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ECONOMIC IMPACT OF NON-UTILITY GENERATION ON 
ELECTRIC POWER SYSTEMS 

Non-Utility Generation (NUG) has become increasingly important mainly 
due to environmental concerns, possible depletion of oil supplies and 
govemment regulations. When a power utility buys elecaical energy from a 
NUG at short notice, such as a few hours, one of the difficult issues encountered 
by the utility is the evaluation of the rate (buyback rate) it should pay the NUG 
such that the utility maximizes its economic benefit. Short-term buyback rates 
should be based on the operating cost that a utility avoids by utilizing energy 
from a NUG. This cost is termed in this thesis as the avoided operating cost 
(AOC). 

Suitable techniques for thermal and hydrothermal systems have been 
developed to assess the short term AOC that can be utilized to evaluate the 
buyback rate in a just and reasonable manner. In the case a of thermal system, 
both deterministic and probabilistic techniques were utilized to evaluate the 
AOC at HL 1. At HL II, AOC was evaluated deterministicaIly on the thermal 
system. In the case of a hydrothermai system, fixed head and variable head 
hydro systems are considered for the evaluation of AOC utilizing a deterministic 
technique. The studies described in this thesis focus specificdly on the economic 
assessment of the incorporation of NUG in the short term operational planning 
of power systems at HL 1 and HL II. In another study, it was assumed that NUG 
generates energy from its cogeneration and wind facilities. 

It is shown in the thesis that the AOC cm be evaluated for different types of 
system and at different hierarchical levels. It is also shown that the AOC is not 
fixed but varies with the type of the utility, the operating practice of the utility, 
the duration of time for which a NUG sells energy to the utility, the system load 
Ievel and the location of a NUG in the network. The studies and examples 
presented in the thesis suggest that the proposed techniques for the evaluation of 
the AOC will treat both parties involved in a NUG energy transaction fairly and 
can include the standard operating practices used by the respective utilities. The 
techniques can be used to assess the AOC in a consistent manner, and are 
flexible enough to include other system operating criteria. They can also be used 
by the utility as a basic framework upon which relevant system operating 
criteria, and cost parameters can be added to assess an appropriate genenc 
buyback rate. 
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ABSTRACT 

Non-Utility Generation is a major force in the way electrical energy is now being 

produced and marketed, and electric utilities are reacting to the growth of this new 

industry. When a utility buys electric energy from a non-utility generation at short notice, 

such as a few hours, one of the difficult issues encountered by the utility is the evaluation 

of the rate (buyback rate) it should pay the non-utility generation such that the utility 

maximizes its economic benefit. Utilities calculate their purchase rates based on a number 

of different formulae. Short term buyback rates should be based on the operating cost that 

a utility avoids by utilizing energy from a non-utility generation. This cost is tenned as 

the avoided operating cost in this thesis. Suitable techniques for thermal and 

hydrothermal systems are developed to assess the short term avoided operating cost under 

different operating conditions. 

The studies described in this thesis focus specifically on the economic assessment of 

the incorporation of non-utility generation in the short term planning of power systems at 

the generation level and the composite generation and transmission level. In another 

study, it was assumed that non-utility generation produces energy from its cogeneration 

and wind facilities. These sources of energy have some typical characteristics that make 

them different from other sources of electricity. These characteristics were taken into 

account in modeling the non-utility generation and studies were perfonned to show their 

effect on a thermal power system. Composite generation and transmission assessment 

involves a composite appraisal of both the generation and transmission facilities and their 

ability..to supply adequate, dependable and suitable electrical energy to the major load 

point. Snidies were performed to show the impact of non-utility generation on a thermal 

power systern at this level. 



The studies and examples presented in the thesis suggest that the proposed techniques 

for the evaluation of the avoided operating cost will treat both parties involved in energy 

transaction consistent and include the standard operating practices used by utilities. They 

can also be used by the utility as a basic framework upon which relevant systems 

operating criteria and cost parameters can be added to assess a generic buyback rate 

appropnate for a utility. 

iii 
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1. INTRODUCTION 

1.1. Power System Reliability 

The basic function of an electric power system is to supply electrical energy to the 

consumer as econornically as possible and with an acceptable degree of reliability and 

quality. While satisfjing this function, the power system must remain within a set of 

operational constraints, some of which relate directly to the quality of supply such as 

busbar voltage violations and frequency variations. The reliability associated with a power 

system is a measure of the ability of the system to provide an adequate supply of electrical 

energy. The concept of power system reliability is extremely broad and covers al1 aspects 

of the ability of the system to satisfi consumer demands. For the sake of simplicity and 

convenience, power system reliability can be divided into the two basic aspects of system 

adequacy and system security, as shown in Figure 1. t [ 11. 

Adequacy relates to the existence of sufficient facilities within the system to satisfy 

consumer load demand. These include the facilities necessary to generate sufficient energy 

and the associated transmission and distribution facilities required to transport the energy to 

actual consumer load points. Adequacy is, therefore, associated with static conditions 

which do not include system disturbances. Security relates to the ability of the system to 

respond to disturbances arising within the system. Security is, therefore, associated with 

the response of the system to whatever perturbation it is subjected. These include the 

conditions associated with both local and widespread disturbances and the loss of major 

generation and transmission facilities. It c m  be redized that adequacy and security deal 

with quite different reliability issues in a power system. 



t 

System reliability 

System adequacy System security 

Figure 1.1 Subdivision of system reliability 

A cornplete power system is a very cornpiex entity. For the sake of convenience, it  can 

be classified into three functional zones, as shown in Figure 1.2 [LI. These functional 

zones are generation, where electrical energy is generated; transmission, which connects 

the generation to the major load points; and distribution, which connects individual load 

points to the transmission zone. Each functional zone can be considered as a separate entity 

which operates in conjunction with the others. This classification is appropriate as most 

utilities are divided into these zones for purposes of organization, planning, operation and 

analysis. Adequacy and security studies can be conducted individually in these three 

functional zones. FunctionaI zones can be combined to forrn the three hierarchical levels 

(HL) shown in Figure 1.2 111. Hierarchical IeveI 1 (HL 1) is concemed only with the 

generation facilities. The focus at this level is on the ability of the total generation to satisfy 

the demand. 

Hierarchical level II (HL II) includes both generation and transmission facilities. An 

HL II configuration is usuaiiy termed a composite system or a bulk transmission system. 



h 

GENERATION 4) HL1 

HL II 

TRANSMISSION 0 I- 
DISTRIBUTION I 

Figure 1.2 Func tional zones and hierarchical levels 

Reliability evaluation at this level extends the HL 1 indices by including the ability to move 

the generated energy through the bulk transmission system. Hierarchicai level III (HL III) 

includes al1 three functional zones starting with the generation facilities and temiinating at 

the individual customer load points. The HL ID indices can be evaiuated by utilizing the HL 

II Ioad point indices as input to the distribution functional zone. 

This thesis is pnmarily concerned with reliability constrained econornic assessrnent at 

HL 1 and HL II. The problern at HL 1 is the determination of the required arnount of system 

generation to ensure an adequate supply in an economical manner. The system mode1 at this 



level is shown in Figure 1.3 El]. The basic concern in HL I studies is to estimate the 

necessary generating capacity to satisQ the system load and to have sufficient capacity to 

perform corrective and preventive maintenance on the generating facilities. The sirnplified 

generation-load mode1 shown in Figure 1.3 is extended to include bulk transmission in HL 

II studies. An HL II mode1 is shown in Figure 1.4 Cl]. Economic assessment at HL II 

includes the generation facilities covered in HL 1 together with the transmission required to 

move the generated energy to the major load points. Transmission losses, which are a part 

of the operating cost of an electric system, are considered in economic assessment. 

Figure 1.3 Mode1 for hierarchicd leveI 1 

1.2 Power Systems Planning 

Power system planning can be divided into two conceptualIy different areas dealing 

with static and operating capacity requirements [2]. The static capacity area relates to the 

long-term evaluation of the over-al1 system requirement. It normally has a time horizon of 

ten to thirty years. The tasks involved include both generation and transmission expansion 

planning as well as fuel procurement in the cases of HL 1 and HL II. Predictions beyond a 

thirty year horizon are generally meaningless and some argue that even this tirne span is too 

arnbitious. The time horizon Iength is a management decision but should recognize the lead- 

time requirements for implementing system expansion plans. Generation and transmission 



Figure 1.4 Mode1 for hierarchical level II 

expansion is probably the oldest and most extensively studied planning area. Operating 

capacity assessrnent relates to the short term evaluation of the actud capacity required to 

meet a given load level. System operation planning normally has a time horizon of up to 

one year. There are relatively few papers that deal with operating capacity requirements [4- 

71 compared with those on static capacity evaluation [8-141. Both the static and operating 

areas must be examined at the planning level in evaluating alternative facilities. Once the 



decision has been made, however, the short term requirement becomes an operating 

problem. The impact of non utiiity generation (NUG) on utility operational planning is 

examined in this thesis. Certain general characteristics which directly affect the scheduling 

of system generation are considered in detail. 

In power system operation, the expected load must be predicted and sufficient 

generation must be scheduled accordingly. Reserve generation must also be scheduled in 

order to account for load forecast uncertaînties and possible outages of generating units. 

Once this capacity is scheduled and spinning, the operator is committed for the penod of 

time it takes to achieve output Erom other generating units. This time may be several hours 

in the case of thermal units but only a few minutes in the case of gas turbines and 

hydroelectric units. Historically, operating reserves have been determined detenninistically, 

the most frequently used method being a reserve equal to the largest unit in the system [ 2 ] .  

Deterrninistic methods cannot account for the probabilistic or stochastic nature of system 

behavior, of customer demands or of component failures. In the operational phase, 

deterministic rules can lead to over scheduling which, although more reliable, is 

uneconornical, or to under scheduling which, although Iess costly to operate, can be very 

unreliable. A more consistent and realistic method is one based on probabilistic methods. 

The need for probabilistic evduation of system behavior has been recognized since at least 

the 1930's [2], and it may be questioned why such methods have not been widely used in 

the past. The main reasons were lack of data, limitations of computational resources, lack 

of realistic reliability techniques, aversion to the use of probabilistic techniques and a 

misunderstanding of the significance and meaning of probabilistic criteria and risk indices. 

None of these reasons are valid today. Consequently, there is no need to artificially 

constrain the inherent probabilistic or stochastic nature of a power system into a 

deterministic one. However, most Canadian utilities still utilize detenninistic approaches to 

operate their generating capacity. A survey conducted by the Power System Reliability 

Subsection of the Canadian Electrical Association in 1983 [15] indicates that most Canadian 



utilities determine operating reserve requirements based on a "largest contingency" criterion 

and some utilities complement this reserve assessrnent technique with a megawatt margin of 

some form. This method has generally been tailored to suit each system's particula. needs. 

No irnmediate changes in operating reserve assessrnent practices were foreseen by any of 

the utilities which responded to the survey. In this thesis, both deterministic and 

probabilistic criteria have been utilized to determine the economic impact of NUG on utility 

short tenn scheduling with regard to HL 1 and HL II. 

The total scheduling problem can be decomposed into different time horizons. This is 

done to make each sub problem solvable with known methods and feasible computer 

resources. The sub problems are hierarchical where the weekly schedules impose 

constraints on the hourly schedules which in turn constrain the real time control. The 

information flows between the above functions are illustrated in Figure 1.5 [3]. The 

decomposition of the system operation fünction in terms of the t h e  horizon is as follows. 

1.2.1. Long Term Scheduling 

The scheduling functions are carried out for a time horizon of up to one year in order to 

determine weekly strategies and it requires a weekly load forecast for a future year. A long 

term load forecast is a pre-requisite for this function. Due to the uncertainties associated 

with forecast, probabilistic techniques have been proved to be more meaningful than 

deterministic techniques in the long term domain. The following long term scheduling 

functions are identified in Figure 1 .S. 

a) Fuel Scheduling: The weekly fuel constraints are detennined on the basis of 

negotiated fuel contracts. 

b) Maintenance Scheduling: The unit maintenance schedules are determined in an 

optimal manner using forced outage data. 





C )  Seasonal Hydro Scheduling: Weekiy water draw-down volumes are detennined on 

the basis of precipitation and snow coverage data and weather predictions. 

1.2.2. Short Term Scheduling 

The usual time horizon in short term scheduling is considered to be one week, which is 

discretized on an hourly basis. The short term scheduling functions are utilized to commit 

and decornmit d l  generation sources to minimize the total production cost. The scheduling 

is done for a load profile obtained by load forecasting. There are two major functions 

within this tirne frarne. 

a) Unit comrnitment (UC): Unit cornmiunent is defined as the process of determining 

the most economical start up and shut down times for each generating unit such that 

the system load and the operating requirements are satisfied during the optimization 

period [16-211. The output of a unit cornmitment prograrn is an hourly scheduling 

of thermal units civailable for production. The strategy is based on the outcome of 

the fuel scheduling program providing the weekly fuel constraints as well as the 

weekly unit availability as deterrnined by the maintenance scheduling program. 

b) Hydrothermal coordination: Given the weekly water scheduling program, the 

function of hydrothermal coordination is to provide input to the economic dispatch 

function. 

1.2.3. Real Time Control 

The time horizon in reai time control is very small. For economic load dispatch, it is 

two to ten minutes and for load frequency conirol it is few seconds. 



a) Economic load dispatch: Load dispatch is the problem of determining the power 

outputs of the cornmitteci generating units such that the fuel cost is rninirnized while 

satisfjhg certain operating constraints [21-241. Given a power system load and the 

on-line generation resources, the object is to determine the optimal generation level. 

b) Load frequency control: The object here is to change generation levels to track the 

load. This function is not treated in practice as an optimal control problem. 

The classification indicated above represents a view shared by many but not al1 utilities. 

A given decomposition should be based on an operating system's particular environment 

and constraints. 

1.3. Economics of System Operation 

Operation of a power system involves forecasting the daily load demand, utilization of 

available resources under certain constraints, understanding the electro-mechanical behavior 

of various system components including generating units and most importantly, economics 

of operation. The economic aspects of generating system operation deal with the unit 

comrnitment and load dispatch of a selected set of available generating units under certain 

operating constraints in order to rninimize the overail production cost. The unit cornmitment 

and load dispatch in a system should be such that econornic considerations as well as pre- 

defined reliability criteria are satisfied under normal system conditions. Under these 

conditions, the generating capacity in operation is greater than the actual load demand. 

Additional generating capacity necessary to meet the load demand is required to make the 

system capable of handling unforeseen load changes and possible outages of generation or 

other facilities. This extra generating capacity or spinning capacity held in reserve must be 

capable of responding within an allowable margin time to ensure reliable system operation. 

Two types of margin time are important [2,25]; 



a) time to sausfj system frequency and dynarnic stability and 

b) tirne to satisQ loss of generation or other facilities 

These margin times are nomally of the order of one minute and five minutes 

respectively. The actual magnitude of these time periods cm, however, Vary from system 

to system. 

The rotating capacity in excess of the system load, available at al1 times to satisfy the 

probable loss of some generating capacity without impairing system frequency and tie line 

regulation, is cailed spinning reserve. A number of different methods are presently used to 

assess the spinning reserve requirements in a power system. Deterministic assessment of 

the spinning reserve requirement can be done using: 

a) percentage of system load or operating capacity, 

b) fixed capacity margin, 

c) largest contingency, or 

d) any combination of the above methods. 

Different utilities have their own rationale for selecting a particular method. As 

mentioned earlier, deterministic approaches do not specifically take into account the 

likelihood of component failure, Le. the probability of failure of generating units, 

transmission lines, etc., in the assessment of spinning reserve. A probabilistic approach 

can be used to recognize the stochastic nature of system components and to incorporate 

them in a consistent evaiuation of the spinning reserve requirement. The actual magnitude 

and even the type of spinning reserve is, therefore, determined on the basis of system risk. 

This risk can be defined as the probability that the system fails to meet the load or just be 



able to meet the load for a specified time period [2,26]. A time dependent risk can be 

expressed mathematicdly as [26]: 

w here 

R ( t )  = system risk at time r 

P i ( t )  = probability that the system is in state i at time t 

Q J t )  = probability that the system. in state i at time t ,  will fail to meet the quality, 

continuity or other performance cnteria 

m = total number of system states. 

The selection of a suitable risk level is somewhat arbitrary, as there is no simple direct 

relationship between risk and corresponding worth and both experience and judgment are 

required in selecting a particular risk level. The operating nsk, however, can be decreased 

by providing more spinning reserve, i.e. scheduling more generating units. Decreasing the 

risk level will result in increased operational costs. The selection of an allowable nsk level 

is, therefore, a management decision. 

Generaily two values of system risk can be evduated with respect to system operation; 

unit commitment nsk and response nsk [2,26]. Unit commitment nsk is the probability of 

the cornrnitted generation just satisfying or failing to satisS the expected demand during the 

lead time. Lead time is the time required to start, synchronize and start load sharing for a 

particular generating unit. This time is of the order of 4 to 24 hours for a thermal unit 

depending upon the size of the unit and the length of time since it last operated. This time 

may be from one to five minutes for hydro units. Gas turbine units require about five 

minutes to be fully loaded from a cold condition. Response risk is defined as the 



probability of achieving a certain response o r  regulating margin within the required 

response time or margin time. The ability to respond to system changes and to pick-up load 

on demand depends very much on the type of unit used as spinning reserve. Typically, the 

response rate may Vary from about 30% of full capacity per minute for hydro-electric plant 

to only 1% of full capacity per minute for some types of thermal plant. Rapid start units 

such as gas turbines can usually reach full output within 5 minutes from standstill. 

It is normally assumed in operating reserve studies that there is sufficient generating 

capacity available within the system to meet the load demand and that it is onty a matter of 

time before additional capacity can be brought into service. The basic statistics used in 

spinning reserve studies is called the outage replacement rate (ORR) [2] and is defined as 

the probability of the operating units failing and not being replaced by other capacity within 

the lead time. A table with various capacity States and their corresponding probabilities 

called a capacity outage probability table c m  be developed using ORR for al1 the operating 

units for a given generating schedule. 

1.4. Current Operational Planning Problems 

Operational planning includes those tasks that are performed by operating personnel to 

influence operating decisions beyond the current hour. Greater emphasis is being placed on 

operational planning to get the most, at the least cost, from existing equipment. This is due 

to the fact that new capacity plans are being postponed or canceled because of slow load 

grow th, tight cashfiows, political pressure, possible depletion of oil supplies, etc.. Most 

North American utilities have acquired sophisticated operational planning tools, such as 

unit cornmitment, maintenance planning or production costing software to optimize the use 

of existing generation resources. 



Beside investing in more advanced hardware and software, utilities are also assigning 

more manpower to operational planning tasks. In the last 5- 10 years, there has been a 

steady transfer of engineers from planning departrnents to control centers to support system 

operators in operational planning tasks. 

System operators face a large number of system problems in operational planning. A 

survey of current operational problems faced by power system operators was conducted in 

1989. Some of the current issues in operational planning with regards to generation are 

listed below [27,28]: 

a) Environmental constraints: Due to restrictions imposed by sorne govemments on 

the annual reduction of S02 emissions and NO2 emissions from thermal power 

stations, environmental constraints top the Iist of management concerns. Emission 

constrained software for unit dispatch have already been described in the literature. 

b) Transmission constraints: In the past, a common practice used in generation 

scheduling was to ignore transmission constraints. In recent years, the arnount of 

power transfer for some utilities has increased to the point where transmission 

bottlenecks seriously influence generation comrnitrnent and loading decisions. 

C) Operator's acceptance: Some of the rnid-range planning tasks, previousIy 

performed by the pIanning department, such as maintenance scheduling or 

transaction pricing, are now being transferred to the system operation groups. 

d) Impact of uncertainty: An important issue, often raised by skeptics, is: "Since some 

of the key input data, used in operational planning prograrns, such as fuel costs and 

Ioad forecasts, are just "guesstimates", with some amount of built-in uncertainty, 

. why do we bother using sophisticated optimization software to fine-tune system 

costs by 1 or 2 percent? 



Post analysis: A number of utilities have recently used post andysis techniques to 

close the planning loop and provide feedback to their management as to how well 

the system was actually operated on the previous day or week. 

Resource scheduling: Advanced modeling programs are needed to permit the 

evaiuation of complex operating strategies involving such things as load 

management, cogeneration, pumped storage, environmental constraints, etc. 

Non-utility generation: Energy management system software with feedback loops 

and appropriate models are needed for the dispatch and control of non-utility 

generation (NUG) and load management. Different types of contracts are needed to 

assure the response of NUG in the system operation planning process. 

The Scope and the Objective of the Thesis 

NUG is a major force in the way electrical energy is now being produced and 

marketed, and electric utilities are reacting to the growth of this new industry. When a 

utility buys electric energy from a NUG at short notice, such as a few hours, one of the 

difficult issues encountered by the utility is the evaluation of the price it should pay the 

NUG such that the utility maximizes its economic benefit. 

This research project deals with the economic implications associated w i th 

incorporating NUG in the short terrn operational planning of a utility. The thrust of the 

project was to evaluate the monetary transactions resulting from energy purchases by a 

utility from a NUG. These facilities may include non-conventional generation sources such 

as solar, wind, geothermai, etc. and cogenerators. The non-conventional sources of 

generation can be attractive alternatives to fossil fuel plants. Many utilities strongly feel that 

these non-conventional sources of energy, or NUG, can ease critical future problems of 

fuel cost and availability. Much of this optimism is lirnited by the fact that such generation 



sources are known to produce extraneous operating problems in the power system as a 

whole. Some papers have been published in the area of integration of non-conventional 

electricity generators in the planning process of a utility [30-351. Most of the work reported 

is in the adequacy area. Very Little work has been performed to investigate the integration of 

NUG in utility short term operational planning. In this thesis, the incorporation of NUG 

energy in utility short term operational planning is done in such a way that the most optimal 

generation configuration is obtained. 

Many public service cornrnissions are currently examining the issues involved in 

estabIishing purchase rates for energy bought by a utility from cogenerators and small 

power producers. Several state public utility commissions have issued final orders 

regarding the methods to be used in estimating a reasonable avoided cost rate to be paid to 

cogenerators. Most state commissions have issued interim orders permitting experimental 

purchase rates to be offered while reserving final judgment on the best methods to be used 

in estimating the avoided costs associated with utility purchases from cogenerators. In 

Canada, purchase rates for energy bought by a utility from cogenerators and small power 

producers (buyback rates) are not determined according to any single governing principle 

such as the avoided cost rule used in the United States of America under the Public Utility 

Regulatory Policy Act (PURPA) [36,37]. Utilities calculate their purchase rates based on a 

number of different forrnulae. Short term buyback rates should be based on the operating 

cost that a utility avoids by utilizing energy fiom a NUG. This cost is termed the avoided 

operating cost (AOC) in this thesis. In this project, a standard method for evaluating the 

AOC is developed. Buyback rates are based on AOC. Suitable techniques for thermal and 

hydrothermal systems have been developed to assess the short term AOC under different 

operating conditions. A time-differentiated pnce system is used to reflect the different value 

placed-on purchase pnce by a utility at different times of the day in short term scheduling. 

The effect of dispatchable and non-dispatchable NUG have also been considered in the 

techniques. 



Intermittent sources of energy such as wind and cogeneration, are receiving increasing 

interest, both in the short and long terms. These intermittent sources of energy differ from 

conventional power sources by having quite variable outputs. Questions regarding their 

integration in power systems and their effect on short term planning are likely to attract 

growing attention and some of these concems were examined in this research. 

AOC of a utility depends on the time, and duration of energy transfer from a NUG and 

also on the location of the NUG in the network. Different locations of the sarne NUG in the 

network will have different econornic impact on the utiiity due to the associated 

transmission losses. Transmission losses are a part of the cost of supplying energy and, 

therefore, taken into account in the evaluation of the AOC. A utility will derive maximum 

benefit when the NUG is comected at a load bus. At other locations, the econornic benefit 

is decreased by the cost associated with the transmission loss. This decrease, however, is a 

complex function of network configuration, load profile, unit loading, etc. An algorithm is 

developed to d e t e d n e  shon term rescheduling of the utility generation, at HL II as a result 

of NUG energy purchase by the utility. Transmission losses are evaluated in order to 

assess incremental costs of the generating units. A deterrninistic criterion is utilized to 

maintain the reliability of the utility generation system at a desired level. AOC with and 

without transmission losses are presented for the sake of cornparison. 

In surnrnary, the objectives of this research are 

a) To develop a technique to evaluate the AOC in a consistent manner for al1 thermal 

and hydrothermal systems. 

b) To include deterrninistic and probabilistic cnteria in the evaluation of the AOC. 

C) To develop a technique to evaiuate the AOC in systerns buying energy from 

cogenerating and wind NUGs. 



d) To develop a technique to evaluate AOC at HL II. 

1.6. Thesis Outline 

The thesis is divided into seven chapters. Chapter 2 provides an overview of NUG. 

The term NUG is defined and factors associated with NUG development are discussed 

including its contributions in the electricity generation of some countries. A new algorithm 

utilized to incorporate NUG energy into utility short term generation planning in the rnost 

optimal rnanner is presented in this chapter. The Institution of Eiectrical and EI~ctroliics 

Engineer-Reliability Test System (IEEE-RTS) [38] is utilized to illustrate the application of 

the proposed algorithms. The details of this system are given in Chapter 2. 

Thermal plant is a common form of electricity generation. The economic implication of 

NUG in a al1 thermal power system is discussed in Chapter 3. Two algorithms which are 

based on the detenninistic and the probabilistic techniques are presented in this chapter. 

These algorithms can be utilized to analyze economic issues related to the inclusion of 

NUG in the short term planning of a thermal power systern. Based on these algorithms, 

sensitivity studies were performed utilizing the IEEE-RTS and the results are discussed in 

this chapter. 

Hydrothermal system is defined as having both hydro and thermal generation sources. 

Fixed head and variable head hydrothermal systems are discussed in Chapter 4 which deais 

with the economic impact of NUG on hydrothermal systems. Deterministically based 

algorithms are illustrated which can be utilized to include NUG energy into fixed head and 

variable head hydrothermal systems in an optimal rnanner. The algorithms are based on the 

optimal operation of the hydrothermal systems both before and after the utilization of NUG 

energy. Sensitivity studies have been performed and the results are presented in this 

chapter. 



Chapters 3 and 4 consider the inclusion of NUG energy in thermal and hydrothermal 

systerns respectively. In Chapter 5, it is assumed that NUG provides eIectrical energy from 

non-conventional sources. Industriai cogeneration and wind are the two non-conventional 

sources considered in this chapter. The econornic impact of wind and cogenerated energies, 

produced by NUG, on a utility is examined. Sorne important charactenstics of these non- 

conventional sources are discussed. Sensitivity studies that reflect the inherent 

characteristics of the two non-conventional sources were performed on the IEEE-RTS and 

the results are discussed in this chapter. 

The econornic implications of NUG on utilities at HL 1 are discussed in Chapters 3, 4 

and 5. Chapter 6 deah with the econornic implications of the inclusion of NUG energy in 

thermal power utility short term operational planning at HL LI. The location of NUG in a 

utility network becomes an important aspect when determining the monetary transaction 

between a utility and a NUG. An algorithm is illustrated in this chapter that can be utilized 

for short term optimal scheduling of the utiiity generation, considering transmission loss, 

as NUG energy is included in the utility system. The IEEE-RTS is a relatively large test 

system with a compIex network structure. The Roy Billinton Test System (RBTS) [39] is 

utilized as a test system to illustrate the usefulness of the algorithm in this chapter. The 

RBTS is sufficiently small to permit the conduct of a large number of system studies with 

reasonable tirne but sufficiently detailed to reflect the actual complexities involved in a 

practical system. Sensitivity studies were performed on the RBTS and the results are 

presented in this chapter. The conclusions and surnrnary of the thesis are presented in 

Chapter 7. 



2. INTRODUCTION OF NON-UTILITY 
GENERATION 

2.1 Introduction 

Most North American power utilities have either delayed or put a temporary hold on 

building large conventional base load generating units due to the environmental concerns, 

lowering of demand growth, the possible depletion of conventional energy sources and 

increasing cost of construction [40-431. Utilities are looking at more flexible options for 

mrcting sorne of their forecasted load growth, other than the construction of conventional 

base load units. Unstated but impticit in the utilities decision to avoid new conventional 

base-toad units is the presence of desirable alternatives that were either not present or less 

attractive when decisions on prior capacity were made. Figure 2.1 shows the wide range of 

alternatives available to management today [44,45]. Some of the utilities are rehabilitating 

older units while others have chosen to depend upon non-utility generation (NUG) in order 

to satisfy a portion of customer demand. NUG are defined as those facilities owned and 

operated by electric producers other than regulated utilities and include cogeneration plants 

and independent power producers 1461. This group provides a measure of flexibility and 

diversity in eIectric energy supply and facilitates the orderly, econornic and efficient use of 

natural resources. In some countries, federal laws and regulations are encouraging non- 

utility generation in the form of independent power producers (IPPs) and cogenerators. It 

has become a major consideration in the capacity and energy planning of most utilities 

around the world. 





2.2. Contribution of Electrical Energy from NUG 

The legal and regulatory changes in some countries, the recent success of competitive 

procurement as a means of acquiring NUG, and the response of the NUG developers to 

competitive procurement solicitations make NUG growth in the 1990s inevitable. In the 

United States, Federal laws and regulations under the PURPA [37,47] clearly established 

the existence of qualifying facilities (QFs) [37,47], and the Federal Energy Regulatory 

Commission (FERC) [37,47] has shown a willingness to encourage further NUG in the 

form of IPPs and cogenerators. The 1989 North American Electric Reliability Council 

(NERC) forecast includes the addition of 93,600 MW of new capacity for the U.S.A. 

between 1989 and 1998 [40]. Figure 2.2 illustrates the contribution made by different 
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Figure 2.2 NERC forecast of new generation capacity for the USA. 



different sources from which electric energy will be generated in the U.S.A.. It can be 

observed from the figure that the contribution made by NUG is significant. 

In Italy, the total NUG production (26.6 TWh gross) in 199 1 was about 9.6 percent of 

the country's total production [48]. Two laws on Institutional Aspects and oii Energy 

Savings of January 199 1 removed many of the shackles to independent producers giving 

additional administrative and financiai incentives. The NUG production can be sold to 

ENEL or to any Company. A rapid increase in IPP proposais has been observed. 

Approximately 9000 MW of new capacity has k e n  proposed [48]. Forecast sales by NUG 

included in the ENEL plan are in the range of 3000-4500 MW of capacity with a projected 

supply of 18-27 TWh. Figure 2.3 shows the percentage production for load in Italy. 

Year 
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Figure 2.3. Percentage electrical energy production in M y  



Use of cogeneration systems in Japan, is expected to expand from now on as their role 

and effectiveness is becoming well recognized. According to a recent study, potential 

demand of cogeneration systems in the commercial field, in 1990, was about 4.2 GW and 

is expected to be 5.2 GW by 2000 [48]. 

In Denmark, the independent generating capacity totded 503 MW, or 5.5 percent of the 

installed capacity in the public generating system in 1992 [48]. The major portion of NUG 

cornes from wind energy. 

According to a report published by Frost and Sullivan's London office [48], there is a 

potential market for 40,000 MW of cogeneration in Europe. In West Germany, the installed 

capacity of cogeneration was 14,000 MW in 1988. An additional 3000 MW of new 

cogeneration capacity is anticipated by 1993. 

In Scandinavia, about 2000 MW of new cogeneration is expected to be instailed. With 

the additional capacity, the Scandinavian countnes will have a total cogeneration capacity of 

13,000 MW. 

New cogeneration capacity of 2300 MW will be added in the three Benelux countries. 

By the end of 1993, the total instailed capacity of the Benelux countries will amount to 

5300 MW. In the Mediterranean areas, Iberia and Greece will add 840 MW of new 

cogeneration capacity by the end of 1993. 

With the privatization of the Central Electricity Generating Board in the UK, it is 

anticipated that by the end of 1993, an additional 2100 MW of new cogeneration capacity 

will be added. This will increase the area's cogeneration capacity by 53%. 

About 500 MW and 200 MW of new cogeneration capacities wi11 be added in France 

and Austria respectively. They also have the potential for developing additional 

hydropower in the Alps. 



Canada does not have a national policy with regard to the development of NUG, nor is 

there any comprehensive legislation similar to PURPA in the United States. The federal and 

some provincial govemments, however, have indicated their interest in, and support for. 

NUG development. It is predicted that regulations will eventually be created to increase the 

amount of electrical energy from NUG. 

2.3. Operational Problems with Regards to NUG 

A significant portion of the power plant investment in the next decade is predicted to be 

made by the NUG industries [49]. Inclusion of NUG in utility operational planning has, 

however, associated problems. Of d l  the ways NUG affect the utility operations, the 

planning process is affected the most. NUG cause operational problems since they are 

characteristically owned by unregulated industries [50,5 11. The overall impact of NUG on 

utility operation can best be viewed in the context of the various types of agreements that 

c m  be contracted between the two parties. These contracts are as follows [52,53]: 

A) Firm capacity: When a utility contracts with a NUG faciIity for a given arnount of 

capacity, that capacity becomes a usable resource similar to a utility's own unit. For 

a given arnount of NUG capacity, a utility can fulfdl a need for generation resources 

in a manner sirnilar to a planned power purchase from another utility. The utiIity 

dispatcher needs to receive hourly schedule availability information from the NUG 

so as to make the necessary operational plans for items such as unit cornrnitment, 

spinning reserve, control reserves, fuel schedules, maintenance, etc. The contract, 

therefore, must have scheduling provisions cornmensurate with the generation that 

the fm capacity contract repiaced. 

Utilities believe that they should have dispatch rights over NUG very similar to 

those that they exercise over equivalent units in their own systerns and they must be 



able to modify the schedule in varying amounts in accordance with system 

requirements. For instance, a fkm cogeneration contract signed to replace a base 

load coal unit may require a utility dispatcher to change the schedule only a few 

times a year, whereas a contract replacing a peaking gas turbine may involve many 

changes in scheduled output. Often, a source of disagreement between the utility 

and a NUG is what constitutes a reasonable time to commit a unit or change a 

schedule. Another source of contention is how many such changes may be initiated 

by the utility. The contract should address these requirements in detail. 

Many firm contracts require the NUG to ca ry  from 3-6% of their contracted 

capacity as spinning reserve. Firm capacity contracts usually result in Iittle fuel or 

capacity planning problems for the utility if proper scheduling, dispatch and 

capacity factor incentive clauses are included in the contract. Failure to include these 

items could add considerable uncertainty in the utility operational planning process. 

B) Non-firm energy sales: This contract permits the NUG to sel1 energy whenever it 

desires. The NUG makes no cornmitment to provide capacity on a guaranteed 

basis. Sales to a utility that are non-firm are either govemed by a contract or an 

enforceable tariff. The NUG provides energy on an 'as available' basis. Non-firm 

energy sales are usually unpredictable and can have significant planning and 

operational repercussions. Since the delivery to the utility is non-firm, the utility 

must be able to replace the energy from the NUG irnrnediately. The utility must 

commit sufficient spinning reserve to be able to replace the energy from the NUG. 

Contract provisions should address the utility requirement for a daily schedule by 

hour and an annual schedule by month of the planned or forecast sales. Some 

utilities require both a daily schedule by hour and annual schedule by month of 

forecasted energy deliveries, although no cornmitment is made by the NUG on 

accuracy. Daily scheduies are usually reasonable if the NUG has a good estimate of 



the buyback rates. Annual schedules are not usually accurate and can result in the 

utility having to adjust fuel purchases substantially month to month. 

C) Wheeling: Wheeling contracts, where a utility wheels NUG energy from its control 

area in which the NUG is located to another control area, c m  result in a different set 

of utility operating problems. When the utility transfers NUG generated power 

from its own service area to that of another utility, it can have a significant impact 

on interchange scheduling, security analysis, instantaneous standby, and 

inadvertent energy accounting . 

D) Combination: Mixtures of different types of agreements sometimes occur to address 

specific requirernents of a NUG. The following are four possible combinations of 

NUG contracts: 

a) Firm, non-firm combined 

b) Wheeling, fm combined 

C) Wheeling, non-fm combined 

d) Wheeling, fum, non-firm combined 

The problems and constraints associated with these arrangements are different and 

depend upon the combination selected. 

In addition to the problerns discussed above, a question that arises in the consideration 

of NUG is whether it will be under the control of the utility. Almost al1 generating units 

today are controlled from a dispatch control center, but, it is not clear that this will be the 

case for NUG. If a NUG is not controlled, the load frequency control (LFC) will see its 

effect as negative load. The effective load, that is made up of the actuai load minus this new 

generation, must be matched by controlling the conventionai generating units. The response 



rate of conventional generation is usuaily adequate to follow the actual load but rnay not be 

able to follow the effective load. If a NUG is under utility dispatch control, the basic 

problem is one of availability. If the NUG sources are soIar and wind. for example. it is 

not possible to depend on them for effective regulation. and sufficient response capability 

must be available from other sources during night, cloudy or caim periods. 

Communication between a utility and NUG regarding NUG energy sales can also 

create some difficulties. If there are a large number of NUG dispersed across the system, 

the present communication system of microwave or lease lines between NUG generators 

and the control centre may become expensive. Alternative systems using radio, power line 

carrier and other communication channels such as those considered for load management 

are probably more appropriate for highly dispersed NUG generation. The communication 

time deIay for such systems may be much higher than those in the LFC cycle. 

The responsibility for the cost of transmission facilities is a cntical problem when NUG 

is included in the utility grid. A further problem is who pays for system losses associated 

with the addition of NUG energy. The rnonetary impact of NUG will Vary according to 

who (utility or NUG) is responsible for the cost of the losses. 

One of the difficulties that arises when including NUG in a conventional utility is the 

economic dispatch where the cost curves of al1 the units should be known. For wind and 

solar NUG, the production cost is virtually zero and they should be dispatched completely. 

Other generators like biomass, etc. have finite cost characteristics. The cost curves of these 

kinds of sources are often not well known and, therefore, it is difficult to include them in 

conventional economic dispatch. 

In a large bulk power system, integration of NUG energy into the planning and 

operating process does not necessarily have to be difficult if properly planned and 

managed. Most technical problems are foreseeable and have a technical solution. The more 



difficult problerns associated with NUG are those which are rooted in econornics and 

financial issues. 

2.4. Evaluation of the Avoided Operating Cost 

The most contentious econornic issue related to NUG is the p i ce  paid by utilities for 

the electrical energy supplied by the MJG to the utilities (buyback rate) [54-561. The pnce 

a utility typically selects to pay to a NUG, in exchange for the electrical energy, should be 

based on their avoided operating cost (AOC). By purchasing electrical energy from a 

NUG, a utility reduces the generation cost associated with its committed units. The 

purchase rate from a NUG is based on the energy cost that a utility can thereby avoid by 

virtue of making the purchase. AOC can be defined as the difference between the cost that 

an electric utility will incur, if it did not buy energy from the NUG and the cost that the 

utility will incur if it buys energy from the NUG. 

A generalized algorithm based on a deterrninistic approach is developed in this research 

and presented in this chapter. The algorithm can be utilized to examine the economic impact 

of NUG energy on the short-term operational planning of a utility. The algorithm is divided 

into three sections. The first section covers the unit cornmitment or selection of units to be 

operated to rneet the forecast load. The second section determines the economic dispatch 

which dictates the loading of each utility unit and the NUG. The final section provides the 

evaluation of the AOC. The unit cornmitment and load dispatch are performed utilizing 

deterrninistic criteria. 

A complete priority order method is utilized for unit cornmitment. Units are committed 

according to a priority order based on the average fui1 load costs of the unit. Unit 

comrnitment is done in such a way that the spinning reserve is equal to the sum of the 

largest contingency plus 10% of the peak load. Unit cornmitment is, therefore, based on the 



load and the spinning reserve at each hour. Number of units committed c m  be obtained by 

putting the udts on-line until Equations (2.1) and (2.2) are satisfied. 

CU, 2 PA + R(load, cap) 

= capacity of i th unit, 

= number of committed units, 

= system load during hour j, 

= output of i th unit during j th hour and 

R(load, cap) = deterrninistically evaluated spinning reserve. 

The information provided to the utility operator by a NUG regarding its energy is very 

often at the last minute due to the uncertainty associated with the host process. It has, 

therefore, been considered in the algorithm that the utility, in general, is not able to include 

NUG energy in its unit cornmitment but includes NUG energy in the load dispatch. 

Economic load dispatch methods consider allocation of load to different operating units in 

order to achieve minimum running cost. The objective of load dispatch is to rninirnize the 

operating cost. 

Running cost over a 24 hour period can be expressed as [57,58]: 

w here 



C, = total running cost during hour j 

F/ = mnning cost of unit i dunng hour j 

The objective of the economic load dispatch is to rninimize the 24 hour running cost. 
24 

Minimize C C ,  such that the constraints of Equations (2.1) and (2.2) are satisfied for 
J= I  

The mnning cost of a unit can be represented by a quadratic function of active power 

output 1261: 

w here 

a. = quadratic coefficient of cost function of unit i 
L 

6 .  = linear coefficient of cost function of unit i z 

c.  = constant term of cost function of unit i z 

If minimum power output, P,, ,and maximum power output, Pm, are given then optimal 

generation is obtained as: 

w here 

pmi, s P ; ~  a P,, 

dj = incremental ruming cost of the system during hour j 



The AOC is evaluated after the unit cornmitment and economic load dispatch is 

obtained. The technique for evaluating the AOC is based on the maximum savings 

approach. In this technique, a utility tries to maximize its econornic savings by utilizing 

NUG energy in its short term operational planning. Assume that NUG has a totai energy of 

5 MWh for a 24 hour penod. The NUG energy should be utilized to replace high cost 

generation and the replacement should be done in a way that the resulting saving is 

maximized. In order to determine the loading schedule modified by the NUG energy, a 

smd l  discrete amount of NUG energy is considered in each iteration and the corresponding 

saving evaluated. The iterative process continues until d l  the NUG energy is exhausted. 

Savings in running cost can be expressed as 

w here 

AF/ = savings in running cost of unit i during hour j 

A c  = discrete amount of NUG energy utilized in one hour 

All loaded units are searched except the ones that reached their minimum output lirnits. 

The unit giving maximum saving ( k  th unit) during how j can be found by selecting k th 

unit such that the following equation is satisfied. 

where 

AS: = discrete savings during jth hour from k t h  unit 

The iteration continues for hour j+l  and AS:" is evaluated. After evaluating AS:. 

j = l ,  2, 3, ..... 24. the hour with the largest AS: is selected for the incorporation of A{ 



MWh of NUG energy. In the next iteration, the evaluation stms with a NUG energy of 

6 = C - A c .  The process continues until al1 the NUG energy is exhausted. 

The aigorithm makes a distinction between a dispatchable and a non-dispatchable 

NUG. When a utility has dispatch rights over NUG then the energy provided by the NUG 

is dispatchable energy. When NUG provides energy to the utility. whenever it desires. then 

that energy is called non-dispatchable energy. 

A system may include NUG energy at different hours during the day. The selection of 

these hours depends on anticipated overall savings frorn the daily operation. The most 

appropriate hours are selected in a way that maximizes the utility savings. The problem is to 

identify the hours in each 24 hour segment and the corresponding NUG output such that 

the running cost expressed in Equation (2.3) is minimized. 

The appropriate hours can be identified whenever the NUG energy output is non zero, 

where, 

Eh = NUG energy output dunng hour i 

24 

The unknown En for i = 1, 2, ...., 24 is solved such that Ci is rninirnized subject to 

the equality constraint of: 

For the sake of simplicity, it has been assumed that the NUG output remains 

unchanged within each houriy segment. Variable NUG output can be considered by 

subdividing each hourIy duration into multiple segments. A utility may find it more 



convenient to utilize the NUG energy over a period of continuous hours rather than 

following a variable on and off schedule. In this scheme, a utility will continue to utilize the 

available NUG energy until it is exhausted. The problem is to find En such that the 24 hour 
24 

running cost of the utility plant, Ci is minirnized subject to the following conditions. 
i=l 

and i = p + 1, p + 2, .... 24 

For a sufficiently large arnount of NUG energy, k could be as low as I and p could be 

as high as 24. An iterative technique is utilized to find k and p such that the optimality 

conditions are satisfied. 

Once the rescheduling of the utility units and NUG units is obtained, the AOC is 

evaluated by determinhg the difference between the total cost that would be incurred by a 

utility to meet a specified dernand at a particular hour and the cost that the utility would 

incur if it purchased energy from a NUG to meet a part of its demand and supplied its 

remaining needs from its own facilities. Mathematically, the AOC cm be represented as 

where, 

f = nurnber of iterations required to utilize 5 MWh of NUG energy 



Vf is the cost that a utility avoids when it buys a specific amount of energy frorn a NUG. 

A larger value of A< will require a fewer number of iterations, but the calculated AOC 

rnay move from the optimal value. A smaller value of A c ,  on the other hand, will require 

more iterations in general. Different values of A c  should be tried before settling on a 

specific value. A large system with a lot of NUG energy may have to utilize a larger value 

of Ag than that of a smaller system. 

Modifications can easiIy be incorporated in the generalized algorithm in order to 

evaluate the AOC in systems which contain thermal, fixed head hydrothermal and variable 

head hydrothermal generation. These modifications are shown in the following chapters. 

The proposed algorithm will treat both parties involved in NUG energy transactions 

fairly and recognizes the standard utility operating practices. The technique can be used to 

assess AOC in a consistent rnanner, and it is flexibIe to include other system operating 

criteria. The technique can be utilized by a utility as a basic frarnework upon which relevant 

system operating criteria and cost parameters can be added. The approach includes a time 

differentiated pice systern to reflect the different value placed on purchase price by a utility 

at different times of the day. Computer programs have been developed in this research to 

evaluate and examine the econornic implications of NUG. The IEEE-Reliability Test 

System (RTS) hm been utilized to test the algorithm and is presented in the next section. 

2.5. The IEEE-Reliability Test System 

The IEEE-Reliability Test System (IEEE-RTS) [39,59] is utilized as an example system 

in this thesis. The IEEE-RTS represents a reasonabiy large power system and has been 

extensively used to study and compare techniques used in reliability studies. It does not 

contain complete data for conducting unit cornmitment and load dispatch studies for a 



power utility with NUG energy included in its short term planning. The rnissing data have 

been assumed wherever required. The EEE-RTS has 32 generating units ranging from 12 

MW to 400 MW. The generating unit data for the IEEE-RTS are shown in Table 2.1. Ali 

hydro and nuclear units are considered to be thermal equivalent units in the studies 

described in the thesis. The priority loading order, failure rate and running cost of each 

generating unit of the IEEE-RTS are aiso shown in Table 2.1. For the sake of simplicity, it 

has been assumed that similar generating uni& have identical running costs. 

Two identical rapid start units, of 10 MW each, have been added and incorporated in 

the probabilistic analysis described in Chapter 3. Rapid start units are represented by the 

four state mode1 shown in Figure 2.4 [Z]. 

In Figure 2.4, h is the transition rate frorn state i to state j. The transition rates used for 

the two rapid start units are: hi2 = 0.005, Li = 0.0033, A14 = 0.03, = 0.015, h 2 3  = 

0.0008, h3* = 0.0, h34 = 0.025, hq2 = 0.025. 

The hourly peak load variations in the EEE-RTS during the specified 24 hour 

scheduling period are shown in Table 2.2. NUG data consist of the running cost 

parameters, maximum power output and minimum power output of the NUG. They are 

changed for each program run in order to obtain the sensitivity curves discussed in the 

following chapters. 

2.6.  Summary 

NUG is becoming an important aspect of electricai power generation in North America 

and in many other parts of the world. NUG includes a wide variety of generating 

approaches utilizing many different energy conversion techniques. More and more util i ties 

are now depending upon the purchased energy from NUG to satisfy their customer 



Table 2.1. Generation data for the IEEE-RTS. 
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Figure 2.4. Four state mode1 for rapid start units 



Table 2.2. Load data for the EEE-RTS. 
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demands. Increasing penetration of NUG energy affects many aspects of utility planning 

and operation. Among these is the econornic optirnization of utiiity generation scheduling at 

a specified reliability. In this chapter, the contributions of NUG energy to the utility 

systems of different countries has been illustrated. htegration of NUG in the utility grid is 

not without problems, some of which have been discussed in this chapter. The problem of 

detennining the fee paid to the NUG by the utility due to the exchange of NUG energy has 

been examined in this chapter. A generalized algorithm, based on a deterministic approach, 

is developed and discussed. This algorithm can be utilized to accommodate the NUG 

energy into the utility generation schedule in the optimal manner and can also be utilized to 

evaluate the AOC. The fee charged by the NUG to the utility is based on the AOC. The 

application of this algorithm is considered using the EEE-RTS in the following chapters 

which also present a range of sensitivity studies. 



3. ECONOMIC IMPACT OF NON-UTILITY 
GENERATION IN A THERMAL POWER SYSTEM 

3.1. Introduction 

Many regulators and utilities have expressed interest in NUG in order to reduce the 

overall cost of energy production. Inclusion of NUG energy into a thermal power system 

gives rise to reliability and econornic issues that affect the short term operation planning 

of the system. The principal difficulty is the process of selecting a suitable technique to 

assess payments to a NUG which are viewed by both parties as fair and consistent. 

Financial transactions between NUG and utilities, in the short-term, should be based upon 

thermal power utility's AOC originating from the energy purchase from NUG. In this 

chapter, algorithms based on deterministic and probabilistic techniques that can be 

utilized to evaluate the AOC are developed and results are presented. The AOC will 

change significantly if its evaluation technique is changed provided al1 other factors 

remain the same. Computer programs have been developed to examine the economic 

implications of NUG on a thermal power system and to evaluate the AOC. 

Economic operation of thermal power systems is discussed in the next section in 

order to make the reader farniliar with the thermal power system economic concepts. A 

distinction between the variable cost and the fixed cost of the thermal power system is 

made and LaGrange's method to obtain the minimum production cost of the thermal units 

is illustrated. Evaluation of the AOC is shown in the next section. Both detenninistic and 

probabilistic techniques are illustrated in the evaluation of the AOC. The IEEE-RTS is 

considered to be a thermal power utility in this chapter, which is utilized to demonstrate 



the algorithms. Results obtained frorn the IEEE-RTS studies utilizing the deterministic 

and the probabilistic techniques are analyzed in this chapter. A cornparison of sensitivity 

studies based on the two techniques is also made. 

3.2. Economic Operation of Thermal Power Systems 

It is important to understand the economic operation of a thermal power system 

before dealing with the inclusion of NUG energy into the system. A typical boiler- 

turbine-generator unit is shown in Figure 3.1. 

Figure 3.1. Boiler-turbine-generator unit 

The problem of providing low cost electrical energy by a thermal utility is affected by 

- 

efficiencies of power generating equipment, cost of installation and fuel costs. Factors 

involved in the cost of producing energy can be divided into fixed and variable types 

[60]. Fixed costs include capital investment, interest charges on borrowed money, labor, 

taxes and other expenses that continue irrespective of the load on the power system. 

- 
A/P 

i 

Auxiliary power system 



Power system operators have littie control over these fixed costs. Variable costs are those 

costs which are affected by loading of different generating units and the control of losses 

caused by line flows. These costs are controlled by power system operators who try to 

ensure that power generated to carry the power system load is dways produced in such a 

way that minimum costs will result. The savings that can be achieved by prudent 

operation can be very significant and may amount to several thousand dollars a day on 

large power systems. Many thermal power systems have a range of energy sources such 

as natural gas, oil, coal or nuclear sources with varying costs for each. The load on a 

power system is also continually changing and, therefore, the economic supply problem 

must be reviewed frequentiy and load allocations on the various power sources readjusted 

so that deviations from the rnost econornic operation will be held to a minimum. 

The overall efficiency of thermal units is determined by measuring the heat input and 

the electricai energy output. The results are expressed as ratios at various loads. The fuel 

input to the plant is measured in terms of dollar per hour and the output is the electrical 

power output available to the electric utility system. As the fuel input increases, electncai 

output also increases but not necessarily linearly [21]. The thermal generating unit 

outputs, corresponding to minimum production cost, are usually evaluated with the help 

of incrernental cost curves as shown in Figure 3.2. The incremental cost characteristic is 

the derivative of the input-output characteristic. This characteristic is approximated by a 

sequence of straight line segments and is utilized in economic load dispatch. The 

LaGrange multiplier [2 1, 6 1-64] rnethod is utilized in this chapter, to find the minimum 

production cost of the committed thermal units. The minimum production cost occurs 

when the incrernental costs of al1 the committed units are equal. 

An objective function, FT, is equal to the total cost to satisfy the load. The problem is 

to rninirnize Fr subject to the constra.int that the sum of the power generated must equal 



stated when formulating this problem. 

the load. Any transmission losses are neglected and any operating limits are not explicitly 

(3- 1) 

where 

Fi = running cost of unit i 

Pi = output of unit i 

LaGrange function, 1= FT + A$, can be utilized to establish the necessary con( 

for a minimum value of the objective function. Taking the partial derivative of the 

LaGrange function with respect to the power output values one at a time and equating to 

zero as shown in Equations (3.4) and (3.5). 

That is, the necessary condition for the existence of a minimum cost-operating 

condition for the thermal power system is that the incremental cost rates of al1 the units 

be equal to some undetermined value, i l ,  i.e., 



To ihis equation, a constraint equation that the sum of the power outputs of dl 

cornrnitted units must be equal to the load, PD. has to be added. In addition, two 

inequaiities must be satisfied for each of the units. That is. the power output of each unit, 

Pi, must be greater than or equal to the minimum power , Pi,Mn, permitted and must also 

be less than or equal to the maximum power, Pis,, . pennitted on that particular unit. The 

equality equation and inequality constraints are shown below. 

Approximate 

hcrementai fiiel cost ($/MWh) 

I 

Electrical output (MW) 

I I 

I I 

I I 
Pmin Pmax 

Figure 3 -2. Incremental cost c haracteristics 



When we recognize the inequality constraints, then the necessary conditions may be 

expanded slightly as shown below [26]. 

q 
- S A  for Pi = Pi+,, 
dPi 

3.3. Evaluation of the Avoided Operating Cost 

The impact of NUG energy on a thermal power utility c m  be measured in terms of 

the AOC. The fee paid by the utility to a NUG in exchange for the electrical energy is 

based on the AOC. There is, therefore, a need for a suitable algorithm that can be utilized 

to accommodate the NUG energy into the themal system in an optimal manner and can 

also be used to evaluate the AOC. In order to be cIear and acceptable to both parties, Le., 

utility and NUG, such an algorithm should be simple and straightforward. 

Most Canadian utili ties utilize deterministic approaches to operate t heir generating 

capacity. A survey conducted by the Power System Reliability Subsection of the 

Canadian Electrical Association in 1983 [15] indicates that most Canadian utilities 

determine operating reserve requirements based on a "largest contingency" critenon and 

some utilities complement this reserve assessment technique with a rnegawatt margin of 

some form. This method has generally been tailored to suit each system's particular 

needs. No irnrnediate changes in operating reserve assessment practices were foreseen by 

any of the utilities which replied to the survey. A deterministically based algorithm is, 

therefore, developed to evaluate the monetary transactions resulting from energy 

purchases by a thermal power utility from a NUG. The generalized algorithm discussed in 



Section 2.4, can be used to evaluate AOC in a thermal power utility without any 

modifications. 

Chapter 1 notes, that a probabilistic rnethod is more consistent and realistic than a 

deterministic method. The stochastic nature of a power system can be recognized using 

probabilistic concepts and, therefore, a probabilistic method has also been developed to 

assess the AOC in a thermal power system. 

The probabilistic algorithm is divided into three sections as in the case of the 

deterministic algorithm. The first two sections, unit commitment and economic load 

dispatch, are different and the third section, evaluation of the AOC, is the same for both 

types of algorithms. In the case of the probabilistic technique, generation units are 

comrnitted such that a pre-specified unit commitment risk is satisfied. Unit comrnitment 

risk is the probability of the committed generation just satisfying or failing to satisfy the 

expected demand dunng the lead time. Lead time is the time required to start, 

synchronize and start load sharing for a particular generating unit and is of the order of 4 

to 24 hours for a themal unit depending upon the size of the unit and the length of time 

since it last operated. The calculated unit commitment risk must satisfy the pre-specified 

risk, Le., 

where 

URJ = calculated unit cornmitment risk during hour j 

 UR^^^^ = pre-specified unit cornmitment risk 

Reliability of a generation system can be improved by increasing the spinning reserve 

with a corresponding increase in the operating cost. The increased operating cost should 

be judged against the cost of unserved energy. The selection of a pre-specified unit 



cornmitment risk is a managerial decision. A specified unit cornmitment risk of 0.001 is 

considered in the thesis. The number of units committed to satisfy a pre-specified risk 

level should be such that the following expression is satisfied: 

where 

R(risk) = probabilistically evaluated spinning reserve 

It is assumed in this thesis that due to the non-firm nature of NUG, these sources are 

not inciuded in the unit cornmitment process. 

Unit cornmitment does not indicate how the cornmitted units should be dispatched. 

Economic load dispatch method considers allocation of load to different operating units 

in order to achieve minimum running cost subject to physical and operational constraints. 

In the case of a probabilistic approach, both economic and reliability aspects are 

considered and the type of the spinning reserve is deterrnined on the basis of system 

response risk. System response risk is defined as the probability of achieving a certain 

response or regulating margin within the required response time or margin time [2]. The 

ability to respond to system load changes and to pick-up load on demand depends very 

much on the type of unit used as spinning reserve. Part of the spinning reserve must be 

available within a certain margin time to protect system frequency and tie line regulation. 

These margin times are normally of the order of one minute and five minutes. The actual 

magnitude of these time periods can, however, vary from system to system. A system 

may have a large arnount of spinning reserve at a particular generationfload condition but 

the actual responding capability may be quite inadequate for reliable system operation. 



The units held as spinning reserve should be capable of picking up load within the 

specified margin time in the case of a sudden generation loss or an increase in the load. A 

response risk of 0.001 and a regulating margin requirement of 20 MW in 5 minutes is 

considered in this chapter. 

The objective of the econornic load dispatch is to minimize the 24 hour running cost. 
24 

Minimize C, such that the constraints expressed by Equations (3.13) and (3.14) are 

satisfied for j= l,2,3 ...., 24. 

where 

PA = system load during hour j. 

The load dispatch should be such that the system has adequate responding capability. 

The response nsk should be equal to or less than a specified level, i.e., 

Prob(m. t )  < Probspec 

where 

Prob(m, t )  = probabilitj eting a regulating margin of m MW within a 

specified margin time of t minutes 

ProbsPeC = specified response risk 

Once the unit commitment and econornic load dispatch are obtained, the AOC is 

evaiuated. The technique for evaluating the AOC, in the case of probabilistic method, is 

the sarne as that in the case of detenninistic method, and is illustrated in Chapter 2. 



In this chapter, the IEEE-RTS is considered as the utility that buys electrical energy 

from the NUG. Sensitivity studies were perforrned on the IEEE-RTS utilizing the 

deterministic and probabilistic algorithms and results are discussed in the next section. 

3.4. System Studies 

In order to illustrate the usefulness of the algorithm and provide quantitative analysis, 

some sensitivity studies have been perforrned on the test system, IEEE-RTS. The studies, 

as discussed, should give system planners an insight in the utilization of NUG in short 

term operational planning. Sensitivity studies based on the deterrninistic technique are 

illustrated first foIlowed by studies based on the probabilistic technique. A cornparison of 

sensitivity studies based on both deterministic and probabilistic techniques is also made. 

3.4.1. Deterrninistic Applications 

3.4.1.1 Economic benefit to the utility 

The economic benefit incurred by a utility due to a purchase of energy from the NUG 

is illustrated in Figure 3.3. The variation in the cost per unit energy incurred by the utility 

as a function of the energy supplied by a dispatchable and a non-dispatchable NUG in 

one day is illustrated in the figure. 

Utility original cost is the cost incurred by the utility in 8 hours of the day if it did not 

buy energy from the NUG to satisfy its load. It is assumed in this study that the NUG 

sells energy to the utility during 8 hours of the day. Dispatchable and non-dispatchable 

energies bought from the NUG are accommodated in the utility schedule at different 

times of the day. Utility original costs for dispatchable and non-dispatchable NUG are, 

therefore, different. These costs depend upon the load that is served during those hours. 



The utility originai costs for dispatchable and non-dispatchable NUG energies are $9.55 

and $7.46 per unit of energy respectively. It can be observed from Figure 3.3 that costs 

per unit energy incurred by the utility due to the purchase of dispatchable and non- 

dispatchable NUG energies are lower than the corresponding original costs and they 

decrease with an increase in the NUG energy purchased by the utiiity. This is due to the 

fact that the expensive utility units are generating Iess energy due to the purchase of 

energy fiom the NUG. The marginal cost of the utility is, therefore, reduced. Utilities 

Utility originai cost (dispatchable) ($/MWh)=9.55 
Utility original cost (non-dispatchable)($/MWfi)=7.46 

4 0  8 0  120  160 200  240  

NUG energy (MWh) 

Figure 3.3 Thermal utility economic benefit in $/M'Wh due to the inclusion of NUG 
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-- -- - - - 

Utility original cost (dispatchable)($)=I52,436 
UtiIity original cost (non-dispatchable) ($)=87,483 

NUG energy (MWh) - Dispatchable NUG - Non-dispatchabie NUG 

Figure 3.4 Thermal utility economic benefit in $ due to the inclusion of NUG 

rnay incur higher savings in the case of dispatchable NUG than that in the case of non- 

dispatchable NUGThis is because the utility has a greater flexibility in utilizing the 

energy purchased from a dispatchable NUG than from a non-dispatchable NUG. Figure 

3.4 illustrates the variation in the actual cost incurred by the utility due to a purchase of 

electrical energy from a NUG in 8 hours of the day. The original costs to the utility are 

$152,436.8 1 and $87,483.3 1. It can be observed from Figure 3.4 that the costs incurred 

by the utility due to a purchase of dispatchable and non-dispatchable energy from the 



NUG decrease with an increase in the purchase of the NUG energy. The utility, therefore, 

achieves greater economic benefits with the purchase of more NUG energy. The dope 

of the curve for dispatchable NUG is greater than that for non-dispatchable NUG. 

3.4.1.2. Economic benefit to the NUG 

Econornic benefit of dispatchable NUG, &J' . can be defined as the difference between 

the avoided operating costs of the utility when it buys energy from a dispatchable NUG, 

yl,, and when it buys energy from non-dispatchable NUG, ynd. Mathematically, it can be 

defined as 

The variation in the AOC per unit energy as a function of the energy purchased by the 

utility in one day from dispatchable and non-dispatchable NUG is illustrated in Figure 

3.5. The AOC can be embedded in a complex rate structure for energy exchange between 

utilities and NUG. It can be observed from Figure 3.5 that the AOC per unit energy 

decreases with an increase in the energy purchased from dispatchable and a non- 

dispatchable NUG. This is due to the fact that the utility replaces the NUG energy with 

energy that has higher marginal cost. As the NUG energy purchased by the utility 

increases, the marginal cost decreases. The AOC is dependent upon the marginal cost 

and, therefore, decreases with an increase in the NUG energy. The AOC for dispatchable 

NUG energy is higher than that for non-dispatchable NUG energy. Figure 3.6 shows the 

variation in the AOC with a variation in the energy purchased by the utility frorn the 

NUG in 8 hours of the day. Both dispatchable and non-dispatchable NUG energies are 

considered. It can be observed from Figure 3.6 that an increase in the NUG energy causes 

an increase in AOC. The rate of change in the AOC with an increase in the NUG energy 

in the case of dispatchable NUG is greater than that in the case of non-dispatchable NUG, 
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Figure 3.5 AOC per unit of energy cornparison for dispatchable and non-dispatchable 

NUG 

which means that the NUG providing dispatchable energy to the utility achieves greater 

economic benefit than the one providing non-dispatchable energy. It can, thus, be inferred 

that, in order to achieve higher economic benefits, a NUG should sel1 dispatchable 

energy. This may not be possible due to constraints in the NUG host process. 
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Figure 3.6 AOC cornparison for dispatchable and non-dispatchable NUG 

3.4.1.3. Time of use of NUG energy by using deterministic technique 

The variation in the AOC when a utility buys dispatchable energy from a NUG at the 

most appropriate 8 hours of the day and the most appropriate hourly penod of the day. as 

a function of the average NUG energy is illustrated in Figure 3.7. The most appropriate 

hours are those hours in a day (24 hours) for which the inclusion of NUG energy results 

in the maximum cost savings in utility short term operation. The most appropriate 
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Figure 3.7 Time of use of MJG energy by a thermal utility 

penod is the contiguous hours in a day (24 hours) dunng which the inclusion of NUG 

results in maximum cost savings in the utility short terrn operation. In this case, a penod 

consists of 8 consecutive hours. It c m  be observed from Figure 3.7 that the AOC 

calculated on an hourly basis is higher than the AOC calculated on a contiguous periodic 

basis. This is due to the fact that when the AOC is calculated periodically the additionai 

constra.int that al1 8 hours should be consecutive is introduced. The NUG will have higher 



economic benefit if its energy is dispatched by the utility at the most appropriate hour of 

the day than at the most appropriate period of the day. 

3.4.1.4. Economic impact of NUG energy at different loads 

The economic impact of energy generated by NUG at different system ioad levels is 

illustrated in Figure 3.8. An increase in the energy sold by NUG to the utility results in an 

increase in the AOC. The rate of increase in the AOC depends on the number of units 

committed at each h o u  and also the loading of each cornmitted unit. 

It can be observed from Figure 3.8 that though the AOC increases for ail load levels 

with an increase in the NUG energy, the rate of increase is different for each !oad level. 

For loads of 1667 MW and 2137 MW, 16 and 19 units are committed respectively as 

observed from Table 3.1. The last 5 units, Le. units 12 to 16 and the Iast 8 units, i.e. units 

12 to 19 are loaded at their minimum permissible outputs for loads of 1667 MW and 

2137 MW respectively. Units 1 to 6 are inexpensive compared to other units, therefore, 

units 7 to 11 are considered for reduction in load in order to accommodate the NUG 

energy. In the first case, the load is 1667 MW. Units 7 to 11 are carrying less Ioad than in 

the case where the load is 2137 MW and the marginal energy cost is lower in the first 

case. The AOC is, therefore, lower in the first case than in the second case. The same 

units, i.e. units 7 to 11, are considered for reduction in load to adjust the NUG energies 

from 5 MW to 30 MW. The slopes of the curves (AOC) in Figure 3.8 are, therefore, 

constant in the two cases provided the NUG energy is small. It can be further observed 

from Table 3.1 that 12 units are cornmitted for a load of 1368 MW. In this case the last 6 

units are loaded at their minimum outputs. The first 4 units are inexpensive compared to 

other units. Units 5 and 6 are, therefore, available for NUG energy adjustments. The 

marginal energy costs of these units are less than those in the case of the 2137 MW and 

1667 MW loads. The AOCs and the corresponding slopes of the curves are, therefore, 



lower in this case than in previous cases. Since uni& 5 and 6 are the only ones thae are 

chosen for NUG energy accommodation for ail NUG energy levels, the slope of the curve 

for 1368 MW load is constant. It can be concluded from the study that AOC depends not 

only on the arnount of NUG energy and time of use of energy but also on the loading of 

each unit. 

NUG energy (MWh) 

Figure 3.8. Variation of AOC with a variation of NUG energy at different load levels 



Table 3.1 : Hourly load dispatch (deterministic technique) 

3.4.1.5. Operating reserve criteria 

Unit Numbers 

n o u t -  (M' 

Max-out) 

Load= 1368 MW 

Without NUG 

Load= 1 667 MW 

Without NUG 

Load=2 137 MW 

Without NUG 

The economic impact of a NUG depends upon the operating reserve criteria utilized 

by a utility. Figure 3.9 shows the variation in the AOC per unit of energy and the 

production cost of the utility as a function of the utility spinning reserve. The spinning 

reserve is shown as a percentage of the peak load in Figure 3.9. The utility production 

cost utility is the cost incuned by the utility to satisfy its load without taking any energy 

from the NUG. It is assumed in this study that the utility purchases 160 MWh of energy 

from the NUG in one day. It can be observed from Figure 3.9 that the production cost of 

the utiIity increases and the AOC decreases with an increase in the required spinning 

reserve. As the spinning reserve is increased, expensive generating units are put on-line to 

satisfy the load. The production cost of the utility is, therefore, higher at higher spinning 

reserve. The expensive units that are committed due to an increase in the spinning 

reserve, run at their minimum permissible output levels. The NUG energy purchased by 

the utility is, therefore, accornmodated not in these expensive units but in the less 

expensive units that are not at their minimum pemiissible output. The marginal costs of 

these units are lower than the ones that are running at their minimum permissible output. 

Output of Each Unit in MW 
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Figure 3.9 Economic impact due to variation in the reseme criteria. 

The AOC, which is dependent upon the marginal cost, therefore, decreases with an 

increase in the spinning reserve. 

3.4.1.6. Priority loading order 

The economic impact of NUG depends upon the priority loading order of the 

available generating units. Figure 3.10 shows variations in the AOC and the production 

cost of a utility as a function of the priority Loading order of the utility units. The loading 



order of the six 50 MW (inexpensive) units are changed in order to illustrate the effect of 

priority loading order. Priority loading order 1 as shown in the figure represents al1 six 

inexpensive units placed at the beginning of the loading order. Pnority loading order 2 

represents two units at the beginning, two in the middle and two at the end of the loading 

order. Priority loading order 3 represents four units at the beginning and two at the end of 

the loading order. Pnority loading order 4 represents two units at the beginning and four 

at the end of the loading order. 

Priority loading order - Running cost 

Figure 3.10 Economic impact due to variation in the priority loading order. 



A11 six units are placed at the end of the loading order in priority loading order 5. It 

can be observed from Figure 3.10 that the AOC and the utility production cost is different 

for each unit ptiority loading order. The proper selection of the priority loading order is, 

therefore, very important for the efficient utilization of the generating units and the 

correct evaluation of the AOC. The selection of pnority loading order is different for 

different systems. In some systems, the pnority loading order selected is usually the one 

that gives minimum production cost. in this case, the utility production cost is minimum 

at priority loading order 1. The AOC is also minimum at this loading order. Some utilities 

maintain minimum response capability while keeping the cost low. The loading order in 

this case will be different from that used in the minimum production case. 

3.4.1.7. Cost of NUG energy 

It is assumed in this study that the costs incurred tu produce 1 MWb of energy by 

some NUGs varies from S 8.5 to $ 11.5. If the IEEE-RTS purchases energy from these 

NUG, only a few NUG will achieve economic benefit by selIing energy to the EEE-  

RTS. Figure 3.11 shows the variation in the AOC and the running cost of the NUG as a 

function of the NUG energy cost per unit of energy. The maximum costs at which a NUG 

achieves econornic benefit are $ 1 1.1 per MWh for a dispatchable NUG and $ 8.98 per 

MWh for a non-dispatchable NUG. If the costs at which a NUG produces electrical 

energy are higher than these values then they have less retum from the utility. The figure 

also shows the difference between the NUG costs of producing dispatchable energy and 

non-dispatchable energy. The NUG has a higher flexibility, regarding cost, in the case of 

dispatchable energy than in the case of non-dispatchable energy. 
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Figure 3.11 Energy cost of dispatchable and non-dispatchable NUGs. 

3.4.2. Probabilistic Applications 

3.4.2.1 Energy cost of NUG 

A study was performed to show that the minimum cost at which NUG should produce 

energy to sel1 to the utility can be easily found. Figure 3.12 shows the variation in the 

AOC for dispatchable and non-dispatchable NUG energies and an assumed cost curve as 



a function of the NUG cost per unit of energy. It can be observed from Figure 3.12 that 

the maximum costs at which a NUG should generate elecuicd energy should be $12.02 

for a dispatchable energy and $ 11.1 for a non-dispatchable energy. These values can be 

designated as threshold values. In order to achieve savings, the production cost of NUG 

should be lower than the threshold value. The AOC is higher than the NUG production 

cost for NUG energy costs lower than the threshold value. 

NUG cost ($/MWh) 
I - NUG cost A O C  - AOC (non- 

(dispatchable) dispatchable) 

Figure 3.12. Cost estimates for NUG energy . 



3.4.2.2. Utility mnning cost and NUG energy 

The economic benefit achieved by the utility due to purchases of electrical energy 

from dispatchable and non-dispatchable NUG is illustrated in Figure 3.13. The variation 

in cost incurred by the utility due to purchases made by the utility from dispatchable and 

non-dispatchable NUG as a function of the NUG energy are shown. It can be observed 

that an increase in the NUG energy causes a decrease in the utility mnning cost. 
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Figure 3.13. Utility running cost per unit of energy comparison. 



This is due to the fact that the utility accommodates the NUG energy by replacement 

of the most expensive units. It can be further observed that the utility incurs a higher 

mnning cost when it buys energy from the dispatchable NUG. Figure 3.14 illustrates a 

decrease in the utility cost due to dispatchable and non-dispatchable NUGs with an 

increase in the NUG energy. It is, therefore, economically beneficial for the utility to 

purchase energy from a dispatchable NUG than from a non-dispatchable NUG. 
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Figure 3.14. Utility running cost cornparison. 



3.4.2.3. Avoided Operating Cost and NUG energy 

A comparison of the AOC of a utility evaluated due to dispatchable and non- 

dispatchable NUG energy in short term operation planning is shown in Figures 3.15 and 

3.16. The AOC varies as a function of the energy purchased by the utility from NUG in 

one day. It can be observed from Figure 3.15 that as the energy sold by the NUG 

increases, the AOC per unit of energy from the dispatchable and non-dispatchable NUGs 

- Dispatchable NUG - Non-dispatchable NUG 

11.30 

11.20 

11.10 " 

11 .O0 

Figure 3.15. AOC per unit of energy comparison. 
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decreases. This is due to the fact that when the energy purchased by the utility increases, 

this increase in the NUG energy is accommodated by the utility's generating units with 

low marginal cost. The AOC which depends upon the marginal cost, therefore, decreases 

with an increase in the NUG energy. The daily AOC in both cases increase with increase 

in the NUG energy as shown in Figure 3.16. In the case of dispatchable NUG, the AOC 

increases at a higher rate than in the case of non-dispatchable NUG. It is, therefore. 

beneficial for the NUG to sel1 dispatchable energy to the utility. 

40 8 0 120 160 200 240 

NUG energy (MWh) 
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Figure 3.16. AOC cornparison of dispatchable and non-dispatchable NUG 



3.4.2.4 Tirne of use of NUG energy by using probabilistic technique 

The hourly operating cost of a utility varies from one hour to another and the 

incremental operating cost varies from peak load to low load periods. Due tu these 

variations, the AOC of a utility dso varies throughout a day for a given NUG energy. 

Figure 3.17 shows the variation in the AOC as a function of the energy sold by a NUG in 

one day. It is assumed that this energy is equally distributed over 8 hours of the day. 

4 0 80 120 160 200 240  

NUG energy (MWh) - Periodically - Hourly 

Figure 3.17. Variation of AOC for different loading schedules. 
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The variations in the AOC when the utility buys energy from the NUG at the most 

appropriate 8 hours of the day and the most appropriate 8 hour penod of the day with 

variation of NUG energy are illustrated in Figure 3.17. In the case of a NUG energy 

purchase during the most appropriate 8 hours of the day, the AOC is higher than that of 

the purchase dunng the most appropriate 8 hour period of the day. This is due to the fact 

that there is an additionai constraint added in the second case. A NUG which is flexible 

enough to provide energy to a utility at those times when the utility needs it the most, 

provides more econornic benefit to the utility than one that provides energy over a period. 

In order to provide energy during the most appropriate hours of the day, a NUG is 

required to foiiow a prescribed loading cycle. Due to operational limitations, some NUGs 

may not be able to follow schedules requiring multiple loading and unloading during a 

day. 

3-4-2.5. Avoided operating cost and unit commitment risk 

Unit commitment risk in a system can be lowered by increasing the spinning capacity 

provided al1 other factors remain the same. Spinning reserve requirements and operating 

cost in a system increase as a direct consequence of lowering the specified system unit 

cornmitment risk. The cost of maintaining a certain nsk level should be judged against 

the worth of maintaining that level. The selection of an acceptable risk level is, therefore, 

a management decision. Once a risk level is selected, sufficient generation should be 

scheduled to satisQ the risk criterion. Figure 3.18 shows the variation in the AOC and the 

utility running cost (UC) as the unit commitment risk is changed from 0.0001 to 0.002. 

Figure 3.18 shows that the AOC increases as the unit commitment risk increases. The 

running cost of the utility decreases as the unit commitment risk increases. The difference 

in the utiiity mnning cost without and with NUG increases with increase in the unit 

cornmitment risk. At a given system condition, the load is distributed to a smaller number 



of units when the unit comrnitment risk is increased. The marginal operating cost of a 

system usually increases as the unit cornmitment risk decreases. This may not be the case 

when NUG energy is considered. This can be seen by considering a particular hour and 

evaluating the AOC at different nsks. Hour 18, which has a load of 21 37 MW, and risks 

of 0.0001 and 0.002 are considered. NUG energy of 20 MW is considered to be included 

at this hour. 
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Unit cornmitment risk (x 0.01) 

- uc 
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A O C  
(dispatchable) - UC (non- 
dispatchable) - AOC (non- 
dispatchable) 

Figure 3.18 Variation of AOC with variation of unit commitrnent risk 



It can be observed from Table 3.2 that the number of units comrnitted to satisfy a 

given load decreases with increase in the unit commitment risk (Rspec) The loading of 

each unit is shown in the table. The first six units are ioaded at their maximum output for 

al1 risk levels. A total of 18 units are committed when the unit commitment risk is 0.000 1. 

The last seven comrnitted units, Le., unit 12 to unit 18, are loaded at their minimum 

permissible output. The output of units 7 to 11, therefore, are most likely to be reduced in 

order to accommodate the NUG energy. When the unit commitment risk is 0.002, 14 

units are committed to satisQ the load. In order to accommodate the NUG energy, the 

output of units 12 to 14 are most iikely to be reduced. In this case (Rspec=0.002), units 

12 to 14 are carrying more load than that in the previous case (Rspec~O.OOO1), and, 

therefore, the marginal cost is higher in this case. The marginal cost, thus, increases with 

an increase in the unit commitment nsk and the AOC is higher. The AOC, therefore, 

increases when the unit commitment risk changes from 0 . 0  1 to 0.002. 

Table 3.2: Hourly load dispatch (probabilistic technique) 

r 

Unit Numbers 

Output of  Each Unit in MW 

(Min.out- 
Max.out) 
Rspec = 0.000 1 

Avoided 

Operating 

Cos t 

225.76 
Without NUG 

With NUG 

Rspec = 0.002 

WithoutNUG 

With NUG 

12-14 1-4 

(0-50) 

50.00 

50.00 

50.00 

50.00 

5-6 

(200-400) 

400.00 

400.00 

400.00 

400.00 

7 

( 1  50-350) 

8-1 1 

305.13 

299.16 

350.00 

350.00 

(60- 155) (25-76) 

152.97 

149.46 

155.00 

155.00 

25.00 

25.00 

55.67 

49.00 



If the risk level is lowered, units with progressively higher running costs are loaded at 

their minimum permissible level and their outputs cannot be reduced due to NUG 

inclusion. The output of the econornic units are, therefore, reduced to accommodate the 

NUG energy. These units have smaller marginal costs compared to the additional units 

required to lower the unit comrnitment risk. The AOC, therefore, increases with an 

increase in the unit cornmitment risk. 

3.4.3. Cornparison of Deterministic and Probabilistic AppIications 

3.4.3.1. Econornic benefit to the utility 

The objective of a utility is to minimize the total cost of supplying the system energy 

requirements at an acceptable level of reliability. The total cost depends upon the capital 

cost and the utility running cost which includes the fuel cost. By integrating NUG energy 

in its grid, a utility achieves econornic benefit through savings in fuel costs. Figure 3.19 

shows the econornic benefits incurred by a utility utilizing both deterministic (DA) and 

the probabilistic (PA) approaches. The variation in the cost per MWh incurred by the 

utility as a function of the average NUG energy supplied to the utility, while keeping 

other parameters constant, is illustrated in Figure 3.19. It can be observed from the figure 

that the running cost of the utility is higher if it did not buy energy from the NUG 

(original cost) than if it bought energy from the NUG.(modified cost.). The utility 

modified cost decreases gradually with an increase in the amount of NUG energy 

purchased by the utility. The savings increase with an increase in the energy that the 

NUG selis to the utility in both cases of dispatchable (D) and non-dispatchable (ND) 

NUG energy. The economic benefit to the utility, in general, increases with an increase in 

the energy. It can be further observed frorn Figurc 3.19 that the results obtained by 

utilizing the detenninistic approach have higher values than those obtained utilizing the 

probabilistic approach. This is due to the fact that the spinning reserve specified in the 
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Figure 3.19. Utility economic benefit due to the inclusion of NUG 



case of the deterministic approach is higher than that dictated by the unit cornmitment 

risk. A larger number of units are committed and hence the fuel cost is higher in the 

deterministic approach. The savings in terms of the difference between the original and 

the modified costs are, however, greater in the case of the probabilistic approach than in 

the case of the deterministic approach. 

3.4.3.2. Economic benefit of dispatchable NUG 

The variation in the AOC per MWh as a function of the average NUG energy 

supplied to the utility in the case of dispatchable and non-dispatchable NUG is illustrated 

in Figure 3.20. The deterministic (DA) and probabilistic (PA) approaches have been 

utilized in the evaluation of AOCs in this figure. In both cases of dispatchable and non- 

dispatchable NUG energy, the AOC per unit of energy decreases with an increase in 

energy that a utility purchases from the NUG. This is due to the fact that the marginal 

cost of the utility unit decreases as the load on the unit decreases. The AOC is dependent 

upon the marginal cost of the utility. The load on the utility unit decreases with an 

increase in the purchase of NUG energy which results in a decrease in the marginal cost 

and hence the AOC decreases. It can be further observed from Figure 3.20 that the results 

obtained by utilizing the probabilistic approach are higher than that obtained by utilizing 

the deterministic approach. These values depend upon the spinning reserve, unit 

cornrnitment risk and response risk. In the case of the deterministic approach, the 

specified spinning reserve is higher than that in the probabilistic approach. A larger 

number of units are, therefore, committed in the deterministic approach. The last units 

with higher marginal costs, in the case of the deterministic approach, are loaded at their 

minimum permissibie outputs and therefore these units are not disturbed to accornrnodate 

the NUG energy. The units with lower marginal costs are used to accommodate the NUG 

energy. In the probabilistic approach, the last units are not loaded at their minimum 



- Dispatchable 
NUG (DA) - Non- 

dispatchable 
NUG (DA) - Dispatchable 
NUG (PA) - Non- 
dispatchable 

( P A )  

4 0  80 120 160 200 240  

NUG energy (MWh) 

DA= Deterministic approach 

PA = Probabilistic approach A 
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permissible lirnits and, therefore, hese units are used for adjusting NUG energy. These 

units have higher marginal cost than those that are used to accommodate NUG energy in 

the deterministic approach. The AOCs are, therefore, higher in the case of probabilistic 

approach than for the detenninistic approach. 

3.4.3.3. Time of use of the NUG energy 

As previously noted, the hourly utility operating cost varies from one hour to another 

and the incremental operating cost varies from peak load to low load periods. Due to 

these variations, the AOC of a utility varies throughout a day for a given NUG energy. 

Figure 3.2 1 shows the variation in the AOC as a function of the energy sold by the NUG 

in 8 hours utilizing both deterministic (DA) and probabilistic (PA) approaches. The 

variation in the AOC, when a utility buys energy from NUG at the most appropriate 8 

hours of the day and the most appropriate 8 hour period of the day with the variation of 

NUG energy, is illustrated in Figure 3-21. In the case of energy purchased during the 

most appropriate hours of the day, the AOC is higher than that purchased during the most 

appropriate 8 hour penod of the day due to the fact that there is an additional constraint 

added in the second case. A NUG which is sufficiently flexible CO provide energy at times 

when the utility need it most receives more economic benefit than one that provides 

energy on a period basis. The results obtained utilizing the probabilistic approach are 

higher than those obtained utilizing the deterrninistic approach. 

3.5. Summary 

A thermal power system planner faces the difficult task of determining the rnost 

appropriate buyback rate to pay to the MJG in exchange for the energy received from the 

NUG. This rate should be based on the AOC. Two algorithms for evaluating the AOC 

utilizing deterministic and probabilistic techniques are illustrated in this chapter. These 
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algonthms can be utilized by a utility to analyze some of the econornic issues related to 

the inclusion of NUG in short term operational planning. A time differentiated pricing 

system is adopted in both algorithrns to reflect the different utility purchase price at 

different times of the day. The two algorithms show the effect of dispatchable and non- 

dispatchable NUG energies. 

The IEEE-RTS has been utilized to illustrate the applicability of these algorithms. 

Studies were performed to determine the amount of energy and the time period during 

which utilities and NUG can maximize their economic benefits. They also illustrate the 

cost at which a NUG should generate energy to sel1 to a utility in order to obtain 

economic benefit. The results indicate that for both deterrninistic and probabilistic 

approaches, the running costs incurred by the utility without NUG are higher than that 

with NUG and the AOC for dispatchable NUG is higher than for non-dispatchable NUG. 

The studies aiso show that the AOC increases with an increase in the unit cornmitment 

risk. A cornparison is made between the AOCs evaluated utilizing deterministic and 

probabilistic methods. The results show that the AOC depends upon the operating 

practices used by a utility and are different when evaluated utilizing the two approaches. 

The two algorithms discussed in this chapter can be utilized by a utility to make financial 

decisions regarding NUG. Studies similar to those illustrated in this chapter will enable a 

system planner to appreciate the economic implications associated with NUG purchases 

and facilitate operation planning. The evaluation of the AOC in the case of a 

hydrothermal system is more complex than in a pure thermal system and is presented in 

the next chapter. 



4. ECONOMIC IMPACT OF NON-UTILITY 
GENERATION ON HYDROTHERMAL 

POWER SYSTEMS 

4.1. Introduction 

One of the most important problems faced by a power utility planner when 

hydroelectric plants are a part of the power system is to decide upon the short term 

hydrothermal coordination. This problem is rnagnified when NUG energy is included in 

the system. In addition to operating the system economically and at a certain level of 

reliability, the system planner also has to decide on the rate to pay the NUG in exchange for 

the energy it receives in the short term. This rate is dependent upon the AOC. Relatively 

little work has been published on short term hydrothermal planning of power systems with 

NUG energy. A technique is illustrated in this chapter that can be utilized to include the 

NUG energy in the hydrothermd generation schedule in an economic manner. It can also 

be utilized to evaluate the rate that a utility has to pay to the NUG. 

Approaches for integrating the operation of hydro and thermal generation in an overall 

system in order to achieve minimum cost of generation are cailed hydrothermal scheduling 

procedures. In hydrothermal systems, schedules are developed to minimize thermal 

generation costs recognizing al1 the diverse hydraulic and thermal constraints that may 

exist. In this thesis, a hydroelectric system is considered to be a small part of the complete 

hydrothermal systern and schedules are developed to minimize thermal generation costs. 



Hydrotherrnal scheduling can be a long term or a short term problem. The long term 

hydrothermai scheduling problern is concemed with effective utilization of water inflow to 

a hydro reservoir during the penod of interest. usually one year. It involves optimizing a 

policy in the context of unknowns such as load, hydraulic inflows, and unit unavailability. 

These unknowns are treated statisticaily, and. therefore, long term scheduling involves 

optimization of statistical variables. The solution to this problem consists of the 

determination of a plan for the withdrawal of water from the hydro reservoirs for power 

generation throughout the period and the determination of the corresponding thermal 

generations so that the total cost of the fuel is minimized, subjected to the operating 

constraints of the hydro and thermal plants. The short term hydrothermal scheduling 

problem is concerned with an optirnization interval of one day at hourly scheduling 

intervals. The solution to this problem gives a plan for the optimal quantity of water to be 

discharged from the hydro plant and the corresponding thermal generation such that the 

total fuel cost of the thermal plants over a day is minimized subjected to the operating 

constraints of the hydro and thermal plants. The load, hydraulic inflows and unit 

availability are assumed to be known. A set of starting conditions is given and the optimal 

hourly schedule that minimizes a desired objective while meeting hydraulic, steam and 

electric system constraints is sought. This chapter illustrates the incorporation of NUG 

energy in short term hydrothermal scheduling. 

Fixed head and variable head hydrothermal systems are considered in this chapter. 

Most of the work done on hydrothermal scheduling in the past had been concentrated on 

the assumption of f i e d  head for short range studies [65-721. The rate of water discharge in 

a hydrothermal system with fixed head hydro is a function of the active power generation 

of the unit and is usually taken as a quadratic function of power output. In situations where 

the hydraulic head is variable, the rate of water discharge is given as the product of the 

active power generation and the hydraulic head. In addition, the dynamics of reservoir 

flows must be incorporated in the problem formulation. Variable head hydrothermal 



scheduling is, therefore, more complex than fvred head hydrothermal scheduling. Work 

has k e n  conducted on the optimum scheduling of hydrothermal systems with variable head 

hydro 173-751. Optimal operation of a variable head hydrothermal system with the 

inclusion of NUG energy has received rnuch Iess attention, partly because such systems are 

rare and dso  because the problem is very cornplex. In this chapter, algonthms are 

presented that can be utilized to determine the optimal operation of fixed head and variable 

head hydrothermal systerns with NUG energy in their short term schedule. 

This chapter discusses the characteristics of hydro plants and algorithms for the 

evaluation of the AOC for fixed head and variable head hydrothermal systems and provides 

a set of corresponding sensitivity curves. 

4.2. Characteristics of a Hydroelectric Plant 

No two hydro electric systems are aiike. The diversity of hydro-electric plant makes it 

essential for each plant to be mathematically modeled individually. A schematic diagram of 

a typical hydro electric installation is shown in Figure 4.1. 

A hydroelectrîc power station consists of a dam, a hydro plant and an exiting channel. 

The energy available for conversion to electrical energy of the water impounded by the d a m  

is a function of the gross head. The head available to the turbine itself is slightly less than 

the gross head due to the friction losses in the intake, penstock and draft tube. This is 

expressed as net head and is equal to the gross head less the flow losses. The flow losses 

c m  be very significant for low head plants and for plants with long penstocks. The water 

levei at the tailrace is influenced by the flowout of the reservoir including plant release and 

any spilling of water. 



Figure 4.1. Schematic diagram of a hydro-electric power station 

In the case of a fixed head hydroelectric system, active power, P i ,  at hour j is 

function of the discharge, q ~ .  Mathematically, 

The relationship between the active power generated by a variable head hydro unit at 

hour j, pi,  in MW, the rate of water discharge at hour j, &, in rn3 / s and the effective 

head at hour j, hi in meters is given by [75] 

The efficiency, q(q,h) ,  is a function of both q and h.  The Glimn-Kirchmeyer mode1 

[753 is utilized in this thesis for characteriLing variable head hydro plant performance in the 

optimal economic operation studies. As the water discharge increases, fictional effects are 



aiso increased. The result of this is to decrease the net head. For the sake of simplicity, a 

rectangular reservoir is considered in this work. 

4.3. Scheduling of a Fixed Head Hydrothermal System 

A short term fixed head hydrothermal scheduling is considered in this section. It has 

been assumed that there is a single hydioelectric plant in the system which is not sufficient 

to supply the entire load demand during a penod of 24 hours and that there is a maximum 

totaI volume of water, V, that will be discharged throughout the period of 24 hours. The 

hourly load and inflow of water at each hour is fixed. The total running cost of the 

hydrothermaI system is assumed to include the fuel cost of the thermal units. The 

transmission losses are neglected. The hydraulic constraints are shown beIow. 

The total volume of water discharged is defined as 

Discharge constraint 

w here 

4- and q,, are the maximum and minimum water discharges respectively . 

Power output constraint 

where Ph,-, and Ph(Mnl are the maximum and minimum power outputs of the 

hydro plant. 



The hydro output at each hour, j, should be utilized to replace thermal generation in 

such a manner that it (hydro output) should not force the thermal units to operate below 

their minimum or above their maximum permissible levels. The replacement should be 

done in a way that the resulting saving is maximized. The inclusion of hydro output may 

aiso result in the change in unit commitment of the thermal units. In order to detennine the 

loading schedule modified by the hydro units, a discrete amount of the hydro energy. LW:, 

is considered in each hour corresponding to a discharge of dqj and the corresponding 

saving is evaluated. The saving in running cost due to a hydro unit can be expressed as: 

w here 

Ml,= savings in the mnning cost of unit i due to a discrete amount of hydro energy 

during hour j 

APL = discrete amount of hydro energy utilized in hour j. 

The savings due to a change in the unit commitment is also taken into consideration. 

The unit giving maximum saving (kth unit) during hour j c m  be found by seIecting k such 

that the following equation is satisfied. 

The kth unit is selected as a candidate for a load reduction of APL MW. Ml, s for j= 1, 

2, 3, ...., 24 are evaluated. The possible savings due to the incorporation of AP; MWh of 

hy dro energy is: 

where 



 AS^ = discrete savings in 24 hours due to the incorporation of APL MWh of hydro 

power. 

The Lth hour is selected for a load reduction of AP; MWh. 

The discharge and power output constraints are checked at the Lth hour. The same 

procedure is repeated until the total volume of water, V, is used up. 

4.4. Scheduling of a Variable Head Hydrothermal System 

The optimal short t e m  scheduling of a hydrothermal system with a variable head hydro 

plant is considered in this section. The optimal hydro-thermal schedule is obtained by 

satisQing the hydro, themal and reservoir constraints. The objective of the algorithm is to 

find active power generation of the hydrothermal systern as a Function of time over a 24 

hour period under the following conditions. 

a) The total running cost of the thermal plants in the system over the optimization 

interval, 24 hours, should be minimum. 

b) The total active power generation in the system matches the load. 

w here 

PA = system load during hour j-MW 

PL= output of hydro unit during jth hour - MW. 

C) Transmission losses are neglected for the sake of simplicity. 

The constraints considered in the algorithm are the following: 



a) Discharge constraint. 

where q,, and q,, are the maximum and minimum water discharges respectively. 

b) Reservoir head constraint. 

h,, 5 hi hm 

where hm and h,, are the maximum and minimum permissible reservoir head 

Ievels respectively. 

C) Power output constraint. 

where Ph,-, and Ph,,,, are the maximum and minimum power outputs of the 

hydro plant. 

The flowchart shown in Figure 4.2 indicates the steps of the algorithm based on 

dynamic prograrnming. An initial reservoir head, hini is assumed at the beginning of the 

optimization interval. The level of water in the reservoir, hl, is assumed to Vary between 

hmjn and h,, with discrete intervals of I at a particular hour hr. The size of I affects the 

accuracy of the results and the computation time. In this thesis, reservoir head is increased 

by a unit value. Water discharged, q,, is evaluated at each I by considering the difference in 

the Ievel of reservoir head, surface area of the reservoir, SA, and water inflow into the 

reservoir, qin. If the discharge constraint is satisfied, the hydro power output Ph, at each I is 

evaluated utilizing the Glimn Kirchrneyer hydro unit mode1 [75]. The hydro power output 

Phi is .used in the scheduling of thermal units. The running cost of the hydro unit is 

assumed to be negligible as compared to that of the thermal units. The cost saving, 

Sav(hr,i), is evaiuated at each I by taking the difference in the cost before and after the 



inclusion of Ph, in the thermal scheduling. For the fmt  hour, the total saving, Savt(hr,I), at 

each I is the same as Sav(hr,l). The total saving, Savr(hr.lI), beyond the first hour at each 

I is evaluated by determining the maximum saving, Sa, from a set of savings which is 

obtained by taking the summation of Sav(hr.1) and Sav(hr-Ml).  The total saving, 

Savr(hr,ll) , is evaluated for al1 1 at each hour. At the 24th hour,'the maximum saving is 

determined using N savings, Savt(hr,N) where ZV is the number of discrete intervals in one 

hour. The path for the maximum saving is retraced to determine hydro discharges at each 

hour. Hydro power output is then determined from hydro discharge. 

4.5. Evaluation of the Avoided Operating Cost 

The AOC is evaluated after the units in the hydrothermal system are economically 

dispatched. The technique for AOC evaluation is the same for both fixed head and variable 

head hydrothermal systems and is based on the marginal cost of the hydrothermal system. 

It is assumed that 5 MWh of energy is supplied by the NUG to the utility in 24 hours. The 

NUG energy is utilized to replace the already reduced thermal generation in an optimal 

manner. A discrete arnount of NUG energy, A t ,  is used to determine the loading schedule 

modified by M G .  The iterative process continues until al1 the NUG energy is injected into 

the system. The saving in the running cost due to the inclusion of A{ MWh of NUG 

energy is given by 

where 

Pj =thermal output at hour j. 

Al1 the loaded units are searched except the ones that have reached their minimum 

output.limits. The unit giving maximum saving (kth unit) during hour j can be found by 

selecting k such that the following equation is satisfied. 
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Figure 4.2. Flowchart for the optimal scheduling in a variable head hydrothermal system 
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Figure 4.2. Flowchart for the optimal scheduling in a variable head hydrothermal 

system ....... continued 



The kth unit is selected as a candidate for a load reduction of A< MW. The iteration 

continues for hour j+ 1 and AS:" is evaluated. After evaluating AS: where j= 1, 2. 3, 

..... 24, the hour with the largest AS: is selected to receive A t  MWh of NUG energy. In 

the next iteration k+l, the evaluation starts with a NUG energy of 6 = 5 - A t .  The 

process continues until d l  the NUG energy is exhausted. The AOC is, then, evaluated 

utilizing the following equation 

1 

v = MU{A$, AS:, A$, . . . . . . .... . AS:"} 

w here 

I = the number of iterations required to utilize 5 MWh of NUG energy. 

4.6. Hydrothermal System Sensitivity Studies 

In this chapter, the IEEE-RTS is considered as the utility and sensitivity studies are 

performed to show the economic implications of NUG energy. Al1 the existing generating 

units in the IEEE-RTS are considered to be thermal or thermal equivalents. Fixed head and 

variable head hydro units are considered to be a part of the IEEE-RTS in addition to the 

already existing units. Studies on a fixed head hydrothermal utility are illustrated in the 

following sub-section followed by studies on a variable head hydrothermd utility. 



4.6.1. Fixed Head Hydrothermal System Applications 

461.1.  Effect of water volume 

It is assumed in this thesis that the cost associated by a hydro unit is negligible 

compared to that of the thermal units. The utility economic savings due to a hydro unit 

depends upon the volume of water and on the size of the unit. Figure 4.3 illustrates the 

variation in utility econornic savings due to the presence of a hydro unit as a function of 

100 200  300 400 500 

Volume of water (x1000 cum) 
- -  p p p  

- Capacity = 40 MW - Capacity = 50 MW 

Figure 4.3. Economic savings due to a hydro unit 
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the volume of water available in one day. Utility savings are evaluated for hydro units of 40 

MW and 50 MW capacities. It is assumed in this study that 600 MWh of energy is 

purchased by the utility from NUG. It can be observed from Figure 4.3 that the econornic 

savings of the utility increases with an increase in the voIume of water in the reservoir. The 

savings due to the hydro unit increase with higher hydro unit capacity for the sarne volume 

of water. This is due to the fact that in a particular hour, the systern operator has access to 

greater hydro energy in the case of the 50 MW hydro unit than in the case of the 40 MW 

hydro unit. 

The change in econornic savings due to a hydro unit is reflected in the system AOC. 

Figure 4.4 shows the variation in the AOC as a function of the volume of water availabIe in 

one day. The AOCs were evaluated for two cases of 40 MW and 50 MW hydro units. An 

increase in the volume of water causes an increase in the power generated by the hydro 

unit. This results in a decrease in the marginal cost of the hydrothermal system. The AOC 

depends on marginal cost and, therefore, decreases with an increase in the volume of water 

as observed from Figure 4.4. The AOC depends upon the savings due to the hydro unit. 

4.6.1.2. Effect of NUG energy 

A hydrothermal system achieves savings in fuel costs by integrating NUG energy into 

the system. This is due to the presence of a hydro unit that results in the lower marginal 

cost of the hydrothermal system. The econornic benefit to the hydrothermal system and the 

NUG is illustrated in Figure 4.5. The variation in the utility running cost per unit of 

energy and the AOC as a function of the energy purchased by the utility from the NUG is 

shown in this figure. The running cost of the utility without the NUG is $ 8.67 per unit of 

energy. This is higher than that with the NUG and decreases with increase in the NUG 

energy purchased by the utility. 
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Figure 4.4. AOC vs volume of water in the reservoir 

The AOC increases with an increase in the NUG energy. The units committed to satisfy 

the Load are based on the priority loading order of the units which in-tum is dependent upon 

the fuel cost of each unit. Units with lower fuel cost are higher in the prionty table and 

vice-versa. When a utiIity satisfies the customer load without NUG, expensive units that 

are at the lower end of the priority table are committed and loaded to higher values thus 

increasing the marginal cost. When NUG energy is included, expensive units produce 

lower energy and the utility running cost is, therefore, higher without NUG than that with 



Utility cost without NUG ($/MWh) = 8.67 
-r 

240 360 480 600 

NUG energy (MWh) 

# ] C  - Utility cost 

Figure 4.5. Econornic benefit to utility and the AOC 

NUG and decreases with an increase in the NUG energy. The fuel cost c m ,  therefore, be 

reduced in a hydrothermai system as in a pure thermal system by including NUG energy 

into the system. 



4.6.1.3. Optimum duration of NUG energy 

A NUG cm increase the econornic value of its energy by selling to the utility in the 

optimum duration P D ) .  The OD is the number of hours in a day for which the NUG sells 

same energy to the utility, such that it (NUG) receives maximum economic benefit. The 

duration changes with a change in the NUG energy purchased by the utility. Variations in 

AOCs as a function of the OD for two cases of 200 MWh and 600 MWh of NUG energies 

are illustrated in Figures 4.6 and 4.7. The NUG energy is assumed to be equally spread out 
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Duration (h) 

Figure 4.6. AOC as a function of the duration with 200 MWh of NUG energy 



over the hours indicated in the abscissa in Figure 4.6 and 4.7. It can be observed from 

Figures 4.6 and 4.7 chat the AOC first increases and then decreases with increase in the 

number of hours in the sales period. The AOC are maximum when the OD is 3 hours for 

200 MWh of NUG energy and 5 hours for 600 MWh of NUG energy. The OD is 

dependent upon the pnonty loading order of the utility, dispatch of each cornmitted unit and 

the arnount of the energy supplied by the NUG. This study shows that the OD can be 

evaluated and is different for different NUG energies. 
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Figure 4.7. AOC as a function of the duration with 600 MWh of NUG energy 



4.6.2. Variable Head Hydrothermal System 

4.6.2.1. Effect of hydro generation on the load and the AOC 

Energy contributions made by a hydro unit in a variable head hydrothermal system 

depend upon the daily available water, inflow of water into the reservoir and the level of 

water in the reservoir. The total energy generated by a hydro unit affects the thermal unit 

generation and therefore the AOC. The daily energy generated by the 100 MW hydro unit 

and the AOC profiles are illustrated in Figures 4.8 and 4.9. 

1 3 5 7 9 1 1  1 3  15 17 1 9  2 1  23 

Time of the day (h) - Hydrothermal generation - Hydro generation 

Figure 4.8. Total hydrothermal vs hydro generation 
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Figure 4.9. AOC profile in 24 hours 

The load satisfied by the hydrothermal system is also shown. It was assumed in this 

study that 100,000 cubic meters of water is available in one day and the initial reservoir 

head is 175 meters. It was dso assumed that the inflow of water into the reservoir is 

constant and 40 MWh of energy per hour is purchased by the hydrothermal system from a 

NUG in one day. It can be observed from Figures 4.8 and 4.9 that the load satisfied by the 

hydrothermal systern has two peaks, one at noon and the other in the evening. Figure 4.8 

shows that the major energy contribution made by the hydro unit occurs during the 

second peak where the load is at its daily maximum. It can be observed from Figure 4.9 



that the AOC is lowest at the low load but becomes high at the first peak load penod and 

remains high until the next peak load penod. The variation of the hydro generation and the 

AOC at the different hours of the day is due to the variables noted earlier. 

4.6.2.2. Effect of volume of water on the AOC 

The AOC is a function of the utility mnning cost which depends upon the volume of 

available water to the hydro unit. The effect of available water in the reservoir on the AOC 

is illustrated in Figure 4.10. 
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Figure 4.10. AOC as a function of the volume of water in the reservoir 
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It was assumed in this snidy that the NUG sells 200 MWh of energy in a day and the 

utility can dispatch this energy over 8 hours. The AOC is evaiuated hourly over 8 hours of 

the day, and periodically over 8 successive hours of the day. It can be seen frorn Figure 

4.10 that increasing the volume of water causes a decrease in the AOC. This is due to the 

fact that the economic savings achieved by the hydrothemai system increase as the volume 

of water increases. The marginal cost of the hydrothermal system decreases as the savings 

due to the hydro unit increases and, therefore, the AOC decreases. It can be funher 

observed from Figure 4.10 that the AOC is higher when the NUG sells energy to the utility 

at non-contiguous hours of the day than that when the NUG sells energy to the utility for 

an 8 hour period. It can be, therefore, inferred from this study that a NUG achieves higher 

economic benefits if it sells energy on an hourly basis rather than on a penod basis. 

4.6.2.3. Effect of the volume of water on utility running cost 

In this case, it has been assumed that the daily water volume is fixed. The hydro unit 

output that affects the thermal output depends upon the available volume of water. The 

running cost of the utility is a function of the thermal output and, therefore, also depends 

upon the volume of available water. The variation in utility running cost per unit of energy 

with and without NUG energy as a function of the volume of water is shown in Figure 

4.1 1. It can be observed from Figure 4.11 that the running costs reduce as the volume of 

water in the reservoir increases. The utility running cost without the NUG energy is higher 

than the corresponding mnning cost with the NUG energy. 

4.6.2.4. Effect of initia1 water level on the AOC 

The power output of a hydro unit in a variable head hydrothermal system is a function 

of the reservoir water level. The AOC which is dependent on the hydro power output, 

therefore, changes with change in the water level. The effect of the initiai water level in the 
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Figure 4.1 1. Utility running cost as a function of the volume of water in the reservoir 

reservoir on the AOC is shown in Figure 4.12. In this study the head at the beginning of 

the study period is as shown in this figure and AOCs were evaluated on both hourly and 

periodic bases. It c m  be seen from Figure 4.12 that the AOC decreases with an increase in 

the initial reservoir water level as the power output of the hydro unit is higher at higher 

initial water levels. The economic savings achieved by the hydrothermal system due to the 

hydro unit are, therefore, higher. This results in a lower marginal systern cost and the 
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Figure 4.12. AOC as a function of the initial water level in the reservoir 

AOC is, therefore, lower at the higher initial water levels. Figure 4.12 also shows that the 

AOC is higher when evaluated on  an hourly basis than when evaluated on a periodic basis. 

4.6.2.5. Effect of initial water level on utility running cost 

The level of water in the reservoir is assumed to be constant in a fixed head 

hydrothermal system but changes continuously in a variable head system. The initial water 



Ievel plays an important role in determining the hydro output which dictates the mnning 

cost of the utility. In th is  study it was assumed that the head at the beginning of the study 

period varies from 170 rneters to 270 rneters. The advantage of buying NUG energy and 

having a higher initial water level is illustrated in Figure 4.13. The utility running cost 

decreases with increase in the initial water level. 

Initial head (m) 

Figure 4.13. Utility incremental running cost as a function of the initial height of water in 

the reservoir 



This chapter illustrates the economic implications of incorporating NUG energy in the 

short terni planning of a fixed head and a variable head hydrothermal system. 

Deterministicaliy based algorithrns have been proposed to deai with the short term 

scheduling problem of a fixed head and a variable head hydrothermal system as NUG 

energy is included in the system. The technique starts with the evaluation of hydrothermal 

scheduling, which is different for fixed head and variable head hydrothermal systems. 

Once the hydrothermal scheduling is performed, the AOC is evaluated. The procedure for 

evaluating the AOC is the same in both systems. The evaluation of the AOC is based on the 

optimum operation of the hydrothermal system both before and after the utilization of NUG 

energy. 

Computer programs have been developed to evaluate and examine the economic 

implications of NUG energy on hydrothermal systems. The IEEE-RTS, discussed in 

Chapter 2, was utilized as an exarnple system to perform sensitivity studies. The effects of 

water volume on the AOC and the utility running cost were examined for a fixed head 

hydrothermal system and are illustrated in this chapter. The resuIts show that the AOC and 

the utility running cost per unit of energy decrease with increase in the volume of water in 

the reservoir. The OD for NUG energies of 200 MWh and 600 MWh were evaluated and it 

was observed that the OD are different for different NUG energies. Zn the case of a variable 

head hydrothermal system the effects of water volume and initial height of the reservoir on 

the AOC and the utility running cost were examined. The AOC and utility running cost per 

unit of energy decrease with increase in the volume of water in the reservoir and with an 

increase in the initiai height of the reservoir. 



This chapter shows that it is feasible to evduate the AOC of fixed head and variable 

head hydrothemal systems and that the economic benefit to the utility and the NUG c m  be 

quantified. 

Sensitivity studies, similar to those performed on the example system, can be utilized 

for a hydrothermal system to estimate the savings in the running cost of the utility when it 

buys electrical energy from a NUG. The studies can also be utilized to determine the 

amount of energy and the OD during which a utility and a NUG c m  maximize their mutual 

econornic benefit. 

The NUG can produce electrical energy from conventional or non-conventional sources 

and the AOC depends upon the inherent characteristics associated with the source used for 

the generation. The econornic impacts of NUG producing energy from non-conventional 

sources, cogeneration and wind, are considered in the next chapter. 



5. ECONOMIC IMPACT ON A UTILITY OF 
COGENERATED AND WIND ENERGIES 

PRODUCED BY NON-UTILITY GENERATION 

5.1. Introduction 

Due to an increase in the cost of energy and fa11 in the rate of growth of electricity 

demand, utilities and governments are looking beyond the conventional sources of 

electrical energy to identify alternative, flexible sources to meet a part of the forecast Ioad 

growth. Industrial cogeneration and wind are two such alternatives that could be utilized 

economically and are therefore, considered in this chapter. 

Ln a conventional thermal utility, the rnost significant variable cost component is fuel. 

which accounts for approximately 76% of the total variable cost [80,86]. Approximately 

65% of the fuel input is rejected to the environment while another 2.5% is lost in 

transmission and distribution. Ody about 33% of the input energy is, therefore, delivered 

to the end user and an increase in the efficiency of the energy conversion process can 

result in significant cost savings. An industrial cogeneration facility utilizes the heat that 

is normally rejected to the atmosphere and converts it into useful process heat. The 

efficiency of an industrial cogeneration facility is, therefore, much higher than that of a 

conventional generating unit. Depending upon the power plant mix and the end user ratio 

of electrical to thermal energy, the overall end user fuel efficiency typically ranges 

between 30% and 65%. In contrast, a cogeneration facility is capable of operating at an 

overall energy efficiency of 75%. The cogeneration system, therefore, requires a lower 

amount of fuel to satisfy the sarne energy requirements. This system, thus, can 



significantly reduce an end user's utility costs. NUG, therefore, finds cogeneration an 

attractive option for generation of electrical energy . 

Wind has emerged as a prornising non-conventional source of energy and it is in 

some cases quite cost competitive with conventional sources. Wind energy is considered 

to be the most competitive renewable source of energy. More and more NUG are, 

therefore, choosing wind as a source of energy. The viability of a wind energy project 

depends on its ability to generate energy almost free of cost after a certain period of time. 

The initial investment by a NUG to install a wind turbine c m  be recovered in a relatively 

short period of time and the energy after this period is quite inexpensive as the energy 

source is free. The NUG, therefore, see the project paying for itself even if the initial 

investment is large. In addition, attractive incentives provided by the government in some 

countries have enticed a lot of private industries into setting up wind power projects. 

A literature survey [76-851 shows that a considerable amount of work has been 

performed in the area of long term economic evaluation of wind power and cogenerated 

power. Some algorithms and cornputer programs have been developed that can be utilized 

to assess the most economic electric utility alternatives with and without wind and 

cogenerated power. In this chapter, some of the important characteristics of cogeneration 

and wind are discussed. Based on these characteristics, techniques are illustrated in the 

chapter to evaluate the AOC resulting from a short term energy transaction between a 

utility and NUG utilizing cogeneration facilities and wind as sources for energy 

production. The utility was assumed to be a pure thermal power system. The AOC has 

been evaluated from the marginal energy cost of the utility. This cost has an hourly time- 

of-day (TOD) profile and, therefore, the AOC is dependent on the hourly TOD profile of 

the energy purchase. The IEEE-RTS has been used to perform sensitivity studies based 

on the developed techniques. The studies can be utilized to determine the amount of 



energy and the time penod during which a utility and a NUG can rnaxirnize their 

econornic benefits. 

5.2. Cogenerated Energy Produced by Non-Utility Generation 

5.2.1. Historical Development of Cogeneration 

In the early 1900's, on-site electric generation was more reliable and less costly than 

utility-generated power. Companies installed steam turbine generators, including the 

equivalent of cogeneration systerns which recovered steam from production processes. As 

demand grew, the utility industry expanded and consolidated. Technological advances Ied 

to econornies of scale in the generation and transmission of electricity. The decline of unit 

capital costs and the availability of relatively inexpensive fuel led to the decline in the 

cogeneration activity. Cogeneration became limited to industrial facilities, such as 

petroleum refineries, pulp and paper rnills or chemical plants, where a unique 

combination of energy requirements and the avaiiability of by-product fuels and on-site 

engineering made cogeneration cost effective. In the United States of America, the 

amount of power produced by cogenerators fell from almost 60% of the nation's power 

requirements in 1900 to about 4% of the total generation in 1977 as shown in Figure 5.1 

1861. In the 1990's, cogeneration facilities are ailowed to sel1 electricity to the utility at 

reasonable rates in some countries. The option to sel1 electrical energy to a utility has 

again raised interest in industrial cogeneration. 

5.2.2. Characteristics of Cogeneration 

The most cornmonly employed, commercially available cogenerator prime movers are 

gas turbines, s t e m  turbines (combustion turbine) and diesel engines (internal combustion 
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Figure 5.1. Cogeneration trend in the United States of Arnerica 

reciprocating engines). Al1 these engine alternatives have proven to be reliable and cost 

effective, based on the energy and performance requirements of a specific application. 

Figure 5.2 [86] illustrates a typical cogeneration system where fuel is burned in a 

combustion turbine producing shaft power which drives an electric generator. The 

electricity c m  be used on-site in the facility, sold to a utility or a combination of both. 

The cogeneration facility whose energy is used on-site is referred to as interna1 use 

cogeneration. A second use of cogenerated facility is to sel1 energy to an electric utility. 



and this type of facility is referred to as seIl back single cogeneration. A facility can also 

produce power both for sale to a utility and for on-site use. 

It is considered in this chapter that industrial cogeneration is a facility that produces 

its own process steam for production purposes and also includes a turbinelgenerator unit 

in the steam line for the generation of electricity. The resulting electricity is used to meet 

the needs of the industry and any excess electricity is sold to a utility. 

r 
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Figure 5.2. Typical cogeneration system 

5.2.3. Integration of Cogeneration in an Electric Utility 

NUG with cogeneration facilities can be connected to the utility grid to export 

cogenerated power, to receive additional power, to deliver power to another end user, or 

to sel1 power to some other utility which may be at different location. The studies 



illustrated in this chapter assume that the cogenerated electric power produced by the 

NUG is exported to the utility. For the sake of simplicity, it is assumed that the 

transmission losses are negligible. The ability to connect a cogenerator to the utility grid 

has resulted in significant improvements in cogeneration economics. It raises concerns in 

the minds of utility planners regarding system stability and security. In addition, planners 

want to use the energy produced from the cogeneration facility in an economic manner. 

The utility, therefore, wants to maintain dispatch rights over the electric power entering 

into the grid. If the power purchased from the cogeneration facility is significant, the 

utility also requires guarantees as to the time of delivery, the amount and the length of the 

agreement together with other considerations. 

When a utility buys electrical energy from a NUG, it has to pay a charge to the NUG. 

which is dependent upon the type of the contract. In this chapter, it is considered that a 

cogeneration facility may provide energy on an 'as available' basis i.e. without legal 

obligation of contract. An electric utility is also not obligated to purchase energy from the 

NUG if such purchases will result in an increased operating cost. 

5.2.4. Proposed Technique 

When cogenerated energy is integrated into the utility planner's list of possibilities, it 

becomes crucial to accurately model this effect on system reliability and economics. The 

impact of cogeneration on system reliability is discussed in detail in Reference [87]. In 

order to investigate the economic impact of cogeneration on a utility, the fluctuating 

nature of energy production for these sources has to be taken into account. Utilities have 

normally modeled cogenerating units as "peaking units" because of the tendency for the 

cogeneration to follow the working day. That is, the cogeneration energy is available 

dunng the time when load is the greatest. Due to its variability and other characteristics, 

cogeneration is, however, typically an intermittent base load plant with no storage. 



In order to model systerns containing both utility units and industrial cogeneration 

sources, the total generating sources are divided into two categories, i.e., the utility units, 

that are in the direct control of the utility and the cogenerating units that are industry 

owned and operated. A utility does not have any control on the industry operating and 

dispatching policies and c m  only predict them using statistical methods. Two cases of 

non-energy limited (NEL) and energy limited (EL) cogenerating units have been 

considered and are discussed in the following [87]: 

a) NUG with non-energy limited cogenerating units 

Cogeneration units are assumed to be very reliable in this study. The probability 

of failure of a unit in the next 24 hours is, therefore, negligible. This seems reasonable 

as most failures in a conventional steam unit occur in the boiler. The steam produced 

by a NUG is crucial to its industrial process and, therefore, every possible effort is 

made to ensure that the boiler is operating. It is also assurned that cogeneration units 

are available 24 hours of the day and the output energy is constant for the study 

period. 

b) NUG with energy limited cogenerating units 

When the power output of the cogeneration sources are not dispatched by the 

utility operators but instead depend on a working day schedule, cogenerating units are 

called energy limited cogenerating units. These units differ considerably from 

conventional power generating units in their performance and operating 

characteristics. The dependence between the power available and the load has to be 

reflected in the development of the model. The cogeneration units are integrated into 

the utility network at a reduced level of output reflecting the energy available over the 

entire period of study. 



Consider a cogenerating unit of 10 MW capacity and negligible probability of failure 

in the next 24 hours. The maximum energy available to the unit for 24 hours is 240 

MWh. It is assumed that the cogenerating unit is energy lirnited and has only 80% of its 

maximum energy which is 192 MWh. Since the cogeneration output cannot be scheduled 

by the utility operator, it can be considered as a non-dispatchable energy limited unit. 

The equivalent capacity of 8 MW is considered an equivalent energy of 8 MWh in 

one hour. The equivalent capacity is obtained by: 

where 

c, = equivdent capacity of the cogenerating unit 

Cr = rated capacity of the cogenerating unit 

E= = energy available to the cogenerating unit 

= maximum energy available to the cogenerating unit if it were not energy lirnited 

T = study penod in hours 

The energy constrained generation mode1 reflecting both characteristics of non- 

dispatchability and energy limitation for the cogeneration source is given in Table 5.1. 

A 10 MW cogenerating unit with 80% of the required maximum energy can be 

considered as a unit with an equivalent capacity of 8 MW. 



Table 5.1 Energy constrained capacity distribution 

table for the cogenerating unit 

i 
Capacity (MW) Individual 

robabilit 

The AOC at each hour, yh. can be computed by utilizing the following formula. 

where 

s = the total number of States in the energy constraint capacity distribution table. 

@i = AOC evaluated for a cogenerating unit at state i 

Ai = probability of the cogeneration unit at state i 

@, can be evaluated by utilizing the generalized algorithm discussed in Chapter 2. 

5.2.5. System Studies 

Sensitivity studies have been performed on the EEE-RTS in order to illustrate the 

effect of a cogeneration facility on utility short tenn operational planning. Studies similar 

to these can be used by the system operator to make valid decisions. 



5.2.5.1. Economic benefit of a cogeneration facility 

Many industries that used to produce heat for their own purposes have started 

considering the implementation of a cogeneration facility on their premises due to the 

opportunity to sel1 electricity to the utility. By doing so, the industry achieves economic 

benefit. This can be explained by the following example [86]. Assume that an industry 

which produces heat for its own purposes spent $X to produce Y unit of heat at an 

efficiency of 95%. The industry, now, decides to implement a cogeneration facility using 

a gas turbine with an efficiency of 80%. Assume that M% of fuel is converted into 

electricity and N% into useful heat. After satisbing its heat demand, the industry sells the 

electricity that is generated as a byproduct to the utility that operates at an efficiency of 

33%. The utility spends 3 units of fuel to produce one unit of electricity. It, therefore, 

pays the cost of 3 units of fuel to the industry for one unit of electricity purchase. Figure 

5.3 shows the variation in the cost that the industry incurs to satisfy its heat demand as a 

function of the percentage of the input fuel that is converted into electncity. Total 

efficiency, Le., efficiency of heat and electricity, is kept constant at 80%. It can be 

observed from the figure that the industrial cost goes down as the electrical output 

increases. The figure also shows a case designated as stearn turbine cogeneration in which 

the overall efficiency is 85%. The downward trend in industrial cost as a function of 

electrical outputs has encouraged the development of industrial cogeneration. 

5.2.5.2. Effect of NUG energy on the AOC 

A cornparison of AOCs and the costs incurred by the utility evaluated for NEL and 

EL cogenerating units, with and without the probability of cogenerating unit failure is 

illustrated in Figures 5.4 and 5.5. A constant probability of failure of 0.0027 has been 

applied in each hour. This is based on 1 failure per year and a lead tirne of 24 hours. The 

curves with and without considering probability of cogenerating unit failure are virtually 
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Figure 5.3. Economic benefit incurred by an industry 

identical in each case. It c m  be observed from the figures that the AOC increases and the 

costs incurred by the utility decrease with increase in the cogeneration energy that the 

NUG sells to the utility over 24 hours. This is due to the fact that an increase in the 

NUG energy causes the utility to reduce the output of its expensive units. It can be further 

observed from Figures 5.4 and 5.5 that for a particular cogeneration energy, the AOC is 

lower and the cost incurred by the utility is higher in the case of the EL cogenerating unit 

than that in the case of the NEL unit and the difference is considerable. It is, therefore, 

important to correctly identify the cogenerating facility as NEL or EL. The AOC and the 
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Figure 5.4. Cornparison of the AOCs 

utility cost do not change significantly due to incorporation of the probability of 

cogenerating unit failure and, therefore, this can be neglected. 

5.2.5.3. Effect of the number of cogenerating units on the AOC 

The effect of the number of cogenerating units on the AOC is shown in Figure 5.6. It 

is assumed in this study that a total of 20 MWh of energy is supplied by the cogenerating 

facility in one hour and the probability of cogenerating unit failure is 0.0027. A period of 

24 hours was considered for the AOC evaluation. Both NEL and EL cogenerating units 
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Figure 5.5. Cornparison of utility costs 

were considered in this study. It can be observed from Figure 5.6 that an increase in the 

number of units causes an increase in the AOC. The increase in the AOC is, however, 

insignificant due to the fact that the probability of failure associated with a cogenerating 

unit is very small. In each case, the AOC for NEL cogenerating units is higher than that 

for EL cogenerating units. 



5.2.5.4. Effect of the probability of cogenerating unit failure 

The probability of failure of a cogenerating unit in the next 24 hours is very low due 

to the high reliability of these units. The effects of probability of unit failure on the AOC 

and the cost incurred by the utility due to a NUG energy purchase were examined in the 

case where cogenerating units are prone to frequent failures. This effect is illustrated in 

Figures 5.7 and 5.8. It was assumed that 20 MWh of energy is purchased by the utility 

from the NUG in one h o u .  It c m  be observed from Figure 5.7 that the AOC decrease 

1 2 3 4 5 

Number of units 

Figure 5.6. Number of cogenerating units and the AOC 



with increase in the probability of failure for both NEL and EL cogenerating units. 

The slopes of the AOC are, however, different in the two cases. The AOC for an EL 

cogenerating unit is higher than that for a NEL cogenerating unit for a particular 

probability of failure and the difference in the AOC increases as the probability of failure 

is increased. Figure 5.8 shows the change in the utility cost as a function of the 

probability of NUG unit failure. The cost incurred by utility without the NUG is 

$37638 1.50 and is higher than that with the NUG in both cases of NEL and EL units. 

Probability of failure - NEL - EL 

Figure 5.7. AOC as a function of the probability of failure of the cogenerating unit 
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Figure 5.8. Utility cost as a function of the probability of failure of the cogenerating unit 

5.2.5.5. AOC at peak load 

Cogeneration energy may or may not be available for twenty four hours a day, due to 

its dependence on a working day schedule. A cogeneration unit will, therefore, contribute 

intermittently to utility generation during the peak, cycling and base load periods. This 

study presents a method which incorporates the tirne dependent energy production of 

cogeneration sources in the analysis. The method develops a mode1 which uses the unit 

hourly energy over an assigned hourly load period. Two periods have been selected, a 24 



hour period and an 8 hour period extending over the peak loads. The effect of NEL and 

EL cogenerating unit on utility economics using a peaking operation and 24 hour 

operation schemes is illustrated in Figures 5.9 and 5.10 respectively. Variations in the 

AOC evaluated for the NUG energy transaction over 24 hours and during the peak load 

penod as a function of the NUG energy is shown in the figures. It can be observed from 

Figures 5.9 and 5.10 that the AOC per unit of energy decreases with increase in the 

energy sold by the NUG to the utility. The AOC is considerably higher at the peak load 

NUG energy (MWh) 

1 -.- 24 hours - Peak load l 

Figure 5.9. Effect of NEL cogenerating unit on the AOC 
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Figure 5.10. Effect of EL cogenerating unit on the AOC 

than over the 24 hours due to the fact that the utility is operating its expensive units at the 

peak load. The marginal cost of the utility is thus higher and, therefore, the AOC is higher 

at the peak load. 



5.3. Wind Energy Produced by Non-Utility Generation 

5.3.1. Historical Development of Wind Energy S ystems 

The ealiest wind system was developed in the near east and Egypt [88]. By the 

thirteenth century it had begun to spread to Europe. Through the centuries, its use 

expanded and wind became useful for providing mechanical power, electricity and 

pumping water. The use of wind in the early 20th century declined due to the 

development of coal and gas resources. In the 1930s, very littie attention was paid to this 

technology and limited experimental work was carried out in few countnes. There was a 

small base of scientific and engineering knowledge gained from some large turbine 

expenments conducted in Europe and the United States in the 1940s and 1950s. Though 

there were a few electricity producing machines, major wind machine manufacturers 

disappeared in the 1960s. Conventional energy pnces increased sharpfy in 1974 due to 

the oil crises. Many countries, therefore, initiated wind energy research programs. Since 

1974, significant advances have been made in wind energy conversion technology. Wind 

systems are currently operating successfully in a large number of countries. A high 

degree of progress has been made in reliability and availability gains for commerciaily 

installed equipment. Medium scale machines (100-500 kW) with availabilities of 95% to 

98% and capacity factors nearing 30% in ideal wind sites have been developed. The 

market growth that has occurred, has been due to a combination of factors: location of 

excellent wind resources in high cost energy areas, over dependence on oil and gas, 

public policy designed to encourage alternative energy use in the utility sector, and 

govemment investment incentives attracting capital to large projects. Although wind 

energy has been exploited for many years, the actual development of gnd connected. 

efficient and reliable wind turbines have proved to be a major challenge. Due to the many 

technical developments that have occurred over the last 20 years, a range of commercial 

wind turbine is now available. The most drarnatic rise in wind energy generation occurred 



in the USA. when favorable tax credits and energy rates for IPP resulted in 1600 MW of 

installed capacity. An additional 1500 MW of wind capacity is under negotiation in  

California that could launch a new wind msh [89]. About 1372 MW of wind turbines 

were installed in Europe by 1994, mostly in Denmark. Table 5.2 shows the installed wind 

capacity in Europe [89]. 

A 9 MW wind fann was built in Alberta (Pincher Creek) in 1993. A second 9.8 MW 

wind farrn has been operational on the same site since May 1994. Kenetech has an 

agreement with Hydro-Quebec for the sale of electricity from two wind farms totaling 

100 MW of installed capacity, on the Coast of Gaspe peninsula [89]. 

Table 5.2. Wind capacity in Europe 

Country 

Denmark 

Netherlands 

Germany 

UK 

Spain 

Belgium 

Italy 

Greece 

Portugal 

Sweden 

Ireland 

Total 

IC = Installed capacity 

1 24 



5.3.2. Characteristics of Wind Energy 

The integration of NUG wind power in a power utility results in fuel saving for the 

utility. It may also allow future capital expenditure on conventional plants to be reduced 

or deferred. The integration is, however, not without problems mostly due to the 

unpredictable nature of wind. The daily and seasonal patterns in the wind speed 

distribution and the distance of the resource from the customer also creates problems. The 

other important factors that affect the integration of wind turbines include: array 

interference, level of penetration, the extent of dispersion. and the weather. The array 

efficiency is the ratio between the actual output from clustered turbines to the output that 

would be obtained without interference. The array efficiency depends upon spacing 

between turbines and the nature of wind regime. Wind energy penetration in a large 

system creates fewer problems than in a small system. If the installed wind capacity is 

small relative to the total demand. wind fluctuations are simply lost among the 

fluctuations in the electricity demand. If the installed wind capacity is large then many 

wind turbines spread out among different sites will smooth the overall output. In addition, 

large systems have a greater natural reserve, with many thermal generating units 

connected at any time. Most large systems also have sources such as hydropower 

generators and gas turbines that can respond rapidly to changing conditions. 

Consequently, wind energy can be exploited without the need for storage and it may be 

available at the critical moment when demand is high and other units have failed. It, thus, 

reduces a system's overall risk of failure and allows the conventional plant reserve margin 

to be reduced. 

The cost of wind energy has gone from 14 $/kWh to 5 $/kWh from 1982 to 1992 

[89]. In Denmark, wind energy is competitive today with conventional sources: 4 $/kWh 

for a wind velocity of 8.5 d s  and 6.8 $/kWh for a wind velocity of 6.5 mis. The 

installed cost of wind farms has dropped from $2400/kW in 1985 to about $800- 



$1200/kW in 1994. Price per kWh reduces with increase in the size and the number of 

manufactured units. With the current international wind energy targets, the manufactunng 

needs for cornrnercially mature wind turbines is growing. Among the renewable energy 

sources, wind is the most likely source to compete with conventional technologies on 

costs. 

5.3.3. lntegration of Wind Energy in Electric Utility 

Enspite of the fact that wind generation has many advantages in terms of its 

interaction with the environment, concem has been raised about its variable nature and 

how it will affect an electric power utility. Unpredictability from moment to moment and 

place to place is not the only problem. The wind's variability aiso covers a wide range of 

velocities. The effect of velocity is enlarged by the fact that wind force varies with the 

square of velocity, whereas the power varies with the cube of velocity. Wind has a second 

major characteristic in addition to variability: its diffuseness. It is not a concentrated 

source of energy. Its drag force on a square meter of surface is quite small at ordinary 

wind velocities, and the power of the wind passing through a square meter of area is 

modest. In order to generate a significant power, a wind mil1 rnust, therefore, harvest a 

large cross-section area of wind. Potential problems also revolve around the possibility of 

no wind or wind generation at peak hours and full generation during minimum hours, 

thus making NUG and thereby utility dependent upon weather patterns. Wind technology, 

therefore, differs considerably from conventional power generation technologies in its 

performance and operating characteristics. The energy output from the wind is a non- 

dispatchable form of energy. This is because it is dependent upon natural factors that are 

beyond the control of a system operator and, therefore, cannot be dispatched by the 

system operator. 

When wind energy produced by a NUG is integrated into a system planner's list of 

possible generation, it becomes important to accurately mode1 its effect on system 



economics. NUG do not have any control over the energy produced by wind. No 

cornmitment is made by the NUG to provide wind energy on any guaranteed basis. In 

order to accommodate the non-firm energy, a utility system planner has to modify the 

existing generation schedule. The inclusion of NUG energy may take place at the price of 

a reduction in the reliability and an increase in the cost. The integration of the NUG in the 

utility grid, thus, becornes an economic and reliability concern. A utility usually attempts 

to maintain a fixed level of reliabiiity and at the same time make the systern econornical. 

In the proposed rescheduling technique, illustrated in the next section, the generation 

schedule is modified to accommodate NUG energy such that the reserve is maintained at 

a pre-specified level and the system operates at the most econornical manner. 

Since the NUG energy is not under the direct control of the utility and information 

received by the utility operator regarding the availability of this energy is very late, it  is 

not considered as cornmitable energy in the technique. The NUG energy is, therefore. not 

considered in the unit cornmitment process. When a NUG selts energy to the utility, it 

(NUG) is not responsible for carrying any reserve. The utility, therefore, ensures that 

sufficient spinning reserve is allocated to its units to meet the system requirement. 

When wind energy provided by a NUG is included, the major econornic benefit to the 

utility is the saving in the conventional fuel cost. The ability of wind turbines to be 

installed rapidly reduces the planning margin required for installed capacity over 

maximum demand and, thus, saves capital. But despite the interest in capitai issues, the 

major savings corne from the savings in fuel that is displaced by wind energy. 

Operational penalties arising from fluctuations in wind energy and uncertainties in wind 

prediction do not becorne significant until wind energy penetration is high. 

A technique is illustrated in the next section that can be utilized to evaluate the 

expected energy produced from a Wind Turbine Generator (WTG) and to evaluate the 

AOC when a NUG sells this energy to a utility. 



5.3.4. Proposed Technique 

The power output charactenstic of a WTG is quite different from the conventional 

generating units found in most utility systems. Wind generator output depends upon the 

wind characteristics as well as on the aero-turbine performance and the efficiency of the 

electric generator. These factors must be combined to obtain a probabilistic profile of the 

WTG output. 

The aero-turbine is operated at a constant speed and a synchronous machine convens 

the mechanical input to constant fiequency electrical output. When induction generators 

are employed, the aero-turbine must slip a little and consequently operate at nearly 

constant speed. In either case the unit starts delivering electrical output at a wind speed 

called the cut-in speed and reaches the rated electrical output at a wind speed called the 

rated speed. The electrical output is maintained constant at the rated value for further 

increases in the wind speed up to the cut-out speed, beyond which the unit is shut down 

for safety reasons. Between the cut-in and the rated speed, the relationship between the 

electrical output and the wind speed is considered to be non-linear due to the combined 

effect of aero-turbine and generator characteristics. The output of a WTG lies between 

zero and the rated value for nearly half of the time (or even longer for poor wind regime 

days) because of constant variations in the wind input. A typical WTG electrical output 

curve is shown in Figure 5.1 1 [87,90]. 

The parameters in Figure 5.1 1 are 

Pr = rated power output 

V,, = cut-in wind speed 

V, = rated wind speed 

V, = cut-out wind speed. 
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The power output can be calculated as 

PO WER( V) = O 

Rated Dower 

Vci Vr 
Wind speed (V) 

Figure 5.1 1.  A typical WTG output characteristics 

The constants A ,  B and C may be found as functions of Vc, and V,  using the 

following equations [87,90]: 



The uncertainty associated with the energy obtained from other types of NUG, 

thermal or hydro, is small compared to that associated with wind. The actual wind energy 

corning from the NUG may be considerably different from the forecast value. The 

uncertainty associated with the wind energy is, therefore, considered in this chapter. The 

wind energy is dependent upon the velocity of the wind. The uncertainty in the velocity 

of the wind can be included in the evaluation of wind energy by dividing the hourly 

forecasted probability distribution into class intervals. The number of class intervals 

depends upon the accuracy desired. The distribution mean is the forecast velocity of the 

wind. The velocity representing the class interval mid-point is assigned the designated 

probability for that class interval. The energy computed for each velocity is multiplied by 

the probability that the velocity exists. The sum of these products represents the energy 

for the forecast velocity. Published data indicate that the uncertainty can be reasonably 

described by a normal distribution. A seven step distribution is assumed in this chapter. 

This is shown in Figure 5.12 [2 ] .  

In addition to the output variations with wind speed, a WTG unit has a probability of 

failure (POF). Once the expected energy is determined by using the seven step 

approximation technique, the average output energy using the condirional probability 

method is determined considering the POF of WTG. The AOC is then evaluated. The 

technique for determination of the AOC is the same as that of the generalized algorithm 

illustrated in Chapter 2. 



Number of standard deviation from the mean 

Figure 5.12. Seven step approximation method 

5.3.5. Sensitivity Studies 

The proposed technique has been applied to an IEEE-RTS that purchases energy from 

a NUG which generates energy from a Wind Energy Conversion System (WECS). Unlike 

a conventional generating unit, a WECS cannot be comrnitted by a NUG to provide a 

certain amount of energy at a desired time. The energy output of a WECS is a function of 

the wind regime at the location where it is installed. The average hourly wind speeds used 

in this chapter are modification of a designated Saskatoon location [9 1,921 and are 

illustrated in Figure 5.13. An hourly load profile of the IEEE-RTS is also shown in the 

figure. It can be seen from the figure that the wind speed profile has a similar pattern to 

that of the load. Table 5.3 shows the standard deviation (SD) of the average wind speed at 

each hour. 

A WTG of 2 MW was considered in these studies. The cut-in speed, rated speed and 

cut-out speed are assumed to be 14.15 kmh, 46.02 km/h and 75.5 km/h respectively. On 



the basis of this data. sensitivity studies were performed and are illustrated in the 

following sub-sections. 

5.3.5.1. Effect of uncertainty of wind energy 

Wind is highly unpredictable in nature and therefore wind speed is usually predicted 

on the basis of past expenence. The actual speed and, therefore, the energy obtained from 

wind will differ from the forecast value. The significance of the uncertainty associated 

1 - Mean wind speed - ~ o a d  

Figure 5.13. Wind speed and load profiles for a 24 hour period 



with the forecast wind velocity is illustrated in Figure 5.14. The effect of the probability 

of failure of a WTG in the next 24 hours on the wind energy is also shown in the figure. It 

is assumed in this study that a NUG generates energy from 20 WTGs each having a 

capacity of 2 MW. A constant probability of failure of 0.0137 has been applied for each 

hour. This is based on 5 failures per year and a lead time of 24 hours. Figure 5.14 shows 

a wind energy profile for a period of 24 hours for three cases. In the first case. the 

uncertainty in wind speed and the probability of failure (POF) of WTG were not 

Table 5.3. Standard deviation of the average wind speed 

Hour 

1 

2 

3 

4 

5 

6 

considered. In the second case, only the uncertainty in wind speed was considered. Both 

wind speed uncertainty and the probability of WTG failure were considered in the third 

case. It can be observed from Figure 5.14 that the wind energy profile is considerably 

lower in the first case compared to that in the second and third cases where the wind 

energy profiles are quite close together. This study suggests that it is very important to 

consider the uncertainty associated with the wind speed forecast to obtain realistic results. 

A seven step approximation of the wind mode1 is used in this study. 
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Figure 5.14. Wind energy profile over 24 hours 

The difference in the AOC with and without the probability of WTG failure over the next 

24 hours is very srna11 and, therefore, can be neglected. 

5.3.5.2. Effect of wind speed 

The energy output of a WECS will increase if the facility is located at a point in the 

system which experiences high wind velocities. This, in mm, will have an impact on the 

economics of the NUG and also on the utility that purchases energy from the NUG. In 



order to illustrate this phenornenon, the hourly mean wind speeds were modified by a 

simple multiplication factor and used to evaluate the AOC of the IEEE-RTS containing 

NUG. Variations in the AOC and the AOC per unit of energy with variation in the wind 

speed multiplication factor are illustrated in Figures 5.15 and 5.16. Figure 5.17 shows the 

variation in the utility cost to satisfy a load after purchasing energy from the NUG as a 

function of the wind speed multiplication factor. It can be observed from Figure 5.15 that 

the AOC increases as the wind speed multiplication factor (Le. wind speed) increases. 

Figure 5.15. AOC as a function of wind speed multiplication factor 



The AOC per unit of energy decreases with increase in the wind speed multiplication 

factor as observed from Figure 5.16. The utility cost decreases with an increase in the 

wind speed multiplication factor as observed from Figure 5.17. The utility will have a 

higher economic benefit at higher wind speeds. It can be seen from Figures 5.15 and 5.17 

that the AOC increases and the utility cost decreases as the wind speed multiplication 

factor increases and then saturates when the wind speed continues to increase. This is due 

to the non-linear characteristics of a WTG. 

1 .O 1.4 1 .8  2.2 2.6 3.0 3.4  3.8 

Multiplying factor 

-- 

Figure S. 16. AOC per unit of energy as a function of wind speed multiplication factor 
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A wind machine is not operationai when the wind speed is below the cut-in speed and 

will be shut down for safety reasons if the wind speed is above the cut-out speed. In both 

cases the power output is zero. The power output of a WTG unit increases with the wind 

speed between the cut-in speed and the rated speed after which the power output remains 

constant. Studies such as this can be utiiized to determine the optimal equipment 

parameters, such as vc , v, , V, for a specific wind site. 

367,000 I I t I I I I I I I I I 1 
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Figure 5.17. Utility cost as a function of wind speed multiplication factor 
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5.3.5.3. Effect of wind penetration 

In order to show the effect of wind penetration on the economics of the NUG and the 

utility system, the AOC and the cost incurred by the utility were calculated as a function 

of the number of WTG units. The results are shown in Figures 5.18 and 5.19. The effect 

of the uncertainty in wind velocity on the AOC and the cost is also illustrated in these 

figures. Each WTG unit was assumed to have a rated capacity of 2 MW. 

1 O 2 O 3 0 4 0  5 0 

Number of WTG - Without uncertainty - With uncertainty 

- - 

Figure 5.18. AOC as a function of number of WTG 
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It can be observed from Figures 5.18 and 5.19 that the AOC increases and the utility cost 

with NUG decreases with an increase in the number of WTG. The effect of uncertainty in 

wind veIocity on the AOC is more prominent at a higher number of WTG. 

Number of WTG - Without uncertainty - With uncertainty 

Figure 5.19. Utility cost as a function of number of WTG 



5.3.5.4. Effect of probability of failure of WTG 

The probability of failure of a WTG over the next day is very low. This effect on the 

AOC is illustrated in Figure 5.20. It was assumed that 20 WTG each with a capacity of 2 

MW sel1 energy to a utility in one day. It cm be observed from Figure 5.20 that the AOC 

decreases with an increase in the probability of WTG failure. This is due to the fact that 

higher failures in the WTG results in a lower wind energy and thereby lower AOC. 

1 I I 1 

0.00 0.01 0.02 0.03 0.04 0.05 

Probability of failure of WTG 

Figure 5.20. AOC as a function of the probability of failure of cogenerating unit 
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5.4. Summary 

The increase in the popularity of NUG clearly dictates the need for close cooperation 

between electric utilities and NUG facilities. In most cases, a cogeneration facility is 

considered to provide energy on an 'as available' basis, i.e. without legal obligation of 

contract and the wind energy is treated as non-dispatchable form of energy. Techniques 

are presented in this chapter that c m  be utilized to include wind energy and cogenerated 

energy produced by a NUG into a utility generation schedule in an optimal rnanner and 

to evaluate the AOC. The techniques have been tested on the EEE-RTS and studies are 

illustrated in this chapter. The results show that the AOC differs considerably for NEL 

and EL cogenerating facilities and, therefore, it is very important to clearly identify these 

facilities before evaluating the AOC. In the case of wind energy, the uncertainty 

associated with the wind velocity is an important factor that should be taken into account 

in the evaluation of the AOC. The system examples shown in this chapter illustrate that 

the economic benefit achieved by the NUG and the utility can be quantitatively evaluated. 

The techniques can be utilized to provide enhanced appreciation of the inclusion of 

cogeneration and wind energy produced by a NUG in short term utility operational 

planning. Studies, sirnilar to those performed on the test system. can be utilized to 

determine the amount of energy and the time period during which utilities and NUG can 

rnaxirnize their econornic benefit. 

The economic impacts of NUG on thermal and hydrothermal power systerns are 

examined in Chapters 3 , 4  and 5 with regards to HL 1. The evaluation of the AOC at HL 

II becomes complex due to the inclusion of transmission losses. A technique for the 

determination of the AOC at HL II and the studies associated with the technique are 

illustrated in the following chapter. 



6. ECONOMIC IMPACT OF NON-UTILITY 
GENERATION IN A COMPOSITE SYSTEM 

6 1  Introduction 

The evaluation of monetary transactions resulting from HL 1 energy purchases by a 

utility from a non-firm NUG is illustrated in previous chapters of this thesis. This chapter 

deals with the economic implications of the incorporation of NUG energy in shon term 

utility operation at HL II. Different network locations for the same NUG will have 

different econoniic impacts on the utility due to the associated transmission losses. 

Transmission losses are a part of the cost of supplying the system load requirements and 

are, therefore, considered in the proposed method of evaluating the AOC. Many papers 

have been published on the subject of transmission loss evaluation and on methods of 

including transmission losses in the on-line dispatch process [2 1, 92- 1021. 

A new algorithm is illustrated in this chapter, which can be used for short t e m  

rescheduling of utility generation as NUG energy is utilized by the utility. Transmission 

losses are also evaluated while assessing the incremental costs of the generating units. A 

deterministic criterion is utilized to maintain the reliability of the utility generation 

system at a desired level. The AOC c m  be evaluated utilizing the algorithm discussed in 

the following section. A cornputer prograrn has been developed to evaiuate and examine 

the econornic impIications of the NUG energy. The Roy Billinton Test System (RBTS) 

[39] is utilized in order to illustrate the usefulness of the algorithm and sensitivity studies 

performed on the example system are presented. Studies such as these provide power 

system planners with a better understanding of the effect of NUG inclusion in the short 



term utility operation at HL II. A cornparison of the AOC evaluated with and without 

transmission losses is made in order to show the economic impact of including 

transmission losses. 

6.2. Evaluation of the Avoided Operating Cost 

An optimal approach is used in the proposed technique to incorporate the NUG 

energy into the loading schedule of the utility. A least costly adjustment technique with a 

discrete step size is utilized to reload the utility units. Operating cost in a system, in 

general, increases with an increase in the magnitude of operating reserve. A higher 

operating reserve also translates to a higher assurance of the availability of supply 

provided al1 other factors remain the sarne. 

The AOC of a utility depends on the tirne, and the duration of energy transfer from a 

NUG and also on the location of the NUG in the network. A utility will derive maximum 

benefit when the NUG is connected at a load bus. At other locations, the economic 

benefit is decreased by the cost associated with the transmission losses. This decrease is a 

complex function of network configuration, load profile, unit loading, etc.. The effect of 

transmission losses is considered in the proposed algorithm for evaluating the AOC. A 

flow chart of the algorithm is iiiustrated in Figure 6.1. 

The algorithm is divided in five sections. In the first section, real power, P, and 

reactive power, Q, at each bus are evaluated without considering transmission losses, 

utilizing the classical econornic load dispatch (ELD) technique. The objective of the 

economic load dispatch is to minimize the cost of meeting the energy requirements of a 

system over a 24 hour period in a rnanner consistent with reliable service. The load is 

distributed among the utiiity units in such a manner that the total cost of supptying the 

hourly load requirements of the system is minimized. 
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Figure 6.1. Flowchart for evaluation of the AOC 
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A load flow solution is obtained utilizing the real and reactive powers at d l  buses of 

the network in the second section of the algorithm as shown in Figure 6.2 [103]. The 

Newton-Raphson method is used for the load flow solution [103]. Transmission losses, 

TLk, are evaluated in this section based on the real and reactive powers from the previous 

section of the algorithm. Transmission losses are used as an input to the fust section and a 

new set of real and reactive powers are evaiuated. The modified reai and reactive powers 

are utilized to update the transmission losses. This cycle continues until the difference in 

transmission losses, ATL, falls below a tolerance level, &, in two successive iterations. 

The lower the tolerance level, the higher will be the accuracy and also the computation 

tirne, and vice-versa. The objective of the load flow is to evaluate the power angle 6,  at 

each bus and the P-Q relationship at the generating buses. It is assumed that the 6 and P- 

Q relationships remain constant for a small change in the load. The angle 6 is obtained 

directly from the load flow solution. The P-Q relationship is obtained by changing the 

load by a small value and developing a curve-fit between P and Q. The 6 at each bus and 

the P-Q relationship at each generating bus are utilized to develop the following 

transmission loss formula. 

TL, = K,,+ Z B .  P . +  P .B .P .  
~ C R C ;  'O ' i e ~ .   JE^ ' ' ' 

where 

= transmission losses 

KLO = constant 

Bj0 and 23, = loss coefficients 

4 = set of generating plant 

Equation 6.1 is called Kron's formula [102]. 



Fonn bus admittance matrix 
Y 
BUS 

Assume bus voltages 

p = 1.2, ..., n 

1 Set iteration count k=û 1 

Calculate real and reactive bus power 

Calculate differences between 
scheduied and calculated powers 

& 
= pp(schedultd) - p; 

k 
AQ,' = Qfl sckttuleti, - Qp 

Determine maximum change in power 
rnuxApkand rnarAek  

Calculate line flow 
and power at siack 

bus 

Figure 6.2. Flowchart for the load flow solution 
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The transmission loss expression is used to evaiuate the active power at each bus 

following which the total generation cost at each hour is evaluated. Once the active power 

at each bus is evaluated, the active power output of each unit, i, at each bus, PL, is 

evaluated for hour j. The savings in mnning cost at hour j, AF:, for unit i is evaluated 

from the total cost without NUG and the total cost with a discrete amount of NUG 

utilized in one hour, A g  . The active power output of a thermal unit is decreased by a 

level equivalent to the discrete NUG energy input of A< . The saving in mnning cost c m  

be expressed as 

where 

Once the saving in the mnning cost is determined, the AOC is evaluated. The 

procedure for evaluation of the AOC is given by the generaiized algorithm in Chapter 2. 

6.3. The Roy Biiiinton Test System 

The Roy Billinton Test System (RBTS) 1391 was utilized to examine the usefulness of 

the algorithm and to perform sensitivity studies. The test system has evolved from the 

reliability education and research prograrns conducted by the Power System Research 

Group at the University of Saskatchewan. The test system is sufficiently small to permit 

the conduct of a large number of reliability studies with reasonable solution time but 

sufficiently detailed to reflect the actual complexities involved in a practical reliability 

analysis. The single line diagram of the RBTS is shown in Figure 6.3. The system has 2 

generator (PV) buses, 4 load (PQ) buses, 9 transmission lines and 11 generating units. 

The voltage level of the transmission system is 230 kV and the voltage limits for the 
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Figure 6.3. Single line diagram of the RBTS 



system buses are assumed to be 1.05 p.u. and 0.97 p.u. The system peak load is 150 MW 

and the total installed generating capacity is 240 MW. 

The generating unit ratings, loading order and cost data are shown in Table 6.1. The 

cost coefficients a, b and c represent the fuel costs, i.e. costs directly associated with 

energy production. The loading order allocates some low cost units as peaking units. 

Table 6.1. Generating unit cost data of the RBTS 

Ratings (MW) 

Unit Cost data 

The transmission network consists of 6 buses and 9 transmission lines. The generating 

units locations, bus Ioad data at the time of system peak in MW and in percentage of the 

total system load are shown in Table 6.2. It has been assumed that the reactive load Mvar 

requirements at each bus is 20% of the corresponding MW load. The transmission line 

data are given in Table 6.3. The hourly peak load variations in the RBTS during the 

specified 24 hour scheduling period are shown in Figure 6.4. 



TabIe 6.2. Generating unit locations and bus load data of  the RBTS 

Bus number 

Generating unit 

Number 

Table 6.3. Line Data of  the RBTS 

Line number 

Load (MW) 

Bus load in 

% 

of system 
load 

Irnpedance (p.u.) Current 

rating (p.u.) - - 

- 
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Figure 6.4. Hourly load variations in the RBTS 

6.4. Sensitivity Studies 

6.4.1. AOC and transmission losses 

The ELD and generation rescheduling due to NUG energy become much simpler and 

straightforward if transmission losses can be neglected. Transmission losses, however, 

contribute to the operating cost, and, therefore, affects the AOC. The benefits obtained by 

a utility from NUG energy also depend on the level of transmission losses. A NUG with a 



certain energy becomes equally vaiuable at any bus location when transmission losses are 

neglected. A NUG is. therefore in this case deprived of any credit that it should receive 

for mitigating transmission losses. A utility, in general, will derive increased benefit from 

a NUG if i t  is connected to a load bus instead of a generation bus. This fact will be 

reflected on the AOC, only if transmission losses are included in the algorithm. Three 

AOC are shown in Figure 6.5, one without transmission losses and two with transmission 

6 8 1 2  2 4  

Number of hours (h) 

Neglecting lossas 0 Considering lossas Considering losses 
(NUG at bus 1) (NUG at bus 5) 

Figure 6.5. AOC with and without considering transmission losses 



losses. The AOC with transmission losses included were obtained for two NUG 

locations, one at a load bus (bus 5) and the other at a generator bus (bus 1). A NUG 

energy of 120 MWh was considered in al1 three cases. It can be observed from the figure 

that the AOC, in the case where transmission losses are neglected, is lower than those 

where transmission losses are considered. This implies that transmission losses contribute 

considerably to the AOC and should be taken into account in the evaluation of the AOC 

in order to obtain more realistic results. The contribution of transmission losses towards 

the AOC depends upon the location of the NUG in the network. The AOC is higher when 

the NUG is located at bus 5 (load bus) than that when the NUG is Iocated at bus 1 

(generation bus). The maximum AOC, $ 17 17.40, is realized when 120 MWh of energy 

is supplied by the NUG to the utility in a penod of 12 hours with the transmission losses 

neglected. When the transmission losses are considered, the maximum AOC are, $ 

1836.90 and $ 1727.39, for NUG located at bus 5 and bus 1 respectively. As shown in 

Figure 6.5, NUG located at bus 5 and bus 1 seIl energy to the utility in periods of 8 hours 

and 12 hours respectively in order to maximize AOC. 

6.4.2. Location of the NUG 

A number of factors have to be considered in assessing the economic benefits 

obtained by a utility from a NUG. One of the important factors mentioned in Section 

6.4.1 is the location of the NUG in the network. Figure 6.6 ihstrates the variation in the 

system AOC ($) evaluated for one day for alternate NUG locations in the network. The 

NUG was moved from bus 1 to bus 6 to create six cases. It was assumed in this study that 

120 MWh of energy is supplied to the utility by a NUG in one day. The daily system load 

was that shown in Figure 6.4 in al1 six cases. 
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Figure 6.6. Effect of Iocation of NUG in the network on the AOC 

It can be observed frorn Figure 6.6 that the AOC are higher when NUG energy is 

supplied at load buses 3 , 4 ,  5 and 6 than when NUG energy is supplied at generation bus 

1 and generation and load bus 2. The NUG Iocated at bus 1 supplements the existing 

utility generation and contributes little to the reduction of the transmission losses. The 

transmission losses are almost the sarne before and after the injection of NUG energy at 

bus 1. -The AOC is. therefore, dependent only on the energy from the NUG. There is 

almost no contribution in the AOC due to transmission losses. The NUG, when situated 



at a load bus, contributes to a reduction in transmission losses. The AOC is, therefore, 

dependent upon the energy from the NUG and aiso on the savings due to the reduction in 

the transmission losses. The AOC is the highest at bus 5. It c m  be, therefore, inferred that 

the most suitable location in the RBTS for a NUG, providing 120 MWh of energy in a 

day, is bus 5. Studies such as this are important when deciding the most suitable location 

in the network for NUG insertion. 

6.4.3. Duration of the NUG energy 

Some NUGs, e.g. cogenerators, have control over the amount of energy sold to the 

utility. It is, therefore, important for these NUGs to determine the number of hours during 

which a specific amount of energy is sold. It was shown in the previous study that NUG 

should be located at bus 5 in the RBTS network in order to obtain maximum AOC for 

120 MWh of energy. The important question faced by a NUG operator. is to determine 

the number of hours at which the 120 MWh of energy is to be generated and sold to the 

utility to obtain maximum economic benefit. Figure 6.7 illustrates the variation in the 

daily system AOC as a function of the number of hours during which the 120 MWh of 

energy is sold by the NUG. The AOC corresponding to 4 hours represents the mnning 

cost savings that the utility will achieve due to the purchase of 120 MWh of NUG energy 

in 4 hours. It can be observed from Figure 6.7 that with an increase in the number of 

hours, the AOC increases, becomes maximum and then decreases gradually. The AOC, in 

general, increases with an increase in the marginal production cost of the utility. A NUG 

may obtain maximum benefit by providing its energy during the system peak. If the 

NUG, however, provides al1 its energy within a narrow time frarne, it diminishes the 

marginal production cost of the system and thereby generates less benefit for itself and 

the utility. If the NUG spreads its energy transfer over a wide time frame, energy 

exchange will occur at load Ievels where the marginal production cost of the system is 



considerably lower than that at the peak load. For a finite NUG energy, there is an 

optimum duration of energy transfer that wiIl result in the maximum AOC. The duration 

of energy transfer will include the system peak. In this case, NUG will achieve maximum 

benefit, Le., maximum AOC, when it sells 120 MWh of energy in 8 hours, starting from 

12 noon to 7 p.m., of the day. This is due to the fact that 120 MWh of energy is divided 

equally in a period of 8 hours, i.e., 15 MWh per hour and the most optimal 

accommodation of NUG energy into the RBTS schedule occurs when 15 MWh of energy 

is sold by the NUG at each hour for 8 hours. 

Number of hours 

Figure 6.7. Effect of duration of NUG energy on AOC 



6.4.4. Effect of load level on the AOC 

Figure 6.8 illustrates the variation in the AOC with variation in the NUG energy 

purchased by a utility dunng the peak load and the low load periods. A peak load of 150 

MW and a iow Ioad of 100 MW was considered in the study. It was also assumed that the 

NUG energy was injected at bus 5 of the RBTS. 

the AOC increases with an increase in the NUG 

the low Ioad, the AOC increases rapidly and then 

It can be observed from Figure 6.8 that 

energy purchased by the utility. During 

starts to saturate when the NUG energy 

1 0  1 5  20 

NUG energy (MWh) 

-m- Peak load - Low load 
A 

Figure 6.8. AOC at utility peak load and low load 



exceeds 20 MWh in rhis case. The AOC increases rapidly during the peak load. The 

difference in the AOC between the peak load and the low load increases with an increase 

in the NUG energy transaction. A utility receives more economic benefit by purchasing 

NUG energy dunng peak load than during low load due the fact that the marginal energy 

cost at the peak load is higher than that at the low load. 

6.4.5. Effect of NUG energy on transmission losses 

Transmission loss accounts for a significant portion of the cost incurred by a utility 

dunng the transmission of electricity. Figure 6.9 illustrates the daily system transmission 

loss as a function of the NUG energy purchased by a utility from different locations in the 

network. Six locations in the RBTS, bus 1, bus 2, bus 3, bus 4, bus 5 and bus 6, were 

considered in this case. System transmission loss in the RBTS in absence of NUG energy 

is 68.91 MWh for 2991 MWh of energy demand in a day. 

It can be observed from Figure 6.9 that the transmission Iosses decrease when NUG 

energy is supplied at any one of the six buses except bus 1. Bus 1 is a generation bus 

without any load connected to it. Any generation at bus 1, therefore, has to be transported 

to a load bus resulting in transmission losses. NUG energy supplied at bus I .  therefore. 

does not significantly affect the overall transmission Ioss of the RBTS. NUG energy 

supplied at a load bus reduces the load seen by the rest of the system. The transmission 

losses decrease when the rest of the system has to transport a reduced arnount of energy 

to that Ioad bus. The difference in transmission losses due to NUG energy injections at 

different buses is dependent on the topology of the network. 
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Figure 6.9. Effect of NUG energy on system transmission loss 

6.4.6. Operating reserve criteria 

The economic impact of NUG energy depends upon the spinning reserve criteria 

utilized by a utility. Figure 6.10 shows the AOC for different levels of spinning reserve in 

the RBTS. Two altemate locations, bus 1 and bus 5, were considered for NUG energy 

injection. The spinning reserve was considered as a percentage of the peak load. It was 

assumed that a NUG sells 120 MWh of energy to the utility over a period of 8 hours. It 

c m  be observed from Figure 6.10 that the AOC is higher when the NUG is located at bus 



5 than when the NUG is located at bus 1 .  It c m  be further observed from Figure 6.10 that 

the AOC decreases with an increase in the spinning reserve. The AOC is a complex 

function of unit commitrnent and reserve criterion and changes with variations in load 

profile and pnority Ioading order. A general relationship between spinning reserve and 

AOC cannot be ascertained. 

Spinning resenre (% of peak load) 

1 . NUG at bus 1 NUG at bus 5 

Figure 6.10. AOC as a hinction of spinning reserve 



6.5. Summary 

When NUG is included in the list of options for possible generation, it becomes 

important to accurately mode1 their effect on system reliability and economics. An 

algorithm is illustrated in this chapter that modifies the utility generation schedule to 

incorporate the NUG in an optimal rnanner. Transmission losses are taken into account in 

the rescheduling of generation, thus, making the evaluation more redistic. 

The RBTS was utilized to illustrate the usefulness of the aigorithm and to perform a 

range of sensitivity studies. These studies demonstrate the impact of NUG on the 

econornics of a thermal power system recognizing transmission losses. The investigation 

shows that it is possible to detennine the time period and location in the network at which 

a NUG should sel1 energy to the utility in order to achieve maximum economic benefit. 

The results show that for 120 MWh of NUG energy, the most optimum duration is 8 

hours and the most suitable location is bus 5 in the RBTS. The effects of spinning 

reserve, load level and NUG energy on the AOC and transmission losses were also 

exarnined. The results indicate that the AOC is higher at peak Ioad than at low load and 

decreases with an increase in the spinning reserve. The transmission losses depends upon 

the location of the NUG in the network. They do not change significantly when NUG is 

Iocated at a purely generating bus but decrease considerably due to the presence of NUG 

at load buses. The location of a NUG in the network is, therefore, very important for 

system economic assessment in HL II studies. This chapter clearly illustrates that 

transmission losses c m  be incorporated in the evaluation of AOC. 



7. SUMMARY AND CONCLUSIONS 

Electrical power generation, once viewed as a sign of growth and prosperity, has 

become the subject of intense public scrutiny. Considerable attention is being focused on 

utilizing the existing facilities within power companies in a more effkient manner and also 

to tap in to the wide variety of traditional and non-traditional energy sources outside the 

domain of the electric power companies. Non-utility generation (NUG) has become 

increasingly important mainly due to environmental concerns, possible depletion of oil 

supplies and government regulations. Power system planners have to make important 

decisions when NUG energy is included into their system network. NUG sometimes faces 

dificulties in selling their energy to a utility due to the absence of information regarding the 

short terni buyback rate and some NUG, especiaily those that sel1 considerable energy, are 

not convinced that the published buyback rate is valid. This thesis illustrates methods 

which can be utilized to evaluate the buyback rate in a just and reasonable fashion and can 

be verified by both utility and NUG. 

The studies described in this thesis focus specifically on the economic assessment of 

incorporating NUG in the short term planning of power systems at HL 1 and HL II. The 

total system generation was examined to assess the impact of NUG energy at HL 1. Two 

types of power systems, thermal and hydrotherrnal, were utilized to examine the effect of 

NUG energy in a system generation schedule. A further study assumed that NUG 

generates energy fiom cogeneration and wind facilities. These sources of energy have some 

typical charactenstics that make them different from conventional sources of electricity. The 

characteristics were taken into account in modeling the NUG and studies were perfomed to 



show their effect on a thermal power system. HL II assessment involves a composite 

appraisal of both the generation and transmission facilities and their ability to supply 

adequate, dependabte and suitable electrical energy to the major Ioad point. Studies were 

performed at HL II to show the impact of NUG in a thermal power system. 

A brief introduction to the overail area of power system planning and the economics of 

system operation are provided in Chapter 1. Some current operational planning problems 

are also discussed. 

Chapter 2 presents an introduction to NUG and to some of the system operational 

problems due to the inclusion of NUG energy into a system. The contributions from NUG 

to the total energy in selected counmes are also illustrated in this chapter. The buyback rate 

should be dependent upon the avoided operating cost (AOC) of the system. A generalized 

algorithm is illustrated in the chapter that can be utilized to evaluate the AOC. The technique 

is based on the optimum utilization of the cornmitted units both before and after the 

inclusion of the NUG energy. A time diflerentiated pnce system is adopted to reflect the 

different value piaced by a utility on purchase price at different times of the day. Most 

Canadian utitities use deterministic methods in their operationai pIanning and, therefore, 

this algorithm is based on a deterministic approach [15]. The algorithm treats both the 

NUG and the utility fairly and can be easily implemented in any system using appropriate 

cost parameters and system operating constraints. The IEEE-Reliability Test System (RTS) 

was used as a test system in this thesis to illustrate the applicability of the algorithm at HL 

1. A detailed description of the IEEE-RTS is provided in Chapter 2. 

The impacts of NUG in the short term operational planning of a thermal power system 

are presented in Chapter 3. A general review of the economic operation of thermal power 

systems followed by deterministic and probabilistic techniques for the evaluation of the 

AOC are also presented in this chapter. The generaiized algorithm illustrated in Chapter 2 is 

utilized to show the impact of NUG in a thermal power system using a deterministic 



method. In this approach, the spinning reserve of the system is the sum of the rated 

capacity of the largest unit plus 10 % of the peak load. The advantages of probabilistic 

methods over deterministic approaches are clearly recognized and a probabilistic method to 

assess the AOC in a thermal power systerns was also developed and is illustrated in 

Chapter 3. Based on these techniques, computer prograrns have been developed to evaluate 

and examine economic implications of NUG on a utility. The IEEE-RTS, discussed in 

Chapter 2, is used as a vehicle to illustrate a range of numerical applications. The results of 

the study involving the variation in the system AOC with the NUG energy reveal that the 

AOC increases with an increase in the NUG energy purchased by the utility. In the case of 

dispatchable NUG energy, the AOC is higher than that in the case of non-dispatchable 

energy. The impacts on the AOC of selected operating practices used by a utility on the 

AOC were also investigated. The results indicate that the AOC increases with an increase in 

the unit cornmitment risk. A significant observation in this study is that AOC decreases as 

the number of committed units are increased for a particular load. A cornparison was made 

between the deterrninistically evaluated AOC and the probabilistically evaluated AOC. It 

should be noted that the AOC depends upon the criteria utilized in the deterministic and 

probabilistic methods. The major observation from this chapter is that the AOC is not fixed 

but depends upon the system load, operating reserve criteria, priority loading order of 

generating units and unit cornmitment of the system. 

The short term scheduling of fixed head and variable head hydrothermal systems with 

NUG energy are considered in Chapter 4. Short term hydrothermal scheduling is 

concerned with an optimization interval of one day at hourly scheduling intervals. 

Techniques are presented in this chapter. that cm  be utilized to econornically incorporate 

NUG energy into a hydrothermal system with fixed and variable heads units. The proposed 

technique can be utilized to develop a plan for the optimal quantity of water to be 

discharged from the hydro plants and the corresponding thermal generation such that the 

total thermal plant fuel cost over the day is minimized subject to the operating constraints of 



the hydro and thermal plants. In the case of a fixed head hydrothermal system, the active 

power is a function of the discharge. An iterative method was utilized in the optimal 

scheduling. The Glimn Kirchmeyer mode1 of a variable head hydro plant performance was 

selected and a forward dynamic programrning approach was utilized. Once the units in the 

hydrothermal system are economically dispatched, the AOC is evaluated utilizing the 

generalized technique discussed in Chapter 2. Sensitivity studies were performed on the 

EEE-RTS and the resuIts are discussed in this chapter. The results indicate that the volume 

of water in the reservoir of fixed head and variable head hydrothermal systems and the 

initial levels of a variable head hydrothermal system are instrumental in setting the value of 

the AOC. The AOC decreases with an increase in the volume of water and an increase in 

the initial water level in the reservoir. A cornparison of dispatchable and non-dispatchable 

NUG energy in hydrothermal systems was also made. A study to investigate the effect on 

the AOC of the length of time during which a NUG sells energy to a utility was camed out. 

The optimal duration (OD) was evaluated from this study and it was shown that the OD is 

different for different NUG energies. From the studies presented in this chapter it can be 

concluded that it is possible to evaluate the AOC in hydrothermal systems and the inherent 

charactenstics of the system affects the AOC. 

Chapters 3 and 4 examine the short term economic impact of NUG in thermal, fixed 

head and variable head hydrothermal systems. It is also important to appreciate the 

economic impact of different types of NUG on a given power system. Intermittent sources 

of energy such as industrial cogeneration, wind, solar, etc. are receiving increasing interest 

from both NUG and electric power utilities. The economic impact on a thermal power 

system of a NUG providing electrical energy frorn industrial cogeneration and wind 

sources was examined and the results are presented in Chapter 5. The historical 

development and the inherent characteristics of industrial cogeneration and wind are 

discussed. The integration of NUG in the form of industrial cogeneration and wind, into a 

utility generation schedule involves additional constraints. Two inherent characteristics of 



cogeneration sources, intermittent nature of power generation and the uncertainty associated 

with an industrial operation were considered in the cogeneration model. The AOC was 

evaiuated utilizing a conditiond probability approach. A range of comparative studies were 

conducted on the IEEE-RTS to show the ciifference between non-energy lirnited (NEL) and 

energy limited (EL) cogeneration facilities. The effect on the AOC of NUG energy and the 

number of cogeneration units were examined. The results indicate that the AOC increases 

with an increase in the NUG energy and the number of cogenerating units. The impact on 

the AOC of the probability of failure of a cogenerating unit in the next 24 hours was afso 

examined in this chapter. The principal observation is that NEL cogenerating unit yields 

higher AOC than EL cogenerating units. 

A probabilistic profile of the Wind Turbine Generator (WTG) output was obtained by 

considering the uncertainty of wind and the non-linear relationship in electricai output and 

wind speed due to the combined effect of aero-turbine and generation characteristics. The 

uncertainty associated with the wind was modeled by a seven-step representation. The 

probability that a WTG will fail to operate in the next 24 hours was aiso included in the 

model. Studies were performed on the IEEE-RTS in order to illustrate the effect on the 

AOC of different variables associated with a W G .  The effect of wind speed and wind 

energy penetration on the economics of the utility were exarnined. The AOC of the system 

increases with an increase in the wind speed and wind energy penetration. It is also shown 

that a reasonable increase in the probability of failure of a WTG causes an insignificant 

decrease in the AOC. The probability of failure of a WTG unit c m ,  therefore, be neglected 

in the evaluation of the AOC. The studies in this chapter show that it is possible for a utility 

planner to make valuable short term decisions regarding NUG producing energy froin non- 

conventionai sources. 

The HL 1 analyses done in Chapters 3 through 5 were performed utilizing the EEE- 

RTS. Chapter 6 deals with analyses at HL II and applies the developed concepts to the Roy 



Billinton Test System (RBTS). The developed technique is based on the deterministic 

approach and provides an optimal method to incorporate NUG energy into a utility loading 

schedule. The studies illustrated in this chapter show the importance of considering 

transmission losses in the evaluation of the AOC. The results obtained from the analyses 

suggests that there can be a considerable change in the value of the AOC when transmission 

losses were considered compared to cases when transmission losses are neglected. A study 

using the RBTS to detennine the most suitable location for a NUG in the network was 

carried out. This study illustrates the importance of NUG location in a network in order to 

provide maximum econornic benefit to both the NUG and the utility. The results indicate 

that the most suitable location for NUG in the RBTS is bus 5. The optimum duration for 

which a specific arnount of energy is sold by the NUG to the utility was also deterrnined. 

The optimum duration at which the AOC is the maximum was found to be 8 hours for 120 

MWh of NUG energy in a day. This chapter shows that the AOC can be evaluated 

considering transmission losses and can be used to rnake planning decisions regarding 

NUG energy. 

It is shown in this thesis that the AOC can be evaiuated for thermal, fixed head and 

variable head hydrothermai systems. It is also shown that the AOC is not fixed but varies 

with the type of utility, the operating practice of the utiiity, the duration of time for which a 

NUG sells energy to the utility, the system Ioad level and the location of a NUG in the 

network. It is, therefore, important to appreciate that the buyback rate is not be a fixed 

parameter. The studies and examples presented in the thesis show that the proposed 

techniques for the evaluation of the AOC will treat both parties involved in a NUG energy 

transaction fairly and c m  include the standard operating practices used by a utility. The 

techniques can be used to assess the AOC in a consistent manner, and are sufficiently 

flexible to include other system operating criteria. They can be used by a utility as a basic 

framework upon which other relevant system operating cnteria and cost parameters c m  be 

added to provide a generic buyback rate. Sensitivity studies similar to those performed on 



the two test systems can be utilized by a utility to estimate savings in the running cost 

incurred when buying energy from NUG. The studies can aiso be utilized to estimate the 

amount of NUG energy, the time penod of an energy transaction and the location of a 

NUG in the network for which both the utility and the NUG can each maximize their 

economic benefits. 

The research presented in this thesis illustrates that quantitative econornic assessrnent of 

the AOC can be performed in systems containing NUG, at both HL 1 and HL II. These 

analyses should be performed for the utility in question before decisions are made 

regarding the ments and dements associated with the inclusion of energy from NUG. 
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