test system used 

by many researchers in system reliability studies.   
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FIG. 3.5: Annual load duration curve for the IEEE- RTS 

 

 

 

 Fig. 3.6: Approximate IEEE-RTS load model 

 

3.4.3 Adequacy Evaluation Method and Risk Indices   

The software tool SIPSREL was used to combine the equivalent wind system generation unit 

with a conventional generation system units for obtaining total generation system model.  

SIPREL is capable of integrating up to five de-rated power output states of any generation unit. 
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This feature has made SIPSREL a useful tool in incorporating wind power to a conventional 

system for overall system reliability evaluation. The five steps wind farm generation model 

formed by incorporating transmission system was used in SIPSREL. Figure 3.7 shows the 

pictorial representation of SIPSREL application in overall system adequacy evaluation. 

 

 

 

 Fig. 3.7:  Application of SIPSREL in adequacy evaluation 

 

SIPSREL provides system reliability indices such as LOLE and energy indices, such as LOEE 

and Expected Energy Supplied (EES) by each generating unit. These indices can be used for 

evaluating reliability and cost associated with wind power integration with a conventional system 

through a transmission system.    

 

3.5 Evaluation of Reliability and Cost Indices   

There are number of benefits associated with utilization of wind energy in a conventional power 

generation system. Wind power offsets conventional fuel, helps in reducing system down time 

and also reduces environmental degradation. Many governments provide incentives to wind 

power producers for endorsement of green energy. The reduction in environmental pollution is 
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being estimated under social cost or environmental credits and used in estimating green energy 

benefits.  This study recognizes benefits from fuel offset by wind power, reliability worth and 

environmental benefits. There is a saving in fuel cost due to fuel offset by wind energy. The 

reliability benefits can be expressed in terms of customer interruption costs [1]. The environment 

benefits can also be indirectly related to monetary values as described later in this chapter.   

 

3.5.1 Fuel offset by wind turbine generation    

The study conducted in this research considers a wind farm connected to a conventional system. 

The savings in fuel cost can be obtained by determining the energy offset from burning 

conventional fuel. The energy offset is equal to the expected energy supplied (EES) by wind 

sources. The EES by wind sources can be obtained from SIPSREL. The concepts behind EES 

evaluation are provided in [1]. The energy supplied by the wind farm offsets the conventional 

fuel cost, and can be calculated by Equation 3.13. 

 

                                     FOW = EESw * FC                                                          (3.13) 

 

     Where FOW = Fuel offset by wind energy  

                 EESw = Expected energy supplied by WTG in MWh   

                     FC= Average fuel cost in United States $/MWh 

 

3.5.2 Environmental benefits from wind energy generation 

Wind energy is an indigenous, homegrown energy source that helps to diversify the national 

energy portfolio. Adding wind power to the nation‟s energy mix diversifies our clean energy 

portfolio and help reduce Nigerian‟s reliance on imported fossil fuels. The environmental 

benefits from wind energy generation are well perceived. Energy policies have been formulated 

to recognize these benefits in terms of monetary values were renewable Energy Credits (REC) 

are obtained through renewable energy utilization in certain jurisdiction, and can be traded in the 

market. Other jurisdictions provide financial incentives recognizing the environmental benefits 

of wind power. 
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Wind energy development creates thousands of long-term, high-paying jobs in fields such as 

wind turbine component manufacturing, construction and installation, maintenance and 

operations, legal and marketing services, transportation and logistical services, and more. In 

2013, the wind sector invested $2 billion in the U.S. economy to build projects and employed 

more than 50,000 workers. U.S. small wind turbine manufacturers are focusing on growing 

international markets. Exports from U.S.-based small wind turbine manufacturers increased 70%, 

from 8 megawatts in 2012 to 13.6 megawatts in 2013. U.S. small wind turbines were exported to 

more than 50 countries in 2013, including Italy, the United Kingdom, Germany, Greece, China, 

Japan, Korea, Mexico, and Nigeria [4]. 

 

Wind power is the most mature source of green energy that can be useful in mitigating 

environmental degradation. Wind power technology and cost of electricity generated from wind 

are costlier than power generation from most conventional sources. According to Canadian wind 

energy association [6], cost of generation electricity from wind varies between 6 to 12 cents per 

kWh, depending upon wind farm site. To offset the difference in cost of electricity, some 

governments offer wind power production incentives (WPPI). 

Wind projects provide revenue to the communities in which they are located via agreement 

payments to landowners, state and local tax revenues, and employment. Even a utility-scale wind 

turbine has a small footprint, enabling farmers and ranchers who hire their land to developers to 

continue growing crops and grazing livestock. As wind energy systems continue to expand, they 

provide significant economic benefits. A recent study found that, on average, wind power 

installations within the study area and occurring between 2000 and 2008 resulted in an increase 

in total county-level personal income of approximately $11,000 per megawatt [4]. Wind energy 

systems have low operating expenditures because there are no associated fuel costs. When large 

amounts of wind energy are added to the grid, additional generation may be required to 

accommodate wind energy‟s variability, but leading experts in the field concluded that system 

operating cost increases from wind variability and uncertainty amounted to only about 10% or 

less of the wholesale value of the wind energy and that there are ways to reduce these costs.The 

absence of fuel cost also protects consumers from fluctuating coal and natural gas costs. 

Wind turbines can be used in a variety of applications. Utility-scale wind farms can provide 

electricity to an entire community while smaller turbines, often described as being used in 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
172 

November 
2015 

“distributed applications,” can be installed at or near a site where the electricity will be used. 

Community wind projects include turbines for schools, tribes, municipal utilities, and rural 

electric cooperatives. Small wind turbines, alone or as part of a hybrid system, can power homes, 

businesses, farms, ranches, and schools. Wind energy can be perfect for remote applications such 

as water pumping, ice making, and telecommunications sites, and can displace diesel fuel in 

remote communities.  

  

3.5.3 Reliability Worth   

A number of different techniques to evaluate customer impacts due to electricity interruption 

have been developed and presented in previous research work [25-27].  

Incorporating wind power to conventional system can be useful in supplementing energy to 

system and in reducing expected customer interruption cost (ECOST). The simplest way of 

estimating ECOST without introducing great inaccuracies is presented by Equation 3.15 [1].  

 

                              ECOST = IEAR * LOEE                                                                  (3.15)   

The IEAR represents interrupted energy assessment rate and is expressed in $/kWh of 

unsupplied energy. The LOEE represents the loss of energy expectation and is also known as the 

expected energy not supplies (EENS).    

The addition of wind power to a power system will normally improve the overall system 

reliability. This can be quantitatively measured by the reduction in system LOLE, which can be 

obtained of using Equation 3.16.   

                                              ΔLOEE   = EENS – EENSW                                              (3.16)    

Where ΔLOEE is the reduction in system LOEE as a result of wind energy utilization.   

            EENS = Expected energy not supplied before adding wind power  

            EENSW = Expected energy not supplied after adding wind power  

 

The reduction in outage cost to the customer or the benefit available from saving in ECOST can 

be estimated using Equation 3.17.   

                       BOC = IEAR * ΔLOEE                                                                               (3.17)  

Where, BOC represents benefits from saving in ECOST in dollars  
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The total benefit (Bw) from wind power can be obtained using Equation 3.18.   

 

              Bw = EESw (FC + WPPI) + IEAR x ΔLOEE                                                               

(3.18) 

 

An optimal transmission system to deliver wind power will depend on system variables, such as 

the transmission line cost, length, system IEAR, wind location, and penetration levels. The effect 

of these parameters is discussed later in this thesis.    

 

3.6 Evaluation Approach   

The basic system model considered for study is shown in Figure 3.8. A wind farm is connected 

to a power grid through a transmission system.  A wind farm consists of a number of WTG units 

that are all exposed to the same wind regime. The rest of the power system is assumed to be 

composed of conventional generating units. 

 

 

                                                    Fig. 3.8: Basic system model 

 

The overall methodology of the reliability and cost evaluation of the system in Figure 3.8 can be 

represented using a flow chart shown in Figure 3.9. It is very important to analyze the adequacy 

of the transmission system, evaluating its contribution to overall system reliability. The relevant 

reliability cost and worth analysis was conducted in this research according to the flow diagram 

in Figure 3.9. The basic indices obtained from the process and used in the research work are 
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EPO, LOLE, LOEE and EES. These indices are used to derive other indices to assess wind 

power benefits. 

 

 

Fig. 3.9 Flow chart of evaluation approach 

 

3.7 Summary 

Wind power application is growing steadily to meet the RPS targets put in place to reduce 

environmental degradation. Bulk wind power can be obtained from geographic sites with good 

wind resources. Wind farms installed at these sites need to be connected to the system grid. It 

becomes necessary to evaluate adequate transmission facility to deliver wind power from the 
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remotely located wind farms. The system modeling and evaluation methods are explained for 

evaluating transmission system adequacy on wind power delivery.   

The overall system modeling approach is presented in this chapter by dividing the entire process 

into three major tasks of wind speed modeling, WTG system modeling, and system risk 

modeling respectively. A computer program was developed for wind speed modeling, WTG 

system modeling and for creating a wind generation model incorporating transmission system.    

Wind generation model at grid access point can be combined with the conventional power 

generation system using SIPSREL software tool. SIPSREL can be used to obtain various risk 

indices by comparing the total system generation model with the system load model. Reliability 

and cost indices are also introduced and explained in this chapter. There are numerous benefits 

associated with wind energy utilization in a conventional system. The benefits such as fuel 

offset, environmental benefit and reliability worth are described in this chapter. The cost savings 

due to these benefits are mathematically expressed.   

The basic example system considered for this research is illustrated in this chapter. The overall 

system reliability and cost evaluation process for the system model under study is represented 

using a flow chart. System modeling and evaluation approach expressed in this chapter is used to 

analyze the effects of various system parameters on wind transmission system adequacy. 
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CHAPTER- FOUR 

RELIABILITY CONTRIBUTION OF WECS THROUGH A 

TRANSMISSION SYSTEM 

 

 

4.1 Introduction   

Wind power penetration in electric power systems is increasing significantly throughout the 

world to meet the highly ambitious reliability portfolio standard (RPS) targets set in many 

jurisdictions to reduce environmental degradation. Wind energy is recognized as the most 

promising source of renewable energy to meet the specified RPS targets. The number of 

remotely located wind farms that need to be connected to conventional power grid will continue 

to increase in the near future. Wind power integration to a main grid is becoming a challenging 

development in modern power systems. Transmission system planning for wind power delivery 

requires a realistic reliability and cost analysis in order to optimize the benefits from wind power 

application.    

The basic reliability evaluation model is shown in Figure 3.8 in which a wind farm is connected 

to a conventional generation system through a transmission line. In order to analyze the impact 

of wind farm characteristics on the transmission line adequacy, the first part of the study 

considers a simple power generating system supplied by a wind farm. Section 4.5 presents the 

results and analysis of various system parameters considering a simple wind power generating 

system. Section 4.6 shows the results of the impact of various system parameters on transmission 

system adequacy evaluation considering wind power integration to a conventional power system. 

 

4.2 Case study 

Presently there are about 23 grid connected generating plant in Nigerian Electricity Supply 

Industry (NESI), with aggregate installed capacity of 01,396.0MW and existing capacity of 

6,056MW. But none of wind farm generating plant were connected to the grid, the maximum 

generation is thermal based, with a total installed capacity of 8,457MW (81% of the total) and 
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available capacity of 4,996MW (83% of the total). Hydropower from three major plants accounts 

for 1,938.4MW of total installed capacity (and available capacity of 1,060MW [2]. 

 

The demand for electricity in Nigeria exceeds the supply .A study by a major European 

engineering firm has estimated that the demand will rise from around 33 terawatt hours in 2011 

to between 56 and 95 terawatt hours by 2020. This will result in an increase in peak load demand 

from around 5,000 MW in 2011 to between 9,000 MW and 16,000 MW by 2020 [2]. 

According to Nigeria's August 2013 Roadmap for Power Sector Reform, Nigeria's generation 

capacity was around 6,000 MW in 2012, of which 4,730 MW (79%) was from fossil fuel sources 

and 1,270 MW (21%) was from hydro sources. Generation capacity is projected to have 

increased to 6,579 MW by the end of 2013, according to the August 2013 Roadmap. Net 

electricity generation was almost 26 billion kWh in 2011, according to EIA's latest estimates [2]. 

Nigeria has one of the lowest net electricity generation per capita rates in the world. EIA 

estimates that in 2011 total primary energy consumption was about 4.3 quadrillion British 

thermal unit (Btu). Of this, traditional biomass and waste (typically consisting of wood, charcoal, 

manure, and crop residues) accounted for 83%. This high share represents the use of biomass to 

meet off-grid heating and cooking needs, mainly in rural areas.  

Wind energy is obtained at annual average speeds of about 2.0 m/s at the coastal region and 4.0 

m/s at the far northern region of the country. With an air density of 1.1 kg/m3, the wind energy 

intensity perpendicular to the wind direction ranges between 4.4 W/ m
2
 at the coastal areas and 

35.2 W/ m
2
 at the far northern region. 

This research work considered six states in North West geopolitical zone of the country, where 

data‟s from six different site are obtained to analyse the reliability and cost evaluation of a wind 

power delivery system as well as adequacy of transmission system for delivering wind power to 

the power grid. In order to find out various ways to resolved the nation from deep-rooted in a 

serious energy crises. The energy delivery infrastructures is completely inadequate to handle the 

energy demand of the country, by connecting some of the available wind farm to the grid our 

conventional sources will be supplemented to reach the consumers demand in the country. 
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4.3 wind energy potential amongst 36 States of Nigeria  

The technologies for harnessing wind energy have, over the years, been tried in the northern 

parts of the country, mainly for water pumping from open wells in many secondary schools of 

old Sokoto and Kano States as well as in Katsina, Bauchi and Plateau States. Other areas of 

“potential application” of wind energy conversion systems in Nigeria are in Green electricity 

(which is the type of electricity produced from renewable source that is environmentally friendly 

and non-polluting) production for the rural community and for integration into the national grid 

system. In 1998, a 5-kW wind electricity conversion system for village electrification has been 

installed at Sayyan Gidan Gada, in Sokoto State [3]. 

 

The main advantages of electricity generation from wind are the absence of harmful emissions, 

very clean and the almost infinite availability of the wind that is converted into electricity. In 

Nigeria, where the wind power prospect is estimated to be high or moderate has not connected 

this renewable resources to the grid. It is not just enough to say that the wind turbines should be 

connected to the grid because there are sufficient wind speeds to drive the wind turbine. Mostly, 

the stability and reliability studies must be carried out whenever wind power is to be connected 

to power system to predict severe consequences on the power system to which the wind 

generators will be connected. The figure below shown the wing energy potential amongst 36 

states of Nigeria. 
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Fig. 4.1 Wind energy potential amongst 36 states of Nigeria 

 

4.4 System Data   

The studies consider a test power generating system to which a wind farm is connected through a 

transmission line. The wind farm consists of a number of WTG units with cut in, rated and 

cutout wind speeds of 14.4, 45 and 90 km/h respectively. Previous research work [28] has shown 

that WTG forced outage rate has insignificant impact on the overall system reliability. The 

forced outage rate of WTG was, therefore, not considered in the studies.    

The hourly wind speed data were obtained from six different states in the North West 

geopolitical zone locations in the province of Nigeria. Table 4.1 shows the mean wind speeds at 

six different sites. Case studies considering a test wind farm at the different sites were conducted 

to analyze the adequacy of transmission system for wind power delivery. The Lambar Rimi 
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location of Katsina state is home to large wind farms in Nigeria and is used as the wind farm site 

in the base case studies.  

 

Table 4.1:  Average Wind Speed for six states in Nigeria 

 

 

4.5 Reliability evaluation of a wind power delivery system   

The basic system model shown in Figure 3.8 is reduced to a simple model by considering wind 

generation alone. The simplified system model is shown in Figure 4.2. The wind farm in Figure 

4.2 has an installed capacity of 40 MW, which consist of 20 WTG units each rated at 2 MW. The 

wind farm is connected to the system load through a tie line.  

 

 

 

Fig. 4.2: Simple example system 

 

The approximate IEEE-RTS load model shown in Figure 3.6 was used in this study. The forced 

outage probability or unavailability of a transmission line is a function of line length. The 
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distance from the wind farm to the load point is assumed to be such that the line unavailability is 

1%. The effect on the overall system risk of varying the tie line capacity and the system peak 

loads were evaluated considering the wind farm to be located in Lambar Rimi. 

 

4.5.1 Effect of the System Peak Load    

Previous reliability studies on conventional system have shown that the system peak load is one 

of the important parameters that have significant effect on the system reliability. Modern power 

system is growing continuously, and therefore system peak load also changes accordingly with 

new developments. This study was done to analyze the effect of system load growth considering 

a line capable of delivering the maximum power output from the wind farm. The effect of 

change in system peak load on example system is shown Figure 4.3. 

 

 

                                        Fig. 4.3: Variation in system LOLE with peak load 

 

It can be seen from the figure that the system risk in LOLE increases significantly with the 

system peak load. 

 

4.5.2 Effect of Transmission Line Capacity   

It is necessary to analyze the effect of transmission line parameters on system reliability in 

deciding appropriate transmission line capacity connecting a particular wind farm to a power 



             IJESR        Volume 3, Issue 11        ISSN: 2347-6532 
__________________________________________________________  

A Monthly Double-Blind Peer Reviewed Refereed Open Access International e-Journal - Included in the International Serial Directories 
Indexed & Listed at: Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A. 

International Journal of Engineering & Scientific Research 
http://www.ijmra.us 

 
182 

November 
2015 

grid. The reliability indices obtained from reliability analysis can provide useful information in 

deciding the optimum transmission line.    

The effect of varying line capacity on the system LOLE is shown in Figure 4.4. It can be seen 

from the figure that the system risk increases with increase in peak load for a given line capacity. 

The curves in the figure shift downwards as the system load decreases. The lowest curve shows 

the system LOLE for a peak load of 5 MW. At this peak load, the system reliability increases as 

the tie capacity is increased up to 5 MW. There is obviously no advantage in increasing the line 

capacity above the system peak load. 

 

 

                              Fig. 4.4: Variation in system LOLE with line capacity 

 

The reliability benefit, however, decreases with increasing line capacity, and the incremental 

benefit reduces to zero when the line capacity exceeds the system peak load. The curves in 

Figure 4.4 tend to flatten out as they approach the corresponding system peak loads. It can be 

seen, for example, that the reliability benefits are greatly reduced when the line capacity exceeds 

9 MW to supply a peak load of 13 MW. This study can be useful in transmission system 

planning for delivering wind power. The study can also be used to evaluate the reliability 
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contribution of the combined wind generation and transmission systems. These studies can 

provide valuable input in capacity credit assessment of such systems.     

Evaluation of the EPO at the grid access point is a useful method for assessing transmission line 

adequacy in delivering wind power to a power system grid. Figure 4.5 shows the variation in the 

EPO with line capacity. The EPO increases with the line capacity and reaches a saturation point. 

The horizontal line shows the EPO at infinite line capacity. There is no significant advantage in 

expanding the line capacity after a certain point.  It can be seen from Figure 4.5 that the EPO for 

20 MW line capacity is about 9.9 MW, and for twice that line capacity (i.e. 40 MW capacity) is 

only 10.5 MW. 

 

 

                                 Fig. 4.5: Variation in system EPO with line capacity 

 

Figure 4.6 shows the variation in the incremental EPO with the transmission line capacity. This 

study can be useful in cost-benefit analysis of a transmission line. There is approximately a linear 

increase in investment cost with increasing line capacity. The benefits, however, decrease 

sharply beyond a certain point. It can be seen from Figure 4.6 that the incremental EPO 

decreases with increasing line capacity and tends to saturate at around 25 MW line capacity. It 

should be noted that the wind farm is rated at 40 MW.   
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                                         Fig. 4.6: Incremental EPO versus line capacity 

 

The reliability benefits from line capacity expansion can be compared with the corresponding 

investment cost in order to determine optimum line sizing. The cost analysis is presented in 

Chapter 5 of this dissertation. 

 

4.5.3 Effect of wind regime   

The studies presented in the previous sections were done using the wind speed data for Lambar 

Rimi, Katsina State. The effect of wind regime on system reliability indices was studied using 

wind data from different geographic sites shown in Table 4.1. An LOLE study was done 

considering the wind farm to be located at the different sites with the wind speed data given in 

Table 4.1. The EPO at the grid access point was calculated for each site using equations 3.10 to 

3.12.   

 

 

Figure 4.7 and 4.8 show the variation in system LOLE with increasing line capacity for a system 

peak load of 5 and 13 MW respectively.   
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                           Fig. 4.7: Variation in LOLE with line capacity for 5 MW peak load 

    

 

 

 

                         Fig. 4.8: Variation in LOLE with line capacity for 13 MW peak load 

It can be seen from Figure 4.7 that the system risks are similar for all of the six States in North 

West geopolitical zone sites when the line capacity is 2 MW. Similarly, Figure 4.8 shows that the 

system risks are similar for all the different sites when the tie capacity is less than 4 MW.  The 
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base load is calculated to be 3.9 MW from Figure 3.6 when the system peak load is 13 MW. The 

load is always curtailed when the line capacity is less than the base load, and this is shown in 

Figure 4.8 by a constant maximum risk.    

The system peak load is 5 MW in the first case, and Figure 4.7 shows that there is a reliability 

benefit in increasing the line capacity to 5 MW in all the six states sites. It can be seen from 

Figure 4.8 that there is significant reduction in system risk with line capacity increase of up to 9 

MW for the Lambar Rimi and Kazaure sites. The benefits tend to decrease for further line 

expansion.   

Figure 4.7 and 4.8 also show that the reliability benefit of increasing the transmission line 

capacity is also greatly influenced by the site wind data. The wind farm in Lambar Rimi provides 

a greater reliability improvement than the other wind farm sites when the transmission line 

capacity is increased. The system risk can be significantly reduced by increasing the tie capacity 

up to 9 MW for the Lambar Rimi and Kazaure sites when the system peak load is 13 MW. The 

reliability benefits from line capacity expansion are relatively low for the other States sites.   

It is obvious as seen from the figures that the reliability contribution of the wind generation and 

transmission system is greater when the wind farm is located at a geographic site with a better 

wind regime. Lambar Rimi has the highest mean wind speed among the six states in North West 

geopolitical locations, and therefore, provides the greatest reliability benefit as shown by the 

lowest curve in Figures 4.7 and 4.8. The reliability benefits with capacity expansion are much 

less for the other states sites in the region. An economic analysis can be done in conjunction with 

the above system reliability analysis to determine the optimum line capacity for different wind 

farms sites.    

Studies were also done to evaluate the impact of site-specific wind regime and tie line capacity 

on the EPO at the grid access point. Figure 4.9 shows the increase in EPO with line capacity at 

the different locations. A relatively high EPO can be obtained from the Lambar Rimi site when 

compared to the other sites. It can also be seen that there is a greater benefit in expanding the line 

capacity for the Lambar Rimi site than for the other sites.   
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                      Fig. 4.9: Variation in EPO with line capacity for different wind regime 

 

4.6 Reliability Evaluation of a Wind Integrated Power System   

This section presents the studies done to analyze the impacts of various system parameters on a 

conventional power system with wind power integration. The basic system model is shown in 

Figure 3.8. It is assumed that a wind farm is connected to the IEEE-RTS system through a 

transmission line. The effects of system peak load and transmission system capacity, its 

unavailability, redundancy and configuration on the reliability of the overall system are 

evaluated.   

The IEEE Reliability Test System (RTS) [23] is used as the conventional system in the basic 

system model shown in Figure 3.8. The RTS consists of 32 conventional generating units with a 

total generating capacity of 3405 MW. The annual peak load is 2850 MW. The IEEE-RTS 

system load model shown in Figure 3.5 was used in this study. System data and relevant 

reliability data for the RTS are provided in [23]. A wind power penetration of 8% was 

considered by assuming the integration of a 250 MW wind farm to the RTS through a 

transmission line. The wind farm consists of 100 WTG units, each rated at 2.5 MW, and is 

assumed at the Lambar Rimi location. An unavailability of 2% is assumed for the transmission 

line.     
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4.6.1 Effect of Transmission Line Capacity   

The generating system adequacy of the original RTS without considering wind power is 

measured to be an LOLE of 9.44 hours/year. The reliability of the RTS is improved by the 

integration of the 250 MW wind farm. The reliability contribution of the wind system, however, 

depends on the tie line connecting the wind farm to the RTS. Figure 4.10 shows the increase in 

system reliability with an increase in the tie line capacity.  

 

 

                                      Fig. 4.10: System risk versus line capacity   

 

The zero line capacity in Figure 4.10 represents the system without any connection to the wind 

farm. The corresponding LOLE is the LOLE of the original RTS with no wind power. It can be 

seen that the system reliability increases significantly when line capacity is increased from a 

relatively low value. The incremental reliability, however, decreases with increase in line 

capacity. Figure 4.10 shows that increasing the tie line capacity beyond 70 MW capacity does 

not result in a significant increase in system reliability.    
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4.6.2 Effect of System Peak Load   

Power system reliability is greatly influenced by the system peak load. The impact of the tie line 

capacity on system reliability was studied at different peak loads. The results are shown in Figure 

4.11. It can be seen that the curves shift down indicating increasing reliability as the line capacity 

increases. The curves are very close to each other at high line capacities.  

 

 

                            Fig. 4.11: System risk versus peak load with varying line capacity 

 

It can be seen that the system reliability decreases (or LOLE increases) sharply as the peak load 

increases for a given tie line capacity. Figure 4.11 also shows that the reliability benefit from the 

tie line capacity expansion increases as the system peak load is increased.  

 

4.6.3 Effect of Transmission Line Unavailability    

Transmission line unavailability largely affects the reliability of conventional power generating 

systems. The results presented here, were obtained considering the transmission line 

unavailability of 2%. The impact on system reliability of the unavailability of the line connecting 

the wind farm to the grid was studied. The studies were also done at different peak loads as the 

system reliability is greatly influenced by the system peak load. The results considering a 50 

MW tie line connecting the wind farm to the RTS are shown in Figure 4.12.  
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Fig. 4.12: System risk versus peak load for 50 MW line capacity and varying transmission line 

availability    

 

It can be seen that the impact of transmission line unavailability on the system reliability is 

insignificant. In order to determine whether the unavailability of a higher capacity line has any 

impact on the system reliability, similar studies were done using a 250 MW tie line capacity. It 

should be noted that the rated wind farm capacity is 250 MW. The results are shown in Figure 

4.13.  
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Fig. 4.13: System risk versus peak load for 250 MW line capacity and varying transmission line 

availability  

 

It can be seen from Figure 4.12 and 4.13 that the reliability contribution of wind generation and 

transmission system is dominated by the availability of wind at the wind farm site. The tie line 

availability has insignificant impact on the system reliability.  

 

4.6.4 Effect of Transmission Line Redundancy    

In order to design a system that can withstand the loss of any single element, an „n-1‟ adequacy 

criterion is often used in transmission system planning. This criterion will require double 

transmission circuits from the wind farm to the grid access point. Studies were done to analyze 

the reliability contribution of single and double line circuits. The results are shown in Table 4.2 

and Table 4.3.   

Table 4.2 (a) shows the system LOLE as a function of the peak load for single and double circuit 

connections between the wind farm and the grid. The transmission line unavailability is assumed 

to be 0.5% and the individual line capacity is considered to be 200 MW. The second column in 

Table 4.2 (a) shows the system risks for a single 200 MW transmission line (single circuit) and 

the third column shows the system risks for two lines of same capacity (double circuit) each 

rated at 200 MW. It can be seen that the results in the two columns are very close.   
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Table 4.2 (b) shows results from similar studies considering 2% unavailability for transmission 

line. It can be seen from Table 4.2 (a) and (b) that there is no significant improvement in system 

reliability by providing full redundancy to the tie line connecting the wind farm to the RTS. The 

results show that the „n-1‟ criterion is not very useful for wind power transmission from the 

system reliability point of view. 

 

Table 4.2 (a): Risk Index for Transmission Line Redundancy for 0.5% Unavailability 

 

 

Table 4.2 (b): Risk Index for Transmission Line Redundancy for 2% Unavailability 

 

 

Table 4.3 compares the LOLE results for three different transmission line configurations:  

a) Single circuit line rated at 25 MW  

b) Double circuit lines each rated at 25 MW and  

c) Single circuit line rated at 50 MW.  

The table shows that two parallel 25 MW tie lines provide a higher system reliability than a 

single 25 MW tie line. The increase in reliability from the two parallel lines, however, is not due 

to redundancy, but due to increase in line transfer capability. The results in the last two columns 

are very close, which indicated that two 25 MW line provide similar reliability benefits as a 
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single 50 MW line. The two line configurations in this case have an equal power transfer 

capacity. It should be realized that the installed wind farm capacity is 250 MW, and power 

available at the receiving end of a 25 MW tie line is greatly constrained by the tie capacity.  

 

Table 4.3: Comparison of Risk Index for Transmission Line Size 

 

 

 

4.7 Conclusions   

The growing application of wind power dictates the need to develop methods for assessing 

adequate transmission facility to deliver power from the remotely located wind farms to the 

system load through a main grid. The evaluation methods and techniques discussed in the 

previous chapter were used to analyze transmission line contribution to system reliability. The 

results are presented for a test system with wind power penetration. The effects of different 

parameters on the system reliability are analyzed using wind speed data for six States in North 

West geopolitical zone of Nigerian sites. The system risk in LOLE and the EPO are compared to 

analyze the effect of various parameters on transmission line adequacy.    

The reliability of a power system decreases with increasing system load for a fixed line capacity. 

The system reliability improves as the capacity of the wind delivery system is increased. There is 

no benefit in increasing the line capacity greater than the system peak load. The incremental 

benefit, however, decreases with increasing line capacity. The optimum line capacity can, 

therefore, be much less than the peak load. The studies, for example, showed that the benefits are 

greatly reduced when the line capacity exceeds 9 MW to supply a peak load of 13 MW. A 

careful cost-benefit analysis should be done in deciding appropriate line capacity to serve a 

specified load level. 
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The evaluation of the expected power output at the load point is a useful method for assessing 

transmission line adequacy in delivering wind power. The expected power output increases with 

line capacity and saturates after a certain point. The incremental expected power output 

decreases with increasing line capacity. The wind regime at the wind farm site greatly influences 

the benefits from wind power.    

The effect of various parameters on overall system risk has been evaluated for a wind integrated 

conventional power system. Reliability contribution of transmission line connecting wind farm to 

conventional system has been studied and presented in this chapter. System reliability improves 

with increasing transmission size up to a certain point. The incremental benefit, however, 

decreases with increasing transmission line size. A transmission line equal to the installed wind 

farm capacity is highly over rated based on risk analysis.  

 

The benefits from wind power are greatly influenced by the system peak load and the wind 

regime at the wind farm site. The system risk sharply increases with the peak load for a given tie 

line capacity. The reliability benefit from the tie line capacity expansion increases as the system 

peak load is increased. The tie line unavailability has insignificant impact on system reliability. 

The „n-1‟ adequacy criterion often used in transmission system planning is not very useful for 

transmission lines designed for wind power.     

The impact of transmission line sizing on the system risk can be analyzed considering the 

different factors as presented in this chapter. The optimum sizing can be determined by 

conducting a cost analysis in conjunction with the risk analysis. The next chapter presents 

economic analysis of transmission line in determining optimum size for wind power delivery.    
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CHAPTER – FIVE 

ECONOMIC ASSESSMENT OF A TRANSMISSION SYSTEM FOR 

DELIVERING WIND POWER 

 

 

5.1 Introduction   

Wind power is the most capable source of renewable energy, and its application in power 

generation is increasing continuously. It is discussed earlier that renewable energy guidelines, 

such as the RPS, have set very determined targets for wind power penetration in electric power 

systems in many parts of the world. Many physical locations with good wind resources become 

prospective sites for large wind farms. It becomes extremely important to evaluate adequate 

transmission facility to deliver wind power from these wind farms to the power grid. Wind is 

extremely variable energy source, and therefore, transmission system design for wind delivery is 

diverse from conventional transmission planning.    

The effect of different system parameters on the reliability of wind power delivery was discussed 

in the previous chapter. An economic assessment should be done in conjunction with the 

reliability assessment in determining adequate transmission facility in order to transport wind 

power from the wind farms to a power grid system. The eventual decision on the suitable 

transmission system will require a tradeoff amongst the system cost and the system reliability. 

This chapter will presents an analytical method to govern appropriate transmission line capacity 

based on its contribution to the overall system risk and associated transmission system cost. The 

effects of generation, transmission and load parameters on risk based transmission line sizing 

were studied using the basic system model shown in Figure 3.8. The system data used for the 

following studies are described in Section 4.4 of the previous chapter. 

 

5.2 Reliability and cost evaluation   

The venture in transmission line will generally growth linearly with the increase in transmission 

line capacity. The results that obtained from the studies in the previous chapter show that the 

resulting benefits, however, decline with increasing line capacity. It was eminent in Figure 4.9 
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that the incremental reliability decreases with an increase in the transmission line capacity. In 

other words, the benefits are expensive with increasing line capacity. A transmission system cost 

evaluation should be conducted in conjunction with the adequacy studies, presented in the 

preceding chapter, in order to determine a cost effective line sizing for wind power delivery. 

The financial benefits from the wind delivery system are associated to the investment costs of the 

transmission system with different power transfer abilities in order to determine appropriate 

sizing. All the costs are expressed in US dollars in this chapter. The investment cost of 138 kV, 

50 MW transmission line is assumed at 1.2 million (MM) $/km [29]. A linear interpolation was 

used to estimate the cost per km for transmission lines of various transfer capabilities in this 

study. The capital investment on the line is spread over an average life of 45 years to obtain 

annual investment costs. 

The predictable fuel offset due to wind application was assessed assuming the wind sources to be 

base loaded after the three largest conventional units in the IEEE-RTS system. The regular fuel 

cost (FC) of 14.663 $/MWh [30] was used in the studies bearing different types of conventional 

generating units in the system. 

Various governments around the world identified the environmental assistance and offer 

financial encouragement in several forms to boost wind energy. This study considers a wind 

power production incentives of 0.01 $/kWh towards wind energy supplied by a wind farm. The 

value of IEAR for the IEEE–RTS system is 3.83$/kWh [1]. This value was used in this study to 

evaluate the reduction in the customer interruption costs due to wind application. The overall 

cost benefits were calculated using Equation 3.19. The benefits from wind application were 

calculated in US dollars considering various system alternatives to determine optimum line 

sizing. 

5.2.1 Effect of Transmission line Expansion 

The amount of wind power supplied to a power system depends on the power transfer ability of 

the transmission line. There is a certain reliability benefit associated with each additional MW 

transfer ability in transmission line expansion. The marginal net benefit in expanding the 

transmission line above 50 MW capacity is shown in Figure 5.1 considering a line length of 100 

km. The benefits of connecting wind power through a transmission line were calculated using 
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Equation 3.19. The net benefit is acquired by subtracting the total investment costs from the total 

benefits from wind power. 

 

 

 

Fig.5.1 Net benefit with transmission line expansion 

It can be realised from Figure 5.1 that the net benefit increases as the line capacity is increased 

from 50 MW. The benefit is maximized at about 100 MW line capacity. It was shown in Figure 

4.9 that there was no reliability benefit in expanding the line above 100 MW capacity. It can be 

seen in Figure 5.1 that the net financial benefit decreases rapidly as the line capacity is further 

increased. A line capacity of 160 MW delivers the same net benefit as a 50 MW line. The net 

benefits become negative with further expansion of the tie line. The decision on a particular line 

capacity should also take into consideration future system expectations. Figure 5.1 shows that the 

best net benefit is obtained when the transmission line capacity is about 110 MW. 

 

 

5.2.2 Effect of transmission line cost  

The effect of transmission line investment cost on optimum line sizing was studied by varying 

the transmission line costs within a certain range. The range of variation was estimated from the 

data obtained from the web site of PJM interconnection [29]. The transmission line investment 
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cost for 50 MW capacity was varied in the range of 0.6 to 2.0 Million dollars (MM$) /km and the 

respective costs of different line sizes were calculated assuming linear interpolation. A 

sensitivity analysis was performed for five different line sizes taken in increments of 20% of the 

rated wind farm capacity. The wind farm is rated at 250 MW and the five different line capacities 

of 50,100,150,200 and 250 MW were used in the study. Figure 5.2 shows the variation in the net 

benefit with respect to varying transmission line costs at the different transmission line 

capacities. 

 

 

 

Fig.5.2 Variation in net benefit with transmission line cost 

 

It is observed from Figure 5.2 that the net marginal benefit associated with transmission line 

capacity expansion decreases with increase in transmission line cost. The curves shift 

downwards indicating less benefit as the line costs increase. The top curve is for the line cost of 

0.6 MM$/km. At this value the net benefit is more than zero even when the transmission line 

capacity is equal to the total installed wind capacity. The net benefit becomes negative with 
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increasing transmission line cost. The net benefits are positive when the transmission line 

capacity is somewhere between 50 and 100 MW at the entire range of investment costs. It can be 

estimated from Figure 5.2 that the line capacity for the maximum net benefits decrease from 

about 125 MW to about 80 MW as the line investment cost increases from 0.6 to 2.0 MM$/km. 

The negative benefits in Figure 5.2 indicate wind utilization that is not cost justified. Wind 

energy usage can be maximum and still cost effective as long as the investment costs are 

balanced by the benefits. 

Figure 5.2 shows that the optimum line sizing is reduced from about 120 MW to about 80 MW 

as the line investment cost is increased from 0.6 to 2.0 MM$/km. This analysis can be useful in 

studying the effect of investment in deciding appropriate line sizing for wind farm integration to 

power systems. 

 

5.2.3 Effects of customer interruption cost 

Studies from the previous chapter show that wind power contributes to the overall system 

reliability. The contribution, however, depends on the various system parameters as illustrated in 

Chapter 4. An increase in system reliability due to wind power application results in a decrease 

in the customer interruption cost. The effect on customer interruption costs due to wind 

application depends on the system IEAR and on the wind power delivered to the system load. 

The wind power delivery is on the other hand controlled by the transmission line capability and 

unavailability. The effect of customer interruption cost in determining optimum transmission 

system can be evaluated by varying the system IEAR. The sensitivity analysis was performed by 

choosing a wide range of system IEAR. The system IEAR of more than 15 $/kWh has been 

eminent in existing electric system in Nigeria. 
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Fig.5.3 variation of net benefit with the system IEAR 

 

Figure 5.3 shows the net marginal benefits in expanding the wind transmission capacity above 50 

MW. Each curve represents a different system IEAR. The net benefits, therefore, increase with 

increasing IEAR, and the curves in Figure 5.3 shift upwards. It can be seen from Figure 5.3 that 

net benefit reaches to zero at approximately 180 MW line size for IEAR of 11$/kWh. The 

optimum line size for wind utilization is at about 110 MW capacity for all values of system 

IEAR. 

5.2.4 Effect of transmission line length 

The benefits from integrating a remotely located wind farm to a power grid prominently depend 

on the distance of wind farm from the main grid system. The length of the transmission line is 

equal to the distance between the wind farm location and the grid access point. The investment 

cost committed to a transmission line normally varies linearly with the length. This section 

presents the results from studies done to evaluate the influence on the system reliability of the 

length of the transmission line linking a wind farm to a power grid. Studies were done 

considering the 250 MW wind farm at five different distances i.e. 20, 50, 100, 150 and 200 km 
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from the RTS access point. This analysis can be useful in selecting the proper transmission line 

capacity to connect wind farms at various distances from the main grid. 

  

 

 

Fig.5.4 Variation of net benefit with transmission line length 

 

Figure 5.4 shows the net marginal benefits with the variation in transmission line capacity at the 

five different line lengths. It can be seen from the figure that the net benefit decreases with the 

increase in the line length. The curves, therefore shift downwards with increase in the line length. 

The maximum net befits is reduced to about one fourth the amount as the wind site distance is 

increased from 100 km to 150 km from the grid connection point. For a given transmission line 

capacity, the net benefits increase significantly as the distance between the winds farm and the 

grid connection point is decreased. It can be seen that there is no marginal net benefit in 

connecting a wind farm that is 200 km away. It can also be seen from the figure that the net 

benefit decreases more rapidly with increase in the line length for 250 MW line capacity than for 

a 100 MW line capacity. This rapid decrease in net benefit is observed because the wind farm 
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occasionally produces rated capacity output and therefore the benefits obtained from wind 

energy is very small compared to the increase in investment cost of 250 MW line capacity. 

A wind farm that is located closed to a power system grid can be connected more economically 

than one that is situated farther away. The net benefit becomes negative as the capacity of a 150 

km line is increased above 110 MW. The line capacity for optimum benefits varies with the line 

length. The optimum line capacity is about 110 MW to connect wind farm located at a distance 

of 100 km from a power grid. The optimum line capacity is increased to about 200 MW to 

connect a wind farm that is 10 time closer to the grid. The results show that more benefits from 

wind energy is attained by connecting a wind farm located closer to the main grid with a larger 

line capacity than connecting a wind farm that is located farther away. 

 

5.2.5 Effect of wind regime 

It is deliberated in Chapter 4 that the wind regime at the wind farm site has important effect on 

the reliability of the wind integrated system. The assessments of benefits associated with power 

transfer from wind farms at installed locations with different wind variation pattern can be useful 

in deciding appropriate transmission line capacity for a particular wind site. In Nigeria none of 

the wind farm are yet to be connected to the national grid to complements our conventional 

source of generating energy, and it‟s obvious that  wind farm that are very close to the grid will 

be of great advantage compared to the one that are far away. If the Nigerian government will 

improve the available wind farm we have in the country or to construct new ones with higher 

capacity that would be connected to the national grid, the energy crises facing the country will 

reduced to some extent. 

 

5.2.6 Effect of wind penetration 

Previous studies [10] have shown that the benefits from wind power application in electric power 

systems decrease and eventually become insignificant as the wind penetration increases and 

reaches to a certain level. This section presents the results from the study done to evaluate the 

effect of wind penetration on the actual benefits from the wind. The results are then examined to 

determine the appropriate transmission line size for wind power delivery. Reliability cost and 

benefit analysis was carried out at three different levels of wind penetration. 
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The studies described in the previous sections consider an 8% wind penetration by integrating a 

250 MW rated wind farm to the RTS. This study considers three different wind penetration 

levels at 8%, 15% and 20% (i.e. connecting 250 MW, 427 MW and 570 MW wind farms 

respectively) to the RTS. Each wind penetration case is studied separately considering various tie 

line capacities. Five different line sizes at 20%, 40%, 60%, 80% and 100% of the rated wind 

farm capacity were used in the study. 

Table 5.1 shows the cost-effective line size for various wind power penetration levels. The wind 

farm in each case is assumed to be at a distance of 100 km from the main power grid. Columns 3 

and 4 of the table show the cost-effective line size in MW and in percentage of wind farm rated 

capacity respectively. It can be seen that optimum line capacity varies with varying wind power 

penetration. It can be noticed from Column 4 that the cost-effective line capacity, expressed in 

percent of the rated wind farm capacity, reduces with the increase in wind power penetration. 

This reduction in the optimum line size is as a result of the relative decrease in the wind benefits 

compared to the investment cost of the transmission line. 

  

                  Table 5.1 Cost effective line sizing at different wind power penetration 

Wind Farm Transmission Line 

Penetration 

In 

Percentage 

Installed 

Capacity 

In MW 

Capacity 

In MW 

% of Wind 

Farm Rated 

Capacity 

8% 250 110 44% 

15% 427 170 40% 

20% 570 210 37% 

 

 

The results shown in Table 5.1 were obtained considering IEAR of 3.83 $/kWh. The effect of 

IEAR for various wind penetration levels were studied using three various IEAR values. The 

results are shown in Figure 5.5. 
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Fig. 5.5 Cost effective line sizing with varying IEAR 

 

It can be seen from the Figure 5.6 that the cost effective line size is the same for all the values of 

IEAR for each level of wind penetration. This was also discussed in Section 5.2.3. It can be 

observed from the figure that cost-effective line size decreases with increase in wind penetration 

for each IEAR value.  

 

The results shown in Table 5.1 and Figure 5.5 were obtained considering the wind farm to be 

located 100 km away from the grid access point. The effect of transmission line length was 

studied for various wind power penetration level. Five different line lengths were used for the 

study. The variation in cost effective line size for various transmission line length on different 

wind power penetration levels are shown in Figure 5.6. The line sizes are expressed in 

percentage of the rated wind farm capacity.  
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Fig.5.6 Cost effective line size for varying line length 

 

It can be seen from Figure 5.6 that the cost-effective line size varies with wind penetration for 

the different line lengths. The benefits from wind energy increases as the distance of the wind 

farm from the grid is decreased. The curves in Figure 5.6 shift upwards to indicate that the 

optimum line capacity to connect a wind farm increases as the line length decreases. The result is 

also shown in Figure 5.4. The top curve in Figure 5.6 shows that the optimum line sizing to 

connect a wind farm 10 km away, increases with increasing wind penetration. On the other hand, 

the optimum line capacity decreases with increasing wind penetration for wind farms located at 

large distance from the grid. It can be observed that the optimum line size decreases with 

increase in the wind power penetration for the line length of 100, 150 and 200 km. 

 

 

5.3 Conclusions 

The major objective of power system planner is to design reliable and economical system 

facilities. This objective becomes more challenging when considering transmission system 
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facility to deliver wind power. An analytical approach for reliability and cost analysis was 

presented in this chapter for determining cost-effective transmission line size for wind power 

delivery.  

The benefits associated with wind power integration to a conventional system were analysed for 

various case studies. The benefits are significantly limited by the power transmission capacity. 

The benefits associated with wind power delivery were compared with the investment cost of the 

respective line expansion. The marginal net benefit, which is the total benefit less the investment 

cost in line expansion above 50 MW rating, varies with different system parameters. 

The results show that the net benefits normally increase when line capacity is increased from a 

relatively small capacity rating, and reach an optimum level. Further increase in line capacity 

results in a decrease of the net benefit. Studies with different transmission line investment cost 

show that the optimum transmission line size reduces with increase in line cost. The length of the 

transmission system increases with the increase in distance between the wind farm and the grid 

access point. The optimum line capacity for wind farm integration decreases with an increase in 

the line length. In other words, a wind farm situated near a power system grid can be connected 

more economically than one that is located farther away. 

 

The results show that the net benefits normally increase when line capacity is increased from a 

relatively small capacity rating, and reach an optimum level. Further increase in line capacity 

results in a decrease of the net benefit. Studies with different transmission line investment cost 

show that the optimum transmission line size reduces with increase in line cost. The length of the 

transmission system increases with the increase in distance between the wind farm and the grid 

access point. The optimum line capacity for wind farm integration decreases with an increase in 

the line length. In other words, a wind farm situated near a power system grid can be connected 

more economically than one that is located farther away. 

 

Wind regime at the wind farm location has great influence in the benefits that can be obtained 

from wind power generation and therefore greatly influences the economic line sizing for 

transporting the wind power to a grid system. Studies were conducted on different wind farm 

locations in some of the Nigerian states. The results show that the optimum line size is relatively 

large for a wind site with good wind resources. The effect of wind power penetration on the 
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optimum line sizing was also analysed in the studies. The cost-effective transmission line size 

reduces with increase in wind penetration. The effect of line length and system IEAR were also 

studied for each level of wind penetration. 

 

The relatively benefits from wind transmission system expansion are evaluated from the 

resulting reduction in the customer interruption costs. An increase in system IEAR results in a 

higher reduction in the customer interruption costs and therefore the net benefits from increasing 

line size increases with system IEAR. The optimum line capacity, however, does not vary with 

the system IEAR.  

 

Reliability cost and benefit analysis presented in this chapter was carried out on a base system 

with various sensitivity studies. The method illustrated in this chapter can be used for any wind 

site located at any distance from a grid system, and for any level of wind power penetration in a 

power system. Reliability and cost analysis as presented in this chapter can be useful for 

evaluation of wind integrated power system for optimizing benefits available from wind. The 

analysis presented in this chapter can also provide valuable guidelines to the system planner in 

determining optimum transmission system for wind power.  

 

 

 

CHAPTER- SIX 

SUMMARY AND CONCLUSIONS 

 

 

The application of wind power in electric power system is increasing rapidly everywhere in the 

world due to the growing of environmental concerns and community consciousness. Various 

governments have devoted or are in the process of making commitments to the reliability 

portfolio standard (RPS) energy policy, which guarantee a certain percentage of power generated 

from renewable energy sources in electric power systems within a certain period of time. Wind 

power is the most developed and capable source of renewable energy, which can be useful in 
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meeting RPS targets. Many large wind farms for bulk power generation are expected to be added 

to power systems in near future. These wind power plants require good wind resources to 

generate bulk power and can be away from the main grid access point. It becomes extremely 

important to determine an appropriate transmission facility to connect remotely located wind 

farms to a power grid. Wind power varies randomly with the available wind speed at the wind 

farm site. Transmission system planning for wind power integration requires different evaluation 

approach compared to a conventional system. Many utilities around the world use the „n-1‟ 

deterministic criterion for transmission system planning. Deterministic techniques, however, 

cannot recognize the random variation in wind power generation, and therefore are not suitable 

for power system planning considering wind power. This dissertation presents probabilistic 

methods for evaluating the contribution of wind transmission system to overall system reliability. 

The application of the developed reliability and cost evaluation techniques are illustrated with 

various sensitivity studies.  

 

A number of various evaluation techniques are available for power system reliability studies. 

These methods are characterized as deterministic and probabilistic techniques. Both of these 

methodologies are used in many aspects of power system planning. These techniques have been 

described briefly in Chapter 2. Probabilistic techniques can be mainly divided in analytical and 

simulation techniques. The simulation techniques are generally used when direct analytical 

techniques are not available. This research work was done using analytical techniques to obtain 

direct numerical solutions for system reliability evaluation. The prominent system reliability 

indices such as loss of load expectation (LOLE) and loss of expected energy (LOEE) are 

explained. Limited transmission line can be added in HL-I reliability evaluation. The system 

model and techniques are presented for incorporating limited transmission line in the HL-I study. 

The tie line constraint equivalent unit approach was used to incorporate limited transmission line 

in HL-I study. This approach is very useful in order to study the effect of transmission line on 

wind power integration to a conventional system. 

 

System modeling and evaluation techniques developed for this research work are presented in 

Chapter 3. The overall modeling process is divided into three major tasks of wind speed 

modeling, wind system modeling, and system risk modeling. A computer program was 
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developed to construct a wind generation model at the grid access point. This model incorporates 

the effect of the transmission line. Evaluation techniques were used on an example system to 

illustrate the evaluation method. Wind generation model at grid access point was integrated with 

a conventional system using a software tool SIPSREL. The benefits associated with wind power 

application to a conventional system are introduced with mathematical expressions in Chapter 3. 

The basic system model and a flow chart for the system evaluation are presented. The expected 

power output (EPO) is a useful power index that can provide useful information on adequate 

transmission line size for wind power delivery.   

 

Reliability evaluation techniques developed and presented in Chapter 3 were used for evaluating 

system indices for a simple wind system. The impact of various system parameters on system 

reliability was first studied without considering a conventional system in the basic system model. 

The effect of the system peak load, transmission line capacity and wind regime was studied 

evaluating the system risk index LOLE and power index EPO. It was noticed that the system 

reliability decreases with increasing peak load. The increasing line capacity helps in improving 

system reliability. However, the incremental benefit decreases with increase in transmission line 

capacity. The EPO also increases with transmission line size and reaches to a saturation point 

after a certain line capacity addition. The incremental EPO decreases with transmission line 

capacity. The effects of wind regime on the system reliability are also presented. It is shown that 

wind site with good wind resources provides higher reliability benefits.  

 

The effect of transmission line size on the overall system reliability is presented in Chapter 4 

considering a wind farm connected to the IEEE-RTS system. The effect of the system peak load 

and the capacity and unavailability of the transmission line on the overall system risk indices are 

presented. It is shown that system reliability increases with the transmission line size when wind 

power is integrated to a conventional system. The incremental reliability benefits are however 

decreased with increasing line capacity. The important conclusion regarding the impact of 

transmission line unavailability was drawn in this research. The unavailability of transmission 

line delivering wind power has very insignificant impact on overall system reliability. The 

usefulness of the conventional „n-1‟ deterministic criterion was studied for the transmission 

system delivering wind power to a conventional system. It is shown that the „n-1‟ criterion 
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cannot recognize the system risks, and is not useful in transmission system planning for 

delivering wind power. 

 

Reliability evaluation should be conducted in conjunction with appropriate economic analysis in 

system planning. Reliability cost and benefit techniques were developed and presented in 

Chapter 5. The results in Chapter 4 show that the incremental benefit associated with 

transmission system expansion decreases with an increase in transmission line capacity. The 

benefits are justified up to a certain limit of transmission line capacity. This optimum line 

capacity can be evaluated using reliability and cost evaluation techniques. The effects of 

transmission line investment cost, transmission line length, wind regime, and wind penetration 

levels on the optimum line sizing were studied using the basic system model. It is shown that the 

optimum line capacity decreases with an increase in line cost. The transmission line length 

depends on the distance between wind farm and the grid access point. A wind farm located near 

the grid access point can be connected by a transmission line of a relatively large capacity for 

optimum benefits. The optimum line capacity decreases with an increase in transmission system 

length. The wind resource at the wind farm site has significant effect on the optimum line sizing. 

There is a high net benefit in connecting a wind farm, located at a site with good wind resource, 

with a transmission line of relatively large capacity. The effect of wind penetration on optimum 

line sizing was studied in this research. It was observed that the optimum line size decreases with 

increasing wind penetration. The wind penetration level after a certain point cannot fully 

contribute to the system load, and therefore the relative benefits tend to decrease with further 

increase in wind penetration in the system. 

 

The methodology and techniques presented in this dissertation should be useful in transmission 

system planning for wind power delivery from a wind farm to a power system. This work can 

also be used in capacity credit assessment combining wind generation and transmission system. 

The results presented in this dissertation provide useful information on the benefits obtained 

from a wind generation and transmission system. The effect on the benefits of various system 

parameters, such as, wind power penetration in a power system, distance of the wind farm from 

the grid, capacity and unavailability of the tie line connecting wind farm, the wind regime at the 
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wind farm location can also be estimated based on the presented results. The general conclusions 

obtained from this study can also be useful in practical wind transmission system planning.  

 

 Future scope 

Reliability and cost evaluation is an important part of various facilities planning such as, 

generation, transmission, and distribution networks. Evaluation of sufficient system facilities is 

essential in providing adequate and acceptable continuity of supply. System adequacy is the 

measure of a power system to satisfied consumer demand under all steady state conditions. It is 

related to providing sufficient facilities to generate energy through transmission and distribution 

networks to all consumers. 

Renewable sources are getting considerable attention in power generation due to growing public 

concern with environmental degradation caused by conventional electricity generation. Wind is 

the most promising choice for producing substantial amount of electricity from green energy 

sources. As a nest step of this dissertation work, one can undergo a research in all geopolitical 

zones of the country (Nigeria), in providing more alternatives source of generating energy in our 

dare country to reduce over reliance on imported fossil fuel. In addition to this a research can be 

extended to those state with high wind energy potentials to resolve the nation from deep-rooted 

in serious energy crises, as the technology for harnessing wind energy have over the years been 

tried mainly for water pumping not grid connection. 
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