
ADEQUACY EVALUATION OF SMALL 

STAND ALONE WIND AND SOLAR 

ENERGY BASED POWER SYSTEMS 

A Thesis Submitted to the College of 

Graduate Studies and Research 

in Partial Fulfillment of the Requirements 

for the Degree of Master of Science 

in the Department of Electrical Engineering 

University of Saskatchewan 

Saskatoon 

By 

Bagen 

Spring 2002 

© Copyright Bagen, 2002. All rights reserved. 



PERMISSION TO USE 

The author has agreed that the Library, University of Saskatchewan, may make 

this thesis freely available for inspection. Moreover, the author has agreed that 

permission for extensive copying of this thesis for scholarly purpose may be 

granted the professor or professors who supervised the thesis work recorded 

herein or, in their absence, by the Head of the Department or the Dean of the 

College in which the thesis work was done. It is understood that due recognition 

will be given to the author of this thesis and to the University of Saskatchewan in 

any use of the material in this thesis. Copying or publication or any other use of 

this thesis for financial gain without approval by the University of Saskatchewan 

and the author's written permission is prohibited. 

Request for permission to copy or to make any other use of the material in this 

thesis in whole or part should be addressed to: 

Head of the Department of Electrical Engineering 

57 Campus Drive 

University of Saskatchewan 

Saskatoon, Saskatchewan 

Canada S7N 5A9 



ACKNOWLEDGEMENTS 

I would like to express my sincere gratitude to my supervisor Dr. Roy Billinton for 

his guidance, encouragement and support during the course of this research 

work and in the preparation of this thesis. 

Secondly, I wish to express my gratitude to my graduate study teachers, Dr. Roy 

Billinton, P. Pramanick, J. E. Salt, M. Fotuhi and M.S. Sachdev for strengthening 

my knowledge on electrical engineering. 

Thirdly, financial assistance provided by the Natural Science and Engineering 

Research Council and by University of Saskatchewan in the form of a Graduate 

Scholarship is gratefully acknowledged. 

Finally, I also take this opportunity to acknowledge the constant encouragement 

and support from my parents, my wife Wuren, my daughter Temulun and all my 

friends throughout my studies in Canada. 

II 



This thesis is dedicated to my beloved daughter Temulun who will complete her 

5th birthday on 29th November 2001. It gives me immense pleasure that this 

thesis is also completed in the same month. I, therefore, take upon this 

opportunity to present this thesis as a gift to my daughter. 

III 



ABSTRACT 

The development and utilization of renewable energy to satisfy increasing 

electrical energy demand are being given very serious consideration due to 

concerns associated with dwindling energy resources and enhanced public 

awareness of the potential impact associated with conventional energy systems 

on the environment. Particularly, wind and solar energy are being recognized as 

the most encouraging and promising generation sources in both large grid 

connected and small stand-alone electric power systems. It is, therefore, both 

necessary and important to develop consistent reliability evaluation techniques 

to assess the actual benefit obtained from utilizing these energy sources for 

electric power generation. 

At the present time small stand-alone wind and solar energy based power 

systems are widely used to supply electricity in locations remote from power 

networks. This thesis examines the adequacy of such small stand-alone 

systems. The analyses are conducted using time sequential Monte Carlo 

simulation. A systematic procedure for modeling the wind and sunlight is 

presented using time-series analysis. The overall adequacy evaluation is 

conducted by simulating wind and solar site resources, their conversion 

systems, energy storage using battery and the load demand. 

The developed models and techniques are relatively easy to use and can be 

applied to practical systems containing wind and solar energy. The results and 

discussions presented in this thesis should prove to be useful in planning, 

designing, and operating small stand-alone wind and solar energy based power 

systems for electricity supply in remote areas. 
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1 INTRODUCTION 

1.1 Power System Reliability 

The basic function of an electrical power system is to supply its customers with 

electrical energy as economically as possible and with an acceptable level of 

reliability [1]. The provision of reliable electric power increases in significance 

with increasing dependence of modern society on electrical energy. Electric 

power utilities therefore must provide a reasonable assurance of quality and 

continuity of service to their customers. The level of assurance, however, 

depends on the needs of the customer and the associated cost of providing the 

service. In general, more reliable systems involve more financial investment. It 

is unrealistic to try to design a power system with a hundred percent reliability 

and therefore, power system planners and engineers have always attempted to 

achieve a reasonable level of reliability at an affordable cost. 

The reliability associated with a power system is a measure of the overall ability 

of the system to perform its basic function. Reliability is an extremely broad 

concept and embraces all aspects of the ability of a power system to perform its 

function. System reliability can be reasonably subdivided into two distinct 

categories of system adequacy and system security [1] as shown in Figure 1.1. 

Figure 1.1: Subdivision of system reliability 
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System security relates to the ability of the system to respond to disturbances 

arising within the system. These generally include the conditions associated 

with both local and widespread disturbances and the loss of major generation 

and transmission facilities, etc. System adequacy, on the other hand, relates to 

static system conditions and the existence of sufficient facilities within the 

system to satisfy the system load demand. These include both the facilities 

necessary to generate sufficient energy and the associated transmission and 

distribution facilities required to transport the energy to the customer load point. 

This thesis is restricted to adequacy assessment of generating capacity. 

Power system adequacy assessment can be conducted in all of the three basic 

functional zones of generation, transmission, and distribution. These functional 

zones can be combined to form hierarchical levels (HL) [1]. Figure 1.2 shows 

the three hierarchical levels. 

Generation 
Facilities 

• 
Transmission 

Facilities 

Distribution 
Facilities 14 

Figure 1.2: Hierarchical levels 

HL-I 

HL-III 

Adequacy assessment at hierarchical level-I (HL-I) is concerned only with the 

generation facilities. In an HL-I study, the total system generation including 

interconnected assistance is examined to determine its adequacy to meet the 

total system load demand. Reliability assessment at HL-I is normally defined as 
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generating capacity adequacy evaluation. The transmission network and the 

distribution facilities are not included in an assessment at the HL-I level. 

Adequacy evaluation at hierarchical level-II (HL-II) includes both the generation 

and transmission in an assessment of the integrated ability of the composite 

system to deliver energy to the bulk supply points. This analysis is usually 

termed as composite system reliability evaluation (or bulk power system 

reliability evaluation). Adequacy assessment at hierarchical level-III (HL-III) 

includes all of the three functional zones and is not easily conducted in a 

practical system due to the computational complexity and scale of the 

assessment. These analyses are usually performed only in the distribution 

functional zone. 

Power systems can be generally divided into conventional grid-connected 

systems and isolated stand-alone configurations. Many remote places around 

the world cannot be physically or economically connected to an electric power 

grid. Stand-alone systems can be used to supply electricity to isolated areas 

especially in developing countries. The research work described in this thesis is 

focused on HL-I adequacy assessment of small stand-alone systems. 

Transmission and distribution facilities are virtually non-existent in such power 

systems. 

1.2 Small Stand-Alone Wind and Solar Energy Based Power Systems 

The increased dependence of modern society on electrical energy is creating 

worldwide increases in electricity demand. According to statistics from the World 

Bank, the world's electrical generating capacity will increase to 5 million 

megawatts by the year 2020, up from about 3.18 million megawatts in 1999 to 

meet the increasing demand [2]. It has been forecast that conventional energy 

sources such as fossil fuels, which are the main source of electricity at present, 

will start to run but from the years 2020 to 2060 [2]. Moreover, conventional 

energy sources, which rely on fossil fuels, contribute significantly to many of the 
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environmental problems faced today. Renewable energy is assumed to be 

environmentally friendly and due to the predicted shortage of conventional 

energy resources, it is attracting more and more attention in recent years. 

Approximately half of the world's population lives in rural areas in which the 

electricity demands are increasing more quickly compared to those of urban 

areas. Renewable energy based stand-alone power systems are widely used to 

provide electricity supply in such areas. These systems are often independent 

of large centralized electricity grids and may incorporate power sources such as 

diesel, wind and solar energy facilities. Due to environmental problems and the 

relatively high operating costs associated with diesel generators, small stand-

alone wind and/or solar energy based systems operating with storage facilities 

are favored energy options for off-grid electricity supply, especially in developing 

countries. 

According to a survey conducted by a project team comprised of members from 

Gamos Ltd. (United Kingdom) and staff of the Inner Mongolia Electric Power 

College (IMEPC) (P. R. China) in 1999 [3], there are over 130,000 such small 

systems being used by nomadic people for household lighting and TV in the 

Inner Mongolian Autonomous Region of the People's Republic of China. These 

small systems have a very positive impact on the quality of life in the region. 

The numbers involved would seem to support this argument. The presently 

used systems are, however, very small in capacity (the maximum installed 

capacity for a system is less than 1 kW) and cannot meet the growing electricity 

demands of the people. 

Despite a continuing grid extension program, there will always be homes in 

remote areas where a grid connection will never be practical solution for 

electricity supply. It is estimated that by the year of 2010, there will be still 

350,000 homes in Inner Mongolia beyond the reach of the grid [3], therefore, 

there will be an increasing need for off-grid electricity systems in the future and 
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this demand will grow as rural families aspire to a higher standard of living. The 

following electrical energy sources have been considered in this research as 

viable options for supplying electricity to users living in remote areas: 

• Wind energy based systems with corresponding storage. 

• Solar energy based systems with corresponding storage. 

• Wind and solar energy based hybrid systems with corresponding storage. 

Small stand-alone wind and solar systems (SSWSS) considered in this thesis 

are relatively small electric power plants serving remote power supply 

requirements. These facilities generally operate without any non-renewable 

backup and therefore storage facilities such as batteries are often used. A 

typical SSWSS consists of wind turbine generators (WTG), photovoltaic (PV) 

arrays, an inverter, a battery bank and a battery charger as shown in Figure 1.3. 

The WTG are generally erected close to the dwellings and the photovoltaic 

arrays are usually mounted on a frame on the ground or on the house roofs 

facing the sun. The batteries, battery charger and inverter are normally located 

indoors. 

Wmd Turbines Inverter 

Battery (larger 

Photovoltaic Arrays 

Battery Bank 

User 

0 
0 

Figure 1.3: Typical system configuration of a SSWSS 
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A SSWSS may range in size from a relatively large system of a few megawatts 

to an individual household power supply in the order of one kilowatt. The total 

generating capacity of a SSWSS used in most of the analyses described in this 

thesis is below 100 kW and the annual peak load is below 30 kW. 

1.3 Research Objectives and Overview of the Thesis 

It was discussed in the previous section that the development and utilization of 

renewable energy for satisfying increasing electrical demand is being given very 

serious consideration due to concerns associated with dwindling energy 

resources and enhanced public awareness of the hazardous impact of 

conventional energy systems on the environment. Small stand-alone power 

systems containing wind and solar energy are the most favored alternatives for 

supplying electricity to remote locations at the present time. This is due to the 

fact that these resources are relatively easily harnessed, the generating units 

require reasonable maintenance and there is no fuel cost. Considering the 

present trends and future technological developments, there is obviously 

considerable need for consistent quantitative reliability assessment techniques 

for renewable energy based stand-alone systems. 

Most of the available literature [4-11] on reliability evaluation of power systems 

containing wind and solar energy is focused on systems operating in parallel 

with grid connected conventional generating facilities. Considerably less work 

has been done on the reliability evaluation of stand-alone renewable energy 

based power systems. The available published work on reliability performance 

assessment of stand-alone renewable energy based systems primarily focuses 

on the use of analytical methods [12-17]. 

An approximate method for reliability evaluation of a stand-alone system 

consisting of one wind turbine feeding a load via a battery was presented in 

reference [12]. The same technique was later extended to a stand-alone solar 



energy based system [13]. This technique assumes a uniformly distributed 

customer load model in order to include the storage in the analyses. Reference 

[14] presented a method, which is similar to the one described in [12] and [13], 

for the computation of the loss of load probability (LOLP) and the expected 

energy not supplied (EENS) of a stand-alone system based on wind energy 

operating in parallel with a storage battery. The method modeled the 

generation, the load and the battery as Markov chains. A probabilistic method 

for the evaluation of the performance of a hybrid system consisting of a wind 

generator, a diesel engine and a battery was presented in [15]. References [16] 

and [17] present evaluation techniques for wind energy based and hybrid wind 

and solar systems with storage. These techniques assume that the wind speed 

and solar radiation follow a Weibull distribution and a fl-distribution respectively. 

The major disadvantage of these analytical approaches is that the chronological 

random nature of wind speed and solar radiation, their effect on the power 

output of renewable energy based generating units and the system load pattern 

cannot be completely recognized and incorporated. Reference [18] considers 

the use of Monte Carlo Simulation (MCS) for the reliability and cost evaluation 

of small isolated power systems consisting of both renewable sources and 

diesel generation. Battery storage 'was, however, not considered in this 

research. 

Due to the highly variable nature of site resources such as wind and sunlight, 

the utilization of energy storage devices can significantly enhance the reliability 

of a stand-alone power system. Conventional units are, however, often operated 

in stand-alone modes without the use of storage devices. The utilization of wind 

and solar resources requires storage capability or must be augmented by 

conventional' units, such as diesel generators. Systems involving renewable 

energy and operating in parallel with conventional sources such as diesel 

generators were not included in the research described in this thesis. 
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The focus of this research work is on generating capacity adequacy evaluation 

of wind and solar energy based small stand-alone systems operating with 

battery storage. The main objective of this research work is to develop 

appropriate models and techniques for HL-I adequacy evaluation for SSWSS. It 

is expected that this research will help utilities and customers make decisions in 

regard to optimum planning and operation of SSWSS. The objectives of this 

research include: 

1. The development of appropriate adequacy assessment techniques for 

SSWSS. 

2. The examination of appropriate models for energy conversion by WTG, PV 

arrays, and battery storage in an overall simulation technique. 

3. The development of a general adequacy assessment model for SSWSS. 

4. An examination of the reliability characteristics of SSWSS with different 

energy compositions and battery sizes. 

5. An examination of the effects of selected system parameters on the 

reliability of a SSWSS. 

There are six chapters in this thesis. The main topics of each chapter are as 

follows. 

Chapter 1 introduces the basic concepts related to power system reliability 

evaluation and the scope and objectives of the research. 

Chapter 2 describes basic evaluation concepts and techniques for generating 

capacity adequacy evaluation at the HL-I level. The direct analytical and Monte 

Carlo simulation methods widely used in power system reliability evaluation are 

introduced in this chapter. 

Chapter 3 presents the development of a general adequacy evaluation model 

for a SSWSS. The basic models necessary for the adequacy assessment of a 
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SSWSS namely, the site resource models, the generating source models, the 

storage battery model and the system load models, are presented in this 

chapter. 

Chapter 4 illustrates the application of the developed evaluation models in 

reliability related analyses such as, the simulation of wind speeds, WTG power 

generation, solar radiation and PV array power generation. The chapter also 

includes adequacy analyses of a hypothetical system with different generation 

configurations. The three basic generation configurations considered in this 

thesis are wind energy based, solar energy based and combined wind and solar 

energy based. Battery storage is considered in conjunction with these three 

basic configurations. 

Chapter 5 examines the effects of various parameters on the system adequacy. 

The effects of battery capacity, battery maximum charging (discharging) 

characteristics, average wind speed, average solar radiation, generating unit 

forced outage rate (FOR) [1], system annual peak load, system load variation 

and renewable energy installed capacity are illustrated using the developed 

models and techniques. 

Chapter 6 summarizes the thesis and highlights the conclusions. 
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2 BASIC CONCEPTS AND TECHNIQUES FOR GENERATING 

CAPACITY ADEQUACY EVALUATION 

2.1 Introduction 

As noted in Chapter 1, the primary concern in adequacy studies at HL-I is to 

assess the capability of the generating facilities to satisfy the total system load 

demand. The reliability of the transmission and its ability to deliver the 

generated energy to the customer load point is normally ignored in an HL-I 

study. The system, therefore, can be simply represented by a single bus as 

shown in Figure 2.1, at which the total generation and total load are connected. 

Total 

System 

Load 

Figure 2.1: System representation at HL-I 

The main objective in HL-I assessment is the evaluation of the system reserve 

required to satisfy the system demand and to accommodate the failure and 

maintenance of the generating facilities in addition to satisfying any load growth 

in excess of the forecast. This area of study can be categorized into two 

different aspects, designated as static and operating capacity assessment. Static 

assessment deals with the planning of the reserve capacity to satisfy the total 

system load demand to maintain a required level of reliability. Operating 

capacity assessment, on the other hand, is mainly focused on the determination 

of the required capacity to satisfy the load demand in the short term (usually a 

few hours) while maintaining a specified level of reliability [1]. This thesis deals 

with static capacity assessment of small stand-alone generating systems 

utilizing wind and solar energy. 
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There is a wide range of reliability techniques utilized in generating capacity 

planning and operation [1]. Basically, generating capacity adequacy evaluation 

involves the development of a generation model, the development of a load 

model and the combination of the two models to produce a risk model as shown 

in Figure 2.2. 

Generation Model 

Risk Model 

Load Model 

Figure 2.2: Conceptual tasks for HL- I evaluation 

The system risk is usually expressed by one or more quantitative risk indices. 

The calculated indices in HL-I evaluation simply indicate the overall ability of the 

generating facilities to satisfy the total system demand. Indices can be 

determined using either a deterministic method or a probabilistic approach. 

Deterministic methods cannot recognize and reflect the actual risk associated 

with a given system and are gradually being replaced by probabilistic methods. 

Generating unit unavailability is an important parameter in a probabilistic 

analysis. The most popular probabilistic risk indices are the loss of load 

expectation (LOLE) and loss of energy expectation (LOEE). The LOLE is 

defined as the expected time duration during which the load exceeds the 

available capacity. The LOEE is specified as the expected energy that will not 

be supplied by the generating system due to those occasions when the load 

demand exceeds the available capacity [1]. 

The fundamental approaches used to calculate the risk indices in a probabilistic 

evaluation can be generally described as being either direct analytical 
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evaluation or Monte Carlo simulation. Analytical techniques represent the 

system by analytical models and evaluate the system risk indices from these 

models using mathematical solutions. Monte Carlo simulation, on the other 

hand, estimates the risk indices by simulating the actual process and the 

random behavior of the system. Both approaches have advantages and 

disadvantages, and each of them can be very powerful with proper application. 

In the direct analytical method for generating capacity adequacy evaluation, the 

generation model is usually in the form of a generating capacity outage 

probability table, which can be created by the well-known recursive technique 

[1]. The load is usually represented by either a daily peak load or an hourly load 

duration model [1]. 

In the Monte Carlo method [1], the capacity model is represented by the system 

available generating capacity at points in time established chronologically or 

independently. The load model is usually represented by the chronological load 

pattern. The generation model is superimposed on the load model to produce 

the risk model. 

This chapter briefly describes some of the various methodologies and 

techniques for generating capacity adequacy evaluation and their possible 

application to adequacy studies of SSWSS. 

2.2 General Reliability Methods 

Reliability techniques can be divided into the two general categories of 

probabilistic and deterministic methods. Both methods are used by electric 

power utilities at the present time. Most large power utilities, however, use a 

probabilistic approach. This can be seen from a series of surveys conducted on 

Canadian utilities. The results are listed in Tables 2.1 and 2.2 [19]. 
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Table 2.1: Criteria used in reserve capacity planning. 

Method Criteria 1964 1969 1974 1977 1987 

Deterministic Percent Margin 1 4 2 2 1* . 

Loss of Largest Unit 4 1 1 1 • - 

Combination of 1 and 2 3 6 6 6 -

Other Methods 2 1 - - - 

Probabilistic LOLE 1 5 4 4 8 

EUE - - - - 2 

*with supplementary checks for LOLE 

Table 2.2: Basic criteria and indices in 1987 

Utility Criterion Index 
BC Hydro and Power Authority LOLE 1 day/10years 
Alberta Interconnected System LOLE 0.2 days/year 
Saskatchewan Power 
Corporation 

EUE 200 Units per million (UPM) 

Manitoba Hydro LOLE 0.003 days/year (with 
connections) 
0.1days/year (without 
interconnections) 
25 system minutes (SM) Ontario Hydro EUE 

Hydro Quebec LOLE 2.4 hours/year 
New Brunswick Electric Power 
Commission 

CR* Largest unit or 20% of the 
system peak (whichever is 
larger) 

Nova Scotia Power Corporation LOLE** 0.1 days/year 
Newfoundland and Labrador 
Hydro 

LOLE 0.2 days/year 

LOLE - Loss of load expectation * With supplementary checks for LOLE 
EUE - Expected unsupplied energy ** With supplementary checks for CR 
CR - Capacity reserve 

The tables show that: 

1. Only one participating Canadian utility used a probabilistic criterion in 

1964. 

2. The number of utilities utilizing probabilistic criteria increased over the 

study period. 
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3. Only one participating utility was still using a deterministic criterion, but 

with supplementary checks using a probabilistic index (LOLE) in 1987. 

4. The LOLE and EUE are the most common adequacy indices used by 

Canadian utilities. 

2.2.1 Deterministic Methods 

Over the years, a range of deterministic methods have been developed by the 

power industry for generating capacity planning and operating. These methods 

evaluate the system adequacy on the basis of simple and subjective criteria 

generally termed as "rule of thumb methods" [1]. Different criteria have been 

utilized to determine the system reserve capacity. The following is a brief 

description of the most commonly used deterministic criteria. 

1. Capacity Reserve Margin (CRM) 

In this approach, reserve capacity (RC), which is normally the difference 

between the system total installed capacity (IC = EG, ) and the system peak 

load (PL), is expressed as a fixed percentage of the total installed capacity as 

shown in Equation 2.1. This method is easy to apply and to understand, but it 

does not incorporate any individual generating unit data or load shape 

information. 

RC = IC - PL x100% IC (2.1) 

2. Loss of the Largest Unit (LLU) 

In this approach, the required reserve capacity in a system is at least equal to 

the capacity of the largest unit (CLU) as expressed in Equation 2.2. This method 

is also easy to apply. Although it incorporates the size of the largest unit in the 

system, it does not recognize the system risk due to an outage of one or more 
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generating units. The system reserve increases with the addition of larger units 

to the system. 

RC ?_CLU (2.2) 

3. Loss of the Largest Unit and a Percent Margin 

In this approach, the reserve capacity is equal to or greater than the capacity of 

the largest unit plus a fixed percentage of either the installed capacity or the 

peak load as shown in Equations 2.3 and 2.4. This method attempts to 

incorporate not only the size of the largest unit in the evaluation but also some 

measure of load forecast uncertainty. It does not reflect the system risk as the 

multiplication factor x (normally in the range of 0-15%) is usually subjectively 

determined by the judgment of the system planner. 

RC =CLU+xxIC 

RC = CLU + xx PL 

Table 2.3: Criteria used in small isolated systems in Canada 

(2.3) 

(2.4) 

Utility Deterministic Criterion 
BC Hydro RC=CLU 
Alberta Power Ltd. RC=CLU 

RC=90%CLU+10%IC for remote site 
Saskatchewan 
Power 

To strive for a safe and continuous supply of electricity 

Manitoba Hydro RC=80%CLU+20%IC 
Ontario Hydro RC=CLU 
Hydro Quebec RC=90%CLU+10%IC for plants with five engines or less 

RC=90%CLU+90%CSU+90%IC for plants with six 
engines or less 

Newfoundland 
Hydro 

RC=CLU 

NTW Power Corp. RC=CLU+10%PL for PL<3 MW 
RC=CLU+5%PL for PL>3 MW 

Yukon Electrical RC=CLU+10%PL 
CSU-Capacity of the smallest unit 
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Table 2.3 shows the different deterministic criteria used by Canadian utilities for 

small isolated systems [20]. The main disadvantage of deterministic techniques 

is that they do not recognize and reflect the inherent random nature of system 

component failure, of the customer load demand and of the system behavior. 

The system risk cannot be determined using deterministic criteria. Conventional 

deterministic criteria and techniques are severely limited in their application to 

modern complex power systems. 

2.2.2 Probabilistic Methods 

The benefits of utilizing probabilistic methods have been recognized since at 

least the 1930s and have been applied by utilities in power system reliability 

analyses since that time. As noted in Section 2.1, generating capacity adequacy 

evaluation normally involves the combination of a generation model and a load 

model to form a system risk model. 

The unavailability (U) of a generating unit [21] is a basic parameter in building a 

probabilistic generation model. This statistic is known as the generating unit 

forced outage rate (FOR). It is defined as the probability of finding the unit on 

forced outage at some distant time in the future. The unit FOR is obtained using 

Equation 2.5. 

E[down_time]
FOR = E [down_time] + E [up_time] • 

(2.5) 

The load model should provide an appropriate representation of the system load 

over a specified period of time, which is usually one calendar year in a planning 

study. The load representation is different for different evaluation techniques 

and study requirements as described later in this chapter. 
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2.3 Analytical Techniques 

Analytical evaluation of generating capacity adequacy can provide utilities with 

information on the likelihood that the generation will be unable to serve the load. 

The usual results obtained in this evaluation are the expected values of the 

various adequacy indices. Analytical techniques are relatively simple to apply 

and the results are easily reproduced. They may not, however, produce 

satisfactory results in some cases, particularly in situations involving non-

conventional generation such as wind and solar energy based units, which are 

time dependent and correlated. 

In most analytical techniques, the generation model is normally in the form of an 

array of capacity levels and their associated probabilities. This representation is 

known as a capacity outage probability table (COPT). Each generating unit in 

the system is represented by either a two-state or a multi-state model. The 

COPT can be constructed using a well-known recursive technique [1]. This 

technique is very powerful and can be used to add both two-state and multi-

state units. 

Case 1: No derated state: 

In this case, the generating unit is considered to be either fully available (Up) or 

totally out of service (Down) as shown in Figure 2.3. 

2 
Up 

0 

Down 

Figure 2.3: Two-state model for a generating unit 

where 2= unit failure rate 

p= unit repair rate. 
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The availability (A) and the unavailability (U) of the generating unit are given by 

Equations 2.6 and 2.7 respectively. 

A=  11
+,u 

2 U= 
2+ 

p 

(2.6) 

(2.7) 

The probability of a capacity outage state of X MW can be calculated using 

Equation 2.8. 

P(X) = (1— U)P' (X) + (U)P' (X — C) (2.8) 

where P'(X) and P(X) are the cumulative probabilities of a capacity outage 

level of X MW before and after the unit of capacity C is added respectively. 

Equation 2.8 is initialized by setting P/(X) =1.0 for X < 0 and 

P' (X) = 0 otherwise. 

Case 2: Inclusion of derated states: 

In addition to being in the full capacity and completely failed states, a generating 

unit can exist in a number of other states where it operates at a reduced 

capacity. Such states are called derated states. The simplest model that 

incorporates derating is shown in Figure 2.4. This three-state model includes a 

single derated state in addition to the full capacity and failed states. 

Recognition of generating unit derated states plays an important role in 

generating capacity adequacy evaluation especially for unconventional 

generating units such as wind and solar energy based units. These generating 

units usually have many capacity states, which are determined by the wind 

speeds or sunlight intensity at the system location. 
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Figure 2.4: Three-state model for a generating unit 

Equation 2.9 can be used to add multi-state units to a capacity outage 

probability table. 

P(X)=i piP'(X —C), (2.9) 

where n =the number of unit states, 

= capacity outage state i for the unit being added, 

p, = probability of existence of the unit state i 

The load models used in the analytical techniques depend on the reliability 

indices adopted, the availability of load data and the evaluation methods used. 

Usually, the load model can be represented by either the daily peak load 

variation curve (DPLVC) or the load duration curve (LDC). The DPLVC is the 

cumulative load model formed by arranging the individual daily peak loads in 

descending order. The resultant model is known as the LDC when the individual 

hourly load values are used, and in this case the area under the curve 

represents the energy required by the system in a given period. This is not the 

case with the DPLVC. The DPLVC is a very approximate representation of the 
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actual system load demand. It is used extensively, however, due to its 

simplicity. The LDC is a more realistic representation of the system load. 

The generation model obtained from the COPT and an appropriate load model 

are combined to evaluate the risk indices. The proposed analytical approaches 

at the present time fall into one of the following general categories [11 

2.3.1 Loss of Load Method (LLM) 

In this approach, the generation system represented by the COPT and the load 

characteristic represented by either the DPLVC or the LDC are convolved to 

calculate the LOLE index. Figure 2.5 shows a typical load-capacity relationship 

where the load model is represented by the DPLVC. 
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Figure 2.5: Evaluation of LOLE using DPLVC 

A capacity outage O k , which exceeds the reserve, causes a load loss for a time 

tk shown in Figure 2.5. Each such outage state contributes to the system LOLE 

by an amount equal to the product of the probability pk and the corresponding 

time unit tk . The summation of all such products gives the system LOLE in a 
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specified period as expressed mathematically in Equation 2.10. Any capacity 

outage less than the reserve does not contribute to the system LOLE. 

LOLE = Epk x t k

k=1 

where n= the number of capacity outage state in excess of the reserve 

pk = probability of the capacity outage Ok

t k = the time for which load loss will occur. 

(2.10) 

The pk values in Equation 2.10 are the individual probabilities associated with 

the COPT. The equation can be modified to use the cumulative probabilities as 

expressed in Equation 2.11. 

n 

LOLE =IF k x (t k — t k_1 ) (2.11) 
k=1 

where Pk = the cumulative outage probability for capacity outage Ok . 

The LOLE is expressed as the number of days during the study period if the 

DPLVC is used. The unit of LOLE is in hours per period if the LDC is used. If the 

time tk is the per unit value of the total period considered, the index calculated 

by Equation 2.10 or 2.11 is called the loss of load probability (LOLP). 

2.3.2 Loss of Energy Method (LEM) 

In this approach, the generation system and the load are represented by the 

COPT and the LDC respectively. These two models are convolved to produce a 

range of energy-based risk indices such as the LOEE, units per million (UPM), 

system minutes (SM) and energy index of reliability (EIR) [1]. 
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The convolution involved in this approach is similar to the LLM. The area under 

the LDC, in Figure 2.6, represents the total energy demand (E) of the system 

during the specific period considered. When an outage Ok with probability pk

occurs, it causes an energy curtailment of Ek , shown as the shaded area in 

Figure 2.6. The total expected energy curtailed or the LOEE is expressed 

mathematically in Equation 2.12. The other indices are expressed in Equations 

2.13 to 2.15 respectively. 

LOEE = tp k x Ek
10=1 

UPM = 
LOEE 

x106 
E 

SM = LOEE x 60 
PL 

EIR = pkxEk 
E 
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Figure 2.6: Evaluation of LOEE using LDC 

(2.12) 

(2.13) 

(2.14) 

(2.15) 
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2.3.3 Load Modification Method (LMM) 

A single COPT for all the generating units in the system is used in the LLM and 

LEM. The generation models used in the LMM are the capacity outage 

probability tables for each individual generating unit in the system instead of a 

single COPT. The load model in this approach is the LDC. The basic idea 

behind this technique lies in answering the question, "How does the load appear 

to the rest of the system when a generating unit is loaded to supply power to the 

system?" Conceptually, it is based on the idea of determining the equivalent 

load model that appears to the rest of the system as one or more generating 

units, each having a capacity probability model, are loaded to supply power to 

the system. The LMM is a sequential process to modify a given load model to 

produce an equivalent load model. If the generating system is energy-limited, 

the process includes modification of the equivalent load model by energy 

distributions of the generating unit. The basic concept and a practical way of 

applying this method to evaluate related reliability problems are presented in 

detail in reference [22]. 

2.3.4 Frequency and Duration Method.

In this approach, Markov models are used to represent the generating units and 

the system load. The frequency and duration calculations require additional data 

such as the generating units and load state transition rates. The indices 

obtained from this approach are expressed in terms of the frequency, duration 

and probability of encountering various negative margin states [1]. 

2.4 Monte Carlo Simulation 

The primary focus of this thesis is to develop generating capacity adequacy 

evaluation techniques and models for SSWSS containing storage facilities such 

as a battery. The installed capacity of a renewable energy based system is not 
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a fixed value as in the case of systems containing conventional units. The 

SSWSS capacity is a function of fluctuating site resources at the system 

location. The existing deterministic techniques cannot be readily applied to such 

systems. The random behavior of wind and solar energy based systems can, 

however, be recognized and reflected using probabilistic techniques. 

The analytical techniques described previously, work well for conventional 

generating systems and have been used by many utilities throughout the world. 

These techniques cannot provide satisfactory solutions without excessive 

approximations in SSWSS analyses due to the random, time-correlated 

chronological variation of the weather, its effect on the site resources, operating 

parameters of renewable energy based generating unit and the chronological 

variation of system load. The chronological nature of generation can be 

approximated in a COPT using valid historical data [10]. The time sequential 

load variation is not recognized by either a DPLVC or a LDC. Additional 

variables, which cannot be easily reflected in the simple mathematical models 

used in the analytical techniques, are required when storage facilities are 

included in the evaluation. 

Stochastic simulation is the only practical technique for systems that include a 

large number of time dependent random variables that are related in various 

ways. In addition, the simulation technique may also be preferable in the 

following situations: 

1. The time-distributions of the failure and repair processes. in the system are 

non-exponential. 

2. The density or distribution functions associated with the reliability indices are 

required. 

3. The assessment of large systems where the analytical methods may not 

produce sufficiently accurate results. 
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The main disadvantage of the simulation technique is that the time involved in 

the simulation can be very extensive. This, however, is becoming less 

problematic with the technological improvements in modern computers. 

Stochastic simulation methods are commonly known as Monte Carlo simulation 

(MCS). They can be broadly classified into one of the two categories, namely 

sequential or non-sequential methods [23]. In the sequential method, the 

simulation process is advanced sequentially or chronologically, recognizing the 

fact that the system states at a given time point is correlated with that at 

previous time points. In the non-sequential method, however, the process does 

not move chronologically and the system behavior at each time point is 

considered to be independent of that at other points. The sequential Monte 

Carlo simulation method is utilized in the research described in this thesis. 

2.4.1 Simulation Methodology 

The capacity model in a time sequential Monte Carlo simulation is the 

generating capacity available at points in time established chronologically by 

random sampling. The generation model is then superimposed on the 

chronological load model to form the risk model. The main parameters used to 

create an operational history for each individual unit are usually in the form of 

generating unit mean times to failure (MTTF) and mean times to repair (MTTR) 

[1]. These parameters can be used in conjunction with random numbers 

between 0 and 1 to produce a state history consisting of a series of random up 

and down (or derated) times called state residence times for each generating 

unit in the system. The state residence time is sampled from its probability 

distribution. In this thesis, the relevant distributions are assumed to be 

exponential. The possible operating states of a generating unit are shown in 

Figure 2.7. 
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Figure 2.7: Operating history of a generating unit 

If the state residence time is represented by an exponentially distributed random 

variable T , it has the following probability density function [24], 

f (t) = xe' (2.16) 

where x is the mean value of the distribution. The cumulative probability 

distribution function is given by 

F(t) =1— (2.17) 

Using the inverse transform method [24], the random variable T can be 

obtained as 

T = 1 — ln(1 — u) (2.18) 

where u is a uniformly distributed random number between 0 and 1 obtained 

from a suitable random number generator. Since 1-u is distributed uniformly in 
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the same way as u in the interval [0,1], the random variable T can be expressed 

as 

T = 1 —1n(u) • (2. 1 9) 

Consider a two state generating unit as shown in Figure 2.3. If the unit is in the 

up state, then x in Equation 2.19 is the failure rate (2) of the generating unit, 

which is the reciprocal of the MTTF. If the unit is in the down state, x is the 

repair rate (p) of the generating unit, which is the reciprocal of the MTTR. 

The basic overall simulation methodology can be briefly described as follows: 

1. Generate operating histories for each generating unit. The operating 

history of each unit is then in the form of chronological up-down-up or up-

derate-down-up operating cycles. 

2. Obtain the system available capacity by combining the operating cycles 

of all generating units in the system. 

3. Superimpose the system available capacity obtained in step 2 on the 

chronological load model to construct the system available margin model. 

4. Estimate the desired reliability indices by observing the margin model 

constructed in step 3 over a long time period. 

The first two steps of this process are illustrated in Figure 2.8. An assumption 

made in Figure 2.8 is that all units are operational at the beginning of the 

simulation. Steps 3 and 4 are illustrated in Figure 2.9. 

27 



Time (hours) \/ ► 

Figure 2.8: Operating history of the generating units and the capacity states of 

the whole system 

The load model in MCS is usually a chronological hourly load pattern. The 

desired adequacy indices can be determined from the margin model by 

superimposing the generation and the load models as shown in Figure 2.9. The 

load is usually modeled in one hour time steps, although smaller steps could be 

used. The available margin at a specific time point is the difference between the 

available capacity and the load at that point. A negative margin indicates an 

outage has occurred. The simulation is repeated for a long period of time in 

order to obtain the desired level of accuracy. 

Normally the time reference in a sequential Monte Carlo simulation is a year, 

and most indices are therefore year based. The LOLE and the LOEE are 

calculated by recording the loss of load duration t, in hours for each load 
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curtailment, the energy not supplied e, in kW-hour at each curtailment and the 

total number of load curtailments 'n' as shown in Figure 2.9. 
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Figure 2.9: Superimposition of capacity states and the chronological load pattern 

(The shaded areas represent a negative margin) 

Estimates of the reliability indices for a number of sample years (N) can be 

obtained using the following equations. 

(1) Loss of load expectation (hours/year) 

LOIE (2.20) 
N 

where t, =loss of load duration in year i 

N =total number of simulated years 
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(2) Loss of energy expectation (kWh/year) 

n 
LOEE = 2.7 ei

N 

where e, =energy not supplied in year i 

N =total number of simulated years 

(2.21) 

The LOLE and LOEE indices provide an overall indication of the ability of the 

generating system to satisfy the total system load. Other indices [24] such as 

the frequency of interruptions, the expected duration of interruptions can also be 

calculated if required. 

2.4.2 Simulation Convergence and Stopping Criteria 

Stochastic simulations require a large amount of computing time to simulate the 

actual operation of a system. Generally, the accuracy of the indices estimated 

by a simulation technique is improved by increasing the number of sample 

years. It is, however, not practical to run the simulation for a very large number 

of samples in order to achieve an extremely high level of accuracy. A stopping 

criterion (or rule) is often chosen to determine the most appropriate time to stop 

the simulation so that it not only reduces the simulation time but also provides 

an acceptable confidence for the results. There are different stopping criteria, 

which can be used to track the convergence of the simulation. In this thesis, the 

stopping criterion is selected as the ratio of the standard deviation of the 

expected value E(X)and E(X) where X is a reliability index such as LOLE or 

LOEE. The mathematical expression for each statistical value and the stopping 

criterion are as follows: 
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The basic reliability index is 

E(X) = it X 

where 

(2.22) 

X, = the observed value of X in year i 

N = the total number of simulated years. 

The standard deviation of the mean is 

0 -(X) 

\ 2 
[E(X)1= -(X) (X,2 — Eh (X))] (2.23) a where o = 

N1 
—1 [ 

,=1

The stopping criterion is as follows: 

When 
cr(

E(X)
E(X)) < 6, the simulation is terminated. 

where c is the maximum error allowed. 

Not all indices converge at the same rate. The LOEE index has more difficulty 

converging than other indices [24] and should, therefore, be taken as the base 

index to check for convergence. 

2.5 Summary 

This chapter briefly describes the various techniques for generating capacity 

adequacy evaluation. Generating capacity adequacy evaluation involves the 

combination of a generation model with an appropriate load model to obtain a 

risk model. The methods used by utilities for conducting adequacy evaluation 

broadly fall into the two categories of deterministic and probabilistic approaches. 

Deterministic methods cannot completely recognize and reflect the risk 
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associated with a given system, and therefore electric power utilities are slowly 

changing from using deterministic criteria to probabilistic criteria. 

Two different approaches exist in the probabilistic evaluation of generating 

capacity adequacy. They can be classified as being either analytical or Monte 

Carlo simulation approaches. Both techniques have advantages and 

disadvantages and can be very powerful for a particular application. The main 

disadvantage of the analytical approach is that it cannot produce satisfactory 

results when considering systems having chronological varying behavior or 

when modeling large complex systems. Monte Carlo simulation, on the other 

hand, is preferable in such situations. 

The loss of load expectation (LOLE) and loss of energy expectation (LOEE) are 

the most widely used risk indices. They can be evaluated by suitably combining 

the generation model with the load model in both analytical and Monte Carlo 

simulation approaches. The sequential Monte Carlo simulation technique is 

utilized in the research described in the following chapters in order to 

incorporate the chronological nature of wind and solar energy resources in the 

generating capacity adequacy analyses of small isolated generating systems. 
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3 DEVELOPMENT OF THE EVALUATION MODELS FOR SMALL 

STAND-ALONE WIND AND SOLAR ENERGY BASED POWER 

SYSTEMS 

3.1 Introduction 

Utilization of renewable energy resources such as wind and solar energy for 

electric power supply has received considerable attention in recent years due to 

global environmental concerns associated with conventional generation and 

potential worldwide energy shortages. Since many locations around the world 

are remote from power networks, stand-alone wind and solar energy based 

systems are been widely used to provide electricity in those areas, particularly 

in developing countries. Improvements in wind and solar generation 

technologies will continue to encourage the use of these systems both in grid-

connected and stand-alone operational modes. Wind and solar energy have, 

therefore, definite potential to become important sources of power generation in 

the future. 

Despite the increasing utilization of renewable energy based stand-alone 

systems around the world, power system planners and engineers have 

generally ignored reliability issues of SSWSS due to the absence of suitable 

modeling and evaluation techniques. As a result, the advantages of these 

promising energy options for remote electricity supply have not been completely 

recognized and the utilizations of such systems are not as extensive as they 

could be. 

In order to assess the actual benefit of using wind and solar energy to supply 

electricity and to provide utilities with useful methodologies and techniques for 

planning and operating SSWSS, it is necessary to develop consistent adequacy 

assessment models and evaluation techniques for such systems. Suitable 
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models and techniques will also prove of benefit in the design of these systems 

and assist in promoting these technologies to potential users. 

Wind and solar energy based power systems convert the natural energy 

available due to the atmospheric condition at the system location into electric 

energy. The usable energy that can be converted at any point in time depends 

on the amount of available energy contained in the weather related site 

resources at that time. Due to the dispersed nature of the site resources, 

SSWSS inherently pose some special difficulties in the basic modeling and 

related reliability analyses. 

Most of the reported work done on modeling wind and solar power generation 

and the use of such models in reliability assessment focuses on the analytical 

domain. The most obvious deficiency of analytical methods is that the 

chronological nature of the wind and the sunlight and their effect on the power 

output of a renewable energy based generating system cannot be recognized 

and reflected. Sequential Monte Carlo simulation, on the other hand, is capable 

of incorporating such considerations in an adequacy assessment of a 

generating system containing wind and solar energy. 

This chapter presents the evaluation models required to perform generating 

capacity adequacy evaluation of SSWSS using a sequential Monte Carlo 

simulation technique. The simulation technique is based on using hour counted 

random events to mimic the operational history of a generating system, taking 

into account the chronological time correlated nature of the site resources and 

the failure and repair characteristics of the generating units in the system. The 

basic simulation process was previously described in Chapter 2. Time series 

models are utilized to simulate the hourly wind speeds and solar radiation. The 

power output of a generating unit can be simulated using the relationship 

between the power output and the site resources. Energy storage capability in 

the form of a battery bank is an important component in SSWSS development. 
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A time series battery model can be developed from the chronological load 

pattern and the generation. A general model for the generating capacity 

adequacy evaluation of SSWSS has been developed based on the generation, 

load and battery models described in the following sections. 

3.2 Generation Models 

It was noted in Chapter 2 that the generation and load models are combined to 

create a suitable risk model. It is relatively straightforward to develop an 

evaluation model for conventional generating systems. The number of time 

dependent variables associated with weather related site resources and the 

associated system components, however, increase the complexity when 

modeling wind and solar energy based systems. 

A SSWSS can be subdivided into the two general classes of wind energy 

conversion systems (WECS) and photovoltaic conversion systems (PVCS). The 

generating facilities are composed of wind turbine generators (WTG) and 

photovoltaic (PV) arrays. The development of a generation model for a SSWSS 

requires a consideration of three major factors, which affect the generated 

power output. The first factor is the random nature of the site resources. This 

randomness must be included in an appropriate model to reflect the 

chronological and auto-correlation characteristics of the wind and sunlight at the 

particular site location. The second factor is the relationship between the power 

output and the site resources. This relationship can be determined by using the 

WIG and PV operational parameters and specifications. The third factor is the 

effect of the failure and repair characteristics of the WTG and the PV arrays. 

These characteristics are usually specified by device FOR or the MTTF and 

MTTR as described in Chapter 2. 

35 



3.2.1 Modeling of Wind Energy Conversion Systems 

Wind energy is an indirect form of solar energy. Winds result from unequal 

heating of different parts of the earth's surface, causing cooler, dense air to 

circulate and replace warmer, lighter air. This procedure is intermittent and 

varies randomly with time. Wind is therefore, highly variable, and it is both site 

specific and terrain specific. It has seasonal, diurnal and hourly variations. 

Seasonal variations in the speed and direction of the wind result from the 

seasonal changes in the relative inclination of the earth towards the sun. Diurnal 

variations are caused by differential heating of local regions, such as adjacent 

land and oceans. This air movement is complicated by a number of other 

factors such as the earth's rotation, continents, oceans and mountain ranges. 

The wind speed also increases with the height above the ground. It is clear that 

any plans to harness the wind must take into account these variables. 

3.2.1.1 Generation of Wind Speed 

The time sequential simulation of a WECS involves the computation of hourly 

wind power generated by one or more WTG for a large number of sample 

years. The hourly power output of a WTG depends on the hourly wind speed at 

a specific site location. Wind speed, however, varies with time and site and at a 

specific hour is related to the wind speed of previous hours. Considerable work 

[25-27] has been conducted to model wind speed in order to perform 

performance, planning and reliability analyses for WECS or mixed power 

systems containing wind energy. The wind speed was modeled as a random 

variable with a Weibull distribution and a simple auto-regressive (AR) model is 

presented in reference [26]. An AR (2) model was developed in reference [27] 

for simulating the main statistical characteristics of wind speed. Although these 

wind speed models are relatively simple and easy to use, the relatively high 

order auto-correlation of the wind speed is underestimated in such models. 

These models are therefore incomplete and may not adequately represent the 

site resources. A time series model was developed [25] to overcome the 
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deficiencies and incorporate the chronological and auto-correlation nature of the 

actual wind speed. This model has been utilized to perform reliability studies in 

power systems containing wind energy [9, 18] in both grid-connected and stand-

alone operational modes. This time series model is also used in the research 

described in this thesis to generate synthetic wind speeds based on the 

measured wind data at a specific site location. 

In the time series model [25], the simulated wind speed SW, can be obtained 

from the mean wind speed p, and its standard deviation a, at time t as follows: 

SW =11,+cr,Y, (3.1) 

The original data series set y, can be used to create a wind speed time series 

referred to as an ARMA (n, m) series model (Auto-Regressive and Moving 

Average Model). This is shown in Equation 3.2. 

1-j

n m 

1=1 j=1 

(3.2) 

where 0 ( i=1,2,...,n ) and 9, ( j=1,2,...,m ) are the auto-regressive and 

moving average parameters of the model respectively, {a,} is a normal white 

noise process with zero mean and variance of cr2 , i.e., a, E AUD(0,60), where 

NID denotes Normally Independent Distributed. Equation 3.2 permits new 

values of y, to be calculated from current random white noise a, and previous 

values of y,_, . The hourly wind speeds incorporating the wind speed time series 

can be generated using Equation 3.1. 
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3.2.1.2 Available Wind Energy 

A conventional generating unit is usually represented using a simple two-state 

model or multi-state model as discussed in Chapter 2. If the unit is operating in 

the up state it can produce its rated capacity. If the unit is in the down state, the 

power output is zero. If the unit is in the derated state, the power output is some 

value between the rated power and zero. The power output characteristics of 

VVTG are, however, quite different from those of conventional generating units. 

The electric power output of a WTG in the up state depends strongly on the 

wind regime as well as on the performance characteristics and the efficiency of 

the generator. Given the hourly wind speed variations, the next step is to 

determine the power output of the WTG as a function of the wind speed. This 

function is described by the operational parameters of the WTG. The 

parameters commonly used are the cut-in wind speed (at which the WTG starts 

to generate power), the rated wind speed (at which the WTG generates its rated 

power) and the cut-out wind speed (at which the WTG is shut down for safety 

reasons). The hourly output of a WTG can be obtained from the simulated 

hourly wind speed by applying Equation 3.3. 

0 SW, < 

P(SW,)= 
(A+BxSTV1+CxSFV,2)xP,. 

0 

V, SW, < V, 

V,. < SW, < V„, 

SW, 

(3.3) 

Where Pr ,Vc„V, and Veo are the rated power output, the cut-in wind speed, the 

rated wind speed and the cut-out wind speed of the WTG respectively [4]. The 

constants A, B, and C depend on V,„ V, and Ko as expressed in Equation 

3.4[4]. 
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The relationship can also be illustrated graphically as shown in Figure 3.1 and is 

often referred to as the "Power Curve". 
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Figure 3.1: Wind turbine generator power curve 

3.2.2 Modeling of Photovoltaic Conversion Systems 

The hourly output of PV generating units in a SSWSS varies with time. This is 

an important factor in the reliability evaluation of these systems. Calculation of 

the available power from a PVCS involves modeling the solar radiation available 

on the earth at the site location in order to provide the necessary radiation data. 

The radiation data then can be converted into electric power. 

The solar radiation at the surface of the earth is the available energy resource 

for the PV generating units. The basic component that converts solar energy 
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into electrical power in a PV generating unit is called a solar cell. A generating 

unit is usually composed of arrays of individual cells to create a solar panel (or 

module). The amount of electric power generated by the unit depends on many 

factors, including (but not limited to) the operational constraints of the cells, the 

solar array arrangement and atmospheric conditions at the site location for 

example the solar radiation on the surface of the array, the ambient temperature 

around the array, the level of humidity and the wind speed. Each of these 

factors involves a number of random variables that affect the reliability 

performance of the system. All of these factors should be incorporated into the 

development of the overall generation model for a solar energy based power 

system. 

3.2.1.1 Generation of Solar Radiation Data 

The solar energy, which can be received on the surface of the earth, is only a 

minor portion of the amount of energy radiated from the sun. At the distance of 

the earth from the sun, this energy spreads out and reduces in its intensity when 

it reaches the top of the atmosphere. The solar radiation outside of the 

atmosphere is often referred to as extraterrestrial radiation. The amount of 

energy received on a unit area of a surface perpendicular to the direction of 

propagation of the radiation outside of the atmosphere at the earth's mean 

distance from the sun is essentially constant. This value is known as the solar 

constant (SC) and it is equal to 1353 Win?' [28]. Due to absorption and 

scattering, particularly by dust and water vapor, the atmosphere further 

attenuates the sun's radiation. The solar radiation received at the surface of the 

earth is usually known as global radiation (or terrestrial radiation). 

The correct prediction of the power generated by PV arrays requires the 

determination of the intensity of the global solar radiation on the surface of the 

arrays at a specific site location. The total global radiation is normally composed 
A 

of the two components namely the direct and the diffuse radiation. The direct 

component is the radiation received from the sun without having been scattered 

491►,~ , 
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by the atmosphere, while the diffused component is the radiation received from 

the sun after its direction has been changed due to scattering [28]. The 

contribution of the direct and diffuse components to the total radiation mainly 

depends on the cloud cover. 

Valid and detailed data in the form of either total radiation or direct and diffuse 

radiation at the site location is required in PVCS simulation. In general, two 

basic methods are available to provide these data in the simulation of a solar 

process: 1. direct use of historical records and 2. generation of synthetic data. 

Although the first method may incorporate the random nature of the radiation 

process, detailed atmospheric records are usually not available in many 

locations around the world, especially in the remote locations.) The simulation of 

a solar energy based system, however, does not request the use of the 

measured historical data. Synthetic data can be generated on the basis of valid 

mathematical models for locations without atmospheric records or with very 

poor records. 

A number of possible modeling approaches have been developed to simulate 

the solar radiation process for generating synthetic radiation data [29-32]. 

Reference [29] proposes a modeling approach for generating synthetic solar 

radiation data based on a stochastic time series methodology. A Markov 

transition matrix approach for generating hourly sequence of radiation data is 

presented in [30]. These methods, however, do not recognize and incorporate 

the optical characteristics of nighttime and therefore produce incomplete results. 

General methods for generating a synthetic radiation data series on the basis of 

daily and hourly events are described in references [31] and [32] respectively. 

These newer approaches reflect the characteristics of the solar radiation 

process more closely and overcome the shortcomings of previously developed 

methods. 
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A computer program known as WATGEN [33] has been developed at the 

University of Waterloo based on the mathematical models developed in 

references [31, 32]. This program is widely used to conduct performance and 

design assessments on solar energy conversion systems. It has also been used 

to perform reliability studies on power systems containing solar energy [11, 18] 

and appears to produce reasonable results. This program has been used in the 

research to generate hourly solar radiation data for the sequential Monte Carlo 

simulation studies described in this thesis. 

The overall procedure for generating synthetic hourly solar radiation data in the 

program is a two-step process, as shown in Figure 3.2. The first step involves 

generating daily radiation data from the monthly mean values such as monthly 

average solar radiation, monthly average wind speed and monthly average 

ambient temperature at the particular site location. The second step is the 

generation of hourly solar radiation for a calendar year from the daily values 

generated in the first step. 

Monthly 
Average 
Atmospheric 
Data 

Generation of 
Daily Average 
Solar Radiation 

Data 

Generation of 
Hourly Average 
Solar Radiation 

Data 

Figure 3.2: Basic steps involved in WATGEN 

Each step involves the calculation of the clearness index, the ratio of the global 

radiation on a horizontal surface to the extraterrestrial radiation on a horizontal 

surface [28] as shown in Equation 3.5. 

Kt = (3.5) 
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where H1= global radiation on a horizontal surface 

Ho = extraterrestrial radiation on a horizontal surface 

The program uses the clearness index instead of the radiation variable itself 

since the latter is location dependent. The major procedures in the program for 

generating synthetic hourly radiation are shown in Figure 3.3. 

Horizontal Solar Radiation 

Extraterrestrial Radiation on 
Horizontal Surface 

V
Clearness Index 

Direct, Diffuse and Random 
Components of the Horizontal 

Radiation 

Total Radiation on Panel Surface tt 

Figure 3.3: Diagram of solar radiation calculation 

The procedures in Figure 3.3 can be briefly described as follows: 

1. Calculate the radiation at the horizontal surface based on the day of the 

year and the site latitude and then establish a clearness index. 

2. The clearness index is then used to calculate the direct, diffuse and 

random components of the radiation on a horizontal surface. 

3. The total radiation is then calculated from the direct, diffuse and random 

values. 
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4. Finally the radiation on the surface of the panel is determined. 

3.2.1.2 Available Solar Energy 

As noted earlier in this chapter, solar cells are the basic components used to 

produce electricity from sunlight. Solar cells are basically large area 

semiconductor junction devices. The light is converted to electricity within these 

junctions by the "photovoltaic effect". The whole technology of converting light to 

electricity and using the generated power to supply various load demand is 

known as photovoltaics. In this thesis, the term PVCS or solar energy based 

system is used to designate those systems that convert the energy from the sun 

to supply electricity through the 'photovoltaic effect' unless otherwise specified. 

A solar cell produces direct current (DC) electrical output, with the current being 

proportional to both the cell area and the intensity of the sunlight. The voltage 

depends on the type of semiconductor used to make the cell as well as the 

intensity of the sunlight. 

The electrical characteristics of a solar cell under various levels of radiation and 

at various cell temperatures are often required in the modeling of the Solar cell. 

These characteristics are usually described by the voltage and current 

relationship of the cell and normally represented by a family of curves known as 

I-V curves. The power output of a solar cell is calculated from the cell's current-

voltage relationship and is usually specified in terms of peak Watts (Wp), which 

is the output (normally 1.25-1.5 Wp) under the standard condition of 

1 kW/m2 sunlight intensity and a cell temperature of 25 °C. 

i
The I-V curve of a solar panel can be obtained from the I-V curves of the 

individual cells in the panel. Panel I-V curves are the basic parameters in 

estimating the power generated from a PV generating unit. Figure 3.4 presents 

the I-V curve of a typical solar panel. The figure shows that the current is nearly 

constant up to 15 V, beyond which the current decreases with increase in the 
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voltage until it reaches the open circuit voltage (20 V). The open circuit voltage 

(the voltage with no current) and the short circuit current (the panel current with 

zero voltage) are the two major parameters in the calculation of panel power 

output. The short circuit current in Figure 3.4 is 2.75 A. 
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Figure 3.4: Typical current-voltage curve for a solar panel 

25 

The power output of a solar panel in the up state for each hour is mainly 

determined by the average solar radiation level at that hour and can be 

calculated using the model described in section 6.2 of reference [33]. The model 

defines the I-V curve based on the electrical characteristics of the panel and 

uses simulated hourly solar radiation and a necessary set of cell specifications 

from the manufacturers as its input to calculate the hourly power output of the 

panel. This panel output model has been utilized to calculate the power output 

of a PV generating unit in the relevant studies in this thesis. A generating unit is 

assumed to be composed of a number of identical cells and panels. A more 

complicated analysis, which is beyond the scope of this thesis, is required if the 

cells or panels are not identical. Wiring losses and inverter losses are not 

considered in this research. The necessary parameters defining the current-

voltage relationship are provided in Appendix A. 
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3.2.3 Generating Unit Forced Unavailability 

In generating systems based on wind and solar energy, the availabilities of site 

resources are important factors in capacity adequacy studies. Unlike 

conventional generating units, all units may not generate energy even when the 

units are in the up states due to limitations in the source energy. It has been 

shown in the previous discussions that it is possible to perform a detailed 

treatment of unit energy limitations utilizing time series analyses. In addition to 

energy limitations, generating units may fail to produce energy due to 

mechanical and electrical malfunction of the units. This can be included in the 

analyses using the concept of forced outage rate as described in Chapter 2. 

Generally, the reliability of a generation system is strongly influenced by the 

forced outage rate of the generating units. Accurate data in the form of FOR, 

MTTF and MTTR values can be used to conduct valid evaluations of the system 

under consideration. These data are, however, not often available for SSWSS. 

In the studies described in this thesis, WTG or PV array failure and repair 

characteristics are simulated in a similar manner to those of conventional units. 

The sequential up-down-up or up-derated-down-up cycles of a generating unit 

are then combined with the hourly available power derived from the generators 

to obtain the final hourly available power output. 

3.3 Load Models 

The IEEE reliability test system (IEEE-RTS) [34] contains a very useful load 

model and procedure for generating hourly load levels. This procedure can be 

used to produce system hourly loads for a year on a per unit basis, expressed in 

a chronological fashion so that daily, weekly and seasonal patterns can be 

developed. Different load models are described in the literature and used in 

reliability studies of small isolated power systems containing renewable energy 

using chronological simulation. Reference [18] used the IEEE-RTS hourly load 

model for simulating small isolated power systems containing photovoltaic and 
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wind energy. Reference [35] used a uniformly distributed load for chronological 

simulation of a stand-alone photovoltaic system with a battery. These two 

references do not investigate the effect of different load models on the system 

reliability and consider actual customer load characteristics. 

Small wind and solar systems are mainly designed to supply electricity for 

remote isolated areas. The actual load characteristics may be quite different for 

different customers, such as industrial or commercial consumers. It is, therefore, 

important to utilize a load model, which reflects the actual characteristics of load 

demand. Reference [36] considers a residential load model to determine the 

optimum generation capacity and storage for a stand-alone wind, photovoltaic, 

as well as a hybrid wind and solar system at an experimental site in Montana, 

USA. References [37, 38] show several chronological time varying load models 

that have been developed for the customer sectors identified by the standard 

industrial classification (SIC) protocol. These models were used in composite 

system reliability evaluation and reliability cost/worth analysis of distribution 

systems [37, 38]. These time varying load models represent the customer load 

in the form of sequential hourly load levels. The general approach in developing 

time varying load models for each customer sector is to generate the individual 

customer load characteristics and combine them to generate overall annual load 

models. This process is described in the following steps [38]. 

1. Develop a 24-hour daily load curve as a percentage of the daily peak load. 

2. Develop a 7-day weekly load curve as a percentage of the weekly peak 

load. 

3. Develop a 52-week load curve as a percentage of the yearly peak load. 

4. Determine the load L(t) for hour t using equation 3.6. 

L(t) = L x P„, X P d X P h (t) (3.6) 
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where L y is the annual peak load, P., is the percentage of weekly load in terms 

of the annual peak, Pd is the percentage of daily load in terms of the weekly 

peak and Ph (t) is the percentage of hourly load in terms of the daily peak. Once 

the annual peak load, weekly percentage, daily percentage and 24-hour load 
profile are determined, the annual hourly load curve can be developed from 

Equation 3.6. 

A time varying residential load model is used in most of the simulation analyses 
in this research. Other load models such as constant load and the IEEE-RTS 

load model are also utilized as necessary in some comparative analyses. 

Different samples of hourly load curves are shown in Appendix B. 

3.4 Modeling Battery Storage 

The output of a WTG or a PV array is intermittent, and wind and sunlight are not 

always available when there are power demands. Therefore energy storage 

facilities should be required in a small stand-alone system. The most commonly 

used energy storage facilities in SSWSS are deep cycle lead-acid batteries 

similar to car batteries. When several batteries are connected together, they are 

designated as a battery bank. 

The operating strategy of a battery bank is that whenever the generation 

exceeds the load, the excess energy is stored in the battery bank and used 

whenever there is a generation shortage. The maximum charging and 

discharging rate of the battery bank determines the maximum energy stored 

and supplied from the battery at a specific time point. The battery state of 

charge time series can be obtained from the load time series and the renewable 

energy generation time series taking into consideration the charging and 

discharging characteristics of the battery. In the simulation, the battery state of 

charge time series is calculated using the following steps: 
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1. Determine the surplus generation (it can be either a positive or a 

negative value) time series { SG, ; t =1,2,  T} from the load time series 

{L,; t =1,2„T} and the renewable energy generation time series 

{RG,; t = 1,2„T } using Equation 3.7. 

SG, = RG, — L, (3.7) 

2. Compute the battery state of charge time series {B, t =1,2„T} using 

Equation 3.8 [14]. 

B1+1 = 

B. 

B, + SG, 

BM 

B, + SG, 
B. < B, + SG, 5 B„,1

BM < Bt + SG, 

(3.8) 

where B. and BM are the minimum and maximum allowable storage levels of 

the battery bank. 

3.5 General Adequacy Evaluation Model for Small Stand-Alone Wind and Solar 

Energy Based Power Systems 

Generating capacity adequacy assessment of SSWSS follows the general 

procedure shown in Figure 2.2. A SSWSS is normally composed of WTG, PV 

arrays and batteries. The overall generating system is categorized into two sub-

systems of WTG and PV array. The modeling techniques described in the 

previous subsections of this chapter can be applied to individual generating 

subsystems to obtain the generation model for each generating subsystem. The 

generating model for an overall system can be constructed from those of the 

subsystems. A battery model can be incorporated in the evaluation based on 

the load and the generation. A general adequacy evaluation model for a 

SSWSS is shown in Figure 3.5. The desired reliability indices can be computed 

using this model by combining the load with the generation and battery storage. 
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The basic reliability indices of LOLE and LOEE are used in this research to 

assess the system adequacy. 

Site Data 
(Solar) * 

Site Data 
(Wind) 

WATGEN 

Wind Speed 
Time Series 

Solar Array 
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WTG Output 
Time Series 

• 
Battery 

Time Series 

Figure 3.5: Adequacy assessment in SSWSS 

Load 

In an analytical evaluation of SSWSS, each generating unit can be represented 

by a multi-state unit. The system generation can be represented by an 

approximate COPT, which can be constructed from either historical site data or 

from a sequential simulation using a time series model. This form of capacity 

model does not retain any of the chronological characteristics of wind speed 

and solar radiation. The DPLVC or the LDC described in Chapter 2, although 

very useful in a wide range of studies, do not contain any chronological 

information. This deficiency can introduce significant errors in the reliability 

evaluation of power systems containing wind and solar energy. The inclusion of 

battery storage also complicates the problem considerably. These factors can 

be incorporated in the analysis using a time sequential Monte Carlo simulation 

approach as described in Chapter 2. In a sequential Monte Carlo simulation, 

the system capacity model is the system available capacity at points in time 

established sequentially and the load model is represented by a chronological 
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hourly load profile. The detailed simulation techniques and their application in 

reliability analyses for SSWSS are discussed in the following chapters. 

3.6 Summary 

The necessary models for generating capacity adequacy evaluation of SSWSS 

were presented in this chapter. The models are based on a sequential Monte 

Carlo simulation technique that can be used to generate an artificial history of a 

particular generating system. 

The random weather-related site resources, the operating parameters of the 

generating unit and the equipment reliability are the major factors in SSWSS 

analyses. A time series method can be used to simulate wind speeds 

incorporating any necessary chronological correlations. The power available 

from a wind turbine generator can be calculated from the simulated wind speed 

using a function describing the relationship between the wind speed and output 

power. A widely used computer program, called WATGEN was utilized to 

simulate solar radiation levels. The generated power of a photovoltaic 

generating unit was obtained based on the voltage-current characteristics of the 

generating unit using the simulated solar radiation data generated by the 

program. The characteristics of the wind and solar energy as well as some 

major aspects of the technology were briefly described in this chapter. 

Most SSWSS require energy storage facilities such as a battery. A time series 

battery model was developed based on the generation time series and the load 

time series models. A general evaluation model was described using the 

generation, load and battery models. The system reliability indices can be 

evaluated by suitably combining the three models. This procedure is illustrated 

in the following chapters. 
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4 ADEQUACY EVALUATION OF SMALL STAND-ALONE WIND 

AND SOLAR ENERGY BASED SYSTEM 

4.1 Introduction 

The models and methodologies for generating capacity adequacy evaluation of 

stand-alone power systems containing wind and solar energy were discussed in 

Chapter 3. The practical application of these models and techniques requires 

detailed information on the system composition, meteorological data at the site 

locations, system configurations and system component operating constraints, 

etc. This chapter describes some applications of the developed models and 

methodologies using sequential Monte Carlo simulation. 

The simulation procedure in the adequacy assessment of SSWSS is similar to 

the general sequential simulation procedure described in Chapter 2. There are, 

however, some significant differences and a general simulation method for 

SSWSS adequacy studies is presented in order to provide a guideline for further 

discussions. The developed simulation method for wind speed, solar radiation 

level, WTG and PV generating units are described and some of the simulation 

results are provided. 

The three basic SSWSS configurations considered in this research are wind 

energy based, solar energy based and hybrid wind and solar systems. These 

facilities may include energy storage devices such as a battery. The following 

system configurations have been considered: WECS alone, PV alone, WECS 

with battery storage, PV with battery storage, hybrid WECS and PV without 

battery storage and hybrid WECS and PV with battery storage. The reliability 

performances of these configurations are quite different. The models and 

techniques described in the previous chapters are applied to some example 

systems to investigate the adequacy of the different SSWSS. The base system 

is considered to consist of two generating units each with a capacity of 30 kW 
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and an annual system peak load of 15 kW. A chronological load pattern for 

residential customers is developed using the method described in Chapter 3. 

Batteries with different storage capacities are included in the adequacy 

analyses. The relative benefit obtained from each of these operational 

configurations is examined using the estimated adequacy indices produced 
from the sequential simulation. 

4.2 General Simulation Method 

As noted in previous chapters, generating capacity adequacy evaluation using 

sequential Monte Carlo simulation involves the development of a chronological 

generation model and the superimposition of this model on the chronological 

load pattern to calculate the system risk indices. The chronological generation 

model is obtained by combining the operating history of each individual 

generating unit. 

The site resource models described in Chapter 3 are integrated into an overall 

sequential Monte Carlo simulation procedure. The simulation methodology is 

basically similar to that described in subsection 2.4.1 of Chapter 2. There are, 

however, some significant differences due to the presence of renewable 

sources and energy storage facilities in SSWSS. The general simulation method 

for SSWSS can be briefly described as follows. 

1. Generate synthetic hourly wind speed data using a time series ARMA 

model and create a capacity model for the wind turbine generating units 

incorporating their failure and repair characteristics. 

2. Generate synthetic hourly solar radiation data using the program WATGEN 

[33] and create a capacity model for the photovoltaic generating units 

incorporating their failure and repair characteristics. 

3. Create a total system generating capacity model by combining the 

individual unit capacity models obtained in step 1 and step 2. 
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4. Create the battery model from the chronological load and the system 

generating capacity model. 

5. Form the required reliability indices by observing the system capacity 

reserve model over a long period of time. 

If the system contains no battery storage, reliability indices are obtained by 

directly combining the system capacity and load models. If the system contains 

battery storage, the hourly surplus generation and the battery state of charge 

are incorporated in the combination. The detailed site resource models and 

necessary input data used for SSWSS simulation as well as some of the results 

are presented in the following sections. 

4.3 Simulation of Wind Energy Conversion Systems 

The hourly capacity state of each WTG in the system is required to create the 

system capacity model in a SSWSS containing wind energy. The electric power 

output of each WTG depends on the wind regime as well as on the operating 

parameters and the efficiency of the WTG. The WECS are, therefore, simulated 

in two consecutive steps. The wind speeds are simulated in the first step, and 

the generating units are simulated in the second step using the wind speed data 

obtained in the first step. 

The time series ARMA model described in Equations 3.1 and 3.2 was used in 

the wind speed simulation. The main steps can be briefly described as follows: 

1. Generate white noise a,. 

2. Generate y, from the present white noise a, and previous values of y,..1

using Equation 3.2. 

3. Calculate the simulated wind speeds using Equation 3.1. 

4. Obtain hourly wind speed data through step 1 to step 3 for a calendar 

year. 
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5. Repeat step 1 to step 4 for a long period. 

If t 0 , then y, and a, are assumed to be zero. 

Different site locations usually experience different wind regimes. The ARMA 

time series models representing different locations, therefore, are not the same. 

The wind speed models and data from three different sites located in the 

province of Saskatchewan, Canada have been used in the studies carried out in 

this thesis. The mean wind speed and the standard deviation of the three 

different sites are given in Table 4.1. The ARMA models for the three sites given 

in Equations 4.1 to 4.3 were developed by the Power System Research Group 

at the University of Saskatchewan [24]. 

Table 4.1: Wind speed data at the three different sites 

Sites North Battleford Saskatoon Regina 

Mean wind 

speed 

p (km 1 h) 

14.63 16.78 19.52 

Standard deviation 

8 (km I h) 

9.75 9.23 10.99 

North Battleford: ARMA (3,2): 

y, =1.7901y,_i — 0.9087y,_2 + 0.0948y,_3

+a, + 0.2892a1_2

a, E N/D(0,0.4747622 ) 

Saskatoon: ARMA (3,2): 

Y, =1.5047y,_i — 0.6635y,_2 + 0.1150yr-3 
+a, — 0.8263a,_i + 0.2250a,_2

a, E N/D(0,0.4474232 ) 

(4.1) 

(4.2) 
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Regina: ARMA (4,3): 

Yi = 0.9336y,_, + 0.4506y,_2 — 0.5545y,_3 + 0.1110yt-4 
-Fa, — 0.2033a1_1 — 0.4684a,_2 + 0.2301a,_3

a, E N/D(0,0.4094232) 

(4.3) 

The simulated hourly wind speeds for a day, a month and a year using Equation 

4.3 and the data from the Regina site are shown in Figures 4.1 to 4.3 

respectively. These figures show that the wind speed distribution for the Regina 

site is not totally random and the hourly wind speeds are distributed around the 

average value of 19.52 km/h. The simulated hourly wind speeds for the other 

two locations for a year are shown in Appendix C. The time series ARMA 

models expressed in Equations 4.1 to 4.3 provide a valid representation of the 

wind regime, which includes the correlation between the average wind speeds 

of successive hours. These models can be used to predict future wind speeds 

based on the known data. 
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Figure 4.1: Simulated wind speeds for the first day of a sample year 

(Regina data) 
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Figure 4.2: Simulated wind speeds for the month of January in a sample year 

(Regina data) 
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Figure 4.3: Simulated wind speeds for a sample year (Regina data) 
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The hourly output power of a WTG can be easily obtained from the simulated 
hourly wind speeds using Equation 3.3. The simulated output power of a 30 kW 

wind generator with operating parameters of cut-in, rated and cut-out wind 

speeds of 12 km/h, 38 km/h and 80 km/h respectively over one week period is 

shown in Figure 4.4. The output power of the WTG is between 0 and its power 

rating of 30 kW. The figure shows that the output power of the generator 

reaches its rated power only for a few hours in the middle of the week. This is 

due to the fact that the simulated wind speeds are seldom between the rated 

and cut-out wind speeds of the WTG during the sample week when the WTG is 

in the up state. Figure 4.4 shows that there is no power generated from the 

WTG for a few hours at the beginning, in the middle and by the end of the week. 

The reason for this could be that the simulated wind speeds are lower than the 

cut-in wind speed or are higher than the cut-out wind speeds of the WTG at 

these time points in the week. In either case the WTG produces no energy. 

Another possible reason is that the WTG may be on forced outage at these time 

points. A WTG FOR of 0.05 was used in the power calculations. 
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Figure 4.4: Simulated output power of a 30 kW WTG for a winter week in a 

sample year (Regina data) 
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4.4 Simulation of Photovoltaic Conversion Systems 

The hourly capacity state of each PV generating unit in the system is required to 

construct the system capacity model of a SSWSS containing solar energy. The 

output power of a PV generating unit is determined by the atmospheric 

condition on the earth's surface. The primary factor is the actual solar radiation 

at the site location. The PVCS, therefore, are simulated in the same way as that 

of WECS. In the first step, the hourly solar radiation is simulated using the 

program WATGEN [33]. In the second step the PV generating units are 

simulated using the data generated from the program and following the 

procedures described in Chapter 3. WATGEN [33] requires monthly average 

meteorological data at a specific site location as its input for the simulation of 

the solar radiation process at that site. The necessary data is the monthly 

average values of solar radiation on the horizontal surface, the wind speed and 

the ambient temperature. The data for two different sites in Canada have been 

used in the studies described in this thesis. The monthly average data for the 

two sites are shown in Tables 4.2 and 4.3 respectively. 

Table 4.2: Monthly average weather data at Swift Current (50.3 degree north) 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Wind Speed 
( M / S ) 

24 23 22 22 22 21 18 18 20 22 22 24 

Temperature (° C) -13. -9.6 -4.0 4.3 10.8 15.6 18.3 17.6 11.4 5.5 -4.0 -10.8 

Radiation ( MJ 1 m2 ) 4.95 8.58 13.6 18.0 21.3 23.4 24.2 20.2 14.0 9.3 5.2 3.8 

Table 4.3: Monthly average weather data at Toronto (43.4 degree north) 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Wind Speed 
(m/s) 

23.8 23.4 22.3 20.9 16.9 14.8 13.3 13.7 15.5 16.2 20.9 23.4 

Temperature (°C ) . -3 -3 0 6 12 17 18 17 15 10 4 -1 

Radiation ( MJ 1 m 2 ) 5.2 8.2 12 16.1 19.8 21.9 21.9 18.7 14 9.2 4.8 3.9 
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The simulated hourly total solar radiation on a horizontal surface for a mostly 

clear summer day, a partly cloudy summer day and a whole year using the data 

from the Swift Current site are shown in Figures 4.5 to 4.7 respectively. These 

figures show that the results obtained from the program are physically 

reasonable and can reflect the chronological and random characteristics of the 

solar radiation process. 
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Figure 4.5: Simulated total solar radiation on a horizontal surface for a mostly 

sunny July day in a sample year (Swift Current data) 
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Figure 4.6: Simulated total solar radiation on a horizontal surface for a partly 

sunny and partly cloudy July day in a sample year (Swift Current data) 
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Figure 4.7: Simulated total solar radiation on a horizontal surface for a sample 

year (Swift Current data) 

The radiation on a sunny day for a specific site located in the northern 

hemisphere is usually highest at noon and there is no radiation or very little 

radiation during the nighttime. This can be seen from Figure 4.5 for the Swift 

Current site, which is located at latitude 50.3 degrees north. Figure 4.6 shows 

that the radiation is variable if there is cloud during the daytime. Random cloud 

cover is an important factor, which affects the electric power output of a PV unit. 

WATGEN [33] can recognize and successfully incorporate this randomness and 

thus it mimics the actual process. Figure 4.7 shows the simulated annual 

variation pattern of the hourly radiation at the Swift Current site. The hourly solar 

radiation is highest during the summer months in the middle of the year, and it is 

lowest during the winter months at the beginning and end of the year. This is the 

most common weather pattern for locations north of the equator. Similar 

observations were found for the Toronto site. The simulated hourly solar 

radiation for the Toronto site for a year is shown in Appendix D. 
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The hourly power output of a PV unit can be calculated from the I-V curves of 

the PV generating units using the simulated hourly solar radiation data. The 

simulated power output of a 30 kW PV array for a week in summer using data 

from Swift Current is shown in Figure 4.8. 
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Figure 4.8: Simulated output power of a 30 kW PV array fora July week in a 

sample year (Swift Current data) 

The power output of the PV array is mostly between 0 and 30 kW. A solar array 

can, however, generate more power than its rated value on some occasions 

[39]. Figure 4.8 shows that since the simulated week is mostly sunny, the power 

output of the generator exceeds or reaches its rated power at noon on the first, 

second, fourth and last days of the week. The electric power output of the PV 

unit is zero during the nighttimes. This is due to there being either no sunlight or 

the unit is on forced outage. A PV array FOR of 0.05 was used in the simulation. 

The power output of PVCS is zero during nighttime, and therefore such stand-

alone systems are normally provided with energy storage facilities in order to 

supply electricity when there is no sunlight. The adequacy of a SSWSS 

containing WECS is also enhanced by incorporating battery storage. The 
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inclusion of battery storage complicates the modeling and analysis in the 

simulation, but has very positive effects on the performance and reliability of 

SSWSS. 

4.5 System Adequacy Analysis 

A SSWSS can involve many system configurations in practical application. 

These configurations can be broadly classified into the three categories of wind 

energy based, solar energy based and hybrid wind and solar systems. The 

previously described simulation methodologies are used to perform adequacy 

studies on a number of hypothetical systems in these three categories. The 

results are presented in the following sections. 

4.5.1 Wind Energy Based Systems 

The hypothetical system in this case has a total wind generating capacity of 60 

kW. The chronological residential load profile consists of 8736 load points with 

an annual peak of 15 kW. The base system consists of two 30 kW wind 

generators with operating parameters of cut-in, rated and cut-out wind speeds 

of 12 km/h, 38 km/h and 80 km/h respectively. It is assumed that the system 

can be located at one of the three different sites with wind regimes represented 

by the data from either North Battleford, Saskatoon or Regina. A WTG forced 

outage rate of 0.05 was used in the calculation of the adequacy indices. Battery 

forced unavailability is not considered in these studies. 

Tables 4.4 to 4.6 present the reliability indices for four different systems with the 

same total capacity of 60 kW for the three different site locations. It can be seen 

from the tables that the reliability of the system increases with increased WTG 

unit redundancy. In addition, the tables show that even though the total installed 

capacity is considerably in excess of the peak load, the LOLE and LOEE are 

unacceptably high with no battery storage. These values reduce considerably 
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with battery storage capability. The Regina site has the highest average wind 

speed and as expected, the reliability at this location is better than that of the 

systems located at the other two sites under all battery capacity conditions. The 

results shown in the tables constitute a reference set of adequacy indices for 

the wind energy based systems considered. The effects on these indices of 

varying a number of generating unit and system parameters are presented in 

Chapter 5. 

Table 4.4: Adequacy comparison of wind energy based systems with the same 

installed capacity (North Battleford data) 

Battery 

(kWh) 
One 60 kW unit Two 30 kW units Three 20 kW units Four 15 kW units 

0 
LOLE=6424.54 

LOEE=42072.01 

LOLE=6418.05 

LOEE=41411.68 

LOLE=6408.36 

LOEE= 41355.00 

LOLE=6399.58 

L0EE=41355.43 

500 
LOLE=2832.39 

LOEE=19746.85 

LOLE=2828.06 

LOEE=19293.52 

LOLE=2787.59 

LOEE=19002.90 

LOLE=2766.14 

L0EE=18897.28 

1000 
LOLE=2360.89 

LOEE=16511.82 

LOLE=2357.24 

LOEE=16171.25 

LOLE=2334.75 

LOEE=15981.68 

LOLE=2294.52 

L0EE=15749.36 

*LOLE is in hours/year *LOEE is in kWh/year 

Table 4.5: Adequacy comparison of wind energy based systems with the same 

installed capacity (Saskatoon data) 

Battery 

(kWh) 
One 60 kW unit Two 30 kW units Three 20 kW units Four 15 kW units 

0 
LOLE=5850.87 

LOEE=36199.94 

LOLE=5848.93 

LOEE=35591.72 

LOLE=5846.03 

LOEE= 35541.49 

LOLE=5839.40 

LOEE=35447.30 

500 
LOLE=2056.05 

LOEE=14051.46 

LOLE=1990.22 

LOEE=13168.54 

LOLE=1975.06 

LOEE=13025.96 

LOLE=1960.43 

L0EE=12940.84 

1000 
LOLE=1477.85 

LOEE=10199.90 

LOLE=1411.84 

LOEE= 9395.53 

LOLE=1384.61 

LOEE=9207.89 

LOLE=1347.62 

LOEE=8987.22 

*LOLE is in hours/year *LOEE is in kWh/year 
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Table 4.6: Adequacy comparison of wind energy based systems with the same 

installed capacity (Regina data) 
Battery 

(kWh) 
One 60 kW unit Two 30 kW units Three 20 kW units Four 15 kW units 

0 
LOLE=4768.45 

LOEE=29279.93 

LOLE=4682.12 

LOEE= 27899.49 

LOLE=4678.17 

LOEE= 27849.66 

LOLE=4684.39 

LOEE=27955.41 

500 
LOLE=685.50 

LOEE=4850.68 

LOLE=481.43 

LOEE=3180.54 

LOLE=447.97 

LOEE=2959.43 

LOLE=423.39 

LOEE=2796.96 

1000 
LOLE=279.01 

LOEE=2016.78 

LOLE=131.88 

LOEE= 894.06 

LOLE=118.03 

LOEE=795.22 

LOLE=99.12 

LOEE=669.10 

*LOLE is in hours/year *LOEE is in kWh/year 

4.5.2 Solar Energy Based Systems 

The hypothetical system in this case has a total solar generating capacity of 60 

kW. The chronological residential load profile consists of 8736 load points with 

an annual peak of 15 kW. The base system consists of two 30 kW photovoltaic 

generators and each generator is composed of 100 identical panels in parallel 

and 10 identical panels in series. The operating parameters of a panel are given 

in Appendix A. The system is assumed to be located at geographic locations 

with atmospheric conditions that can be represented either by Swift Current 

data or by Toronto data. A photovoltaic generating unit forced outage rate of 

0.05 was used in the simulation. Battery forced unavailability is not considered 

in these studies. 

Tables 4.7 and 4.8 present the reliability indices for four different systems with 

the same total capacity of 60 kW for the two site locations. It can be seen from 

the tables that the reliability of the system increases slightly with increased 

photovoltaic generating unit redundancy. The tables show that even though the 

total installed capacity is considerably in excess of the peak load, the LOLE and 

LOEE are very high with no battery storage. These values reduce considerably 

with battery storage capability. Data from the Swift Current site results in the 
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lowest LOLE and LOEE. This indicates that a solar energy based system 

operating in atmospheric conditions similar to the Swift Current site has a higher 

reliability than the same system operating in atmospheric conditions similar to 

the Toronto site. This is due to the fact that the monthly average solar radiation 
is higher at Swift Current than that at Toronto for most of the months in a year. 

The results shown constitute a reference set of adequacy indices for the solar 

energy based systems considered. The effects of varying a number of 

generating unit and system parameters are presented in Chapter 5. 

Table 4.7: Results comparison of solar energy based systems with the same 

installed capacity (Swift Current data) 
Battery 

(kWh) 
One 60 kW unit Two 30 kW units Three 20 kW units Four 15 kW units 

0 
LOLE=5863.58 

LOEE=39470.88 

LOLE=5822.90 

LOEE= 38674.98 

LOLE=5828.43 

LOEE=38653.10 

LOLE=5791.63 

L0EE=38529.20 

500 
LOLE=2340.87 

LOEE=16212.66 

LOLE=2291.66 

LOEE= 15591.64 

LOLE=2245.66 

LOEE=15335.01 

LOLE=2165.89 

L0EE=14772.34 

1000 
LOLE=2191.00 

LOEE=15003.56 

LOLE=2168.36 

LOEE=15052.20 

LOLE=2151.23 

LOEE=14797.87 

LOLE=2071.01 

L0EE=14230.27 

*LOLE is in hours/year *LOEE is in kWh/year 

Table 4.8: Results comparison of solar energy based systems with the same 

installed capacity (Toronto data) 

Battery 

(kWh) 
One 60 kW unit 

.. 
Two 30 kW units Three 20 kW units Four 15 kW units 

0 
LOLE= 6122.35 

LOEE=41128.96 

LOLE=6113.83 

LOEE= 40752.51 

LOLE=6093.76 

LOEE=40419.85 

LOLE=6062.95 

LOEE=40340.42 

500 
LQLE=2406.47 

LOEE=16681.48 

LOLE=2356.61 

LOEE= 16132.01 

LOLE=2303.05 

LOEE=15743.13 

LOLE=2230.56 

LOEE=15244.70 

1000 
LOLE=2234.21 

LOEE=15410.92 

LOLE=2200.24 

LOEE=15294.39 

LOLE=2195.55 

LOEE=15118.62 

LOLE=2116.86 

LOEE=14584.91 

*LOLE is in hours/year *LOEE is in kWh/year 
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5000 

4.5.3 Hybrid Wind and Solar Systems 

The hypothetical system in this case has a total wind and solar generating 

capacity of 60 kW. The chronological residential load profile consists of 8736 

load points with an annual peak of 15 kW. The base system consists of a 30 kW 

wind generator and a photovoltaic generator with the same power rating. The 

system is assumed to be at a geographic location with atmospheric conditions 

that can be represented by the Regina wind data and the Swift Current solar 

radiation data. The wind generator has operating parameters of cut-in, rated 

and cut-out wind speeds of 12 km/h, 38 km/h and 80 km/h respectively. A 

generating unit forced outage rate of 0.05 was utilized in the calculations. 

Battery forced unavailability is not considered in the studies. Figures 4.9 and 

4.10 show the estimated LOLE and LOEE for three systems containing different 

energy sources with the same total capacity of 60 kW. 
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Figure 4.9: Adequacy comparison of renewable energy based systems with the 

same installed capacity using LOLE as the criterion 
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Figure 4.10: Adequacy comparison of different renewable energy based 

systems with the same installed capacity using LOEE as the criterion 

The figures show that even though the total installed capacity is considerably in 

excess of the peak load for all of the three system alternatives, the LOLE and 

LOEE are unacceptably high with no battery storage. These values reduce 

considerably with battery storage capability. All these system have the same 

nominal capacity. The wind energy based system, however, has a much lower 

system risk than the purely solar energy based system. When the system 

contains both energy sources with significant battery storage capability, the 

system adequacy lies between that of the other two alternatives. Wind and solar 

hybrid systems give, however, better system adequacy than that obtained by 

using a single energy source when there is no battery storage in the system. 

This is due to the fact that the solar generation is relatively constant during the 

daytime if it is installed at a location where the solar resource is reasonably 

abundant. Swift Current is considered to be a relatively good solar site. 
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4.6 Summary 

The simple application of the models and methodologies developed in Chapter 

3 for generating capacity adequacy evaluation of SSWSS using sequential 

Monte Carlo simulation was extended in this chapter. The studies presented 

showed that the proposed simulation models and techniques produce 

reasonable results. This chapter illustrates the simulation of wind energy 

conversion systems and photovoltaic conversion systems, and provides an 

adequacy comparison of SSWSS containing the different energy sources. 

Wind speed was simulated using different time series models developed at the 

University of Saskatchewan. The solar radiation was simulated using a 

commercially available computer program developed at the University of 

Waterloo. The power output of the generating units was calculated from the 

simulated site resource data using the unit operational constraints and 

incorporating the generating unit forced unavailability. 

The reliability of SSWSS can be increased with increased generating unit 

redundancy. Due to the highly intermittent nature of the site resources, the 

reliability of SSWSS is unacceptably low for practical application when there is 

no energy storage in the system. The adequacy improves significantly with 

increased system energy storage capability. 

Wind energy is generally a better choice than solar energy from an adequacy 

point of view. When both wind and solar energy sources are included in a 

SSWSS that is operating with reasonable storage capability, the adequacy will 

lie between that of wind and solar energy. These conclusions, however, are 

entirely dependent on the actual site energy sources. The studies described in 

this chapter provide a reference set of adequacy indices. The sensitivity of 

these indices to a wide range of generating unit and system parameters are 

studied in the next chapter. 
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5 EFFECTS OF SELECTED SYSTEM PARAMETERS ON 
SYSTEM ADEQUACY 

5.1 Introduction 

The performance of a SSWSS is quite different from that of the systems 

containing conventional generating units. This is due to the dispersed nature of 

the resource energy at the specific site location. In order to appreciate the 

impact of major parameters that characterize SSWSS adequacy, the simulation 

models and techniques described previously have been utilized to carry out a 

wide range of sensitivity analyses. These parameters include battery capacity, 

battery charging (discharging) rate, wind speed, solar radiation level, system 

peak load and load profile, generating unit FOR and total installed capacity. The 

effects on the system adequacy have been analyzed in terms of their impact on 

the LOLE and LOEE adequacy indices. The LOLE studies are presented in this 

chapter. The LOEE analyses are provided in Appendix E. 

The analyses are conducted for comparative evaluation of the different 

generation configurations i.e. wind energy based, solar energy based and 

hybrid wind and solar systems, with and without batteries. A base system with 

60 kW of generating capacity and a 15 kW load was considered in the following 

studies. In the 'Wind Only" studies, two 30 kW WTG are assumed; In the "Solar 

Only" studies, two 30 kW PV arrays are assumed; In the "Wind and Solar" 

studies, a hybrid system with one 30 kW WTG and one 30 kW PV array are 

assumed. The chronological residential load pattern is the same as that used in 

Chapter 4. Generating unit forced outage rate of 5% is used in most of the 

analyses unless otherwise specifically stated. The site-specific data for the 

WECS and PVCS used in the analyses are based on Regina and Swift Current 

data respectively. In the available data, Regina experiences the best wind 

resource and Swift Current has the best solar resource. 
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5.2 Effect of Battery Capacity 

As noted in the previous chapter, the presence of an energy storage device 

such as a battery can significantly enhance the reliability of a SSWSS. The 

capacity of a battery is the most important parameter and indicates the ability of 

the battery to deliver energy to the system. It can be expressed in the form of 

either ampere-hours (Ah) or watt-hours (Wh). The ampere-hour capacity is the 

product of the current in amperes (A) and the delivery time in hours (h). The 

product of the average discharge voltage and the ampere-hour capacity gives 

the watt-hour capacity of a battery. 

In order to appreciate the impact of battery capacity on the adequacy of 

SSWSS, the three basic system configurations with different size storage 

facilities were investigated. The corresponding LOLE were determined as a 

function of the battery storage capacity. Figure 5.1 shows the LOLE as a 

function of battery capacity ranging from 0 to 2200 kWh for the three basic 

system configurations. 
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Figure 5.1: Effect of the battery capacity on the LOLE 
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It can be clearly seen from the figure that the addition of a suitable battery bank 

significantly improves the reliability of a SSWSS regardless of the type of 

energy sources installed in the system. The studies conducted show thpt 

minimal incremental benefit is obtained if the capacity of the battery exceeds a 

certain value (in this case it is approximately 1200 kWh). This is due to the 

inherent energy limitations of the site resources. It is, therefore impractical to try 

to improve the reliability of a SSWSS by providing additional battery capacity to 

the system without considering the impact of the site resources. It should be 

noted that the reliability benefits obtained from using battery storage are 

accompanied by additional system costs such as equipment, installation, 

maintenance and operating cost. The actual benefit of using wind and solar 

energy, therefore, should be analyzed both in terms of adequacy and cost. 

Related economics analyses are not considered in this research. 

Figure 5.1 also shows that the wind energy based system provides better 

reliability than the solar energy based system for all battery capacity levels. 

When the system is composed of both wind and solar energy and provided with 

storage capacity in excess of a certain value (in this case it is approximately 350 

kWh), the reliability benefit is generally between those of the other two single 

energy based alternatives. Wind and solar hybrid systems give, however, better 

reliability than using a single energy source when there is no storage or 

relatively small storage in the system. This is in agreement with the results 

shown in Chapter 4. 

It is almost impossible to determine the optimum battery size for systems in 

general. This is also true for particular generation configurations, if there is no 

information on specific site location parameters. The same system may require 

a different battery capacity if it is installed at different sites. 

The reliability of a SSWSS is mainly affected by the site resources, and 

therefore the results obtained in different situations will depend on the 
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meteorological data used in the evaluation. Accurate and detailed data for the 
actual site location is, therefore, an essential requirement for the realistic 
evaluation of a renewable energy based generating system. 

5.3 Effect of the Battery Maximum Charging (Discharging) Rate 

The battery maximum charging and discharging rate are important operating 

parameters. They measure the ability of a battery to store and supply energy in 
a specific period of time. Increasing the charging and discharging capability of a 

battery enhances the ability of the battery to assist the system. A battery has, 

however, finite charging and discharging rates. This is due to the fact that the 

rates are not only determined by the battery capacity but also by the material 

used to make the battery, together with other operating constraints such as the 

charging and discharging voltage of the battery, environment temperature and 

humidity, etc. The maximum charging and discharging rate values for a battery 

are not normally equal. The difference is not significant depending on the 

battery operational constraints. It is assumed in this thesis that the two rates are 

equal for a given battery. 

Figure 5.2 shows the LOLE as a function of the maximum battery charging 

(discharging) rate ranging from 5 kWh/h to 50 kWh/h for the three basic system 

configurations. The actual battery capacity is 500 kWh in each case. Figure 5.3 

shows the same graph for hybrid wind and solar system with three different 

battery capacities. The figures show that the LOLE decreases significantly as 

the maximum charging (discharging) rate of the battery increases from 5 kWh/h 

to 15 kWh/h. Further increases in the charging (discharging) rate do not 

significantly improve the system adequacy. When the rate reaches a certain 

value (in this case it is approximately 40 kWh/h), the results show that the LOLE 

is virtually constant in all of the cases. The difference between the system peak 

load and the nominal generating capacity is 45 kW. A maximum charging 

(discharging) rate of 40 kWh/h is utilized in the analyses whenever the total 

battery capacity exceeds 60 kWh. 
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The comparisons shown in Figure 5.2 indicate that the hybrid system has the 

lowest system risk for low battery charging (discharging) rates and the wind 

energy based system has the lowest system risk for high battery charging 

(discharging) rates. This phenomenon suggests that the wind energy is more 

dispersed than the solar energy. Increasing the battery charging (discharging) 

capability permits more energy to be stored and extracted from the battery and 

reduces the fluctuations in the energy supply to the load. It is, therefore, both 

necessary and important to select the battery capacity and charging 

(discharging) rate to suit the atmospheric conditions at the system location and 

the actual generating facilities installed at that location. 

5.4 Effect of the Site Resources 

As noted earlier, the power and energy outputs of a SSWSS depend strongly on 

the site resources at the specific location. The system reliability is improved 

significantly if the system is installed at a site location that has abundant wind 

and/or solar resources. In order to illustrate the effect of site resources on 

SSWSS adequacy, the average values of wind speed and solar radiation 

intensity are modified by a simple multiplication factor ranging from 0.8 to 2.0. 

These modified average values are used to calculate the corresponding 

reliability indices for five different battery capacity levels for the hybrid wind and 

solar system. The results are illustrated graphically in Figures 5.4 to 5.6. It can 

be seen from the results that in this system, the LOLE decreases significantly as 

the average values increase. The decrease, however, is not the same in each of 

the three cases considered. Despite having the same multiplication factor, the 

reliability benefits obtained from increases in average wind speed are much 

higher than those from increasing solar radiation as illustrated by Figures 5.4 

and 5.5. This is primarily due to the fact that the PVCS produces no energy 

during nighttime. Another important observation is that if the average values 

increase to a certain level, the change in the LOLE becomes quite small with 

large battery storage relative to situations with small or no battery storage. The 
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reason for this is that if there is sufficient energy generation available at the site 

and the system has enough storage, energy limitations are not the main factor 

influencing the system adequacy. It is therefore important to select a suitable 

battery for the system in accordance with the desired reliability criteria and the 

actual site resources. 
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Figure 5.4: Effect of wind speed on the LOLE (Hybrid wind and solar system) 
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As shown in Figures 5.4 to 5.6, the system risk is unacceptably high when the 

system has no energy storage even though the generating facilities are located 

at a site with very good energy sources. It is, therefore, obvious that a SSWSS 

without some energy storage is not a practical application for electricity supply. 

If it is not economically feasible or practical to add battery storage to a SSWSS, 

it may be necessary to enhance system adequacy by adding conventional 

generation such as a diesel generator. 

5.5 Effect of the Generating Unit Forced Outage Rate 

The reliability of a conventional generating system is strongly influenced by the 

generating unit forced outage rate. The effects of generating unit FOR in 

SSWSS can be reflected in the overall generation model using the method 

described in Chapter 3. In order to illustrate these effects on the SSWSS 

adequacy, the FOR of WTG and PV array are varied from 0 to 0.16 in the three 

basic system configurations. 
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Figure 5.7 shows the influence of the FOR on the LOLE for the three systems 

with a fixed battery storage capacity of 500 kWh. Figure 5.8 shows the impact of 

the generating unit FOR on the system LOLE for a range of battery capacity 

levels for the hybrid wind and solar system. The figures show that the system 

LOLE increases as the FOR of the generating units increase. Figure 5.8 shows 

that the LOLE increases almost linearly with the generating units FOR for the 

hybrid wind and solar system at relatively small storage capability and it varies 

non-linearly when the battery capacity increases beyond a certain value. 
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Figure 5.7: Effect of the generating unit FOR on the LOLE 

(Systems with different energy compositions and fixed battery capacity) 

78 



6000 

5000 

-,-_- 4000 
.c 
uj 3000 

0 
2000 

1000 

No Battery 

—0— 40 kWh Battery 

•  100 kWh Battery 

-4<— 500 kWh Battery 

—16— 1000 kWh Battery 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 

Generating Unit Forced Outage Rate 

Figure 5.8: Effect of the generating unit FOR on the LOLE 

(Hybrid system with different battery sizes) 

5.6 System Load Considerations 

The system load is an important factor in the reliability analysis of a generating 

system. Both the load variation pattern and the annual peak have impacts on 

the system reliability performance. These effects have been considered and the 

results are shown in Figures 5.9 to 5.11. 

The risk in the hybrid wind and solar system for three different load patterns is 

illustrated in Figure 5.9. The battery storage capacity is 500 kWh in all three 

cases. The LOLE of the system is lowest for the residential load model 

described in Chapter 3. When the IEEE-RTS load model [34] is used, the LOLE 

is higher than the value obtained for the residential load. A constant load at the 

peak value produces the highest risk as expected. The residential load model 

has been used in all of the other studies described in this thesis. This load 

model is possibly the most common SSWSS load profile because most SSWSS 
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are designed for remote household electricity supply. If the system is not 

designed for residential electricity supply, then an applicable load model should 
be utilized which incorporates the different customer load characteristics. 
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Figure 5.9: Effect of different load models on the LOLE 
(Hybrid wind and solar system) 

Figure 5.10 shows the LOLE for the three basic system configurations as a 

function of the maximum annual peak load with a fixed battery capacity of 500 

kWh. Figure 5.11 shows the variation in the LOLE of the hybrid system as a 

function of the annual peak load for five different battery storage capacity levels. 

The peak load is varied from 5 kW to 30 kW while maintaining the basic shape 

of the load curve. It can be seen from Figures 5.10 and 5.11 that the system risk 

increases with peak load in all of the cases but not to the same degree. Figure 

5.10 shows that system risk variation in the wind energy based and wind solar 

hybrid system is similar due to the significant influence of the wind energy. In 

the no battery and small battery cases shown in Figure 5.11, the LOLE 

increases almost linearly with the annual peak load. In the large battery case, 

the influence of the peak load on the LOLE is not significant when the annual 

peak load is under a certain value. When the peak load exceeds this value, the 

index increases sharply. 

80 



5000 
4500 

4000 --- Wind Only 
1..... 3500 --- --o- Solar Only 
•..1 3000 --- .c -6--Wind and Solar 
ui  2500 ------ --- 
...1 0 2000 
_i 

1500 --
1000  
500  

7000 

6000 

5000 ..... 
>, 
.z 4000 
Lu 
--I 3000 
-J 

2000 

1000 

------------------

0 5 10 15 20 25 30 35 

Annual Peak Load (kW) 

Figure 5.10: Effect of the annual peak load on the LOLE 

(Different energy compositions with fixed battery capacity) 

0 
0 

T 

--.- No Battery 

- w- 40 kWh Battery 

--tt-  100 kWh Battery 

- x-  500 kWh Battery 

-1K-  1000 kWh Battery 

5 10 15 20 25 30 35 

Annual Peak Load (kW) 

Figure 5.11: Effect of the annual peak load on the LOLE 

(Hybrid system with different battery sizes) 

81 



5.7 Effect of Renewable Energy Installed Capacity 

Studies are conducted to investigate the effect on the system reliability of 

increasing the installed capacity in a SSWSS. The LOLE was computed for the 

cases where the hybrid wind and solar system is expanded by adding 

successive 10 kW increments of either wind or solar generating capacity with 

the other system parameters unchanged. A battery storage capacity of 500 kWh 

is used in these studies. 

Figure 5.12 shows the LOLE as a function of the generating capacity added to 

the system. The relationship between the generation added and the system 

LOLE is not linear in this case. The system risk decreases with increase in the 

capacity additions. The relative benefit obtained from adding equal amounts of 

wind and solar capacity is, however, different. Adding wind capacity to the 

system produce more reliability benefit than adding solar capacity. 
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Figure 5.12: Effect of renewable energy installed capacity on the LOLE 

(Hybrid wind and solar system) 
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Figure 5.12 also shows that the system risks associated with adding wind 
energy or solar energy were similar at low or high capacity addition levels. In the 
added capacity levels between 20 kW to 60 kW, the risks with the addition of 

different energy sources are quite different. 

It should be noted that the relative reliability benefit from renewable energy 

sources such as wind and solar depend on many factors. These factors include, 
but are not limited to, the weather characteristics at the site location, the 

chronological load pattern, the peak load, the battery capacity and the types 
and mix of the different energy sources in or to be added to the system. It is, 

therefore, impossible to predetermine an optimum capacity ratio of wind and 

solar energy for a given SSWSS without considering all the relevant factors. 

5.8 Summary 

A series of adequacy analyses have been conducted on different hypothetical 

systems with different energy compositions and battery storage capacity levels. 

The adequacy of a SSWSS depends on many factors such as the battery 

capacity and the charging (discharging) rate, the generating unit FOR, the load 

profile and the installed capacity, in addition to the available site resources at 

the system location. 

The provision of battery storage can have a significant positive impact on the 

system reliability and performance. The level of adequacy can be increased by 

installing more battery capacity or increasing the charging (discharging) 

capability. Due to the energy limited nature of SSWSS site resources, minimal 

incremental benefits are obtained if the battery storage capacity or the charging 

(discharging) rate exceed certain limits. The performance of a SSWSS with no 

energy storage or minimal storage is quite different from that of the same 

system with substantial storage. The relatively high reliability benefits achieved 

by the increased battery storage is of course also accompanied by increased 

costs. 
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The site resources in the form of available wind and solar energy at the system 

geographic location dictate the benefits that can be obtained from these 

renewable sources. A SSWSS containing wind energy situated at a location 

with a high mean wind speed obviously provides higher system reliability than 

one at a location with lower mean wind speed. In a system containing solar 

energy, greater benefits are realized when the site is at a location with a high 

mean solar radiation. These conclusions are obvious in a qualitative sense. The 

techniques presented in this thesis, however, illustrate that it is possible to 

quantify these phenomena and to determine the actual and relative benefits 

associated with the factors that influence the system reliability. 

The reliability of the system decreases with increase in generating unit FOR. 

The reliability of a SSWSS degrades with increase in the system peak load. The 

relative decreases in system adequacy are not to the same degree for different 

battery storage levels. When different types of energy sources are included in 

the system, the decreases are also different. The load pattern is determined by 

the types of customers served and has different impacts on the system 

reliability. The system risk is lower for a residential load model than for the other 

two models considered in this thesis. 

SSWSS adequacy can be improved by adding additional capacity. Wind energy 

is generally better than solar energy when comparing equal capacity additions 

in the same system. The optimum ratio of wind and solar energy for a given 

SSWSS is difficult to determine due to the fact that the performance and 

reliability of a SSWSS are influenced by many system factors. 

The availability of accurate data at the actual site location is an essential 

requirement in the evaluation for a power system utilizing wind and solar 

energy. Corresponding economic analyses should also be carried out in 

conjunction with the reliability studies. 
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6 SUMMARY AND CONCLUSIONS 

Utilization of renewable energy resources such as wind and solar energy for 

electric power supply has been given very serious consideration around the 

world due to global environmental concerns associated with conventional 

generation and potential energy shortages due to increasing electricity demand. 

At the present time, the most encouraging and attractive application of 

renewable energy technology is to supply electricity in locations remote from 

power networks. The actual benefit obtained and the quality of power supply 

associated with such energy systems can be quantitatively assessed using 

reliability evaluation techniques. This thesis employs a sequential Monte Carlo 

simulation approach to develop a comprehensive technique for generating 

capacity adequacy evaluation of small stand-alone wind and solar energy based 

power systems (SSWSS). The technique combines the development of the 

generation models, the chronological load model and the energy storage model 

to determine the adequacy indices. 

A generating capacity adequacy study is an assessment of the capability of the 

generating facilities to satisfy the total system load demand. It involves the 

development of generation and load models and the combination of these 

models to obtain a risk index. The conventional criteria used by utilities for 

generation planning are usually based on either a deterministic or a probabilistic 

philosophy. Historical development of reliability methods in large interconnected 

utilities has shown a gradual shift away from deterministic techniques towards 

probabilistic methods in an attempt to assess the actual risk to the system of 

inadequate capability levels. The actual risk associated with the system cannot 

be recognized and reflected in deterministic techniques. The basic approaches 

used in the probabilistic evaluation of generating capacity adequacy can be 

categorized as being either analytical or Monte Carlo simulation methods. In an 

analytical approach, the generation model is a generating capacity outage 

probability table, which contains the capacity and probability of each outage 
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state of the generating system. The load model is either a daily peak load 

variation curve or an hourly load duration curve. In the Monte Carlo simulation 

approach, the generation model is constructed by creating an artificial history of 

the generating unit behaviors. The load model is described by an hourly load 

variation profile. The risk indices in both of the approaches are calculated by 

combining the generation with the load. 

The conventional probabilistic approaches are not considered to be directly 

applicable to SSWSS. The main problem with an analytical technique is that it 

cannot completely incorporate the chronological variations in the generation and 

load considered. A time sequential Monte Carlo simulation approach has been, 

therefore, used in this research to develop an adequacy evaluation model for 

SSWSS. A time series representation in the form of an auto-regressive and 

moving average model has been used to simulate the fluctuating wind speeds. 

The available wind power was obtained by applying the relationship between 

the power output of the WTG and the wind speed. A widely used computer 

program called WATGEN was adapted to generate the atmospheric data. The 

generated power from a PV generating unit was computed on the basis of the 

voltage-current characteristics of the generating unit. The overall system 

generation model was obtained by combining the operating histories of all the 

generating units in the system incorporating the failure and repair characteristics 

of the units. A time series battery model was developed from the generation and 

load time series. The risk model was obtained by combining the generation with 

the load and the available energy storage facilities. 

The developed models and methodologies have been applied to perform a wide 

range of reliability studies on hypothetical SSWSS. These studies mainly focus 

on the adequacy of different SSWSS based on different energy sources with 

different system configurations and different energy storage capacity levels. The 

results obtained from the studies show that the reliability of a SSWSS depends 

on many factors such as the system generating unit redundancy, the battery 
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capacity, the charging and discharging rate of the battery, the availability of the 
site resources, the generating unit forced outage rate, the system load profile 
and peak load and the installed generating capacity. 

The reliability of SSWSS can be improved slightly with increased generating unit 

redundancy. The performance of a SSWSS depends heavily on the dispersed 
site resources and therefore the reliability of SSWSS is unacceptably low when 

there is no storage or relatively small storage installed in the system. The 

provision of battery storage has a significant positive impact on the system 

reliability. It is, therefore both important and necessary to provide reasonable 

energy storage in practical SSWSS applications. 

The relative reliability benefits obtained from providing energy storage facilities 

were investigated by changing the system parameters such as the battery 

capacity and the maximum charging (discharging) rate. The reliability 

performance of a SSWSS is strongly influenced by the characteristics of the 

energy storage facilities in the system. The reliability of a SSWSS can be 

increased by installing increased battery capacity or by providing more charging 

(discharging) capability. The incremental reliability benefit is, however, not 

significant when the battery storage capacity or the charging (discharging) rate 

exceeds the upper limits for a given location. The relatively high reliability 

benefits achieved by the provision of battery storage are also accompanied by 

increased installation, maintenance and operating costs. 

The level of reliability provided by a SSWSS is largely dictated by the availability 

of the site resources in the form of wind and solar energy at the system 

geographic location. The system reliability increases when the mean wind 

speed at a WECS location increases and the solar radiation level at a PVCS 

location increases. As the PVCS produce no energy during the nighttime, wind 

energy is generally a better choice than solar energy based on reliability 

considerations. In some cases, increased reliability benefits can be obtained by 
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using a wind and solar hybrid system rather than a single source such as wind 

or solar energy. The actual selection depends on the system energy storage 

capacity and the availability of the site resources at the system location. 

The reliability of a SSWSS decreases with increases in the system generating 

unit FOR. The impact of generating unit FOR on the reliability of a SSWSS is 

also affected by the system storage capability. The reliability of a SSWSS 

decreases with increases in the system load. The relative decrease in system 

reliability depends on the available battery storage levels and the system energy 

composition. The variations in the load pattern have a significant impact on the 

system reliability. The system risk is considerably lower when a residential load 

model is used compared to the risk obtained using a constant load at the peak 

value or a composite residential, commercial, industrial load representation 

such as the IEEE-RTS load model. 

The addition of further wind and solar capacity to a SSWSS will improve the 

system reliability. Adding wind energy generating units produces more favorable 

results than adding the same capacity in the form of PV generating units. The 

optimum ratio of wind and solar energy for a given SSWSS is difficult to 

determine due to the fact that the reliability performance of a SSWSS is 

influenced by many system factors. 

The availability of accurate data at the actual site location is an essential 

requirement in the reliability evaluation of a generating system utilizing wind and 

solar energy. Corresponding economic analyses should be carried out in 

conjunction with the relevant reliability studies. 

In conclusion, the models, methodologies, results and discussion presented in 

the thesis provide valuable information to electric power utilities engaged in 

planning and operating stand-alone systems containing wind and solar energy. 
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APPENDIX A 

Parameters Defining the Current-Voltage Relationship of A Solar Cell 

DESCRIPTION VALUE UNIT 
Number of series grouNn parallel 2 

Number of modules in series 1 

Area per model m 6 0.5 m 2 

Tracking method No 

Collector slope 60 degree 

Collector azimuth 0 degree 

Reference array operating temperature 25 °C 

Reference radiation level 1000 W/m2

Reference MPP voltage 16 V 

Reference MPP current 2 A 

Reference open circuit voltage 19.5 V 

Reference short circuit current 2.6 A 

Array resistance 0.06 S2 

Wind speed correction factor 1 

Alpha 0.0025 

Beta 0.5 

Gamma 1 0.0029 

Solar cell absorbance 0.9 

Front panel emmissivity 0.95 

Front panel transmittance 0.95 

Back panel emmissivity 0.9 

Back panel transmittance 0.9 
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APPENDIX B 

Different Samples of Hourly Load Curves 

A 
Time (hours) 

Figure Ell: IEEE-RTS Load Curve 

Time (hours) 

Figure B2: Residential Load Curve 
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APPENDIX C 

The Simulated Hourly Wind Speeds for North Battleford and Saskatoon 
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Figure C1: Simulated wind speeds for a sample year (North Battleford data) 
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Figure C2: Simulated wind speeds for a sample year (Saskatoon data) 
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APPENDIX D 
Simulated Hourly Solar Radiation for Toronto Site 
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Figure Dl: Simulated total solar radiation on a horizontal surface for a 

sample year (Toronto data) 
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APPENDIX E 
LOEE Studies for the Systems Considered in Chapter 5 
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Figure E 1: Effect of the battery capacity on the LOEE 
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Figure E 2: Effect of the battery maximum charging (discharging) rate on the 

LOEE (Systems with different energy compositions and fixed battery capacity) 
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Figure E 3: Effect of the battery maximum charging (discharging) rate on the 

LOEE (Hybrid system with different battery sizes) 
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Figure E 4: Effect of wind speed on the LOEE 

(Hybrid wind and solar system) 
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Figure E 5: Effect of solar radiation level on the LOEE 

(Hybrid wind and solar system) 
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Figure E 6: Effect of both wind speed and solar radiation on the LOEE 

(Hybrid wind and solar system) 

99 



20000 

18000 

16000 

....: 14000 

I  12000

iS 10000 w 
o 8000 _i 

6000 

4000 

2000 - --------------------------

-•- Wind Only 
-E-  Wind and Solar 
—A— Solar Only 

0 - F 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 

Generating Unit Forced Outage Rate 

Figure E 7: Effect of the generating unit FOR on the LOEE 

(Systems with different energy compositions and fixed battery capacity) 
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Figure E 8: Effect of the generating unit FOR on the LOEE 

(Hybrid system with different battery sizes) 
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Figure E 9: Effect of different load models on the LOEE 

(Hybrid wind and solar system) 
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Figure E10: Effect of the annual peak load on the LOEE 

(Different energy compositions with fixed battery capacity) 
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Figure E 11: Effect of the annual peak load on the LOEE 

(Hybrid system with different battery sizes) 
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Figure E 12: Effect of renewable energy installed capacity on the LOEE 

(Hybrid wind and solar system) 
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