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CHAPTER 1 


INTRODUCTION 


1.1 Back ground and introduction 

The basic function of a power system is to supply customers with electrical energy as 

economically as possible and with an acceptable degree of reliability and quality. 

Power system reliability is defined as the overall probability of a power system to 

perform its function [1]. Reliability is made up of power system security and power 

system adequacy. This is represented in Figure 1. Security is the ability of the power 

system to respond to disturbances arising within the system. Adequacy is the 

existence of sufficient facilities within the power system to satisfy the customer's load 

demand or the system's operational constraints. 

, ­ System Reliability ­

System Security System Adequacy 

Figure 1: Subdivision of system reliability. 

The following two teclmiques are used to determine the reliability of a power system: 

• Deterministic teclmique, 

• Probabilistic teclmique, 

Deterministic techniques are more widely used in power systems. Following a major 

contingency, the power system will still satisfy the minimum operational conditions. 

Deterministic teclmiques cater for the loss of the largest generation plant on the 

system or they schedule reserve to between 4% to 8% of the maximum expected peak 

load. 
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These techniques do not take into consideration the possibility of losing the largest 

unit or the possibility of losing 4% to 8% of the expected peak load's generating 

capacity. 

Probabilistic techniques evaluate the severity of a capacity outage state or an event 

and its impact on the system behaviour and operation. These methods also take the 

probability of the occurrence of capacity outages into account. 

Most of the probabilistic techniques available for reliability assessment are in the 

adequacy domain. Probabilistic load flow and probabilistic transient stability are 

categorised in the adequacy domain together with the techniques for quantifying unit 

commitment and response risk. The ability to access security is limited. The indices 

collected as part of a fault reporting scheme include all system faults and failures 

irrespective of cause and therefore include the effects of insecurity as well as those 

due to inadequacy. 

The basic techniques for adequacy assessment can be categorised in telms of their 

application to segments of the complete power system [1]. Figure 2 shows the 

different segments of a complete power system. Figure 3 shows how these segments 

are combined to form the different hierarchical levels which are to be used in the 

adequacy assessment. Hierarchical Level I (HU) is only concerned with the 

generation facilities; Hierarchical Level II (HLII) includes generation and 

transmission facilities and Hierarchical Level III includes all three functional zones in 

an assessment of consumer load point adequacy. 
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Figure 2: Basic functional zones. 
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Figure 3: Hierarchical levels. 
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1.2 Adequacy evaluation 

For HLI studies, the total system generation is examined to determine its ability to 

meet the total system load requirement. The transmission system and its ability to 

move power to the consumer load point are ignored [1] . The main objective of this 

study is to determine the necessary capacity to satisfy load demand. Another objective 

is to perform preventive and corrective maintenance on the network. The 

deterministic methods used to assess the adequacy of the power system is the 

percentage load method. 

Reserve is the amount of generating plant scheduled in excess of the expected load. 

The reserve is equal to the loss of the largest unit. The percentage method sets the 

reserve equal to a percentage of the peak load forecast. This is usually 4% to 8% of 

the maximum peak load demand. These deterministic techniques are being replaced 

by probabilistic methods. The Loss of Load Expected (LOLE) or Loss of Expected 

Energy (LOEE) and Frequency and Duration (F&D) are commonly used risk indices 

which determine the condition of a power system. The LOLE determines the number 

of days or hours in which the load is expected to exceed the installed generating 

capacity. This method only provides the number of occurrences of which the load will 

exceed the installed capacity. It does not show the severity and duration of the energy 

not supplied. The LOEE is the Expected Energy Not Supplied (EENS) to the load. 

This method shows the severity as well as the duration of the energy not supplied to 

the consumer. It also shows that a power system is an energy supply system and can 

be used to compare it with, for example alternative energy sources. The energy 

supplied by the power system divided by the total energy demand gives the Energy 

Index of Reliability (EIR). The EIR is used to compare the adequacy of power 

systems that differs in size. The F&D method is an extension of the LOLE method. It 

determines the number of times that the expected load will exceed the installed 

generating capacity. It also determines the expected duration of the deficiency. 
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The indices described are calculated using direct analytical techniques. Monte Carlo 

simulation is sometimes used [1]. The analytical techniques represent the system with 

a mathematical model and evaluates the indices from the model using mathematical 

solutions. The Monte Carlo simulation method estimates the reliability indices by 

simulating the actual process and the random behaviour of the system. It treats the 

problem as a series of real experiments. The Monte Carlo simulation usually requires 

a large amount of computing time and is seldom used if analytical methods are 

available. 

The modelling approach for an HLI study is given in Figure 4 [1] . The generation 

model or capacity model is formed by constructing a capacity outage probability 

table. This table represents the capacity outage states of the generating system 

together with the probability of each occurring state. The load model can be 

represented by either the Daily Peak Load Variation Curve (DPLVC) or by the Load 

Duration Curve (LDC). The DPLVC is the peak loads for each day of the study period 

and the LDC shows the hourly variation in load forecast for the day. The DPL VC is 

used to evaluate the LOLE indices and the LDC is used to evaluate the indices of the 

LDC. 

Generation Model ~------- -- ---------- Load Model 

Risk Model 

Figure 4: Conceptual tasks for HL I evaluation. 
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To be able to detennine the optimal reserve, the reliability of the power system needs 

to be assessed. 

1.3 Research questions and objectives 

The objective of the research is to establish the best method with which to detennine 

the reserve level for the South African supply industry. The following research 

questions have to be answered for the research objective to be achieved. 

What are the different reserve optimisation techniques that are used 

internationally? 

2 What is the optimal technique for the South African energy market? 

3 Can Demand Market Participation (DMP) and Intenuptible Load (IL) be 

incorporated into the optimal model identified? 

4 How is the model validated? 

5 Can the model be optimised for improved simulation time and ease of use? 

Questions one and two have been answered in chapter two, by comparing the different 

techniques used to detennine the reserve for the different utilities. It can be seen from 

this chapter that the optimisation techniques can be divided into two groups: 

detenninistic and probabilistic techniques. Detenninistic techniques do not take into 

consideration the reliability of the units used to schedule reserve as with probabilistic 

techniques. Therefore in order to more accurately detennine the optimal reserve for 

the South African supply industry it would be better to use a probabilistic technique. 

In chapter three the South African energy market is presented and it is seen that the 

market comprises of DMP and IL customers. The reserve optimisation techniques 

studied in chapter two does not include DMP and IL customers, therefore a new 

model had to be developed to include DMP and IL customers. Question three is 

answered in chapter three, where it can be seen that a new model is presented that 

incorporates DMP and IL customers. The fourth question is answered in chapter four 

where the model is validated by comparing the model to two other models and it can 

be seen that the optimal reserve detennined for the three different models are 

approximately the same. In chapters five and six the different methods used to 

optimise the new model are presented. A Graphical User Interface (GUI) was 
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developed to improve the ease of program use. Please refer to chapter SIX and 

addendum A3 for more information. 

1.4 Original contribution 

The study identifies different methods used to determine the optimal generator 

reserve. It includes an analysis of the reserve market implemented in South Africa. 

This market is very unique in terms of the mix of generation, DMP and IL used. The 

contribution to this field of study is that a reserve optimisation model was developed 

specifically for the South African energy market. This model expanded the reliability 

cost-worth method to include DMP and IL customers. These customers are modelled 

as dummy generators each with a forced outage rate, available capacity as well as 

fixed and variable costs all of which are included in the reliability cost-worth method. 

The application of this model is not limited to the South African system, but can also 

be applied to any power system which does not have enough installed capacity to 

perform routine maintenance and supply the load demand. By introducing DMP in the 

form of IL, generation capacity is made available when no excess capacity is available 

or when the cost of energy is high. 

1.5 Outline of the thesis 

This thesis is broadly organised as follows : chapter one serves as an introduction and 

explains that power system adequacy determines whether sufficient facilities within 

the power system exists to satisfy customer load demand or system operational 

constraints. Chapter two focuses on the different techniques used by other utilities to 

determine the reserve and identify what research has been done in this field of study. 

In chapter three current the South African energy market is presented and a model is 

presented that incorporates DMP and IL customers. This model is theoretically tested 

in chapter three. In chapter four this model is validated and compared to two other 

models presented in [3] and [7]. In chapter five different techniques are used to reduce 

the execution time of the model. In the second part of the chapter a sensitivity analysis 

is carried out to determine how sensitive the model is to a change in the capacity step 

size, the Forced Outage Rate (FOR) and the Interruptible Energy Assessment Rate 

(lEAR). The third part of chapter five compares this model to the model previously 
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used by Eskom (Electricity Supply Commission). A GUI was developed to increase 

the ease of use. The GU1 is presented in chapter six and supplemented in addendum 

A3 . The thesis is concluded in chapter seven, where the contribution to the field of 

research is discussed and future research is identified. 
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CHAPTER 2 

METHODS FOR DETERMINING THE OPTIMAL GENERATOR RESERVE 

2.1 Reserve levels used by different utilities 

In [2] a study was undertaken to determine how the reserve levels are calculated by 

different utilities. The aim of this study is to determine whether the reserve levels as 

implemented by Eskom are in line with the reserve levels implemented by other 

utilities. The aim of this study is also to determine whether the principles adopted to 

determine the reserve levels are similar. The definitions for spinning reserve and 

operating reserve are similar for most utilities. The North American Electric 

Reliability Council (NERC) defines operating and spinning reserve as: 

• 	 Operating reserve is a plant (on- or off-line) available within 10 minutes to be 

connected to the grid, and 

• 	 Spinning reserve is an unloaded synchronised plant also available within 10 

minutes to be connected to the grid. 

NERC uses 10 minutes to achieve the NERC Disturbance Control Standard (DCS 1) 

criterion of returning the Area Control Error (ACE) to zero within 10 minutes. Other 

countries' utilities and pools were also examined, but few reserve levels were found. 

Most utilities outside the United States of America (USA) do not use the term 

"operating and spinning reserve". 

2.1.1 Eskom 

Since mid 1999, the optimum operating reserve has been calculated on a daily basis 

by Eskom to minimise the cost of carrying reserve in addition to the cost of 

emergency resource usage and unmet demand. The spinning reserve target of 716 

MW is based on a deterministic calculation of instantaneous reserve to meet a trip, 

less 390 MW, plus a regulating reserve of 600 MW. The Eskom target meets the 

requirements for the Southern African Power Pool (SAPP). 
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The new reserve market was introduced in 2001. The definitions for reserve have 

since changed . Spinning reserve was replaced by instantaneous and regulating reserve 

targets while operating reserve was replaced by the 10 minute and supplementary 

reserves. 

2.1.2 SAPP 

In 1996 operating guidelines were developed for the SAPP. It was decided to follow 

the method as used by the NERC regional council for the Mid Continent Area Power 

Pool (MAPP). The pool target operating reserve was 150% of the largest generating 

unit in the SAPP, with Koeberg at 920 MW. The spinning reserve was 50% of the 

operating reserve. Reserve was spread amongst the utilities based on a one third 

weighting of the largest unit and two thirds of the annual peak load. 

2.1.3 New York Power Pool (NYPP) 

For the NYPP the operating reserve consists of a spinning reserve and a non-spinning 

10 and 30 minute reserve. Spinning reserve consists of the unloaded capacity of 

synchronised units. The operating reserve requirement is 150% of the largest 

contingency, that is 1800 MW. This is approximately 6% of the peak load of30 GW. 

Spinning reserve of 600 MW is approximately one third of the operating reserve. 

2.1.4 California Independent System Operator (CAISO) 

For CAISO the operating reserve is comprised of spinning reserve and non-spinning 

reserve, both available in 10 minutes. Spinning reserve is defined as unloaded on-line 

generation. The requirement for operating reserve for CAl SO is the maximum of the 

largest contingency or the sum of 5% hydro generation load and 7% thermal 

generation load. If CAISO is 50% thermal then the average is 6% of the peak of 45 

GW. Spinning reserve is a half of the operating reserve. 
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2.1.5 PJM Pool 


For this utility, the operating reserve is spinning plus supplemental reserve. Spinning 


reserve is defined as the on-line generation units that are loaded below the maximum 


capacity. It is available immediately. Supplemental reserve is quick to start plant and 


interruptible load. The required quantity of reserve is not given. 


2.1.6 MAIN 


This is both a NERC tool and a power pool. The operating reserve is defined as the 


spinning and non-spinning reserve and is available in 10 minutes. For MAIN the 


operating reserve target is 100% of the largest unit, that is 1 230 MW. Spinning 


reserve is a half of the operating reserve. 


2.1.7 Ontario Hydro (Canada) 


This utility has both a 10 minute and a 30 minute operating reserve. The regulation 


reserve is a synchronised plant that is available in 10 minutes. The 10 minute reserve 


is a 100% of the largest contingency. The 30 minute operating reserve is 50% of the 


second largest contingency. Spinning reserve is also called regulation reserve. 


2.1.8 England and Wales (National Grid Co.) 


This utility refers to operating and spinning reserve as scheduled as well as standing 


and contingency reserve. Scheduled reserve is similar to spinning reserve that is the 


sum of partly loaded generation plant and interconnections. 


Standing reserve is hydro, pump storage plant, gas turbine and demand modification. 


It is available in 20 minutes. Contingency reserve is the off-line plant that is hot 


standby and it is available to replace standing and scheduled reserve that have been 


used. The amount of each of these contracted by the market is not known. 
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2.1.9 NORDEL (Scandinavian Pool) 

This utility has three reserve categories: instantaneous (or frequency control) reserve, 

kept on spinning units (and available within 30 seconds), instantaneous disturbance 

reserve and interruptible load. The instantaneous reserve is 600 MW. This reserve is 

replaced by an instantaneous disturbance reserve which uses on- or off-line hydro 

plus emergency power over the High Voltage Direct Current (HYDC) connection. If 

no reserve is available then load is interrupted. The required reserve is calculated 

based on the largest unit connected to the system, for example 1 200 MW minus 200 

MW, a fixed value, to give 1 000 MW reserve. 

2.1.10 Australia and New Zealand 

It is difficult to compare the reserve levels used by the utilities presented in this 

section to the reserve levels used by the Australian and New Zealand utilities. The 

Australian and New Zealand utilities refer to the reserve levels as "frequency control 

services". The "frequency control services" use various time frames, which makes it 

difficult to compare to the tenus operating and spinning reserve. 

2.2 Overview of the current literature 

This literature review presents the research done to date on reserve optimisation 

techniques. This section presents the contribution to the body of knowledge for each 

research paper. In table 36 a table will be found that compares [4-10] i.t.o. 

• the reserve optimisation method used. 

• the indices used in calculating the optimal reserve. 

• the limitations of the method. 

• the advantages and disadvantages of the method. 

• the different plant considered. 

• the assumptions made by the method, and 

• the result obtained. 
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It is proposed that a power system must operate at an acceptable level of risk while 

maintaining the economic benefits associated with it in [I]. A method for scheduling 

generation in order to meet a given risk index was proposed in [3]. The optimal value 

of the risk index was found by comparing the cost of carrying the reserve with the 

expected cost of not serving the reserve. This method does not consider the reliability 

of the individual generating units and therefore a large unreliable unit will increase the 

reserve requirement. Consequently it is better to reduce the loading on the unreliable 

units. A method was proposed that considers the reliability of each generating unit 

and as a result a market for reserve was proposed in [4] . In this market discreet 

decisions are made to select a unit to provide reserve. A penalty is paid if a unit is 

curtailed, causing generating companies to provide accurate Forced Outage 

Probabilities (FOP). The FOP is used to schedule the generating units. The cost of 

dispatching a system while providing reserve to cover each of the largest units was 

calculated and presented in [5]. If the cost of reserve for a particular unit exceeded the 

cost of load shedding, reserve would not be provided for that unit. 

The balance between reserve and reliability cost is addressed in [6]. The variation in 

system marginal price over the scheduling period was not considered. A model for an 

operating reserve market is proposed to determine the optimal reserve capacity and 

simultaneously clear the operating reserve market in [7]. A method to deal with the 

combined problem of achieving economic operation, spin reserve and load shedding 

is presented in [8]. This is used to determine the critical compensation for the system 

and minimise the composed cost of the compensation. 

A hybrid spin reserve allocation method, based on the Risk-Based Spin Reserve 

Allocation Method (RBSRAM) and the Cost-Based Spin Reserve Allocation Method 

(CBSRAM), is proposed to minimise total system cost in [9]. A new method is 

proposed to allocate and optimally price spin reserve in a power system in [10]. A 

modified security constrained economic dispatch is formulated, available reserve is 

optimally allocated to participants and the effect of reserve allocation on generation 

scheduling and locational pricing is analyzed. A method is developed for calculating 

the optimum reserve level for day-ahead scheduling in [11]. A minimum cost 

philosophy is used to calculate the optimum reserve for the utility. This method was 

used at Eskom on a daily basis for two years (1999 and 2000). After the reserve 

market was implemented at Eskom in January 2001 , it was found to be more practical 

to maintain a fixed reserve requirement for each reserve category throughout the year. 

6 11 3 ~ 3 4-:;l.. 5 

\ \ '6 l 1 '?3' 0,-\-5 
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The overall operating reserve requirement for the year is still calculated using the 

method presented in Addendum A2. The detailed specifications for the reserve 

optimisation program in [11] are presented in [12]. 

2.3 Comparing the reliability cost/reliability worth method 


The methods proposed in [1], [3] and [11] are different applications of the reliability 


costlreliability worth method to determine the adequacy of a power system. Table 37 


in addendum Al contains a comparison of these methods. 


2.4 Unit Commitment (UC) 


The unit commitment problem is a problem of scheduling the generation units which 


are to be operated and the output power of the units during a specified time period 


[13]. The generating units should meet the demand for electricity at each point in time 


and at the lowest total production cost without violating technical constraints. The unit 


commitment problem must be modelled in some mathematical form in order to be 


solved. The modelling of the unit commitment problem typically covers a 24 or 48 


hour time span with one hour steps. Various numerical optimisation techniques have 


been employed to address UC problems. Specifically, there are methods like priority 


list [14]-[15], integer programming [16]-[ 17], dynamic programming [18]-[23], 


mixed-integer programming [24], branch-and-bound [25], and Lagrangian relaxation 


[26]-[27]. Apart from the methods listed, there are other classes of numerical 


techniques that can be applied to the UC problem. Specifically, there are artificially 


neural networks [28]-[29], Simulated Annealing (SA) [30] and Genetic Algorithms 


(G As) (31-34]. These methods have claimed to accommodate more compl icated 


constraints and present an improved solution. 


The global requirements of the unit commitment problem are: 


1. the system needs, 

2. generation unit capabilities, 

3. generation unit constraints, and 

4. the costs to be minimised. 

The system needs are: 

 
 
 



CHAPTER 2 DIFFERENT METHODS FOR RESERVE OPTIMISATION 

l. 	 electricity demand (to be satisfied at each time step); 

2. 	 the operating reserve (to meet generation mismatch or loss of unit during a 

contingency) ; 

3. 	 emission constraints; and 

4. 	 heat demand (in case of cogeneration). 

The generation unit capabilities and constraints include: 

• 	 fuel consumption, 

• 	 efficiency, 

• 	 maximum ramping rates, and 

• 	 minimum up and down time. 

Costs that are to be minimised are fuel costs for thermal units and the value (implicit 

cost) of water discharged from reservoirs. 

The optimal reserve as determined by the proposed method in the next chapter will be 

used in the unit commitment problem to optimally schedule the generating units. Unit 

commitment is a complex problem which cannot be solved by elementary 

optimisation methods like linear programming or dynamic programming. This 

problem is solved within complex processes by which the problem is replaced by a 

sequence of simpler problems (each one being solved by an elementary method). 

These complex solution processes are called high-level methods. The elementary 

methods are basic building blocks of high-level methods. A comparison of the 

elementary methods is given in Table 38 and a comparison of the high level methods 

is given in Table 39. 

2.5 Concluding remarks 

The aim of the first part of this chapter was to identify the how reserve of the different 

utilities and power pools are determined and how the reserve is defined. It is evident 

that most of the utilities use deterministic techniques to calculate the amount of 

reserve that is to be scheduled. A literature review was undertaken and the different 

probabilistic methods which are used to determine the optimal reserve were studied. 
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All the identified methods use reliability and risk indicators to determine the optimal 

reserve. The reliability cost/worth method is used by [1],[3] and [11] in order to 

determine reserve. A comparison between the references were made and the reliability 

cost/worth method was identified as the best method to be used to determine the 

optimal reserve for the South African electricity supply industry. 

The focus of the next chapter is to determine how the reliability cost/worth method 

can be applied to the South African reserve market. 

 
 
 



CHAPTER 3 THE RESERVE OPTIMISA nON MODEL 

CHAPTER 3 

THE GENERATOR RESERVE OPTIMISATION MODEL 

The basic techniques for adequacy assessment can be categorised in terms of their 

application to segments of the complete power system [1]. Figure 2 shows the 

different segments of a power system, while Figure 3 shows how these segments are 

combined to form the different hierarchical levels that are to be used in the adequacy 

assessment. HU is concerned only with the generation facilities, while HLII includes 

generation and transmission facilities and HUll includes all three functional zones in 

an assessment of consumer load point adequacy. 

The models presented in this chapter assess the adequacy of a gIven generation 

configuration and determines the optimal generation or operating reserve for that 

system using the reliability cost/worth method. 

There is a wide range of techniques available and in use for assessing the adequacy of 

a generation system. The most popular technique is the Loss of Load Expectation 

(LOLE) approach in which the system's inadequacy is given in either days per year or 

hours per year [1]. 

The basic approach to evaluating the adequacy of a particular generation system is 

fundamentally the same. The approach consists of the following three parts: 

• the generation model 

• the load model 

• the risk model 
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The generation and load models as shown in Figure 5 are combined to form an 

appropriate risk model. The indices calculated do not normally include transmission 

constraints or transmission reliabilities. A conventional model is shown in Figure 6. 

Generation Model ~----- -- - ------- -- - - Load Model 

Risk Model 

Figure 5: Conceptual tasks in generating capacity reliability evaluation. 

Total System Load 
Total System 
Generation 

Figure 6: The conventional system model 

The basic generating unit parameter used in the static capacity evaluation is the 

probability of finding a unit on forced outage at some time in the future. This 

probability is defined as the unit's unavailability or the unit's forced outage rate FOR. 
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Unavailability (FOR) 

FOR=_A­
A+,u 

(3.1)
L(down_time) 

Availability (A) 

A =-----L 
A+,u 

(3 .2) 
_ L(up _time) 

- L(down _time) + L(up _time) 

where, "A. = expected failure rate and 11 = expected repair rate. 

Availability and lUlavailability are associated with a simple two-state model as shown 

in Figure 7. This model is applicable to a generating unit, which is either operating or 

forced out of service. Other methods can be used to model generating units in its de­

rated capacity states. 

Figure 7: The basic two-state model. 
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3.1 The Generating Capacity Model 

The generation model required in the loss-of-load approach is known as a Capacity 

Outage Probability Table (COPT). COPT is a simple array of the possible capacity 

states and the probability of that state occurring. If all the units in the system are 

identical, COPT can be obtained using the binominal distribution. In practice it is very 

unlikely that all the units will be identical and therefore the binominal distribution is 

very limited in its application. The units can be combined using basic probability 

concepts and this approach can be extended to a simple but powerful recursive 

technique in which units are added sequentially to produce the final model. These 

concepts are illustrated by a simple numerical example. The test system is shown in 

Table 1. 

Table 1: The three-unit test system. 

Unit (MW) FOR (failures/year) 

3 0.02 

3 0.02 

5 0.02 

The test system consists of two 3 MW units and one 5 MW unit. A FOR of 0.02 is 

used. The two 3 MW units can be combined to give the COPT in Table 2. 

Table 2: The COPT for the two 3 MW-units. 

Capacity out of service Probability 

OMW (0.98)(0.98) 0.9604 

3MW 2(098)(0.02) 0.0392 

6MW (0.02)(0.02) 0.0004 

1.0000 

The 5 MW units can be added to this table considering that it exists in two states. It 

can be in service with a probability of 1 - 0.02 = 0.98 or it can be out of service with a 

probability of 0.02. Table 2 is extended to include the 5 MW unit in service in Table 3 

and in Table 4 the 5 MW units are out of service. 
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Table 3: The COPT for the 5 MW unit in service. 

Capacity out Probability 

0+ O=OMW (0.9604)(0.98) 0.941192 

3 + 0=3MW (0.0392)(0.98) 0.038416 

6+ 0=6MW (0.0004)(0.98) 0.000392 

0.98 

Table 4: The COPT for the 5 MW unit out of service. 

Capacity out Probability 

0+5=5MW (0.9604)(0.02) 0.019208 

3+5=8 MW (0.0392)(0.02) 0.000784 

6+5= II MW (0.0004)(0.02) 0.000008 

0.02 

Tables 3 and 4 can be combined and re-ordered to construct Table 5. The probability 

value in this Table is the probability of finding a quantity of capacity on outage equal 

to or greater than the indicated amount. The cumulative probability value decreases as 

the capacity outage increases. 

Table 5: The capacity outage probability table for the three units system. 

Capacity out of service Individual probability Cumulative probability 

OMW 0.941192 I 

3MW 0.038416 0.058808 

5MW 0.019208 0.020392 

6MW 0.000392 0.001184 

8MW 0.000784 0.000792 

IIMW 0.000008 0.000008 

1.000000 

In a practical system, the probability of having a large quantity of capacity forced out 

of service is usually quite small because the condition requires the outage of several 

units. 
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The capacity model can be created by using the simple algorithm as shown in (3.3). 

P(X) == (1- U)P'(X)+ (U)p'(X - C) (3 .3) 

The cumulative probability of a particular capacity outage state of X MW after a unit 

of capacity C MW and forced outage rate U is given by (3 .3). P '(X) and P(X) are the 

cumulative probabilities of the capacity outage state of X MW before and after the 

unit is added. The equation is initialised by setting P'(X) = l.0 for X < 0 and P'(X) = 0 

otherwise. 

3.2 Loss of load indices 

3.2.1 Loss of Load Expected (LOLE) 

The illustrated generation system model can be convolved with an appropriate load 

model to produce a system risk index. There are a number of possible load models 

that can be used, and consequently a number of risk indices can be produced [1] . The 

simplest load model that can be used represents each day's peak load and the year's 

daily peak loads. They are arranged in a descending order. This is known as the Daily 

Peak Load Variation Curve (DPLVC). The individual daily peak loads can be used in 

conjunction with the COPT to obtain the expected number of days in the specified 

period in which the daily peak load will exceed the available capacity. The index in 

this case is designated as LOLE it is also known as the Loss of Load Probability 

(LOLP) as given in (3.4) . 

LOLP= fp;(c; -LJ (3.4) 
i=I 

Where C; = available capacity on day i, 

L; = Forecast peak load on day i, 

p; (C; - L;) = Probability of loss-of-load on day i. 
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Therefore the LOLE or LOLP can be calculated by the summation of the probabilities 

for each day i where the peak load is expected to exceed the available capacity. This 

probability is given in COPT. The Load Duration Curve (LDC) can be used to 

detennine the LOLE or LOLP for each hour. Therefore i in (3.4) is the load hour and 

not the peak load for the day. The LDC is the expected load for each hour. It is 

arranged in descending order from the peak load hour for the day to the lowest load 

hour. 

3.2.2 Loss of Expected Energy (LOEE) 

The LOLE approach utilizes the daily peak load variation curve or the individual peak 

loads to calculate the expected number of days the peak load will exceed the available 

capacity. The LOLE index can also be calculated using the LDC or the individual 

hourly values. The area under the LDC represents the energy requirement for the 

specified time interval and can be used to calculate the Expected Energy Not Supplied 

(EENS) due to insufficient installed capacity. The probabilities of having varying 

amounts of capacity unavailable are combined with the system load as shown in 

Figure 8. These values are obtained from the COPT. Any outage of generating 

capacity exceeding the reserve will result in a curtailment of system load energy. 

Installed Capacity (MW) 

Reserve 

Time load exceeds the indicated o 100value 

Figure 8: The energy curtailment due to a given capacity outage condition. 
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Where: 


Ok = Magnitude of the capacity outage, 


Pk = Probability of a capacity outage equal to Ok' and 

Ek = Energy curtailment due to outage Ok . 

The energy curtailment is given by the shaded area in Figure 8. The probable energy 

that is curtailed is Ek~. The sum of these products is the total expected energy 

curtailment or EENS for the period under study. EENS is also known as LOEE. 

n 

LOEE = LEk~ (3.5) 
k=1 

The LOEE can be used in conjunction with the cost of un-served energy to provide a 

means of comparing the reliability worth to reliability cost [1]. The cost of un-served 

energy is the cost to the customer for not having the energy available. 

3.3 Reliability cost and reliability worth 

Adequacy studies of a system are only part of the required overall assessment. The 

economics of the alternative facilities play a major role in the decision-making 

process. In order to make a comparison between economics and reliability, it is 

necessary to compare the adequacy cost with adequacy worth. Adequacy cost is the 

investment cost needed to provide a certain level of adequacy, while adequacy worth 

is a benefit derived by the utility, consumer and society for a certain level of 

adequacy. Figure 9 shows that the cost to the utility wil\ increase with an increase in 

reliability [1]. The consumer cost associated with supply interruptions wil\ decrease 

with an increase in reliability. The total cost to the society will therefore be the sum of 

these two individual costs. The total cost exhibits a minimum and consequently an 

optimum for reliability is achieved. The difficulties with this assessment approach are 

that the calculated indices are from the adequacy assessment and there are problems in 

assessing the consumer perceptions of outage costs. The disparity between the 
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calculated indices and the monetary costs associated with supply interruptions is 

shown in Figure 10. 

The left-hand side of Figure 10 shows the calculated indices at the different 

hierarchical levels. The right-hand side shows the interruption cost data as obtained 

from user studies. From Figure 10 it can be seen that it becomes increasingly more 

difficult to correctly determine the cost to the customer for a power interruption at 

generating points as compared to user load points. This is because the users can more 

accurately determine its direct cost at load due to a decrease in reliability as compared 

to the cost to the economy at generation level due to a decrease in reliability. 

Total 

rf) ...... 
rf) 

o 
U 

] 

System Reliability 

Figure 9: Reliability costs. 
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Reliability Indices Worth Assessments 

Generation Points 

Bulk Load Points 
Transmission 

Bulk Load Points 
Distribution 

User Load Points 

User Costs due to Interruptions 

Figure 10: Disparity between indices and worth at different hierarchical levels . 
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3.4 Model I 

A model has been constructed that combines the generation model with the load 

model and determines the risk indices for an II-unit generating system. Risk indices 

are used to calculate the reliability cost and reliability worth of the II-unit system. A 

block diagram of the model is shown in Figure 11. 

The expected peak load for the day is used to calculate the optimal generator reserve 

on a day-ahead basis. A two-state Markov model is assumed for the generating units. 

It is assumed that the unit has two capacity states, meaning the unit is providing full 

power when available or no power when not connected to the power system. The 

model commits generating units until generation exceeds the expected demand. After 

each unit has been committed, COPT and the risk indices are updated. A multi-state 

Markov model is used to model the last unit committed to the load. This means that 

the generating unit will have more than two capacity states. This unit can be off, 

supply the load and/or supply reserve in the capacity steps entered by the user. 

The reserve units are modelled as a multi-state Markov model and the user selects the 

capacity step size used to model these units . After each capacity step is committed as 

reserve, COPT and the risk indices are updated. The cost to the utility to provide this 

reserve for each unit is then determined using (3 .6). The fixed cost of the generator is 

denoted as F.C. This is the cost to construct the generating plant. It is usually 

calculated over a 40-year payback period and is given in Rand or Rand per MWh. The 

variable cost (V.C.) is the cost of fuel for this generating plant. This cost is given in 

Rand per MWh. The energy supplied by the generating plant is the amount of power 

supplied over a certain time period and is given in MWh. 

By committing reserve to the system, the system's reliability is increased which leads 

to a reduction in the cost to the customer due to a decrease in loss of production and a 

loss in credit card sales, to name but a few examples. The decrease in cost to the 

customer for an improvement in the power system reliability is calculated using (3 .7). 

EENS is obtained from (3.5) and is given in MWh. The Interruptible Energy 

Assessment Rate (lEAR) is the cost to the customer for not having energy available. 

This is usually determined through a survey. 
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The different customer types that complete this survey and the average cost for not 

having the energy available are calculated. The lEAR is also known as the composite 

customer damage function. For this model the customer is the South African economy 

and it is mostly comprised of industrial, commercial and residential consumers. 

Utility Cost =F .C. + (Energy)(V.C.) (3 .6) 

Customer Cost =EENS x lEAR (3 .7) 

From Figure 9 it can be seen that by increasing the reliability of the system, the cost to 

the utility increases due to an increase in the fuel cost. The cost to the customer 

decreases as the reserve increases due to an increase in power system reliability. The 

total cost is obtained by adding these two graphs together. The optimal reserve is 

where the total cost is a minimum indicated by the dashed line in Figure 19. 
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For the peak 
load hour 

Schedule a 
generating unit 

Calculate 
EENS,LOLP 

Yes 

Detennine the cost of 
reserve provided by 

the last unit 

Schedule a 
reserve unit 

Calculate the 
EENS,LOLP, 
utility cost and 

Yes.. 

Detennine the 

optimal generator 
reserve 

No 

No 

Figure 11: The block model of Model I. 
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3.4.1 Theoretical testing of the model 

Before testing the model against a test system, the functional units of the system must 

be tested. The generation model will be tested using the three-unit test system. The 

risk indices will be verified using the results from the three-unit test system. 

3.4.1.1 Generation model 

The generation model is tested using a three-unit test system of two 25 MW units and 

a 50 MW unit, each with a FOR of 0.02 failures per year as shown in Table 6. COPT 

is constructed from (3.3). 

Table 6: The three-unit test system. 

Unit (MW) FOR 

25 0.02 

25 0.02 

50 0.02 

Applying (3.3), the following results are obtained. The equation is initialised by 

setting P'(X) = l.0 for X < 0 and P'(X) = 0 otherwise. The results obtained in step 1 

are used in step 2 and the results from step 2 are used in step 3. 

Step 1. Add the first unit and calculate the probability 

P(O) = (1- 0.02)(1.0) + (0.02)(1.0) =1.0 

P(25) =(1- 0.02)(0) + (0.02)(1 .0) = 0.02 

Step 2. Add the second unit and calculate the possible capacity states and 

probabilities. 

P(O) = (1- 0.02)(1.0) + (0.02)(1.0) =1.0 

P(25) = (1- 0.02)(0.02) + (0.02)(1.0) =0.0396 

P(50) =(1- 0.02)(0) + (0.02)(0.02) =0.0004 
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Step 3. Add the third unit and calculate the capacity states and probabilities. 

P(O) =(1- 0.02)(1.0) + (0.02)(1 .0) = 1.0 

P(25) =(1- 0.02)(0.0396) + (0.02)(1 .0) == 0.058808 

P(50) =(1- 0.02)(0.0004) + (0.02)(1.0) =0.020392 

P(75) = (1- 0.02)(0) + (0.02)(0.0396) = 0.000792 

P(100) == (1- 0.02)(0) + (0.02)(0.0004) == 0.000008 

The model was constructed in MATLABTM version 7.0.4. The capacity states (after a 

unit has been added to COPT) are given by the CSA matrix and the probability of that 

capacity state occurring is given by the Pold matrix. Table 7 shows the generation 

model after the first unit has been added. 

Table 7: The generation model after adding the first unit. 

Capacity state after adding the unit (CSA) Probability of capacity outage occurring (pold) 

0 1 

25 0.02 

Table 8 shows the generation model after the third unit has been added. 

Table 8: The generation model after the third unit has been added. 

Capacity State after adding the unit (CSA) Probability of capacity outage occurring (Pold) 

0 1.000000 

25 0.058808 

50 0.020392 

75 0.000792 

100 0.000008 

Comparing Table 7 with step I of the calculation and Table 8 with step 3 on the 

previous page it can be seen that the model calculates the generation model correctly. 
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3.4.1.2 The risk model 

The previous test system that is used to evaluate the generation model will be used to 

test the risk model. LOLE for the day is calculated using (3.4), with C i the available 

capacity for the day and Li the expected load for hour i. LOEE is calculated using 

(3.5), with EkPk the expected energy curtailed for hour k. 

The test system load data: 

Table 9: The expected load data for the day. 

Hourly load (MW) 57 52 46 41 34 

No. of occurrences 3 4 6 3 8 

Calculate LOLE 

LOLE = -LJIr:(ci 
i=! 

LOLE = 3(100 - 57) + 4(100 - 52) + 6(100 - 46) + 3(100 - 41) + 8(100 - 34) 


= 3(0.020392) + 4(0.020392) + 6(0.000792) + 3(0.000792) + 8(0.000792) 


= 0.156208 _ hours I day. 


Calculate LOEE 

n 

LOEE = l,.EkPk 
k= l 

LOEE =7(0.020392) + 22(0.000792) +6(0.000008) + 2(0.020392) +27(0.000792) +57(0.000008) 

+16(0.000792) +41(0.000008) +21(0.000792) + 46(0.000008) +9(0.000792) +34(0.000008) 

= 0.268528_MWhI day 
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Using the model constructed in MATLABTM LOLE = 0.156208 _ hours / day and the 


LOEE = 0.268528_ MWh/ day. The calculated values for LOLE and LOEE and the 


determined values for LOLE and LOEE using the program are the same. This 


validates the risk model. 


It has been shown that the generation and risk models correctly update COPT and the 


risk indices. The next step is to test Model I, shown in Figure 11, against an II-unit 


generating system. 


3.4.2 The 11 unit generating system 

The 11-unit generating system's data is shown in Table 10. The load data is shown in 

Table 11. lEAR is assumed to be linear with a cost ofR 3.85/KWh. 

Table J0: The 11 unit generating system. 

Unit size 
(MW) 

Number 
of units 

Loading order 
No.1 

Loading 
order 
No. 2 

FOR 
Variable 

cost 
(R/MWh) 

Fixed cost 
(R/kW)/year 

40 
(hydro) 

1 1 1 0.02 0.5 2.5 

20 
(hydro) 2 2-3 2-3 0.015 0.5 2.5 

40 
i1ignite) 

2 8-9 4-5 0.03 12 19.75 

20 
(lignite) I 10 6 0.025 12.25 34 

10 
(lignite) 

I I I 7 0.02 12.5 60 

20 
(hydro) 

2 4-5 8-9 0.015 0.5 2.5 

5 (hydro) 2 6-7 10-1 I 0.01 0.5 2.5 
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Table 11: The load profile for the day 

Hour Load Hour Load 

I 144 13 167 

2 133 14 167 

3 125 15 163 

4 122 16 168 

5 118 17 174 

6 120 18 185 

7 122 19 183 

8 130 20 180 

9 148 21 174 

10 163 22 170 

11 167 23 161 

12 166 24 150 

The results given in Figure 12 and 13 are for the two loading orders. The model is 

very sensitive to the reliability of the units scheduled and the order in which the units 

are scheduled. EENS for the day using loading order 1 is 5.58 MWh after the 

scheduled units are committed. Once the reserve unit is scheduled, EENS is reduced. 

The cost to the customer for energy not supplied and the cost to the utility for energy 

supplied are calculated . The cost to the utility and customer is shown in Figure 12. 

The optimal reserve is detennined based on the minimum total cost. This is shown in 

Figure 13. 
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The functional units of the model have been tested and verified. The system as a 

whole has also been tested. The model was expanded to be applicable to the South 

African electricity supply industry. The South African reserve market is presented in 

the following section. 

3.5 The South African reserve market 

The South African reserve market is divided into the following reserve categories 

[14]. 

• instantaneous reserve, 

• regulating reserve, 

• 10-minute reserve, 

• supplemental reserve, and 

• emergency reserve. 

The instantaneous reserve is comprised of generation plant and DMP customers. The 

reserve in this category must be available within 10 seconds and for a maximum of 10 

minutes to respond to an under frequency (49.8 Hz) event. The regulating reserve is 

made up of only generation and is used for frequency regulation. The 10 minute 

reserve is generating capacity (synchronised or not) and DMP customers that can 

respond within 10-minutes. The purpose of this reserve is to restore the instantaneous 

reserve to the required level after an incident. It must be available for at least two 

hours. Supplementary reserve is contracted on an annual basis (capacity) and replaces 

the 10-minute reserve. It is responsible for keeping the demand requirement off from 

the time the incident occurred until the time that the new generation shift starts 

(typically at OOhOO). Emergency reserve is comprised of generation and IL. Some 

generating units can be operated at I % of its Maximum Capacity Rating (MCR). If 

the units are operated at 1% of its MCR the next step will be to interrupt the IL 

customer and as a last resort start the expensive gas units. 
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3.5.1 DMP 

While Real Time Pricing (RTP) has been used for some time, the Demand Side 

Management (DSM) benefits are uncertain as the load shift is not deemed sustainable 

or predictable. In response to these concerns, DMP was introduced. As with RTP, 

DMP encourages customers to purchase additional energy when the System Marginal 

Price (SMP) or market price is low. However, in addition the real-time system 

constraint signals are also incorporated through the reserve market mechanism. 

Coupled with the customer's Time of Use (TOU) base load purchases, which provide 

the long-term marginal cost signals, it was believed that the optimal (and reliable) 

DSM-based response would be achieved. The results of the 2003 winter were 

excellent. Over 100 MW of "optimal" load shifting was achieved with just two major 

participating customers [14]. 

The model presented in the following section is based on Model 1. It is extended to 

include DMP, IL and emergency reserve customers in the optimisation. Therefore 

Model II is applicable to the South African reserve market. 

3.6 Model II 

This model determines the optimal operating reserve for the system presented. Model 

I determined the optimal generator reserve using the reliability cost/worth method. 

Model II is an extension of Model I. It includes generation, DMP, IL and emergency 

reserve. The DMP, IL and emergency reserve customers are modelled as dummy 

generators each with a fixed capacity, FOR as well as fixed and variable cost. The 

block diagram of the system model is given in Figure 16. 
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Figure 16: The block diagram of Model II. 
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The loading order of these generators is based on the bidding price received from the 

different generators and the experience of the system operator. The reserve was 

determined for the peak, off-peak and normal loading conditions. Model II determines 

the reserve using the same method as Modell. The model commits generating units 

until the generation exceeds the expected demand. After each unit has been 

committed, COPT and risk indices are updated. The reserve units are modelled by a 

multi-state Markov model. The user selects the capacity step size used to model these 

units. Once each capacity step is committed as reserve, COPT and the risk indices are 

updated. The cost to the utility and the costumer is determined using (3.6) and (3 .7). 

Model II is tested using the 66-unit test system as shown below. 

3.6.1 The test system 

This test system comprises of a 66-unit generation system, with six DMP customers 

and IL. The reserve market presented is based on the reserve market used in South 

Africa with five reserve categories. Customers can participate in reserve levels I and 

III. 

• 	 Reserve Level I 

This consists of the generating plant and DMP. It must be available in 10 seconds 

and be able to provide energy for up to 10 minutes. 

• 	 Reserve Level II 

This consists of the generating plant only and is used for frequency regulation. 

• 	 Reserve Level III 

This consists of the generating plant and DMP. It must be available in 10 minutes 

and provide energy for up to two hours. 

• 	 Reserve Level IV 

This consists of emergency reserve and IL. 

• 	 Reserve Level V 

This consists of gas generating plant. 
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The generating system is given in Table 12, the DMP customers in Table 13 and the 

emergency reserve in Table 14. The expected load forecast for the day is given in 

Table 15. 

Table 12: The 66 unit generating system. 

Unit size 

(MW) 

Number of 

units 

Loading 

order 
FOR 

V.e. 

(R/MWh) 

F.e. 

(R/MWh) 

900 2 I 0.04 10 55 
250 4 2 0.04 0 20 
100 4 3 0.04 0 23 
120 2 4 0.04 0 25 
620 6 5 0.04 29 18 
580 6 6 0.04 24 20 
580 6 7 0.04 31 19 
480 6 8 0.04 28 27 
620 6 9 0.04 39 20 
600 6 10 0.04 32 25 
300 6 I I 0.04 35 32 
200 10 12 0.04 25 45 
580 6 13 0.04 53 26 
640 6 14 0.04 57 28 

Table 13: The DMP customers for reserve levels I and III. 

Customer Capacity FOR 
v.e. 

(RlMWh) 

F.e. 

(R/MWh) 

A 120 0.01 800 10 
B 100 0.01 800 10 
C 80 0.01 1000 10 
D 80 0.01 1000 10 
E 60 0.01 1500 10 
F 60 0.01 1500 10 

Table 14: The emergency reserve. 

Customer Capacity (MW) FOR 
v.e. 

(R/MWh) 

F.e. 

(R/MWh) 

1% above MCR 500 0.06 35 30 
Interruptible load 1500 0.01 50000 0 
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Table 15 : The expected load forecast for the day . 

Hour Load Hour Load 

I 27300 13 31 500 

2 25200 14 30800 

3 23800 15 30450 

4 23100 16 30450 

5 22400 17 31 850 

6 22750 18 35000 

7 23100 19 35650 

8 24500 20 33950 

9 28000 21 32900 

10 30800 22 32200 

11 31 500 23 30450 

12 31 850 24 28350 

The results given below are for the test system as shown with the DMP customers, IL 

and emergency reserve. The optimal reserve is determined for the power system 

operating under nonnal conditions with an expected load of 30 000 MW. It has been 

assumed that one 900 MW and two 640 MW units are on a forced outage and one unit 

of 620 MW is undergoing maintenance. It is further assumed that the two peaking 

stations are also not available (1 000 MW and 400 MW). The cost to the utility and 

the cost to the customer are shown in Figure 17. The total cost is shown in Figure 18. 

The cost to the customer for reserve provided decreases as the available reserve 

increases. This is because with an increase in the reserve, the power system reliability 

increases and the expected loss of revenue decreases. The cost to the utility increases 

as the reserve level increases due to the increase in fuel cost as more units are needed 

to provide reserve. The optimal reserve is determined based on the minimal total cost. 

It can be seen from Figure 18 that the optimal reserve of the power system under the 

operating conditions proposed above is 2 240 MW. 
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obtain the risk model. The risk model was then used to determine the optimal reserve 

based on the cost/worth of the reserve provided. The total minimal cost to the utility 

and the customer is the optimal reserve. 

The second part of this chapter focussed on expanding the reliability cost/worth 

method to the South African reserve market. The South African reserve market 

consists of generation, DMP, IL and emergency reserve. The contribution to the field 

of study was to expand the reliability cost/worth method to include DMP, IL and 

emergency reserve by modelling it as dummy generators. From this new model it is 

possible to determine the optimal reserve for the South African reserve market. The 

remaining part of this chapter focussed on validating and testing the model to verify if 

it correctly determines the optimal operating reserve. 

The next chapter will focus on further validating the model and comparing the model 

to other models that also determine optimal reserve. 
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CHAPTER 4 

MODEL VALIDATION AND COMPARISON 

This chapter provides a basic validation of the model that was presented in chapter 3, 

the Generator Reserve Optimisation Model (GROM). This validation determined if 

the model correctly constructs COPT and calculates the risk indices. The risk indices 

are calculated from COPT and are used to determine the cost to the customer and the 

optimal reserve. A validation is required to test if the GROM correctly determines the 

optimal reserve. This is done by comparing the model in [3] and [7] to theGROM. If 

the optimal reserve as determined by the three models is approximately the same, then 

it can be concluded that the three models determine the optimal reserve correctly. 

4.1 The test system 

The IEEE Reliability Test System (RTS) of 1996 was developed in order to provide a 

common test system. This is used for comparing the results obtained by different 

methods [1]. The generating unit data is used to validate the models. The generating 

units modelled in the IEEE RTS are comprised of coal, oil, hydro and a nuclear 

generating plant. The model was expanded to include DMP and IL customers. The 

daily load profile for [3] and [7] is given in section 4.2 and 4.4. For a detailed study of 

the IEEE RTS of 1996, please refer to [35]. 

The unit data for the IEEE RTS of 1996 for one area is presented in Table 16. It is 

assumed the unit data for all three supply areas is the same. The amount of units 

available, scheduled in Table 16, is mUltiplied by three for a three-area system. 
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Table 16: The generating unit data for IEEE RTS of 1996. 

Unit size 

(MW) 

Amount 

of units 
FOR 

Selected capacity 

(MW) 
Reserve capacity (MW) 

Ramp rate 

(MW/min) 

12 5 0.02 2 10 I 

20 4 0.1 15 5 3 

50 6 0.01 40 10 5 

76 4 0.02 15 61 2 

100 3 0.0] 25 75 7 

155 4 0.04 93 62 3 

197 3 0.05 68 129 3 

350 1 0.08 140 210 4 

400 2 0.12 400 0 20 

4.2 Validation method 

The GROM is validated by firstly comparing this model to the models presented in 

[3] and [7]. The purpose of this comparison is to identify the differences in the 

models. To be able to compare the models to each other, the IEEE RTS of 1996 will 

be applied to the models and the results will be compared. If the shape of the optimal 

reserve curve over a 24 hour period looks the same and the error in the optimal 

reserve is relatively small, it can be assumed that the three models correctly 

determines the optimal reserve. The difference in the calculated optimal reserve 

between the three models can be due to the differences in the models. 

4.3 Comparing the model with (7] 

The model presented in [7] is compared to the reliability cost/worth method presented 

in the previous Chapter. The model presented in [7] proposes a novel method for 

determining the optimal spin reserve. This model uses a cost benefit study to 

determine the optimal reserve. If the cost of purchasing reserve CRj is higher than the 

cost of an interruption LRI , no extra reserve will be purchased as shown in Figure 20. 

The cost of reserve is given in (4.1) and the cost of the interruption LRj is given CRj 

in (4.2). 

 
 
 



CHAPTER 4 MODEL VALIDATION AND COMPARISON 


$ 
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Figure 20: Detennined optimal reserve presented in [7] by Wang et al see Fig I. 

" 
CRu = LPj x Rj (4.1) 

j=l 

(4.2) 

Where Pj is the cost of reserve (RlMWh) for unit j, R j the amount of reserve (MW) 

provided by unit j, I EA R the interruptible energy assessment rate (RlMWh) and EENS 

the expected energy not supplied (MWh). The model is presented in Figure 21. 
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Figure 21: The reserve optimisation model presented in [7] by Wang et al see Fig 2. 
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Equations (5) and (6) of Figure 21 consider whether the unit used to provide reserve 

complies with its minimum and maximum reserve levels and ramping rates. Equation 

(10) determines if the incremental cost of reserve is less than the incremental cost of 

an interruption. If this is the case then reserve is purchased. The model continues to 

purchase reserve until the cost of reserve is higher than the cost of an interruption. 

Both models use the reliability cost/worth method to determine the optimal reserve. 

EENS is used to determine the cost to the customer and the cost of dispatching the 

unit is the cost to the utility. The optimal reserve is determined based on a cost to the 

customer (or benefit derived) for buying reserve. If the cost of reserve is less than the 

cost of an interruption, reserve will be purchased. 

The difference between the two models is that the GROM schedules the units based 

on cost or how the operator selects the loading order. It is assumed that the total 

capacity of a unit is available to be scheduled to cover the load. The cost to the utility 

is calculated for all the units available to be scheduled. After each unit has been 

scheduled, the reliability of the power system is recalculated and the cost to the 

customer is calculated for an interruption. The total minimal cost to the utility and 

customer is selected as the optimal reserve. The GROM determines the optimal 

reserve and assumes the operator divide the reserve between the units. The units are 

usually operated at 95% of its maximum capacity rating and the remaining 5% is used 

to provide reserve when needed. The reserve is divided between the units because the 

ramping rates of the units are fixed. If a reserve of 500 MW must be provided to the 

grid and only three units are used to provide the reserve, each with a ramping rate of 

20 (MW/min) it will take approximately 8 minutes and 20 seconds for the 3 units to 

provide the 500 MW. If 10 units were used to provide the reserve each with the same 

ramping rate the 500 MW will be provided within 2 minutes and 30 seconds. 

Therefore it is advantageous to not operate a few units at each rated capacity. 

The IEEE RTS of 1996 was used to test the model in chapter 3 with [7]. The optimal 

reserve is determined for three supply areas; therefore the amount of units available in 

Table 16 must be multiplied by three. The load profile is given in Figure 22 . The 

optimal reserve determined is given in Figures 23 to 25 . 

 
 
 



 
 
 



 
 
 



 
 
 



CHAPTER 4 MODEL VALIDATION AND COMPARlSON 

To conclude the comparison of the two models presented one may say that the model 

in [7] is applicable to a power system with a large excess of generating capacity. This 

model schedules part of a generating unit to provide reserve, therefore more units will 

be used to match the load and provide reserve. This model focuses on minimising the 

cost to the customer or maximising the benefit. The GROM determines the optimal 

reserve from the utility's and the customer's perspective by selecting the total 

minimal cost of providing reserve. The GROM determines the optimal reserve and 

assumes the power system operator divides the reserve responsibility between the 

scheduled units . The GROM considered only the generating plant in its reserve 

calculation to make it possible to compare the two models. By comparing the results 

of the two models, it can be seen that the optimal reserve determined by the two 

models for the IEEE RTS of 1996 is relatively the same. The difference in the reserve 

is due to the difference in how the models determine the optimal reserve and the fact 

that rounding was introduced. 

In the next section, GROM will be validated by using the model presented in [3]. 

4.4 Comparing the GROM with [3] 

The model presented in [3] selects the optimal reserve based on a trade-off between 

the total scheduled cost obtained from the UC problem and the cost of EENS. This 

model determines the optimal reserve based on achieving a specified risk index 

selected by management. The model is presented in Figure 26 and Figure 27. 
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Figure 26: The unit commitment with probabilistic reserve assessment presented in [3], see 


Fig 1. by Gooi et al. 
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The GROM assumes that the units' UC problem has been canied out and that the 

operator has selected the order in which the units must be scheduled (taking into 

consideration minimum up/down times, starting cost, etc.). The model then 

detennines the optimal amount of reserve for this selection. 

Lagrangian minimised W.r.t. unit 
variables 

Consider first 
interval 

Setup COPT for committed units 

Find system risk for given 
load probability distribution 

ystem riSK
No-----<. 

cceptable? 

Consider next 
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interval 

"----- - yes 
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>------Nn---~ 
interval? 
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Figure 27: Probabilistic reserve assessment. 
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The GROM is very sensitive to a change in load demand where the reserve has 

increased from 200 MW to 400 MW between the hours of 06:00 and 09:00. In 

comparison the reserve determined by the model presented in [3] has increased from 

407 MW to 423 MW. A sensitivity analysis is carried out in Chapter 5 to determine 

the influence of customer cost and unit reliability on determining the optimal reserve. 

The GROM truncates COPT by adding the probabilities of a certain capacity outage 

until it exceeds a threshold value of 10-6 . A small error is made by truncating COPT 

when calculating the risk indices. This leads to a small error in calculating the cost to 

the customer for the power system reliability and optimal reserve. This is done to 

increase the program execution time, but this issue will also be addressed in the next 

chapter. 

4.5 Concluding remarks 

This chapter has focussed on comparing the GROM with two other models. The 

model presented in [7] uses a cost-benefit approach to determine the optimal reserve, 

whereas the model presented in [3] uses Lagrangian relaxation based on the UC and a 

predefined risk index to determine the optimal reserve. Models [3] and [7] were tested 

using the IEEE RTS of 1996 and the optimal reserve determined compared with the 

reserve determined by the GROM. The results compared well and a small error was 

calculated when the optimal reserves determined by the different models were 

compared in Figures 24, 25, 29 and 30. The same test data was used on two different 

models, [3] and [7], and approximately the same optimal reserve was determined in 

each study using GROM. Therefore it can be concluded that the GROM correctly 

determines the optimal generating reserve. 

The next Chapter will focus on the performance assessment of the GROM. 
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CHAPTERS 

PERFORMANCE ASSESMENT OF THE GENERATOR RESERVE 

OPTIMISATION MODEL 

The aim of this Chapter is to assess the performance of the GROM. The first part of 

this chapter analyses different techniques used to improve the execution time of the 

model and investigate what the influence is on the optimal reserve. The second part of 

this chapter investigates how sensitive the model is to a change in lEAR, capacity step 

size and the FOR of the units. The third part of this chapter compares the GROM to 

the old Eskom model and identifies the benefits of incorporating DMP, IL and 

emergency reserve in the GROM. 

5.1 Analysis of optimisation techniques on the model 

The GROM is used to determine the optimal operating reserve for the South African 

Energy market. Two of the most important factors which affect the user's perception 

of the program are: 

• the program execution time, and 

• the accuracy of the program. 

The GROM, will be used as the base case scenario. Small changes will be made to the 

model and the performance will be analysed. The model is analysed using the test 

system shown in Table 18 to Table 21. 
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Table 18: The 66-unit generating system. 

Unit Size 

(MW) 

Number of Loading 

units order 
FOR. 

V.C. 

(R/MWh) 

F.C. 

(R/MWh) 

900 2 I 0.04 10 55 
250 4 2 0.04 0 20 
100 4 3 0.04 0 23 
120 2 4 0.04 0 25 
620 6 5 0.04 29 18 
580 6 6 0.04 24 20 
580 6 7 0.04 31 19 
480 6 8 0.04 28 27 
620 6 9 0.04 39 20 
600 6 10 0.04 32 25 
300 6 I 1 0.04 35 32 
200 10 12 0.04 25 45 
580 6 13 0.04 53 26 
640 6 14 0.04 57 28 

Table 19: The DMP customers for reserve level I and III. 

Customer Capacity FOR 
V.C. 

(R/MWh) 

F.C. 

(R/MWh) 

A 120 0.01 800 10 
B 100 0.01 800 10 
C 80 om 1000 10 
D 80 0.01 1000 10 
E 60 om 1500 10 
F 60 0.01 1500 10 

Table 20: The emergency reserve. 

Customer Capacity (MW) FOR 
V.C. 

(R/MWh) 

F.C. 

(R/MWh) 

l % aboveMCR 500 0.06 35 30 
Interruptible load 1500 0.01 50000 0 
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Table 21 : The expected load forecast for the day . 

Hour Load Hour Load 

1 27300 13 31500 

2 25200 14 30800 

3 23800 15 30450 

4 23100 16 30450 

5 22400 17 31850 

6 22750 18 35000 

7 23100 19 35650 

8 24500 20 33950 

9 28000 21 32900 

10 30800 22 32200 

11 31500 23 30450 

12 31850 24 28350 

The peak demand is 35 000 MW, the lEAR is R 40000 per MWh and the reserve is 

calculated in steps of 300 MW. The total cost to provide reserve using the test system 

is presented in Figure 31. The optimal reserve determined is 1 440 MW. 
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The results of the profiling function are given in Table 22 to Table 24. 

5.1.1 The base case 

Table 22: The summary of the profiling done on the base case. 

Function name Calls to function 
Total time 

(s) 

Self execution time 

(s) 

EskomB 1 6585.56 196.78 

ProbabilityOld 396245 3187.23 3187.23 

ProbabilityOldMinusC 396245 3187.23 3187.23 

The total execution time of the model is II minutes and 8 seconds without the profiler 

enabled and 109 minutes and 46 seconds with the profiler enabled. The most time­

consuming functions are presented in Table 22. The number of times the function is 

called and the execution time are presented. The main program takes 196 seconds to 

execute with ProbabilityOld and 3 187 seconds with ProbabilityOldMinusC. By 

reducing the execution time of these two functions , the total program execution time 

will decrease. A summary of the performance of these functions is given in Table 23 

and Table 24. 

Table 23: The summery of function ProbabilityOld for the base case. 

Line number Code Calls to function 
Total time 

(s) 

14 If-function 3.83xl09 144.56 

16 counter 3.83 x 109 20.12 

18 end 3.83 x l09 62 .14 

Other lines and 

overhead 
3182 
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Table 24 : The summery of function ProbabilityOldMinusC for the base case. 

Line number Code Calls to function 
Total time 

(s) 

13 If-function 3.83x 109 181.55 

16 counter 3.83 x 109 21.18 5 

17 End 3.83x 109 69.122 

Other lines and 

overhead 
2953.493 

ProbabilityOld and ProbabilityOldMinusC have a total execution time of 53 minutes 

and 53 minutes and 16 seconds respectively. Both functions spend more than 92% of 

the total execution time on 'other lines and overhead'. This is the time used by the 

profiler to do calculations on the functions . The actual execution time of 

ProbabilityOld for 396 245 calls is 3 minutes and 49 seconds with the profiler 

disabled. In Table 23 the number of times the different lines are called is shown with 

the total execution time. The lines of code where the execution time is close to zero 

were not included in the table. The comparator function in lines 14 to 18 takes longest 

to execute because it is called 3.83 x l0 9 times. The execution time of the 

ProbabilityOldMinusC function for 396 245 calls is 4 minutes and 2 seconds. The 

comparator function in lines 14 to 17 is called 3.83 x l09 times and takes the longest 

to execute. To reduce the execution time the number of calls to the function must be 

reduced. 

The total execution time is 11 minutes and 8 seconds. The main program takes 3 

minutes and 17 seconds to execute (29 .5% of the total execution time). ProbabilityOld 

takes 3 minutes and 49 seconds to execute (34.1 % of the total execution time) and 

ProbabilityOldMinusC takes 4 minutes and 2 seconds to execute (36.3% of the total 

time to execute). If the execution time of ProbabililtyOld and ProbabilityOldMinusC 

is reduced then the program will execute faster. 

Different methods were investigated to reduce the execution time of the program. The 

following case studies are presented. 
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5.1.2 Case 1. Use matrix-indexing techniques. 

ProbabililtyOld and ProbabilityOldL\1inusC are used to update COPT using (3.3). 

ProbabilityOld uses a counter and a logic function to detennine if the capacity state in 

the matrix is a new state or an existing state If the capacity state is new then the 

probability of the initialised value is returned. For an existing capacity state the 

probability of that state occurring is returned. The indexing method presented in this 

section does not index each capacity state in the matrix sequentially. This method 

detennines the size of the matrix and places an upper and lower boundary in the 

matrix . This method also searches for the possible capacity states between these 

boundaries. This comparison is made on only the data included between the 

boundaries. The improvement in the indexing technique will reduce the data that is 

being compared in the logical functions, but the amount of logical functions has 

increased to accommodate this indexing technique. 

The same data is used as in the base case with the only changes in the functions 

ProbabilityOld and ProbabilityOldMinusC. The results are given in Figure 32 and in 

Tables 25 to 27. 
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Table 26: The results of ProbabilityOld for Case I. 

Line number Code CaUs to fUDction 
Total time 

(s) 

37 If- function 16841 163 177.157 

25 If-function 16841 163 168.5 

48 End 16841 163 118.16 

46 End 16841 163 17 

Other lines and 

overhead 
101.43 

Total 668.43 

Table 27: The results of ProbabilityOldMinusC for Case 1. 

Line number Code CaUs to function 
Total time 

(s) 

43 If- function 16617139 237.895 

31 If-function 16617139 205.88 

54 End 16617139 119.702 

52 End 16617139 16.994 

Other lines and 

overhead 
189.701 

Total 778.019 

The GROM takes 26 minutes and 55 seconds to execute using the profiling function 

and 20 minutes and 20 seconds without the profiling function enabled. The reduction 

in the profiling time is due to a reduction in the 'other lines and overheads'. This is 

because the total calls in the functions have decreased. The execution time of the 

model has decreased within the main code from 3 minutes and 17 and seconds to 2 

minutes and 25 seconds, while the execution time of the model increased in the main 

functions for ProbabilityOld from 3 minutes and 49 seconds to 8 minutes and 7 

seconds and for ProbabilityOldMinusC from 4 minutes and 2 seconds to 9 minutes 

and 48 seconds. The increase in the execution time is because the indexing technique 

uses more logical functions compared to the base case and these logical functions 

takes longer to execute than indexing the whole capacity state matrix sequentially. 
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Table 28: The summery of Case 2. 

Function name Calls to function 
Total execution time 

(s) 

Function execution 

time (s) 

EskomG 1 2511.591 74.417 

ProbabilityOldMinusC 231 063 1222.918 1222.918 

ProbabilityOld 231 063 1211.011 1211.011 

Table 29: The results of ProbabilityOld for Case 2. 

Line number Code Calls to fu nctio n 
Total time 

(s) 

14 If-function 3.077 x 109 56.612 

18 End 3.077 x 109 25.736 

17 counter 3.077 x 109 10.159 

28 End 3.077 x 109 5.024 

Other lines and 

overhead 
1 117.392 

Total 1 211.011 

Table 30: The results of ProbabilityOJdMinusC for Case 2. 

Line number Code Calls to function 
Total time 

(s) 

13 If-function 3.077 x 109 59.927 

17 End 3.077 x I09 29.250 

16 counter 3.077 x 109 9.092 

28 End 3.077 x 109 0.0541 

Other lines and 

overhead 
1 123.65 

Total 1222.918 
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The GROM takes 41 minutes and 52 seconds to execute using the profiling function 

and 4 minutes and 27 seconds without the profiling function enabled. The reduction in 

profiling time is due to a decrease in the size of the capacity state matrix. This in tum 

leads to a decrease III the amount of calls to ProbabilityOld and 

ProbabilityOldMinusC. The total execution time was reduced by removing 

unneceSSaIY code. The execution time of the main part of the model has decreased 

from 3 minutes and 17 seconds to 1 minute and 14 seconds, while decreasing in the 

function ProbabilityOld from 3 minutes and 49 seconds to 1 minute and 33 seconds 

and decreasing in the function ProbabilityOldMinusC from 4 minutes and 2 seconds 

to 1 minute and 39 seconds. 

5.1.4 Case 3. Increase the reserve capacity step 

In this section it will be illustrated that by increasing the reserve capacity step size, the 

GROM execution time decreases, and the data points available for the total-cost 

optimisation will decrease. Consider the base case with a reserve capacity step of 300 

MW given in Figure 31. The GROM takes 11 minutes and 8 seconds to execute. 

Consider an increase in the reserve capacity step from 300 MW to 500 MW. The 

model takes 7 minutes and 35 seconds with an optimal reserve of 1 440 MW. For a 

reserve capacity step of 800 MW the model takes 6 minutes and 43 seconds to 

determine the optimal reserve of 1 440 MW. The decrease in the execution time is due 

to a decrease in the size of COPT. If the size of COPT decreases the time taken to 

calculate the energy indices decreases, which leads to a decrease in the total execution 

time. 
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A summary of the results is presented in Table 31 for the different case studies. From 

this table it can be seen that Case 2 gives the best results for a reserve capacity step 

size of 300 MW. The effect of increasing the reserve capacity step reduces the model 

execution time as can be seen in Case 3. The optimal reserve calculated for the 

different scenarios is the same. The execution time for Case 2 will reduce as a result 

of an increase in the reserve step size. 

Table 31: Summery of the results presented for Cases 1 to 3. 

Reserve step 
size 

Optimization 
method 

Profiling time 
(min:sec) 

Actual time 
Optimal 
reserve 
(MW) 

Base Case 300 Model II 109:46 11 :08 1440 

Case 1 300 
Matrix 

indexing 
26:55 20:20 1440 

Case 2 300 
Reserve 
reduction 

41 :52 4:27 1440 

Case 3a 300 Model II 109:46 II :08 1440 
Case 3b 500 Model II 66:46 7:35 1440 
Case 3c 800 Model II 57:04 6:43 1440 

5.1.5 Case 4. Reducing the size of COPT 

In a practical system, the probability of having a large quantity of capacity forced out 

of service is usually quite small as this requires several units to be out of service. 

COPT incorporates all the possible system capacity states. Table 31 can be truncated 

by omitting all the capacity states for which the cumulative probability is less than 

10-6 
. This results in a considerable saving in computing time as the table is truncated 

progressively with each additional unit. The capacity outage probabilities can be 

calculated as the units are added or calculated directly as cumulative values, with little 

error made [1]. 

In the GROM using this technique the probability of a capacity state occurring is 

compared to a threshold value, if the probability of that state occurring is less than the 

threshold value, the value is added to the following capacity state. The capacity 

outage state in the matrix increases as the model progresses through the matrix and 

the optimisation will show the system to be less reliable than it actually is (Table 32). 
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e summary proVl·dedb'y the pro I mgTable 33 Th fil" functlOn fIor Case 4 
Function name Calls to function Total execution 

time (s) 

Function 

execution time (s) 

EskomH 1 208 .62 17.80 

ProbabilityOldMinusC 79400 98.31 98 .31 

ProbabilityOld 79400 97.51 97.51 

Analysing Table 34, one can conclude that 94.3% of the total execution time is spent 

in functions ProbabilityOld and ProbabilityOldMinusC. Studying Table 34 and Table 

35, it will be seen that approximately 93% of the total execution time is spent in 'other 

lines and overheads'. Consequently the actual execution time is approximately 7 

seconds in each function, which amounts to 7% of the total execution time. It is in 

calling these functions where the greatest time saving is made when compared to the 

other case studies. 

Table 34: The summary provided by the profiling function for function ProbabilityOld. 

Line number Code Calls to function 
Total time 

(s) 

14 If-function 246698897 4.327 

18 End 246698897 1.892 

17 counter 246698897 0.667 

28 End 246698897 0.050 

Other lines and 

overhead 
90.612 

Total 97.51 

 
 
 



CHAPTERS PERFORMANCE ASSESMENT OF THE MODEL 


Table 35: The summary provided by the profiling function for function 

ProbabilityOldMinusC. 


Line number Code CaUs to function 
Total time 

(s) 

13 If- function 246698897 4.514 

17 End 246698897 2.080 

16 counter 246698897 0.651 

28 End 246698897 0.006 

Other lines and 

overhead 
91.137 

Total 98.391 

The first part of this Chapter has focussed on execution speed of the GROM. Four 

different techniques were used to improve the execution speed of the model. The first 

technique used a matrix indexing technique. This technique used a searching 

technique, which determined an upper and lower limit when searching for a specific 

capacity state. The search techniques correctly located the required capacity state but 

the logical functions took longer to execute if compared to when the program iterates 

through COPT in a sequential way. Therefore this was not a suitable improvement. 

The second technique reduced the execution time by considering the total reserve 

provided by the last unit committed to the load in one capacity step. If the amount of 

reserve provided by the last unit was greater than the selected reserve capacity step, 

the execution speed of the program will increase. By using this method a small saving 

in the execution speed was gained. 

The third technique reduced the execution time by increasing the reserve capacity 

step. By increasing the reserve capacity step, less data points are available to 

determine the optimal reserve. Caution must be exercised when increasing the reserve 

capacity step because the model may incorrectly calculate the optimal reserve if the 

cost to the customer and utility is approximately the same over a wide range of 

capacity steps. Therefore it is important to keep a balance between the capacity step 

and the execution time. 
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The fourth technique presented the truncated the COPT for a threshold value of less 

thanW-<;. By reducing the amount of capacity states LOEE and LOLP can be 

calculated faster, which decreases the program execution time. This technique has 

reduced the program execution time the most with little error made when calculating 

LOEE. 

5.2 Sensitivity Analysis 

The aim of this section is to determine how sensitive the GROM is to a change in 

lEAR, change in the capacity step size and the influence of FOR on the optimal 

reserve. 

The test system presented section 3.6.1 will be used as the base case and the different 

variables will be compared to this model. The optimal reserve for the base case is 

presented in Figure 37. The optimal reserve in this figure is for GROM without 

truncating COPT. COPT is truncated for probabilities of less than 10-
6 

to increase 

execution speed. If the probability of a certain capacity state occurring is less than 

10-
6 in order the probability of that capacity state is added to the next capacity state 

until the threshold value is exceeded. By adding the cumulative probabilities the 

power system is determined to be less reliable than it actually is, but the error made is 

small and the optimal reserve is the same as when COPT is not calculated. 
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In conclusion to this part of the study, it can be seen from Figure 38 that the optimal 

reserve determined is fairly insensitive for a change in lEAR. lEAR is a measure of 

what it costs the customer (the South African economy) for a MWh of energy not 

available as reserve. In reality, when lEAR increases, the cost to the utility to dispatch 

these reserve units will also increase. The utility must replace the old generating units 

with new units. This leads an increase in to the fixed cost of supplying energy and 

reserve as well as an increase in the cost of fuel which is used to generate power. 

5.2.2 Sensitivity to change in the capacity step size 

The aim of this section is to investigate how sensitive the GROM is to a change in the 

capacity step size. The test system is used to investigate the sensitivity. 

The optimal reserve calculated for the different capacity step sizes is 1 440 MW for 

capacity step sizes of 50, 100,200,300 and 500 MW. The optimal reserve calculated 

by truncating COPT is 1 440 MW for the different capacity step sizes, therefore no 

error is made in the calculation of the optimal reserve. 

An error is made when calculating LOEE and the influence of the reserve capacity 

step size on LOEE calculated is presented in Figure 39. COPT is truncated by adding 

the probabilities of a certain capacity outage until it exceeds a threshold value of 10 -6 
• 

The value of the accumulated capacity state is then given as the probability of losing 

that capacity. By changing the threshold value from 10 -6 to 10-8 no error is made 

when calculating LOEE. 
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This study shows that the model is not as sensitive to a change in lEAR for values 

below R 10001MWh. By truncating COPT a small error is made when calculating the 

optimal reserve. By decreasing the threshold value of truncation during the 

construction of COPT, the error made when calculating LOEE decreases. Finally it 

was found that by increasing FOR the reserve requirement increased. The model is 

not sensitive for FOR of below 0.06 and increases linearly with an increase in FOR as 

can be seen from Figure 41 . 

5.3 Comparing the model with the old Eskom model 

The model previously used by Eskom is presented in appendix 2. The model in 

appendix 2 is compared to GROM. The model presented in appendix 2 is comprised 

of generation units only while the GROM is based on the energy market currently 

used by Eskom. This model is comprised of generation units , DMP, lL and 

emergency reserve. Because of a lack of generating reserve capacity and an ever­

increasing power demand, Eskom has introduced DMP. The GROM will be validated 

against the model in Appendix 2. The benefits of incorporating DMP (in the form of 

lL) and emergency reserve in the reliability cosUworth method will be investigated. 

The model in Appendix 2 will be tested using the test data presented in chapter 3 in 

section 3.6.1. The load profile in Table 15 is presented in Figure 42. Three case 

studies will be used to test the two models. 

 
 
 



 
 
 



 
 
 



 
 
 



CHAPTER 5 PERFORMANCE ASSESMENT OF THE MODEL 


By implementing DMP the power system stability is improved: if a customer is 

affected by load shedding the capacity by which the customer is affected is available 

to meet the load demand. In conjunction with the other reserve, units are able to 

supply the required demand much faster. The example used to illustrate this point in 

chapter 3 can be used here. If a reserve of 500 MW must be provided and DMP 

customers A and B are used: 200 MW of capacity is instantly available if ten units, 

each with a ramping rate of 20 MW fmin, are used to provide the required reserve. The 

reserve capacity will be replaced within 90 seconds, while if the two DMP customers 

were not used it would have taken 210 seconds to provide the 500 MW capacity. It 

must also be taken into account that during this time the power system stability is at 

risk. 

The GROM can be used as a tool to investigate the influence of maintenance on the 

generating units. By improving the reliability of the different units the cost to the 

customer can be reduced by reducing LOLP and LOEE. The important units on which 

maintenance must be done can be identified and a maintenance schedule can be 

constructed. The second case study is presented in the next section. It evaluates the 

performance of the two models under a normal power system load. 

Please note that the two models presented in chapter 3 and appendix 2 uses the HLI 

study to determine the optimal reserve for the South African electricity supply 

industry. The cost to the customer referred to in the text is actually the cost to the 

economy for reserve provided. 
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5.4 Concluding remarks 

The reliability cost/worth method is used to determine the optimal reserve for a power 

system based on the benefits derived from the reserve of the customer and the utility. 

Three case studies were presented and it can be seen that the GROM is better suited to 

the energy market currently used by Eskom than the model previously used by Eskom 

(presented in appendix 2). The benefits of using GROM over the model presented in 

appendix 2 is that: 

• 	 DMP, IL and emergency reserve serve to increase the available reserve 

capacity when the cost of energy is high. 

• 	 It reduces the total cost of optimal reserve for the utility and the customer. 

• 	 It helps stabilise the power system after a disturbance has occurred by 

replacing the power demand faster when compared to not having DMP 

available. 

Therefore by including DMP, IL and emergency reserve in the reserve optimisation, 

the optimal reserve can correctly be determined for the South African energy market. 

The old Eskom model does not take DMP, IL and emergency reserve into 

consideration when determining the optimal reserve. The financial benefit of 

incorporating DMP, IL and emergency reserve into the reserve optimisation can be 

calculated by using the GROM. 

This chapter was divided into three sections. In the first section, four techniques were 

presented to improve the execution time of the GROM. By truncating COPT for a 

threshold value of less thanlO -
6 

, LOEE and LOLP can be calculated faster, which 

decreases the program execution time. This technique has reduced the program 

execution time the most with the least error made when calculating LOEE. The 

second part of this chapter investigated the influence of lEAR, capacity step size and 

FOR on determining the optimal reserve. This study shows that the GROM is not that 

sensitive to a change in lEAR for values below R 1000fMWh. By truncating COPT a 

small error is made when calculating the optimal reserve and the model is not 

sensitive for FOR of below 0.06. The optimal reserve increases linearly with an 

increase in FOR. The third part of this Chapter compared the GROM with the old 

Eskom model. 
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It was seen that large savings are made when including DMP, IL and emergency 

reserve in the South African energy market and the GROM correctly detennined the 

optimal reserve and resulting savings for this market. 

The focus of the next chapter is to explain how the GUI was constructed and what the 

requirement was from the power system operator. 
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CHAPTER 6 

THE GRAPHICAL USER INTERFACE (GUI) FOR THE RESERVE 


OPTIMISATION MODEL 


Power system operators from Eskom are currently using the reserve optimisation 

model to determine the optimal reserve for the South African reserve market. The 

operator does not want to change the variables of the reserve optimisation model in 

the Matlab™ code, therefore the need exists for a GUI. A GUI must: 

• be user friend1y and easy to use, 

• not contain too much information, and 

• contain input and output information. 

The input variables are entered in the GUI and the GUI automatically updates the 

variables in the Matlab™ code. The Graphical User Interface Development 

Environment (GUIDE) has been used to construct the GUt 

In the following section the layout and orientation, entering of variables and the 

execution of the model will be discussed. 

6.1 The modeJJayout, entering variables and the execution of the model 

The layout of the GUI is given in Figure 49. It was requested that the model return 

four graphs: 

• the total cost to the customer and utility, 

• the cost to the customer and utility on one graph, 

• the cost to the customer, and 

• the cost to the utility. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The aim of this chapter is to conclude on the work covered by this research. This 

chapter is subdivided into three sections. The three sections conclude the extent of the 

work covered in each chapter they discuss the contribution made to the field of 

research and they suggest further research. 

7.1 Work presented 

In the first chapter deterministic and probabilistic techniques were defined as the two 

groups of methods used to determine the amount of reserve to be scheduled for a 

power system. Deterministic techniques do not take into consideration the reliability 

of the units used to schedule reserve as with probabilistic techniques. Therefore, to 

more accurately determine the optimal reserve for the South African electricity 

supply, industry it would be better to use a probabilistic technique. 

The focus of the second chapter was to identify how reserve for the different utilities 

and power pools is determined, and how the reserve are defined . It was seen that most 

of these utilities use deterministic techniques to determine the amount of reserve to be 

scheduled. A literature review was undertaken which studied the different 

probabilistic methods used to determine the optimal reserve. All the identified 

methods use reliability and risk indicators to determine the optimal reserve. A 

comparison between the references was made and the reliability cost/worth method 

was identified as the best method to be used to determine the optimal reserve for the 

South African electricity supply industry. 

In the third chapter the reliability cost/worth method was presented. The generation 

model is convolved with the load model to obtain the risk model. The risk model was 

then used to determine the optimal reserve based on the cost/worth of the reserve 

provided. The total minimal cost to the utility and the customer is identified as the 

optimal reserve. The remainder of the chapter was devoted to expand the reliability 

cost/worth method to be more applicable to the South African reserve market. The 

reliability cost/worth method was expanded to include DMP, IL and emergency 

reserve. 
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The fourth chapter focussed on validating and comparing the GROM. The GROM 

was compared to two other models. The model presented in [7] uses a cost-benefit 

approach to determine the optimal reserve, whereas the model presented in [3] uses 

Lagrangian relaxation based on the UC and a predefined risk index to determine the 

optimal reserve. The IEEE RTS of 1996 was used to compare the optimal reserve of 

[3] and [7] with the optimal reserve of the GROM. By comparing the optimal reserve 

of [3] and [7] with the optimal reserve of the GROM, it was seen that there is a small 

difference and can be concluded that the GROM correctly determines the optimal 

reserve. 

The fifth chapter assessed the performance of the GROM. In the first part of the fifth 

Chapter different techniques were investigated to reduce the execution time of the 

model. The most effective method identified truncates COPT. The capacity state with 

a probability of less than 10-6 is removed from the capacity states table and the 

probability is added to the next capacity state's probability until the threshold value of 

10-6 is exceeded. By reducing the amount of capacity states, LOEE and LOLP can be 

calculated faster, which decreases the program execution time. This technique has 

reduced the program execution time the most with little error made when calculating 

LOEE. The second part of the fifth chapter investigated how sensitive the model is to 

a change in IEAR, a change in reserve capacity step size and a change in the units' 

FOR. It was seen that the model is relatively insensitive to a change in these variables . 

The third part of chapter 5 investigated what the influence is of incorporating DMP, 

IL and emergency reserve in the reserve optimisation model. It was concluded that by 

incorporating DMP and IL in the reserve optimisation model, the financial saving 

made by DMP can be verified and the optimal reserve can be calculated more 

accurately. Therefore, by including DMP, IL and emergency reserve, the optimal 

operating reserve can be determined for the South African energy market. 

The layout and construction of the GUI is explained in chapter 6. This chapter must 

be read together with appendix 3 to use the reserve optimisation program correctly. 
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7.2 Original contribution 

The contribution to this field of study is that the reserve optimisation model was 

developed specifically for the South African energy market. This model expanded the 

reliability cost/worth method to include DMP and IL customers. These customers 

were modelled as dummy generators, each with a forced outage rate, available 

capacity, and fixed and variable costs (which are included in the reliability cost/worth 

method). The research questions presented in chapter 1 is answered in this research: 

1. 	 A survey is presented in chapter 2 which identifies the different methods used 

globally to detennine the reserve margins for the different utilities. 

2. 	 A reserve optimisation model is presented in chapter 3 which detennines the 

optimal reserve for the South African energy market. 

3. 	 DMP and IL are modelled as dummy generators, each with a forced outage 

rate, available capacity, fixed and variable costs, and scheduled together with 

the thennal units to detennine the optimal operating reserve. Please refer to the 

model in chapter 3. 

4. 	 The model presented in chapter 3 (GROM) is validated in chapter four by 

comparing the results for three different models using the same test system. 

5. 	 Different optimisation techniques are presented in chapter 5 to improve model 

execution time. 

The application of this model is not limited to the South African energy system, but 

can be applied to any power system which does not have enough installed capacity to 

perfonn routine maintenance and supply the load demand. By introducing DMP in the 

fonn ofIL, generation capacity is made available when no excess capacity is available 

or when the cost of energy is high. 

7.3 Future research 

Eskom is using this model to detennine the optimal operating reserve for the South 

African energy market and is satisfied that the model correctly detennines the optimal 

operating reserve. It was proposed that the model commits the units using a two-state 
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loading model. The first segment commits the unit from 0 MW to minimum loading 

and the second segment commits the unit from minimum loading to maximum 

loading. The model currently commits the units based on the capacity step size as 

entered by the operator and the minimum loading cost is included in the variable cost 

of the units. By using this two-state loading model, the variable cost for minimum 

loading can be specified. The optimal reserve determined must be the same before and 

after the two-state loading model has been implemented, because the variable cost 

used by the GROM assumes the minimum load cost is included in the variable cost 

component of the unit. 

The model presented in Chapter 3 determines the optimal operating reserve. This 

model can be improved by determining the optimal mixture of generation, DMP and 

IL for the optimal operating reserve. This can help the power system operator to 

identify which DMP customer to use with the generating units to compensate for the 

unit's ramping rate. This will increase power system stability and help identify the 

frequency and duration of which the DMP customer is interrupted. The model 

presented in Chapter 3 assumes the power system operator will select the optimal 

mixture of DMP and generating units used to provide reserve. A study can be 

undertaken to determine how practical it will be to implement this function. 
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