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Abstract 

The electric industry is in a time of rapid change, as it is moving from a regulated monopolistic 

environment with a guaranteed rate of return to a risky competitive market with many players. This change 

is introducing uncertainty with respect to supply, demand, pricing, input fuel costs and technology. This 

thesis proposes a methodology for financial decision making in such an uncertain environment. The 

objective of the model is to demonstrate an approach for solving the problem, not to provide a specific 

answer to the problem. Therefore, the model discussed here is simple; users who use the approach are 

capable of developing their own, more sophisticated, models. 

A probabilistic cash flow model technique is employed in this thesis. The model is based on a Monte Carlo 

Simulation. The model determines the supply price of electricity to achieve a MARR (minimum attractive 

rate of return) on a gas turbine project. The model also compares two technologies, namely, F Series and 

G Series gas turbines, to determine which technology to implement depending on an organizations' 

appetite for risk. 

The input variables for the model are associated with a large degree of uncertainty, particularly due to the 

rapid changes in the electric industry. Expert judgments was used to characterize this uncertainty, through 

a process of subjective elicitation. Based on the results of the 3 experts, if one were to invest in a new gas 

turbine facility, the technology to implement today, given the assumptions of the models, would be the 

G Series if there were no constraint on the ability to sell the demand. As the constraint on demand 

increases, the F Series becomes the better alternative, as its decreased capital costs becomes more 

advantageous than its lower efficiency. The large variations in the experts' opinions suggests that the 

conclusions are themselves uncertain. A different sampling of experts could very well result in a different 

conclusion. 
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INTRODUCTION 

With the recent trend towards competition in the energy commodity markets, more specifically electricity, 

the need for energy market participants to account for volatility and uncertainty becomes paramount. 

Major changes are being manifested in the electric industry: 

1. There is a move to market-based prices. 

2. There is a move towards price transparency. 

3. The industry has become highly volatile and uncertain. 

4. The industry has become customer focused. 

5. Service providers are unbundling and re-bundling electric products and services. 

6. There are many competing service providers. 

7. There is a move towards integrating financial and physical markets. 

8. The industry is becoming technology driven. 

The traditional vertically integrated electric utility operated within a secure regulated franchise area. 

Utilities practiced integrated resource planning, and rates were based on cost of service. Therefore, 

planning followed a known and straightforward procedure. Changes in the electric industry demand a new 

decision making matrix. Cost based pricing and secure franchise areas will become largely historical 

structures. As an example of these changes, consider the Bonneville Power Administration and Tenaska 

project described in the section labeled "Justification". This thesis develops a methodology for planning in 

an uncertain environment. 

Decision Making in an Uncertain Environment 

In the emerging electricity market the engineering criteria used in the past to select a system are no 

longer valid. The marginal cost of the system and the cost of power is a lot more unpredictable than 
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previously. A similar uncertainty affects most of the variables that determine the economic rate of return, 

net present value, a financial return, or any other indicators that may be used to evaluate a project. 

Historically, methods of analysis have included multi-criteria decision making, benefit cost analysis, 

integrated resource planning, or just 'prudent' engineering decisions. 

Multi-criteria decision making (MCDM), (also referred to as the ratings & weights approach) is designed to 

improve the quality of decisions involving multi-attribute alternatives. Its goal is to make more explicit, 

rational and efficient decisions in multi-objective situations. An example of its use is to examine methods 

of incorporating environmental factors into the resource acquisition problem. 

Cost benefit analysis is based on identifying all the costs and benefits in any project. The value of the 

benefits of the project is summed, and likewise all the costs. Finally the ratio of benefits to costs is 

calculated. Projects with a given benefit/cost ratio, such as a ratio greater than 1.5, are allowed to 

proceed. 

Integrated Resource Planning (IRP) is a model used to help utilities and state regulatory commissions 

assess consistently a broad range of supply demand and resources to meet customer energy service 

needs cost-effectively. Key characteristics of this planning approach include: explicit consideration and fair 

treatment of a wide variety of demand and supply options, consideration of the environmental and other 

social costs of providing energy services, public participation in the development of the resource plan, and 

analysis of the uncertainties associated with different external factors and resource options. IRP differs 

from traditional planning in the types and scope of resources considered, the owners of the resources, the 

organizations involved in resource planning, and the criteria for resource selection1. The main goal of IRP 

is to minimize long-term societal costs. 

The above methods of analysis are used to deliver the most likely values (MLV) or contingency values. 

Using contingency or MLV leads to biased results. In contingency evaluation an extra or "contingent" 

amount is added to all of the variable values. Therefore, the output of such an analysis is an overly 

1 Eric Hirst, Guidelines for a "Good" Integrated Resource Plan, in Public Utilities Fortnightly. March 29, 1990.P.5 
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conservative result, which may make the decision maker veto an otherwise feasible project. Using a MLV 

analysis fails to take into account other values of the variables that may occur. Basing a decision on a 

single value of the decision variable causes a corporation to take more risk than intended. 

Justification 

This is an emerging problem that is just surfacing. Even large low cost providers, such as Bonneville 

Power Administration (BPA), are beginning to feel the effects of the market, and having problems. BPA 

had to cancel a project with Tenaska on a half finished 270 MW high efficiency gas turbine2. BPA also 

canceled the Columbia River Treaty agreement for the purchase of approximately 500 MW from BC. BPA 

has always been a dominating utility in the market; with this changing environment the processes and 

decision making that were done in the past are no longer viable. The decisions were based on rigorous 

IRP processes that considered everything but the market; the market proved BPA wrong. 

Risk Analysis 

The purpose of risk analysis is to eliminate the need for restricting one's judgment to a single optimistic, 

pessimistic, or "best" evaluation, by carrying through the analysis the complete possible range of each 

variable, and the likelihood of each value within this range3. A common procedure for this complete 

analysis is Monte Carlo Simulation4, which is the approach adopted here. 

Thesis Objective 

This preamble leads to the description of the thesis objectives. This work is proposed to provide the 

electric industry with a methodology for evaluating engineering economics of risk-intensive gas turbine 

power generation plants. 

2 A E S P - N e t Group The News Tribune, Tacoma, Wash. Knight-Ridder/Tribune Business News 

3 Louis Y Pouliquen, Risk Analysis in Project Appraisal. (Baltimore and London: The John Hopkins University Press, 
1970)2 

4 College Park, History of Monte Carlo Method. http://www.geocities.com/CollegePark/Quad/2435, 1997. 

http://www.geocities.com/CollegePark/Quad/2435
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Corporations vary on the performance parameter that they may use to evaluate the feasibility of a project. 

These may be the Internal Rate of Return (IRR), Net Present Value (NPV), or supply price of electricity. As 

the choice to build a facility is a function of the market price of electricity, it was chosen to use the supply 

price of electricity as the performance parameter for the model. 

The objectives of the model developed here are to: 

1. Determine the expectation of supply price of electricity for a given MARR (minimum attractive 

rate of return) on a gas turbine project. The supply price of electricity is the average price of 

electricity such that revenue will offset costs to meet a minimum attractive rate of return (set 

to be 12% here) 

2. Compare two technologies, namely 'F' series and 'G' series gas turbine, to determine which 

technology to implement based on the technology risk profile which best fits the organization's 

appetite for risk. 

The focus of the work is to develop the viability of a decision making approach to evaluate a continuum of 

alternatives under uncertainty. It is expected that users who apply the methodology are likely to be 

sophisticated enough to modify their own existing analytical models to incorporate this methodology. 

Furthermore every situation differs and the data is both dynamic and changing, calling for a customized 

approach to the problem. The author intentionally developed a simple model to demonstrate and prove the 

point without getting tangled in engineering or economic details. It is therefore stressed that the reader 

should focus on the approach but not use or extrapolate the actual results. The results are intuitively 

reasonable but reflect the particular time period, region and the experts' judgments. 

The contents of this thesis are as follows. This chapter, Chapter I, serves as the introduction to the study. 

Chapter II, provides background and reflects on regulatory and structural changes in the electric market. 

Chapter III, "Gas Turbine Technology," describes gas turbine technology from simple cycle, combined 

cycle to cogeneration. The chapter goes into detail regarding the evolution of the technology and its future 

in the electric industry. Chapter IV examines the uncertainties in the industry. Chapter V presents the 

Planning in an Uncertain Environment Model. It is a detailed chapter of the methodology of the model and 
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discusses the process of structuring expert judgments for representing uncertainties. Chapter VI and 

Chapter VII present the results and discussion of the expert opinions applied to the model. The final 

chapter, Chapter VIII, is a summary and includes recommendations for future work. 
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Chapter One 

1. Background 

As a result of deregulation and threat thereof, the last few years have seen tremendous changes in the 

electric power industry. To illustrate, the idea for the thesis topic stemmed from the author's consulting 

work5. During a conference in March 1995s, the topic of Electric Rate Derivatives was unfamiliar to most 

utility people and the impact of the changes to come was not apparent or acknowledged. The principles 

that were presented at that conference have now become key elements in the restructuring of the energy 

industry. 

During this period, the viability of a competitive environment in the electric industry was new or foreign to 

most. On December 15, 1994, the Province of British Columbia directed the British Columbia Utilities 

Commission ("BCUC", "Commission") to undertake a public review of the provincial electricity industry. In 

September of 1995 the Commission completed addressing the new challenges through an Electricity 

Market Review7. The Commission's recommendations were to proceed slowly with wholesale wheeling8 in 

BC, and concluded "the Commission finds that retail competition9 is neither desired nor necessary in 

5 Z E PowerGroup, Author's consulting work from March 1994-present with Z E PowerGroup Inc. A strategic 
consulting company, www.ze.com/ze 

6 Power Marketing Association, PMA, Electric Rate Derivatives, Scottsdale Arizona Red Lion's La Posada 
March 16-17, 1995 

7 British Columbia Utilities Commission (BCUC), The British Columbia Electricity Market Review Report and 
Recommendations to the Lieutenant Governor in Council Report and Recommendations to the Lieutenant 
Governor in Council, September 1995. (Vancouver: Sept. 1995). 

8 Wholesale Wheeling, or wholesale competition, which any entity may obtain generation from power producers or 
other sources. Sale for resale. 

9 Retail Wheeling, or retail competition, which refers to the end-user's ability to purchase power from any producer or 
marketer. Sale for end-use consumption. 

http://www.ze.com/ze
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British Columbia in the next few years10. A little over a year later, following applications by West Kootenay 

Power and BC large transmission class customers11, the Commission decided to conduct a public generic 

hearing on the issue of retail access for March 1997. Prior to this hearing, the Province of BC established 

a Task Force to look at the issues of restructuring, and directed the Commission to set the public generic 

hearing aside. 

1.1. The Traditional Utility 

Electricity has been in commercial use since before the middle of the nineteenth century and today's 

physical electric industry owes its roots to the master innovator Thomas Edison. Not only did he invent the 

incandescent light bulb and other electric technologies still in common use, he also envisioned the 

physical electric distribution system much as it exists now. In 1880, one year after the invention of the light 

bulb, he patented his electric distribution system. The first privately owned utility, Pearl Street Station, 

began operation on September 4, 1882. By the close of the century electric utilities were a reality and 

competition was fierce. Early participants included Westinghouse and General Electric, both among 

today's most powerful corporations worldwide. 

The introduction of the demand meter allowed for more accurate pricing of electricity. This was the 

beginning of cost-based rates. Rates charged were based both on initial capital investment and the 

operating cost of generating additional kWhs. Because electricity for the most part cannot be stored, 

utilities needed to establish the right mix of customers to use the full potential of generating output: load 

diversity. Economies of scale facilitated the introduction of forecasting and planning into the business 

function. 

Large capital requirements, investor reluctance and the uncertain nature of municipal franchises identified 

for Samuel Insull, Edison's Clerk, the need for non-partisan control of industry practice. This led him 

1 0 British Columbia Utilities Commission (BCUC), The British Columbia Electricity Market Review Report and 
Recommendations to the Lieutenant Governor in Council Report and Recommendations to the Lieutenant 
Governor in Council. September 1995. (Vancouver: Sept. 1995). 

1 1 British Columbia Utilities Commission (BCUC). British Columbia Task Force on Electricity Reform. Terms of 
Reference. (Vancouver: May 1997) p. 
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directly to a proposal for state control of utilities. Insull made his appeal in 1898 before the National 

Electric Light Association, the predecessor of the Edison Electric Institute. The proposal rallied public 

support and allowed the industry to expand. Regulation was introduced and resulted in cheaper, more 

reliable, expanded and standardized electric service. In the next twenty years more than thirty states 

adopted regulatory control of electric utilities. 

The new public utilities began to assume obligations as franchise areas were established. It was assumed 

that since natural monopolies eliminate redundancy, costs would be reduced. In return for their franchise 

areas, utilities were obligated to serve all customers within the franchise area equally and fairly (at 

reasonable cost). These guarantees and efficiencies fueled investment in utilities. Today, three quarters of 

all generation in North America is privately owned, the balance by federal and municipal governments and 

co-operatives. 

In general the vertically integrated monopolies of the electric utilities were regulated such that rate payers 

were protected from market power and were charged rates that were just and reasonable, and at the 

same time provided utilities with a reasonable return on invested capital. This regulatory compact 

remained relatively unchanged for many decades, until the early 1970s when significant world and 

economic events and circumstances shook the industry. These events include, but are not limited to, the 

high capital cost over-runs and poor operating performances of nuclear power plants, the Three Mile 

Island shutdown, high fuel costs as a result of the OPEC oil crisis, and disappointing economy of scale 

benefits from new generation. All these events contributed to a significant increase in rates to consumers. 

This increase led to a consumer revolt against the increases, a loss of confidence, and negative public 

reaction towards utilities. It also led to greater scrutiny by regulators to ensure prudency of investments, 

and eventually to significant regulatory reform to break up the utility monopoly and to encourage open 

competition as a means of achieving economic efficiency and reduced electricity costs. 

There thus has been a fundamental reversal in position, in which now the competitive market is seen as 

preferential. 
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1.2. Deregulating the Electricity Industry 

The first of several US Acts to change the electricity industry was focused on the generation side. The 

Public Utilities Regulatory Act (PURPA) of 1978 required utilities to purchase power from "qualifying 

facilities" (QFs). These QFs are companies that install cogeneration equipment and certain small power-

production facilities that make the use of renewable energy sources and a variety of waste fuels12. 

A large number of regulated monopolies have been deregulated to promote competition, including the 

telecommunication and airline industries. More recently, the gas industry has been deregulated, and 

players from the gas industry are promoting changes for the electric industry. The deregulation of the gas 

industry and introduction of competitive gas prices served as a catapult for the opening up of the electric 

industry. Begun more than a decade ago, the deregulation of gas brings to light the type of consumer and 

market benefits possible in electricity13. 

Federal and Provincial/State regulatory agencies have contributed to the opening of the market. In 1992, 

the US National Energy Policy Act 1 4 was passed to promote competition at a wholesale level. It required 

utilities to open up access to transmission and/or build new transmission for all market players. 

Most recently, the US Federal Energy Regulatory Commission (FERC) has made a significant effort to 

achieve its objectives to eliminate monopoly power over transmission, remove impediments to competition 

in wholesale trade, and to lower the cost of power to US consumers. 

Early in 1996 FERC released a Proposed Ruling, known as the MegaNOPR 1 5 The MegaNOPR covered 

four topics: 

1 2 P.L. Joskow, Regulatory Failure, Regulatory Reform, and Structural Change in the Electrical Power Industry, 
Brookings Papers: (Microeconomics, 1989), 163. 

1 3 Z E PowerGroup Inc. (1997) NYMEX Futures: Gas and Electric. Report Prepared for A Multi-Client Study. 
(Vancouver, British Columbia, March 1997) 2-6. 

1 4 Secretary of Energy, US National Energy Policy Act of 1992, (Public Law 102-486) Bill HR776. 

1 5 Federal Energy Regulatory Commission, Notice of Proposed Ruling, March 1995 
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1. The FERC's jurisdictional powers to implement wholesale open access 

2. FERC's proposal for electric utilities to recover "legitimate and verifiable stranded costs" from 

departing wholesale customers (a small fraction of all stranded investment), and its belief that 

states should ensure recovery on retail bypass (the much larger share). Retail bypass is when 

customers attempt to bypass the historic costs of a utility, such as distribution, transmission 

and generation. This can be done by self-generation, or by using the facilities of someone 

other than the utility that was traditionally responsible for their service area. 

3. A range of measures to implement wholesale open access 

4. Market power in generation16 

Following the MegaNOPR in 1996, FERC released Orders 88817 & 88918. Below is a summary of the 

highlights of the FERC Orders. 

FERC Order 888 requires open access transmission by all public utilities that own, operate or control 

interstate transmission assets. These utilities must file open access non-discriminatory transmission tariffs 

and take transmission services for their new sales/purchases under open access tariffs. The order also 

allows for recovery of legitimate verifiable stranded costs. (This order basically opens wholesale power 

sales to competition). 

FERC Order 889 requires public utilities to develop and maintain an Open Access Same Time Information 

System (OASIS) so that potential users have the same information as the utility enjoys. It also mandates 

that public utilities separate transmission from the generating and marketing functions; however, corporate 

restructuring is not mandated. 

1 6 Alex Henney, The Mega-NOPR, Public Utilities Fortnightly. Vol. 1, July 1995: 29 

1 7 Federal Energy Regulatory Commission (1996) Final Rule Order No. 889. 

1 8 Federal Energy Regulatory Commission (1996) Final Rule Establishing OASIS and Standards of Conduct 
Requirements (Order No. 889). http://www.energyonline.com/Restructuring/models/ 

http://www.energyonline.com/Restructuring/models/


Since not all interstate transmission facilities fall within FERC's jurisdiction, reciprocity provisions are 

included to preclude the possibility of non-open access utilities taking unfair advantage of open access 

utilities. 

The FERC orders have ramifications that extend past the physical US/Canadian Border. In order to trade 

in the US and to comply with the Reciprocity Provision, Canadian Corporations must have wholesale 

wheeling rates acceptable to FERC, referred to as the pro-forma tariffs. 

In Canada the most progressive province has been Alberta, which has instituted the first North American 

Power Pool. The power pool of Alberta began operation on January 1, 1996. Currently discussion on retail 

access or end-user choice, as it is referred to in Alberta, is on the table to bring in a higher level of 

competition to consumers in Alberta. 

The California debate has also been proceeding for some time. The California Public Utilities Commission 

has ordered transformation to the California electricity structure. The final decision is the development of 

an Independent System Operator (ISO) and a California Pool, referred to as the Power Exchange. The 

ISO will facilitate the forward markets and is responsible for obtaining ancillary systems for system 

reliability. The Power Exchange will conduct a day-ahead and an hour-ahead auction for power generation 

as a separate electricity spot market, through which market participants may sell or purchase energy. 

California mandates a 10% rate reduction for some retail customers by January 1, 1998, with a goal of an 

additional 10% by 2002. 

Retail access is being debated or implemented in all states but one. 

Similarly, at the international level many countries have deregulated the power industry; examples include 

Norway, England, Argentina, Australia, and New Zealand. Many countries are also in the process of 

implementing new competitive structures; examples include Spain, Brazil, US and Canada. 
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The following diagram identifies some of the major regulatory steps that have specific relevance to 

understanding how deregulation was eventually introduced.19 

Z E PowerGroup Inc. (1997) NYMEX Futures: Gas and Electric. Report Prepared for A Multi-Client Study. 
(Vancouver, British Columbia, March 1997) 8-3. 



Regulatory Timeline: Electricity211 

1880 1898 1920 1935 
O n e year after 

the invention of 
the light bulb, 
T h o m a s Edison 
patents his 
electric 
distribution 
system. 

Federal Water Act 
of 1920 is enacted, 
which in part 
regulated 
hydroelectric power 
generation. 

Samue l Insull, formerly one of 
Edison's clerks, after many years 
of lobbying and marketing on 
behalf of the electric utilities, 
recommends state regulation in 
an address before the National 
Light Associat ion. 

1978 1992 1995 1996 1996 
The Public Utilities 
Regulatory Policy Act 
( P U R P A ) , which in part 
requires utilities to buy 
power from 
independent power 
producers whose 
facilities have been 
qualified by F E R C 
(QF's) . 

F E R C Notice of 
Proposed Role 
Making (NOPR) 
which in part 
proposes rules to 
facilitate open 
access to 
transmission 
services. 

T h e Federal Power Act is 
enacted, which in part 
authorized the Federal 
Regulatory Energy 
Commiss ion to regulate 
interstate transmission 
c o m m e n c e s . 

T h e Energy Policy Act (EPA) is 
enacted which in part opens 
transmission systems owned by 
private utilities to all wholesale 
trade. 

F E R C Order 889 is 
released, in part 
requiring utilities to 
implement conduct 
standards and to 
provide information 
about transmission 
availability on a real time 
basis to all would-be 
users. This is to be 
posted on an Open 
A c c e s s S a m e T ime 
Information System 
(OASIS), i.e. same 
method the utilities gain 
the information. 

F E R C Order 888 released, which in 
part opens wholesale power sales 
to competition. It requires public 
utilities to file non- discriminatory 
open access tariffs with conditions 
comparable to the service they 
provide themselves. 

Regulatory Timeline 

Z E PowerGroup Inc. (1997) NYMEX Futures: Gas and Electric. Report Prepared for A Multi-Client Study. (Vancouver, British Columbia, March 1997). 8.3 

13 
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1.3. The Changing Market 

All these factors are causing the current evolving environment to be uncertain. The electric power industry 

in North America is experiencing change in structure, regulation, key players, business dynamics, pricing 

and contract dynamics. The value of electricity is becoming unstable, and the prices have begun 

fluctuating considering. 

Participants with experience in the gas market are moving to the electric industry to take advantage of the 

new opportunities. Other key players in the market include utilities, electric utility affiliates, co-generators, 

independent power producers (IPPs), financial institutions, brokers and agents. It is the collective 

knowledge of all players in the industry that will shape the outcome of tomorrow. 

Although electricity prices have declined or stabilized during the past few years, utilities continue to face 

fundamental changes. These changes include deregulation of electricity generation; greater access by 

utilities and others to the transmission systems of other utilities; competition for retail customers from 

other fuels and even from other electricity suppliers; changes in regulation of electricity prices; growing 

use of DSM programs as capacity and energy resources; increased concern with the environmental 

consequences of electricity production; growing public opposition to construction of power plants and 

transmission lines; and considerable uncertainty about future load growth, fossil-fuel prices and 

availability, and the costs and construction times of facilities needed to meet future energy needs21. 

1.4. Competition 

The opening of the market means competition in the electric industry. There are two broad forms of 

competition that are progressing steadily: wholesale wheeling and retail wheeling. Each of these have a 

major impact on the utility. 

Eric Hirst, A Good Integrated Resource Plan: Guidelines for Electric Utilities and Regulators (Tennessee: U S Oak 
Ridge National Laboratory, 1994). 4 
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Wholesale wheeling gives the players more options on the supply side and enables electricity to be traded 

between two parties through the transmission systems of one or more parties. With wholesale wheeling, 

the utility is now highly uncertain of how much they need to generate on the supply side, although they are 

given another degree of freedom for resource planning. Wholesale wheeling has been emerging for quite 

sometime, since the EPA act of 1992. 

Retail Wheeling affects the utility on the demand side; as utilities lose their customers they can no longer 

accurately estimate what their load pattern will be like. Retail wheeling is just starting; industrial customers 

in some jurisdictions are now realizing the opportunities arising from their new freedom to select an 

electricity supplier. 

1.5. Resource Planning 

Historically, it has been the responsibility of the large vertically integrated utilities to provide for electric 

power generation. The forecasts of annual electricity use and peak demand are, in some respects, the 

starting point for resource planning. To a large extent these forecasts, when compared with the utility's 

existing and committed resources, determine the amounts, timing, and types of future resources that the 

utility will need during its planning period22. Forecasters perform analyses on previous years and trends 

and extrapolate trends for future use and peak demand. With a change in the environment there is a 

discontinuity in the process, which introduces uncertainty in forecasting. 

Historic utility engineering economics was based on predictable and stable utility rates. Recent changes 

impact the way that engineers choose systems on both the supply and demand side. 

On the supply side, integrated resource planning required the engineer to rank all the options available to 

the utilities for energy and capacity supply. The operating costs were fixed and predictable, as was the 

future value of the power, and therefore the analysis was quite simple. If the engineer made a mistake in 

Eric Hirst, A Good Integrated Resource Plan: Guidelines for Electric Utilities and Regulators (Tennessee: US Oak 
Ridge National Laboratory, 1994). 7 
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the analysis, the utility would not suffer. The utility would ask the regulatory commission for a rate 

increase, and the costs would be passed on to the consumer. 

On the demand side, typically an engineer looked at enhancing the efficiency of a component, product or 

system. The engineer would compare the marginal cost of the more efficient equipment and value that 

against long term energy savings - which were possible to predict with some degree of certainty. 

Sometimes when the more efficient fixes failed the analyses, the utility jumped in to subsidize the costs for 

two reasons - social/environmental concerns, and secondly, because they were obligated to the provision 

of future power for the consumer. 

Gas Technology 

Over the years, jet engines - whether propelling airplanes or energizing electric utility grids - have 

become extremely efficient. Advancements in metallurgy, improved cooling technology, and advanced 

coatings for turbine blades and vanes let them operate at higher temperatures23. Efficiency rates of 40% 

to 50% have been attained for combined cycle operation, and GE claims that with its latest machines 

exceeds 60% efficiency. This efficiency, combined with lower capital costs, a shorter construction window, 

low fuel prices, a slow rate of growth in power demand, and the electric utilities' reluctance to make major 

capital expenditures as the prospect of stranded assets looms in the changing environment, have caused 

a revolutionary shift in the industry's approach to the production of electricity24. Gas turbines are now the 

new generation facilities of choice. 

For example, Figure 1.1 shows the Western System Coordinating Council (WSCC)Ten-Year Coordinated 

Plan Summary 1996-200525 Generation Additions for the WSCC region, a total of 4492 MW, or 49.2% of 

generation additions between 1996-2005 are forecast to be combined cycle, and 1339 MW, or 14.7% 

S Glasser, Deregulated Industries, New Technology Gave Rise to Utility Competition, Energy in the News 
Magazine, Fall 1995/Winter 1996 lssue.32 

Ibid page 32. 

Western Systems Coordinating Council Ten-Year Coordinated Plan Summary 1996-2005, University of Utah, 
Report issued May 1996. 6. 
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cogeneration. Therefore, a total of 63.9% of the generation additions in the WSCC region will be from gas 

turbine technology. 

Combustion Turbine 

2.0% 

Figure 1.1 WSCC 1996-2005 Generation Additions 

Because turbine technology is advancing at a rapid rate the developer must decide whether to use the 

more reliable current technology, or the more risky new technology. While starting this study, these 

technologies were the F & G Series respectively. However, the respective technologies are now the G & H 

Series turbines, which emphasize the rapid developments that have occurred in gas turbine technology. 

This background was provided to allow the reader to understand the changes that have taken place and 

how the recent developments in gas technology necessitate a new decision making matrix. It is important 

to understand changes in the fundamental cost structure and the way the business economics will be in 

the deregulated market. Also we are seeing new business drivers. These drivers are being forced into the 

existing and rigid physical system. As competitive market elements converge in the electric industry we 

will see players adopt new methodology for planning in an uncertain environment. 
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Chapter Two 

2. Technology 

T h e total electricity c o n s u m p t i o n in the U S retail market is 2.9 billion M W h , worth roughly $200 billion at 

current utility rates. T h e wholesa le market represents about two thirds of that market. A s electricity has 

been avai lable for the last century, North A m e r i c a n s largely have taken that availability and the a s s o c i a t e d 

reliability of serv ice for granted. T h e r e can be little debate that society c a n do without electric power. T h e 

debates that d o ar ise are f o c u s e d on the issue of the type of plant u s e d to p roduce this electricity, the 

amount of conservat ion n e e d e d to reduce the n e e d for new resources , and how the electricity is bought 

and sold . Previously, objectives in resource acquisit ion have been to e n s u r e reliability for a given serv ice 

a r e a at the lowest long term cost . Historically, large facilities have been built, a s they p roduce the lowest 

marginal cost of electricity. 

F igure 2.1 s h o w s a breakdown of capacity by generat ion type for C a n a d a , the U S , and North A m e r i c a . 

G a s facilities, including g a s turbines and c o m b i n e d cycle, contribute a mere 4 % of total capacity in 

C a n a d a , and 6% of generat ion for U S and North A m e r i c a . 
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Figure 2.1 Breakdown of Capacity by Type for CA, US & North America 
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T h e B C Market Electr ic R e v i e w 2 6 identified the e lements that are diminishing the cost advantage of large 

central generat ion. A m o n g these factors are: 

1. T h e positive correlation between sca le of facility and thermal eff iciency a p p e a r s to have reached 

its limits; 

2. T h e best hydro sites have been exploited (especial ly in d e v e l o p e d countries) and compet ing u s e s 

exist for the remaining g o o d sites; 

3. T r a n s m i s s i o n expans ion is increasingly difficult and costly, in part b e c a u s e of land u s e conflicts, 

thereby increasing the cost of large central station generators with their genera l requirement for 

a s s o c i a t e d t ransmiss ion investments; and 

4. N e w environmental regulations and siting difficulties c a n affect the cos ts of large-scale 

technologies disproportionately. 

G a s turbines are a new evolving technology w h o s e popularity is steadily increasing. T h e predominant 

reason for the increasing utilization of g a s turbines is that g a s turbines have broken the e c o n o m i e s of 

sca le ; smal l power plants (under 100 M W ) produce at prices lower than larger (several 100 M W ) power 

plants. 

Large plant eff iciency has m o v e d up in the last 20 years but has reached a plateau and is now 

stable at 36-38%. O n the other hand; g a s turbines have c l imbed in eff iciency from 2 0 % to a s high a s 

4 2 % 2 7 . 

British Columbia Utilities Commission (BCUC), The British Columbia Electricity Market Review Report and 
Recommendations to the Lieutenant Governor in Council Report and Recommendations to the Lieutenant 
Governor in Council. September 1995. (Vancouver: Sept. 1995). 

Margaret E. Mclntire. Trigen Energy Services for the Mid-Sized Industrial and Commercial Market, Trigen Energy 
Corporation White Plains, NY. 2. 
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The deregulation of the airline industry had indirect consequences for the electric industry. It was the 

deregulation of the airlines that forced an advancement in jet turbine technology, leading to more efficient 

jet engines. In the electric industry, standby generation units had been typically just combustion turbines 

attached directly to generators. Their lack of efficiency did not allow them to be financially viable as stand

alone units, but only as backup. However, the advancement of gas turbine technology led to the 

introduction of efficient combined cycle units, which in turn reduced costs and lead times for new project 

construction. This, coupled with utilities' risk aversion to capital intensive facilities and cheap gas prices, 

all conspired to create an environment which favored combined cycle gas fired generation over 

conventional generation facilities such as hydro, coal, and nuclear. 

In summary there are several reasons for the popularity of gas turbines: high efficiency, environmentally 

sound operation, on-line quick, retrofitting old plants, and new customers with special preferences. Each 

of these traits will be further expanded. 

2.1.1. High Efficiency 

Gas turbines operate at a high efficiency, thus reducing power generating costs by increased efficiency. 

State-of-the-art gas-fired power plants achieve an efficiency of 41%, while hard-coal-fired plants reach 

44%. Combining gas turbines and steam turbine cycles in power plants further boosts fuel utilization and 

hence efficiency. Gas turbine manufacturers are pushing the 60% total efficiency barrier, which translates 

to reduced electricity costs. 

2.1.2. Environmentally Sound Operation 

Due to the improved technology and efficiency advantage, combined cycle plants produce notably lower 

levels of pollutant emissions than do steam turbine plants of comparable output. In addition, gas turbine 

fuels (natural gas and distillate) are nearly free of sulfur, meaning virtually no sulfur dioxide is emitted. The 

content of nitrogen compounds in natural gas is low and hybrid burners burn natural gas at low NOx 

emission levels, postcombustion measures for lowering the nitrogen oxide content of flue-gas emissions 
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are not n e c e s s a r y 2 8 . 1 9 7 0 ' s g a s turbine p r o d u c e d 600 parts of nitrous ox ides (NOx) per million parts of 

exhaust while 1996 g a s turbines produce 9 to 45 parts N O x per million parts exhaust (1.5 to 7 .5% of the 

N O x of 1970 turb ines 2 9 ) . 

2.1.3. Siting & Transmission Access 

Smal l g a s turbines are the least controversial regarding siting and approval c o m p a r e d to other generat ing 

technologies . D u e to their smal l s ize and low e m i s s i o n s , g a s turbine facilities c a n obtain siting approval in 

city centers . There fore , g a s turbines c a n be strategically located in t ransmiss ion bott lenecks a n d peak 

load regions. 

2.1.4. On-LineFast 

G a s turbines have the shortest lead time of all major power generat ion facilities. F inanc ing and return on 

investment increased due to the fact that c o m b i n e d cycle plants c a n be put into operation in s tages prior 

to final complet ion, starting with only the g a s turbine sect ion. A s imple cycle g a s turbine c a n be built and 

ready to run in 20-30 months . 

2.1.5. Upgrading Steam Power Plants by Adding Gas Turbines 

T h e serv ice life of boilers is m u c h shorter than that of s t e a m turbines, therefore convers ion to c o m b i n e d -

cycle plants is an alternative to replacing boilers. T h e efficiency of the plant i n c r e a s e s from a typical 3 7 % 

to a lmost 50%, while doubl ing or even tripling the plant output. 

Hans Bohm, Gas Turbines - Playing an Ever Greater Role on the Global Market, Siemens Power Journal Vol. 2 , 
1995. 6 

Margaret E. Mclntire. Trigen Energy Services for the Mid-Sized Industrial and Commercial Mari<et, Trigen Energy 
Corporation White Plains, NY. 3. 
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2.1.6. New Market Results in New Customers 

T h e s u c c e s s of g a s turbines c a n be attributed to its rapid technological deve lopment a n d low fuel prices, 

30 

but c h a n g e s in the market have a lso had an effect. O n e of the main goa ls of P U R P A in 1978 w a s to 

lower electricity c o s t s by creating alternative s o u r c e s for bulk power for p u r c h a s e by electric utilities. 

Indirectly, P U R P A s p a w n e d the creation of IPPs. S i n c e P U R P A and the enac tment of the National Energy 

Policy A c t of 1992, the IPP industry has e x p a n d e d to include s o m e exempt who lesa le generators ( E W G s ) , 

power marketers, energy brokers and merchant plants (merchant plants are generat ing facilities that have 

no speci f ic c u s t o m e r to p u r c h a s e power, and therefore, have no guaranteed return on investment). 

Usual ly f inanced by individuals or c o m p a n i e s with substantial e c o n o m i c r e s o u r c e s , merchant plants are 

being d e v e l o p e d to s c a n aggress ive ly potential market s e g m e n t s for new bulk-power c u s t o m e r s , in an 

attempt to c o m p e t e in the marketplace. 

Merchant plants are d e s i g n e d to sell wholesa le power into a competi t ive market, ready to serve potential, 

unspeci f ied c u s t o m e r s . 

2.2. Gas Turbines - Range of Applications 

O n e of the a d v a n t a g e s of g a s turbines is the vast range of appl icat ions avai lable to an entity building s u c h 

a facility. G a s turbines c a n be built a s a greenfield facility, in other words, an entirely new facility. A 

greenfield facility may be a single or s imple cycle g a s turbine, c o m b i n e d cycle , or cogenerat ion facility. 

Cogenera t ion involves coupl ing a turbine unit with an industrial p r o c e s s . In c o g e n the s t e a m from the 

turbine is u s e d in an industrial p r o c e s s (a configuration cal led a topping cycle) or the s t e a m u s e d in an 

industrial p r o c e s s is u s e d to generate electric energy (a configuration cal led a bottoming cycle) . 

Cogenera t ion i n c r e a s e s the overall eff iciency of the overall cycle . H o w e v e r cogenerat ion a d d s a new 

d imens ion of complexity, a s the two s y s t e m s must be matched to work in conjunct ion with one another. 

Cogenera t ion is beyond the s c o p e of this thesis. 

Refer to Chapter 1 for details regarding P U R P A . 
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Another alternative to facility owners is to repower or refurbish existing facilities with gas turbines. 

Repowering is the addition to or replacement of existing power plant equipment, retaining serviceable 

permitted components to improve generation economics, extend life, improve environmental performance, 

enhance operability and maintainability, and more effectively use an existing site.31 

The options available with repowering include: repowering gas turbines, converting a free-standing gas 

turbine to combined cycle, or converting a steam plant to combined cycle (with boiler replacement or 

retaining an existing boiler). Repowering economics will not be covered in this thesis. 

There are many gas turbine manufacturers competitively trying to gain market share. GE, Westinghouse 

and Siemens are the leading gas turbine manufacturers. 

The remaining part of the chapter will discuss, in further detail, greenfield applications with gas turbines: 

2.2.1. The Simple Gas Turbine 

Figure 2.2 Simple cycle arrangement. 

The simple or single cycle combustion turbine (or gas turbine generator) is essentially a jet engine with a 

generator attached. The components of the system are simply a gas turbine and a generator. 

In a gas turbine, a compressor is used to compress air to pressures between 100 and 450 psi, depending 

on the engine design. Fuel (usually natural gas) is then injected and burned to raise the temperature of the 

compressed air to a value between 1500 and 2300 degrees Fahrenheit (F), again depending on the 

engine design. That high pressure, high temperature, air is then expanded to a lower pressure through a 

3 1 Harry Stoll, Raub W Smith, and Leroy O Tomilson, Performance and Economic Considerations of Repowering 
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turbine. In the p r o c e s s , it turns the turbine, giving up energy in the form of m e c h a n i c a l power that c a n be 

u s e d to turn a generator. M o d e r n g a s turbine eng ines range in output f rom a few kilowatts to over 250,000 

k W . T h e eff ic iencies of m o d e r n large f rame g a s turbines run a s high a s 3 3 % . M o d e r n aircraft derivative 

turbines (based on jet engines) have power outputs up to 50,000 k W with eff ic iencies a s high a s 3 6 % 3 2 . 

T h e exhaust of g a s turbines is very hot, typically 850 to 1150 d e g r e e s Fahrenheit . 

T h e idea cyc le for s imple g a s turbine is the Brayton C y c l e . T h e Brayton cyc le p r o c e s s is s h o w n on the P-v 

and T - s d i a g r a m s of F igure 2.3 

P T 

Figure 2.3 Air Standard Brayton Cycle 

G a s turbine pr ices range from $183 .14 /kW to $828.73 ; 

Steam Power Plants, G E Industrial and Power Systems Schenectady, NY. 1. 

All efficiencies given are high heating value (HHV) based. That is the typical efficiency reported by utilities and fuel 
is generally valued in dollars per million B T U HHV. 

Turbine Systems Engineering, http://www.gas-turbines.com/TRADER7Manprice.htm 

http://www.gas-turbines.com/TRADER7Manprice.htm
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2.2.2. Combined Cycle 
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Figure 2.4 Combined cycle arrangements 

The combined cycle is a combustion turbine coupled with a steam turbine, with each unit attached to a 

generator. Sometimes as many as four gas turbines with individual boilers may be associated with a 

single steam turbine. The gas turbine, steam turbine, and generator may be arranged as a single-shaft 

design. Alternatively, a multi-shaft arrangement may be used with each gas turbine driving a generator 

and exhausting into its heat recovery boiler with all boilers supplying a separate steam turbine and 

generator34. 

The gas turbine combined cycle (GTCC) process is the same as a simple cycle unit; however, instead of 

the hot gas being exhausted to the atmosphere, it is used in a continuing process. The "waste heat" can 

be recovered by directing the hot exhaust through a steam boiler, commonly called a heat recovery steam 

generator (HRSG). Generally, steam pressures from HRSG's run from 600 to 1800 PSIG depending upon 

the design and the exhaust temperature of the gas turbine. This high pressure and high temperature can 

World Bank, Gas Turbine Design 
r7ttp://gopher.worldbank.org/html/fpd/em/eminfo/EA/projdef/thrmtech/gascsubs.htm. 3-4 
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be e x p a n d e d through a s t e a m turbine to generate power while letting the s t e a m pressure down to the 

lower p r e s s u r e s a n d temperatures n e e d e d for most p r o c e s s appl icat ions. Alternatively, the s t e a m c a n be 

exhausted into a c o n d e n s e r operating at a v a c u u m just a s convent ional s t e a m turbine power plants do. 

T h i s u s e of "waste heat" inc reases the power output of the facility by approximately 4 0 % to 6 0 % . S i n c e the 

plant p r o d u c e s more power with the s a m e fuel, the efficiency is a lso increased . 

T h e c o m b i n e d cyc le c o n c e p t has been u s e d in electric utility power generat ion (primarily in Europe) and 

p r o c e s s cogenerat ion (in the U S A and worldwide) for over 30 years . Existing m o d e r n plants of this type 

have been built in s i z e s to 1,750 M W and with thermal eff iciencies of 4 5 % . Recent ly introduced g a s 

turbines with improved eff iciencies will push G T C C power plant eff iciencies over 6 5 % . 

T h e r e are var ious c o m b i n e d cycle s y s t e m s , which include single pressure , two pressure or c o m b i n e d 

cycle with reheat. S ingle pressure has the lowest capital cost , capaci ty and least eff iciency of the var ious 

s y s t e m s . T w o pressure G T C C is e c o n o m i c for mid- range and b a s e load operat ion. C o m b i n e d cycle with 

reheat is the cyc le which provides the m a x i m u m plant thermal efficiency, al though requiring the highest 

capital investment. 

2.2.3. Gas Turbine Design 

In g a s turbine des ign , the firing temperature (due to melting of the blades) , c o m p r e s s i o n ratio, m a s s flow, 

and centrifugal s t r e s s e s are the factors limiting both s ize a n d efficiency. F o r e x a m p l e , e a c h 5 5 ° C ( 1 0 0 ° F ) 

firing temperature increase g ives a 10-13% output increase and a 2-4 percent eff iciency i n c r e a s e 3 5 . 

2.3. Simple Cycle Vs. Combined Cycle 

F o r an entity c h o o s i n g to build a g a s turbine s y s t e m , the c h o i c e of the s y s t e m is a function of the 

objectives and n e e d s of the s y s t e m operation. 

World Bank, Gas Turbine Design 
http://gopher.worldbank.org/html/fpd/em/eminfo/EA/projdef/thrmtech/gascsubs.htm. 1 

http://gopher.worldbank.org/html/fpd/em/eminfo/EA/projdef/thrmtech/gascsubs.htm
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T a b l e 2-1 below displays predominant di f ferences between the s imple cyc le and c o m b i n e d cyc le g a s 

turbines. T h e capital cos t of the s imple cycle is the lowest cost of the two alternatives b e c a u s e the C C 

includes an H R S G a n d additional s team turbines and generator. S i n c e in the c o m b i n e d cyc le sys tem the 

exhaust heat f rom the g a s turbine is u s e d to feed the s t e a m turbine, the plant thermal eff iciency is higher 

than in a s imple cyc le . There fore the operating cos ts of a s imple cycle are higher than a c o m b i n e d cycle 

s y s t e m , although the capital cos ts are lower. With a c o m b i n e d cyc le there is higher capaci ty ability than a 

s imple cycle , al though the option d o e s exist to convert a s imple cycle to C C a n d h e n c e increase its 

capacity a n d thermal efficiency. 

A s a c o n s e q u e n c e of these di f ferences, s imple c y c l e s are usually u s e d a s peaking units, where they 

operate less frequently, d u e to the higher operating costs . C o m b i n e d cyc le units shou ld be run a s m u c h a s 

possib le to s p r e a d the capital cos ts over more k W h . S i n c e the c o m b i n e d cyc le unit operates more 

frequently a n d for a longer duration than a s imple cycle , the cos ts of c o m b i n e d cyc le units are more 

strongly affected by g a s pr ices. 

S imp le C y c l e C o m b i n e d C y c l e 

Capita l C o s t s Lowest capital cos ts M o r e costly 

Eff iciency Lower efficiency M a x i m u m plant thermal eff iciency 

Capac i ty Lower capaci ty Highest capaci ty 

S c a l e e c o n o m i e s Potential to increase capacity to C C Limited future e n h a n c e m e n t s 

Table 2-1 Comparison between simple cycle and combined cycle gas turbines. 

2.4. Developments in Gas Turbine Technology 

A s the industry m o v e s towards competi t ion, it b e c o m e s clear that the newer entrants with more efficient 

plants may h ave a d v a n t a g e s over the older utilities. It is establ ished that the g a s turbine is the marginal 

cost unit of cho ice , a s it is the most viable technology currently. 
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T h e cha l lenge ar ises in which g a s turbine technology to implement, a s the technology is still developing. 

F igure 2.5 below s h o w s the evolution of g a s turbine technology over the last half c e n t u r y 3 6 . T h e major 

manufacturers , S i e m e n s , W e s t i n g h o u s e , and G E , are head to h e a d , and a im to break the latest eff iciency 

barrier. T o illustrate, in M a y 1995 G E introduced both the " G " and "H" ser ies g a s turbines. T h e G ser ies 

will reach a 5 8 % net thermal efficiency in c o m b i n e d cycle efficiency, a n d the a d v a n c e d H technology 

platform will b reach the 6 0 % barrier in net thermal e f f ic iency 3 7 . 

1940s 1950s 1960s 1970s 1980s 1990s 

Figure 2.5 Evolution ofGE Gas Turbine Technology 

F o r the purpose of this thesis, the most important dif ference between technologies is in their efficiency. 

T h e value of eff iciency affects the g a s cos ts and the environmental cos ts . A single percentage point 

increase in eff iciency c a n reduce power-plant operating cos ts by $15 million to $20 million over the life of a 

typical 400 M W - 500 M W plant. 

T h e a im of this thesis is to c o m p a r e two technologies, to determine which technology to implement b a s e d 

on the technology risk profile which best fits the organizat ion's appetite for risk. It is the methodology of the 

General Electric, G E G a s Turbines, The Power Plant for the Next Century is Here Today. MS 7001 FA, Brochure. 
6. 
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analysis , a n d the technique in which the va lues of the var iables are determined, which is the heart of the 

thesis. 

T h e technologies c o m p a r e d here were the F a n d G Ser ies g a s turbines. T a b l e 2-2 s h o w s the 

manufacturer 's speci f icat ions for the 'F ' Se r ies a n d ' G ' Ser ies mode ls . T h e F ser ies g a s turbine 7000 

Ser ies turbine w a s introduced in the early 1990s, while the G S e r i e s w a s introduced in M a y 1995. T h e G 

ser ies w a s c h o s e n a s it is the newest most efficient g a s turbine in the market; the H ser ies has yet to be 

re leased . C h a p t e r IV details the methodology of the mode l , and the c o m p a r i s o n of F & G S e r i e s c a n be 

s e e n in C h a p t e r V , the Resul ts and Ana lys is Chapter . 

F S e r i e s G Ser ies 

M o d e l P G 7231 F A P G 7001 G 

Capac i ty 253,500 k W 350,000 k W 

Heat Rate 6,160 B t u / k W h 5,883 B tu /kWh 

Eff iciency 55.4% 5 8 % 

Table 2-2 Comparison ofF&G Series gas turbines. 

General Electric, G E Introduces Advanced G a s Turbine Technology Platform: First to Reach 60% Combined-
Cycle Power Plant Efficiency. Press Release, May 21, 1995.2. 
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Chapter Three 

3. Uncertainty in the Industry 

T h i s chapter is not intended to provide a comple te s y n o p s i s of the c h a n g e s that are taking p lace in the 

industry a n d the uncertainties they create. Rather it is written to provide the reader with a s e n s e of what is 

taking p lace in the industry a n d the n e e d for different a p p r o a c h e s to project deve lopment . 

A s the regulated structure guaranteeing a rate of return is being rep laced with competit ive market pricing, 

the risk a s s o c i a t e d with the deve lopment of new power projects h a s greatly inc reased . Risk, a s def ined by 

W e b s t e r ' s D ic t ionary , 3 8 is the possibility of loss or injury. 

B u s i n e s s e s involved in determining the viability of building new generat ion facilities are confronted with 

many unknowns. Q u e s t i o n s a n d i s s u e s that ar ise in s u c h an a s s e s s m e n t include: 

1. H o w m u c h is it going to cost m e to construct it? 

2. C a n I get approval to build it? 

3. C a n I run, a s expec ted , the facility that I built? 

4. H o w m u c h c a n I expect for r e v e n u e s ? 

5. Will w e be able to beat the compet i t ion? 

6. Will a c c e s s to the market be avai lable? 

T h e a n s w e r s to these quest ions d e p e n d on a n u m b e r of factors. In a regulated environment the a n s w e r s 

to these quest ions were not a major c o n c e r n , s imply b e c a u s e the regulatory structure protected the 



31 

utilities from m a n y of these risks. Furthermore, in a regulated environment s o m e of these risks may be 

bundled, and thus not obvious. 

In contrast, in this a g e of electric industry restructuring, every effort is n e e d e d to m a n a g e uncertainty. R isk 

m a n a g e m e n t techniques are not a new field. However , for electric industry players the application of these 

techniques are new. A n understanding of these uncertainties is an important prerequisite for s o u n d 

decis ion mak ing . T h e purpose of this thesis is to present a method that will allow planners to u s e risk 

m a n a g e m e n t a n d analysis techniques. 

In the d e v e l o p e d mode l the uncertain var iables dealt with explicitly include: 

• Heat Rate 

• Capac i ty 

• Pre -Opera t ion Duration 

• Pre -Opera t ion C o s t 

• Operat ion & Ma in tenance Duration 

• Operat ion & Ma in tenance C o s t 

• Fue l C o s t s 

T h e s e var iables are descr ibed in C h a p t e r 5. 

However , in the industry there are more factors than the a b o v e var iables that are a s s o c i a t e d with a high 

degree of uncertainty. T h e remainder of this chapter will d i s c u s s in more detail the a r e a s of uncertainty in 

the industry. T h e s e a r e a s are broken down into 6 categor ies of uncertainty that an entity will be e x p o s e d to 

w h e n building a new facility: 

• Input Fue l Uncertainty 

Merriam Webster's Collegiate Dictionary, Tenth Edition: Merriam-Webster, Incorporated Springfield, 
Massachusetts, U S A Copyright 1996. 1011. 
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• Compet i t ion, Marketability & D e m a n d Uncertainty 

• T e c h n o l o g y Uncertainty 

• Regulat ion Uncertainty 

• Envi ronmenta l Uncertainty 

• T r a n s m i s s i o n Uncertainty 

3.1. Input Fuel Uncertainty 

Fuel cos ts directly affect the profitability of a power project venture. In the c a s e studied here, the natural 

input fuel a c c o u n t s for between 40-51 % of total project costs in 1996$ (refer to C h a p t e r 5 Resul ts & 

Analysis) . T h e fuel c o s t s directly affect the incremental cost of the unit, which therefore determines the 

unit compet i t iveness a n d its potential for d ispatch. 

T h e North A m e r i c a n natural g a s industry has undergone a rapid p r o c e s s of evolution over the past 15 

years . F igure 3.1 below displays the A v e r a g e Pr ice of Natural G a s in the U S from 1940-1994 in January 

1995 D o l l a r s 3 9 . Deregulat ion w a s begun in 1978 a n d initially resulted in a major j u m p in g a s pr ices. T h i s 

jump in g a s pr ices led to more deve lopment and exploration. T h e market b e c a m e truly liquid by the early 

1990's, facilitated by the introduction of N Y M E X natural g a s futures. P r ices s ince then have stabil ized or 

d e c r e a s e d , albeit with major volatility. 

Northwest Power Planning Council, Fourthwest Conservation and Electric Power Plan Northwest Power in 
Transition Opportunities and Risks (Draft) March 1996 - Publication 96-5. 6. 
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Figure 3.1 Average US Wellhead Natural Gas Prices Price of Natural Gas in the US 1940-1994 

Figure 3.2 s h o w s the variation of N Y M E X Henry H u b Natural G a s Cont rac ts for the N e a r Months from 

April 1990 to January 1997. It demonst ra tes the volatility of the fuel price. T h e y reached a low of 1.2 

$ /mmbtu to a high of a lmost 3.50 $ /mmbtu in this period. In this environment , market participants have 

found t h e m s e l v e s e x p o s e d to large price m o v e m e n t s . 
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Figure 3.2 Henry Hub Gas Near Month Close from April 1990 to January 1997 

Figure 3.3 s h o w s the variation of g a s pr ices at var ious delivery locat ions (indices) c o m p a r e d to Henry Hub 

( N Y M E X g a s futures). T h e figure demonst ra tes how condit ions s u c h a s the cold winter of 1996 could 

result in major d ivers ions of g a s t ransmission, with pr ices increasing dramatically. T h e s e d ivers ions 

represent bas is or transportation cost volatility for natural g a s users , over a n d a b o v e the commodi ty 

volatility. 



+ Henry Hub Futures 

G a s Daily Price at Henry Hub 

G a s Daily Price at E l P a s o 

G a s Daily Price at N W S u m a s 

G a s Daily Price at Chicago 

Figure 3-3. Spot market comparison - Henry Hub futures 
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3.1.1. Long Term Fuel Contracts vs. Spot Market 

T h e volatility of input fuel pr ices creates an unknown st ream of c o s t s for project operat ion. A n alternative 

to purchas ing over the spot market is to e n g a g e in a long term fuel contract. Naturally, with long term fuel 

contracts, the sel ler of the contract will be carrying the fuel price risk. T o a c c e p t this risk, the sel ler 

i n c r e a s e s the cost of the long term contract, to m a k e the venture worthwhile. T h i s increase d imin ishes the 

profit margin of the power producer , perhaps to the point where there is an insufficient rate of return to 

justify proceeding with the project. 

Historically, scenar io a n a l y s e s had been u s e d to a s s e s s the potential profits of a project. D u e to the 

volatility of the g a s pr ices, a n d the extended range of va lues that they m a y take, ass ign ing probabilities to 

the g a s pr ices will give the dec is ion m a k e r a better handle on the risks a n d rewards of the project. 

3.2. Competition, Marketability & Demand Uncertainty 

T h e effects of competi t ion manifest t h e m s e l v e s on the d e m a n d for the project output, and thus ultimately 

on the revenue s t ream and profitability. 

3.2.1. Demand 

If one constructs a new power plant, one d o e s s o under the assumpt ion that there are c u s t o m e r s to w h o m 

the output c a n be so ld . Issues that must be c o n s i d e r e d when evaluating where there will be sufficient 

d e m a n d are: 

• Is there a n e e d for new facilities or is the facility replac ing/compet ing with existing r e s o u r c e s ? 

• If the facility is compet ing with existing resources , c a n it, through its higher efficiency, have 

r e d u c e d operat ing cos ts that c a n cover a s h a r e of the capital c o s t ? 

• O n e must cons ider the fact that the market s o m e t i m e s has e n o u g h surplus to reduce pr ices 

below the incremental cost, making it not a lways viable to operate. 
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Figure 3.4 d isplays a graph of W S C C Reg ion Net Genera t ion Addit ions, Actua l Data a n d Projections 

S u m m e r Capabil i ty for e a c h year from 1986 to 2005. T h e graph s h o w s that there is a n e e d for d e m a n d , a s 

the region h a s not r e a c h e d supply / resource ba lance . 

Projected 
Actual 

86 87 88 89 90 91 92 93 94 95 96 97 98 99 '00 '01 '02 '03 '04 '05 

Figure 3.4 WSCC Region Net Generation Additions: Actual Data & Projections Summer Capability 

T h e amount of output an entity m a y sell will a lso be a function of the s e a s o n , particularly in the Pacif ic 

Northwest, where there is a high percentage of hydro. During per iods of fish flush or high precipitation, 

hydro electricity is p roduced in quantity a n d at low e x p e n s e , and therefore d isp laces all other fuels. 

Compet i t ion from hydro dr ives the load factor of the g a s facility way down, therefore greatly reducing the 

revenue. 

In a c o m p r e h e n s i v e study prepared for the Cali fornia Energy C o m m i s s i o n 4 0 , the authors ana lyzed the 

effects of restructuring in Cal i fornia. Th is study est imates the Cumula t ive Capac i ty A d d e d for B a s e Fue l 

C o s t s C a s e 4 1 in Cal i fornia, which is s h o w n in T a b l e 3-1 below. T h e analysis for new market entrants in 

L C G Consulting.(1996) Modeling Competitive Energy Mari<et In California: Analysis of Restructuring, Prepared for 
the California Energy Commission, October 11, 1996. 3.17. 

Base Fuel Costs Case: This is the primary case which is used for comparison with other scenarios. 



38 

Cali fornia for the B F c a s e indicates up to 5,100 M W , 10,150 M W and 20,400 M W of new c o m b i n e d cycle 

units are economica l ly viable in Cal i fornia for 1998, 2001 and 2006 respectively. 

1998 2001 2006 

Locat ion Type Capacity Capacity (MW) Capacity M W 

Northern C a i C C - - 500 

Southern C a i C C - - 4,000 

Rky Mtn C T 500 1,100 1,100 

Rky Mtn C C - - 900 

Northwest C C 2,850 4,800 6,850 

Southwest C T 350 850 1,350 

Southwest C C 1,400 3,400 5,700 

Total 5,100 10,150 20,400 

Table 3-1 Cumulative Capacity Additions in California 

There fore , with the c h a n g e s in the electricity market structure, the potential for a power producer to sell its 

future output f rom its facility, pe rhaps to Cal i fornia, exists. In jurisdictions all a round the facility site, s u c h 

a s B C , Alberta , Cal i fornia, a n d the W S C C region a s a whole, generat ion output will be n e e d e d and the 

capacity of the p r o p o s e d project will have a market to sell into. T h e unknown is the load factor, and 

whether the revenue genera ted will offset the c o s t s incurred. 

3.2.2. Pricing 

T h e electric industry has a lso b e c o m e more liquid. With the increasingly competi t ive market, electricity 

pr ices have b e c o m e volatile. Volatility brings larger market risk, a n d thus the n e e d to m a n a g e the risk. 
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T h e r e are many price indices now avai lable in the market. Indices give buyers a n d sel lers a price 

reference reflecting the market price of electricity and aid in price t ransparency. T h e s e indices available 

for u s e are D o w J o n e s , P o w e r Markets W e e k and Alberta Power Poo l , which are c o m p a r e d in T a b l e 3-2. 

A commodi t i es market w a s a lso d e v e l o p e d to m a n a g e that risk. N Y M E X Electricity futures were launched 

on M a r c h 29 t h , 1996. 

A s the n u m b e r of buyers a n d sel lers increases , liquidity is genera ted in the marketplace; liquidity a n d 

volatility induce the n e e d for active cost and risk m a n a g e m e n t . With futures, buyers a n d sel lers c a n lock in 

the price of electricity, allowing them to h e d g e transact ions. However , electricity futures c a n only be 

p u r c h a s e d 18 months forward, s o any long term contracts greater than 18 months cannot be h e d g e d with 

N Y M E X futures. S i n c e electricity is generated by var ious fuels, s u c h a s coa l , g a s and oil, the volatility in 

these markets will be reflected in electricity p r i c e s 4 2 . Hydro plants have an operat ing competit ive 

advantage; their incremental cos t of generat ion is significantly less than other fuels, s u c h a s g a s , coa l or 

nuclear, allowing them to ach ieve priority dispatching if required. F igure 3.5 displays sample data 

from the indices discussed above. The relative duration of historical data available for 

each index can be seen. Also demonstrated is the long-term correlation between the 

indices as well as relative volatility. All indices s h o w the s e v e r e volatility of the market. 

Z E PowerGroup Inc. (1997) NYMEX Futures: Gas and Electric. Report Prepared for A Multi-Client Study. 
(Vancouver, British Columbia, March 1997. 6-23. 



Dow Jones Telerate Power Markets Week Alberta 
Pool 

NYMEX 

Factor COB Palo 
Verde 

Mid-
Colombia 

COB Palo Verde Mid-
Columbia 

Alberta 
Pool 

COB Palo Verde 

Class physical physical physical primarily f inancial, contracts 
can g o to physical delivery 

Domain point in 
t rans

miss ion 
s y s t e m 

s u b 
station 

point in 
t ransmiss ion 

s y s t e m 

point in 
t ransmiss ion 

sys tem 

substat ion within a 
t ransmission 

sys tem 

province of 
Alberta 

point in 
t ransmission 

sys tem 

substation 

Time Frame daily weekly and daily hourly monthly 

Updated next day next period hourly real time 

Market c a s h c a s h physical f inancial 
Perspective historical to present historical to present historical to 

present 
historical a n d 18 months 

forward, no present 

Portion of 
trade quoted 

approximately 2/3 of t rade — 
parties contractually bound to report 

not appl icable, qualitative phone surveys all trade in 
pool 

all N Y M E X futures trade 

Cost to 
Access 

free on the W e b 4 a a c c e s s to historical data is $50, updates 
are $25/month 

free on the 
W e b & B B S 

free on the W e b 

Introduced J u n e 
'95 

M a r c h '96 M a y '96 O c t '94 O c t '94 O c t '94 J a n '96 A p r '96 A p r '96 

Table 3-2 Comparison of price indices' characteristics 

A c c e s s to Dow J o n e s Telerate and N Y M E X price data is available at http://www.energyonline.com 

A c c e s s to Alberta Power Pool price data available at http://www.powerpool.ab.ca and on the B B S at 403-263-6075 user name - public' 

A c c e s s to N Y M E X price data is also available at http://www.nymex.com 

40 

http://www.energyonline.com
http://www.powerpool.ab.ca
http://www.nymex.com
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Figure 3-5. Graphical comparison of price indices 
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3.2.3. Product 

With the c h a n g e s in the market, the n e e d s of the client are b e c o m i n g more clearly def ined. Electricity is 

being unbundled to reflect the n e e d s of the purchasers . S e r v i c e s now offered to p u r c h a s e r s include: 

energy, capaci ty , load following, shap ing , spot p u r c h a s e s and long term p u r c h a s e s . 

T o d a y ' s typical electric utility provides bundled serv ices to its c u s t o m e r s . However , in the emerg ing market 

all these serv ices will be marketed s e p a r a t e l y 4 4 and competitively, which a d d s to the complexity of 

estimating potential revenue and profitability. T h i s a s p e c t of the problem will not be m o d e l e d in this thesis. 

3.3. Technology Uncertainty 

G a s turbine technology, al though a mature technology, is still improving. T h e s e technology improvements 

are the result of new materials, improved d e s i g n s a n d d e c r e a s e d production costs . 

In this work two g a s turbine technologies , namely "F" Ser ies and " G " ser ies , are u s e d to demonstrate how 

risks c a n be m o d e l e d . By compar ing the two ser ies , we will try to determine whether the p romised 

increase in eff iciency for a newer technology justifies the increased risk of technological difficulties and 

increased capital c o s t s a s s o c i a t e d with it. 

Another i ssue is the dif ference in g a s turbines a m o n g suppl iers. F o r e x a m p l e A B B & S i e m e n s have 

substantially c h a n g e d their g a s turbine des ign to b e c o m e competit ive with G E & Mitsubishi g a s turbines. 

There fore , there is more risk a s s o c i a t e d with one of their F ser ies turbines than the c o m p a r a b l e G E a n d 

Mitsubishi turbines. T h i s is another uncertainty f a c e d by the planner that will not be treated in this work. 

3.4. Regulation Uncertainty 

T h e problem for corporat ions in the electric industry is that the regulatory p r o c e s s e s are longwinded, 

involved dec is ion making p r o c e s s e s . For example : 
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• B C H W h o l e s a l e T r a n s m i s s i o n Pol icy - T h e potential for s o m e form of a c c e s s to t ransmission 

over the B C Hydro sys tem has been debated in front of the British C o l u m b i a Utilities 

C o m m i s s i o n s ince at least 1991. A s of 1997 the B C U C permitted B C Hydro to u s e an interm 

rate; the rates are controversial a s they are v iewed to be over pr iced. A hearing is set for the 

fall of this year to determine the final rates. 

• C P U C Electr ic Restructuring in Cali fornia 4 year p r o c e s s . In April 1992, the Cal i fornia Publ ic 

Utilities C o m m i s s i o n initiated a c o m p r e h e n s i v e review of current a n d future trends in the 

electric industry. O n D e c e m b e r 20, 1995, the C o m m i s s i o n a p p r o v e d its p r o p o s e d transition to 

a competit ive electric market beginning January 1, 1998, with all c o n s u m e r s participating by 

2 0 0 1 4 5 

T h e main impact of these regulatory p r o c e s s e s is that the product deve loper will have to reexamine 

continuously the market for project viability. S i n c e pre-operat ion time is variable, it must be factored in the 

analysis . T h e uncertain pre-operat ion time impacts on the developer 's ability to s e c u r e longer term 

contracts, thus increasing e x p o s u r e to market pr ices. 

3.5. Environmental Uncertainty 

In the past, a n y o n e could build any type of facility, without c o n c e r n to any pollution or environmental 

hazards it will present. However , this is no longer the c a s e . It is b e c o m i n g exceedingly difficult to get 

approval for any projects that may have a negative impact on the environment . T h e negative influence 

could include prob lems of land u s a g e , water and air quality, and noise pollution. Federa l , provincial or 

state governments , regulatory a g e n c i e s , and others are imposing new s tandards and greater restrictions 

F E R C order 888 defined six ancillary services. These include energy services such as: back-up, imbalances, 
storage, shaping etc. The ancillary services make provision of the basic services of generating capacity, energy 
supply, and power delivery. 

California Public Utilities Commission, California Restructuring Background, (California Public Utilities Commission 
December 1995) P. 1 
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on anything that re leases pollutants into the air, from mobile to stationary s o u r c e s . Consequent ly , there is 

a threat to any entity wanting to build/own a generat ing facility that environmental limits may be 

retroactively i m p o s e d on . 

R e d u c e d e m i s s i o n s a s s o c i a t e d with the deve lopment of new technology sets new e m i s s i o n s tandards for 

similar facilities. A s s u c h , these new technologies m a k e existing plants environmental ly obsolete . For 

example , improvements in coal facilities have d e c r e a s e d the permissible amount of emiss ions . Th is in 

turn forces utilities to increase capital expendi tures to p u r c h a s e the technology n e c e s s a r y for reducing 

e m i s s i o n s . 

T h e regulatory and environmental p r o c e s s e s are lengthy and involved for power supply projects. In B C 

the Environmenta l A s s e s s m e n t A c t (Bill 29) w a s introduced on May 5 t h ' 1996. T h i s act rep laces the Energy 

Project Rev iew P r o c e s s for projects regulated under the Utilities C o m m i s s i o n Act . For power projects, the 

Utilities C o m m i s s i o n A c t def ines regulated projects a s those with a capaci ty of 20 M W or greater, or those 

that Cab ine t des igna tes a s regulated if these projects are "significant in the matter of energy." T h e 

duration of a review could be between 6 to 12 months; if it only n e e d s to g o to S t a g e T w o of the review 

p r o c e s s , 9 9 % of projects are approved by S tage 2. If a project requires a S t a g e 3 review, its duration is 

between 18 and 42 months. T h e bottom line is that the constraints put on owners of generat ing facilities, 

with respect to e m i s s i o n s and environmental effects, are increasing. A new regulation could cost a plant 

owner millions of dollars by forcing the owner to install new technology for e m i s s i o n s reduction, or e lse to 

retire the plant early. T h e potential for new regulations m a k e s it very difficult for any entity with a facility or 

wanting to build a facility to be sure what will be the total cost of the plant operat ion and maintenance. 

F o r entities that want to build new facilities, there is an a d d e d compl icat ion in that the p r o c e s s required to 

get a project approval is long and involved, which m a k e s it difficult to s c h e d u l e long term deals . 
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3.6. Transmission Uncertainty 

Fair market a c c e s s is a n e c e s s a r y e lement before effective competit ion c a n thrive in the electric utility 

industry. E x c e s s i v e t ransmiss ion rates c a n be u s e d to prevent a c c e s s to the t ransmiss ion sys tem. 

All Power purchasers d e p e n d upon the t ransmission sys tem of the larger utilities for power deliveries. 

Within e a c h control a rea , the t ransmiss ion function is both a natural monopo ly a n d an essent ia l facility, 

which is why the monopo ly structure w a s supported historically. 

R e c e n t regulatory deve lopment removed t ransmission a c c e s s a s a main c o n c e r n , a s t ransmission is now 

open and available. However , t ransmission pricing remains a major uncertainty. T h e difference in costs 

between firm t ransmiss ion a c c e s s and non-firm t ransmiss ion a c c e s s could be a factor of 2 or 3. T h i s 

difference impacts how the product deve loper will p a c k a g e his resources , and the number of firm versus 

non firm s a l e s (portfolio management ) . T h e issue of portfolio m a n a g e m e n t is not dealt with in this thesis 

a s it could be indirectly factored into the cho ice of commodi ty pricing. 

3.7. Conclusions 

T h e f e e d b a c k from one of the experts s u m m a r i z e s the a b o v e i s s u e s eloquently. 

1. P r o d u c e r s will be taking more risk, a s there is less certainty in the marketplace. It will be harder 

for p roducers to sign long term contracts. 

2. It will be difficult for producers to fix long term revenues . 

3. T h e inability to forecast revenue will m a k e investors d e m a n d higher returns. 

T h e s e factors s u g g e s t the n e e d for a f ramework to ass is t decis ion m a k e r s in making dec is ions in an 

uncertain environment . 
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Chapter Four 

4. The Model 

4.1. Model Objective 

T h e first four chapters of this thesis demonstra ted the n e e d for a f ramework to ana lyze the feasibility of a 

project in an uncertain environment. T h i s chapter descr ibes the methodology of the d e v e l o p e d model . 

T o p r o c e e d with any project, the e c o n o m i c s of the project must be justified. T h e p r o c e s s for evaluating the 

e c o n o m i e s usually involves running ana lyses to calculate a per formance m e a s u r e a n d thus determine the 

feasibility of a p r o p o s e d project. T h e project will p r o c e e d if the calculated per fo rmance m e a s u r e is 

acceptably g o o d . Naturally, the per formance m e a s u r e is affected by all the project cos t c o m p o n e n t s and 

the future revenue s t ream. S o m e t i m e s calculating the per formance m e a s u r e c a n be a chal lenge. 

If the var iables affecting the per fo rmance m e a s u r e were deterministic or a single "point" est imate, the 

problem would be s imple . All the investor h a s to d o is deve lop a m o d e l that s h o w s the c a s h flow of the 

project; this c a n be d o n e on any s p r e a d s h e e t or mathemat ical program s u c h a s M a t h C a d . T h e output will 

be a single result, which e a s e s the deve lopers ' dec is ion making. 

S o m e t i m e s , the analys is c a n be broken down into a number of scenar ios : a high cost , m e d i u m cost , a n d 

low cost scenar io , for example . In this c a s e , the analys is is carried out a s for the deterministic mode l . 

However , instead of running the mode l o n c e , it must be run all three t imes to a c c o u n t for all the poss ib le 

scenar ios . T h e output in this c a s e will be a set of 3 points, giving the deve loper a feel for the possib le 

va lues of the per fo rmance m e a s u r e . 
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T h e nature of the electricity industry is that the var iables that affect the per fo rmance m e a s u r e are 

assoc ia ted with a large d e g r e e of uncertainty. T h e r e is a wide band of variation, a n d the nature of the 

variation is r a n d o m . Mos t importantly, the var iables vary independently of o n e another. 

There fore , a new methodology of analysis must be u s e d to a c c o u n t for all the variation on the variables. 

T h e s e factors are what led to the deve lopment of the p r o p o s e d mode l . T h e m o d e l is a probabilistic c a s h 

flow mode l , a n d the technique p r o p o s e d in this thesis is that of a Monte C a r l o Simulat ion ( M C S ) . 

Simulat ion is a technique whereby a mode l , s u c h a s an E x c e l worksheet , is ca lculated many t imes with 

different input va lues , with the intent of getting a comple te representat ion of all poss ib le scenar ios that 

might o c c u r in an uncertain s i tuat ion 4 6 . Monte Car lo refers to a traditional method of sampl ing random 

variables in a simulation model ing. 

T h e a p p r o a c h u s e d in the m o d e l w a s to determine the supply price of electricity to m a k e a corporat ion's 

min imum attractive rate of return ( M A R R ) on a g a s turbine project. T h e lower the supply price of 

electricity, the lower the risk to the deve loper and the higher the probability of achiev ing the required 

return. 

T h e a p p r o a c h is appl ied to c o m p a r e two technologies , namely, F ser ies a n d G ser ies , g a s turbines. T h e 

purpose is to e x a m i n e the effect of new technologies on the e c o n o m i c risk profile of the project. T h e 

mode l output would allow an investor to c o m p a r e e a c h technology, a n d c h o o s e the technology b a s e d on 

the risk profile that best fits the organizat ion's appetite for risk. 

F o r example , F igure 4.1 below illustrates an e x a m p l e of two probability distributions, A a n d B. Probability 

distribution B represents greater risk than A b e c a u s e the range, or s tandard deviation is larger. There fore 

the probability of o c c u r r e n c e represents a wider range of va lues for B than A . H o w e v e r in the c a s e that a 

lower va lue is most desirable, Probability distribution B has a high probability of o c c u r r e n c e of a lower 

Palisade Corporation, @Risk Advanced Risk Analysis for Spreadsheets (Palisade Corporation: Newfield, NY 
September 1996). Glossary. 296. 
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value than A . A less risk a v e r s e corporat ion may prefer a smal ler s p r e a d in the results, with most of the 

probability a s s o c i a t e d with the desirable results. W h e r e a s , a less risk a v e r s e taking corporat ions may 

accep t a greater s p r e a d . 

10 20 30 40 50 60 70 80 

B 

10 20 30 40 50 60 70 80 

Figure 4.1 Probability Distribution A & B 

4.1.1. Assumptions 

T h e probabilistic c a s h flow mode l d e v e l o p e d is a s imple mode l of the c a s h flows for a c o m b i n e d cycle 

plant. T h e analys is did not take all the var iables into account ; just the most important var iables were 

a d d r e s s e d a n d a s s i g n e d probability distributions. T h e r e a s o n s for the simplifying a s s u m p t i o n s include the 

following: 

1. T h i s problem is a c o m p l e x and new problem. T h e thesis demonst ra tes a methodology for 

solving the problem, but d o e s not provide a comple te solution to the problem. 

2. T h e users who will apply this methodology are sophist icated users . Every situation differs 

a n d the market c h a n g e s every day, call ing for a new cus tomized a p p r o a c h to the 
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problem. A corporat ion undergoing their own studies will c u s t o m i z e the m o d e l to meet 

their speci f ic criteria, n e e d s and a p p r o a c h to planning. 

3. Exper ts were consul ted for their est imates of cos ts . T h e m o d e l that w a s d e v e l o p e d 

required ten distributions for e a c h of the "F" a n d " G " S e r i e s runs, and thus twenty 

distributions were required in all. T h i s w a s a time c o n s u m i n g p r o c e s s , a n d therefore, 

factors had to be minimized a n d simplif ied. 

4.2. Methodology of Risk Analysis Model 

T h e methodology of the mode l is a probabilistic c a s h flow model . Var iab les with higher levels of 

uncertainty in the m o d e l are identified and a s s i g n e d probabilistic distributions. A Monte Car lo simulation 

that genera tes r a n d o m n u m b e r s drawn from these probability distributions, for e a c h of the variables, is 

run. Approx imate solutions are in terms of a range of va lues , e a c h of which h a s a calculated probability 

of being the solution. All the possib le ranges of va lues that the var iables m a y take are factored into the 

output per fo rmance m e a s u r e . T h e result g ives the dec is ion m a k e r a comple te picture of all possib le 

o u t c o m e s and their probabilities. 

T h e m o d e l is run in an E x c e l 4 7 spreadshee t , a n d the simulation is per formed using a p r e p a c k a g e d 

software cal led @ R i s k 4 8 . @ R i s k is a s p r e a d s h e e t add- in for either E x c e l or Lotus. 

4.2.1. Monte Carlo Simulation 

T h e Monte C a r l o Simulat ion Method is n a m e d after the city in M o n a c o , f a m e d for its cas ino . T h e n a m e 

and the systemat ic deve lopment of Monte Car lo methods date back to about 1 9 4 4 . 4 9 

Microsoft Excel, Microsoft. Copyright 1993- 94. Trademark of Microsoft Corporation. 

BestFit, Palisade Corporation. Copyright 1993-95. Trademark of Palisade Corporation. 

Sabri Pllana, History of Monte Carlo Method. http://www.geocities.com/CollegePark/Quad/2435/, 1997. 

http://www.geocities.com/CollegePark/Quad/2435/
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Monte Car lo simulation s a m p l e s are c h o s e n completely at random a c r o s s the range of distribution. T h u s it 

is n e c e s s a r y to take large n u m b e r s of s a m p l e s for c o n v e r g e n c e of highly s k e w e d or long-tailed 

distr ibut ions 5 0 . 

4.3. Model Development 

T h e following outl ines the s tages of model development : 

1. Def ine the per fo rmance m e a s u r e for project approval 

2. Def ine the functional relationships between the per formance m e a s u r e a n d the var iables 

3. Formulate the M o d e l 

4. M o d e l Var iab le Behav ior 

5. Per form a Monte Car lo Simulat ion 

6. Ca lcu la te a n d C o m p a r e P e r f o r m a n c e M e a s u r e s 

7. Obtain Representat ive Data 

E a c h will be d i s c u s s e d in detail: 

4.3.1. Performance measure 

T h e purpose of every mode l is to produce an output. T h e output of a m o d e l provides a per formance 

m e a s u r e to the dec is ion maker . T h i s m e a s u r e g ives the corporat ion a va lue to c o m p a r e different 

Palisade Corporation, @Risk Advanced Risk Analysis for Spreadsheets (Palisade Corporation: Newfield, NY 
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alternatives. In most industries, the per formance m e a s u r e s are financial m e a s u r e m e n t s . T h e most 

meaningful to corporat ion execut ives include Net Present V a l u e (NPV) , IRR (internal rate of return), a 

C o s t Est imate , or a Financia l Return. 

In the mode l d e v e l o p e d here, the M A R R is the per formance m e a s u r e u s e d . T h e output of the mode l is the 

supply price of electricity required to meet the M A R R . 

T h e r e a s o n supply price of electricity w a s c h o s e n a s the mode l output is that electricity is b e c o m i n g a 

commodi ty . T h e r e are many physical indices, including the N Y M E X futures, that m e a s u r e the market 's 

valuation of the worth of power. There fore , there are signals avai lable to the industry that s h o w where the 

market va lue of electricity is. It is natural for industries to c o m p a r e the output supply price of electricity to 

the indices avai lable, in determining whether a project is feasible. 

4.4. Model Formulation 

T o build a mode l , the first step is to define the functional relationships between the var ious variables. In 

our c a s e , a c a s h flow analys is provides the required functional relationship between the variables. 

A project is c o m p r o m i s e d of var ious p h a s e s , which taken together, constitute the project life c y c l e 5 1 . 

F igure 4.2 below displays the c a s h and revenue p h a s e s m o d e l e d . T h e p h a s e s illustrated below include: 

Pre-operat ion P h a s e , G a s Turb ine Capita l C o s t s P h a s e , O & M P h a s e , Fue l P h a s e a n d R e v e n u e P h a s e . 

T h e x axis represents time, a n d the y axis represents dollar flows. F lows a b o v e and below the x axis are 

revenues , and costs , respectively. 

September 1996). Glossary. 295. 

5 1 A . D. Russell Review Notes for Civil 522 - Project & Construction Economics, Department of Civil Engineering 
U B C , September 1996. 
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Figure 4.2 Project Life Cycle 

T h e structure of the m o d e l breaks the c a s h flow analysis into two c a s h flow s t reams. T h e first s t ream is 

the cost s t ream, which ca lculates the life cycle cos ts incurred during the full operat ion of the facility. T h e 

revenue s t ream calculates expec ted revenue from the turbine output for the life of the facility. 

4.4.1. Functional Relationship 

T h e a p p r o a c h of the mode l is to so lve for the supply price of electricity, p, to determine what the ranges of 

electricity pr ices are to ach ieve a given M A R R . If all the var iables were a s ingle deterministic value, we 

could so lve for p simply. T h e following are the required steps: 

1. Ca lcu la te the Present V a l u e of E a c h P h a s e 

T h i s is d o n e by calculating the present worth of the p h a s e , for e x a m p l e O & M P h a s e a s 

illustrated in Figure 4.3, by discount ing the c a s h flow to t ime zero. 
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Figure 4.3 Cash Flow for O&M and Revenue Phase 

T h e equat ion for this is a function of the flow pattern, which w a s a s s u m e d to be a 

cont inuous flow for the full duration of the p h a s e . 

F o r a cont inuous flow, the present va lue of the O & M flow illustrated in F igure 4.3, will take 

the form: 

T2 

p V = e - m a r r - T l J C o s t g-marr't d { 

T1 

W h e r e marr = min imum attractive rate of return 
T1 = t ime between the start of the p h a s e and time zero 
T2-T1 = duration of the p h a s e 
C o s t = cost of the p h a s e (in dollars/time) 

2. S u m up present value of all cost p h a s e s , this g ives the Net Present V a l u e of cos ts 

NPV C 0 S t s = PVp r e-Op + PVGasTurbine + PVfj&M + PVVuel 

3. S u m up present va lue of the revenue p h a s e , a s illustrated in F igure 4.3. T h i s g ives the 

Net Present V a l u e of revenue 

N PV r e v e nue — P ̂ revenue 

T2 

T1 
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W h e r e 

p = the supply price of electricity in $ / M W h 

q = energy sold in M W h 

4. S e t c o s t s t ream (NPV C 0 S t s ) to equal the revenue s t ream (NPV r e v e nue) 

5. S o l v e for p, the supply price of electricity. 

4.5. Example of NPV Calculation 

T h e following demonst ra tes how to calculate NPV for the cost and revenue s t reams illustrated in Figu 

4.4 for a d iscount rate of 12%. 

$ 

T 2 = 4 years 

C2=30 M$ 

Time 
1 • 

C,=20 M$ 

T ! = 2 years 

Figure 4.4 Sample Cash Flow 

T1 T2 

o T1 

NPV= -r/T1) (1-e r \)/(-r) + er\C-%2)0-er
 ")/(-r) 
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N P V = - ( 2 0 / 2 ) (1 -e ( 1 2* 2 )/(-.12)+ e" 1 2 * 2 ( 3 0 / 4 ) (1- e 1 2* 4)/(-.12) 

N P V = $ 1 7 . 7 8 - 1 8 . 7 4 

N P V = $0.96 

T h e current envi ronment is s o m e w h a t more compl ica ted . S o m e of the var iables in the mode l d o not take 

deterministic va lues . T h e s e var iables are a s s o c i a t e d with high levels of uncertainty. T h i s is where the 

Monte C a r l o Simulat ion technique is required. T h e simulation s a m p l e s all the poss ib le va lues of the 

probabilistic var iables a n d the output d isplays the full range of poss ib le va lues . 

4.5.1. Variable Behavior 

A s d isp layed in F igure 4.2 a b o v e , the mode l is broken into five p h a s e s : four cost p h a s e s and o n e revenue 

p h a s e . T h e s e include: 

1. Pre -Opera t ion Project C o s t s 

2. G a s Turb ine C o s t s 

3. O & M C o s t s 

4. Fue l C o s t s 

5. R e v e n u e P h a s e 

T h e present va lues of p h a s e s are calculated by integrating the c a s h flow function over the period. T o 

calculate the present worth for e a c h p h a s e , severa l var iables must be speci f ied . T h e s e include the length 

of time of the p h a s e , the c a s h flow function (or cost distribution of the p h a s e , c(t)), a n d the c o s t of the 

p h a s e . F o r simplicity, the c a s h flow functions were a s s u m e d to be constant throughout the length of the 

p h a s e (c(t)=A). T h i s assumpt ion d o e s not greatly affect the N P V , but it affects the c a s h flow of the project. 
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Therefore , for e a c h of the p h a s e s , the only var iables that were required were the length of the p h a s e a n d 

the cost of the p h a s e s . 

Other mode l var iables that d o not c h a n g e with the p h a s e include: 

1. M A R R 

2. Capac i ty 

3. Heat Rate 

Probabil istic distributions were a s s i g n e d for e a c h variable, except for the M A R R . Us ing quantitative and 

qualitative judgment , distributions were elicited from experts. T h i s is detailed in Sect ion 4.6. T h e following 

sect ions detail the var iables a n d key assumpt ions . 

4.5.1.1. Pre-Operation Project Costs 

T h i s p h a s e includes all the cos ts a s s o c i a t e d with the project, except for the direct a n d indirect construct ion 

and hard construct ion cos ts . T h i s p h a s e includes the C o n c e p t , Feasibility, Engineer ing , P rocurement and 

Construct ion a n d C o m m i s s i o n i n g of the project. It is a s s u m e d that this p h a s e starts at time zero. 

T h i s variable w a s given both a s a cost in millions of dollars, and a lso a function of the capaci ty of the g a s 

turbine. 

4.5.1.2. Gas Turbine Costs 

T h i s p h a s e includes the direct, indirect construction a n d equipment c o s t s incurred during construction of 

the project. T h i s p h a s e a lso started at time zero, a n d its duration is the s a m e length a s the pre-operat ion 

duration. S o m e of the experts c h o s e to relate this cost a s a $ per k W , while others preferred to e x p r e s s 

the cos ts in terms of millions of dollars. 
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T w o of the experts c h o s e to c o m b i n e P h a s e 1 & P h a s e 2, thereby giving only o n e distribution for the 

period prior to operat ion of the c o m b i n e d cycle . 

4.5.1.3. O&M Costs 

It is a s s u m e d that, following complet ion of the Pre -Opera t ion a n d G a s Turb ine p h a s e s , the remaining 

o n e s are the O & M P h a s e , Fue l P h a s e a n d R e v e n u e P h a s e . It is a lso a s s u m e d that the O & M P h a s e , Fue l 

P h a s e and R e v e n u e P h a s e will all have the s a m e duration. 

O & M C o s t s are the operation a n d ma in tenance c o s t s during the life of the project. There fo re it a c c o u n t s 

for all the fixed cos ts incurred during the operation of the c o m b i n e d cyc le . 

4.5.1.4. Fuel Costs 

T h e fuel cos ts a c c o u n t for the variable cos ts of the c o m b i n e d cyc le operat ion. T h e va lues elicited are 

a v e r a g e range of fuel cos ts that may o c c u r over the life of the operation of the turbine. All the experts g a v e 

the fuel c o s t s in $ / M M B t u . 

In the Pacif ic Northwest the electricity pr ices a n d g a s pr ices are independent during low d e m a n d periods, 

and dependent in high d e m a n d per iods. T h e m o d e l treats the fuel a n d electricity c o s t s a s independent . 

T h i s would be true in the c a s e that the g a s contracts are longer term contracts. 

4.5.1.5. Revenue Phase 

T h e revenue p h a s e calculates the revenue generated from the sa le of the c o m b i n e d cyc le output a n d 

calculates the supply price of electricity. 

It is a s s u m e d that the sa le of the electricity is for d e m a n d , not capacity. Additionally, ancillary serv ices are 

a lso ignored. Electricity contracts are at 100% L o a d Factor . 
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4.5.1.6. MARR 

T h e M A R R is the min imum attractive rate of return. F o r the runs it w a s a s s u m e d to be 12%. T h i s variable 

is a deterministic value. F o r sensitivity analysis the m o d e l w a s a lso run at a M A R R of 15%. 

4.5.1.7. Capacity & Heat Rate 

T h e manufacturer 's specif icat ions for the G a s Turbine "F" a n d " G " S e r i e s u s e d in the m o d e l are the 

following: 

F S e r i e s 5 2 G S e r i e s 

M o d e l P G 7231 F A P G 7001 G 

Capac i ty 253,500 k W 350,000 k W 

Heat Rate 6,160 B tu /kWh 5,883 B tu /kWh 

Eff ic iency 55 .4% 5 8 % 

T h e s e speci f icat ions are b a s e d on speci f ic site condit ions. T h e output of the g a s turbine is very site 

speci f ic a n d will vary depend ing on the altitude and operating condit ions. T h e manufacturer guarantees a 

heat rate a n d capaci ty within a given range. It is likely that the output a n d heat rate m a y vary over the 

range given by the manufacturer . T h e mode l takes into account the uncertainty surrounding these 

variables. 

A major i s s u e regarding g a s turbine operation is the degradat ion of the turbine. T h e turbine c a n never 

maintain its heat rate over its life of operat ion. S o m e may be recoverable by an overhaul ; however , s o m e 

may never be recoverable . T h e mode l a s s u m e s no degradat ion of the turbine. 

G E Power Systems Canada, GE Power Generation Produce Line Summary, (GE Canada, Edmonton, 1997). 1. 

G E Basis: ISO, dry, natural gas, standard inlet and exhaust pressure drops, three-pressure reheat steam cycle. 
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4.5.2. Output 

T h e output is a probability distribution of the per formance m e a s u r e . T h i s al lows the dec is ion m a k e r to s e e 

what the poss ib le range of va lues the per formance m e a s u r e m a y fall in. Alternatives are c h o s e n b a s e d 

upon corporat ions' appeti tes for risk. 

F igure 4.5 s h o w an s a m p l e output for illustration. 

Figure 4.5 Sample Output Graph 

T h e results a n d a n a l y s e s will be d i s c u s s e d in the following chapter. 

4.5.3. Case Studies 

T w o c a s e studies were run for the mode l . O n e c a s e study w a s for an "F" S e r i e s g a s turbine, a n d the 

s e c o n d w a s for a " G " ser ies g a s turbine. T h e objective is to determine whether the inc reased efficiency 

with the new technology offsets the increased risk of operation. 

Supply Price of Electricity 
Expert 1: F Series 

0.16 
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4.6. Planning in an Uncertain Environment Program 

4.6.1. Software 

T h e program w a s d e v e l o p e d using an E x c e l spreadsheet . A m a c r o , @ R i s k , w a s u s e d to perform the risk 

analysis . 

F o r the f ramework to be adopted by the industry, it must be run on software that m a n y entities have 

a c c e s s to a n d exper ience with. E x c e l w a s c h o s e n over other s p r e a d s h e e t s a s it is the leading W i n d o w s 

s p r e a d s h e e t program. @ R i s k w a s c h o s e n b e c a u s e it c a n be u s e d with E x c e l , which is a software that 

most entities in the industry have. Us ing E x c e l and @ R i s k is a low cost alternative to purchas ing risk 

analysis software. Alternatives to using E x c e l and @ R i s k would be to u s e other risk analys is tools, s u c h 

a s , A r e n a or S i m a n . 

A p p e n d i x 1 d isplays a c o p y of the exce l mode l s p r e a d s h e e t and the s p r e a d s h e e t showing the cell 

formulas. 

T o calculate the cost of e a c h p h a s e in current dollars, an exce l modu le w a s written that d iscounts the 

c a s h flow using a uniform flow pattern. Refer to A p p e n d i x 1. 

4.6.2. BestFit 

T h e va lues elicited from the experts were in the form of cumulat ive probabilities. T h e va lues that were 

obtained include the 0, 5 t h , 2 5 t h 50 t h , 75 t h , 9 5 t h and the 100 t h percenti les. T h e next p r o c e s s w a s to find 

which distribution best fits the data elicited. BestFit , a s p r e a d s h e e t add- in for E x c e l , w a s u s e d to fit the 

input data to a se lec ted statistical distribution. 
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4.7. The Data 

4.7.1. Elicitation of Subjective Probabilities from Experts 

T h e input var iables for the mode l are assoc ia ted with a large d e g r e e of uncertainty, particularly due to the 

recent c h a n g e s evolving in the industry. T h e r e is no historical data available. A s s u c h , obtaining 

uncertainties cannot be d o n e through the u s e of c lass ica l statistical techniques . There fore , the u s e of 

expert judgments is n e e d e d to character ize adequate ly and deal with this uncertainty. Exper ts were u s e d 

to elicit subjective judgments , in the form of probability distributions, to treat explicitly the uncertainty. 

F o u r experts were u s e d for the analysis . T h e results from e a c h of the experts may reflect the proprietary 

knowledge of their corporat ion. T o protect their interests, they will not be n a m e d . T h e interviews lasted for 

a coup le of hours in m a n y c a s e s . Exper ts with different posit ions a n d e x p e r i e n c e s in the industry were 

c h o s e n to reflect their different views. 

Expert 1 is a S e n i o r consultant. H e has had more than 20 years of utility exper ience prior to his consult ing. 

Expert 2 is a lso a S e n i o r consultant. H e had greater than 25 years of exper ience in a utility and a power 

marketing corporat ion prior to b e c o m i n g a consultant. Expert 2 w a s reluctant to supply probabilistic 

distributions at the time of the interview, s ince he did not have recent industry exper ience involving 

c h a n g e s in the industry. However , while this interview did not yield a full set of distributions, this interview 

w a s o n e of the most technically productive. 

Expert 3 is an Execut ive Deve loper . H e indicated that his corporat ion is not involved in any generat ion 

projects, a s the market e c o n o m i c s d o e s not support s u c h projects. Expert 4 is a Utility S e n i o r Manager ; he 

works for a large integrated utility. His corporat ion is currently involved in o n e green field project a n d o n e 

upgrade project. 

T h e p r o c e s s of elicitation of opinions from experts included interviews with e a c h of the four experts. Prior 

to the interview a briefer w a s sent to e a c h of the experts to provide them with literature on the m o d e l a n d 

to familiarize them with the subjective elicitation p r o c e s s . A c o p y of the debriefer is in A p p e n d i x 2. 
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During the interviews, s o m e time w a s spent explaining the background of the author 's work a n d 

descr ib ing the analysis . Fol lowing this w a s a period d iscuss ing and explaining the psychologica l literature 

regarding subject ive elicitation. T h e final s tage of the interview included eliciting distributions from the 

experts. T h e quest ionnaire u s e d for the elicitation p r o c e s s w a s adapted from the article "Elicitation of 

Subject ive Probabilit ies: A n Investigation," by Malik R a n a s i n g h e and A l a n D. R u s s e l l 5 4 . Re fer to 

A p p e n d i x 2. 

4.8. Conclusions 

T h e a im of this chapter is to explain the methodology of the Planning in an Uncerta in Env i ronment M o d e l . 

T h e following two chapters present the results a n d d iscuss ion of the mode l . C h a p t e r 6 p resents the results 

f rom Experts ' interviews and the statistical and graphical outputs from the mode l . C h a p t e r 7 presents a 

d i s c u s s i o n of the m o d e l results and the author's reflection on the experts' results. 

Malik Ranasinghe and Alan D Russell, Elicitation of Subjective Probabilities for Economic risk Analysis: An 
Investigation, in Construction Management and Economics. Vol. 11, 1993. 
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Chapter Five 

5. Results 

5.1. Objective 

T h e purpose of this chapter is to present the results of the mode l . T h e results are presented in two forms: 

the bas ic data a s elicited from the experts, and the p r o c e s s e d output f rom the Planning in an Uncertain 

Envi ronment M o d e l . 

5.2. Results of the Experts 

F o u r experts were interviewed. However , only three of the experts provided the data u s e d in the mode l . A s 

expla ined in the previous chapter, the methodology for quantifying the experts' belief w a s through eliciting 

the fifth, 25 t h , 5 0 t h (median), 75 t h , and 9 5 t h percenti les of the subjective probability distribution for e a c h 

uncertain input variable. T h e result is a cumulat ive distribution function ( C D F ) for the uncertain variables. 

T h e input var iables elicited included: Pre -Opera t ion Duration, Pre -Opera t ion C o s t , O & M Duration, O & M 

C o s t , Fue l C o s t , Heat Rate , a n d Capac i ty for e a c h of the 'F ' S e r i e s and the ' G ' Se r ies . T h e results of the 

experts are presented below. 

5.2.1. Manufacturers' Gas Turbine Specifications 

T a b l e 5-1 is extracted from G E and display the manufacturers ' speci f icat ions for the ' F ' and ' G ' Ser ies g a s 

turbines that were u s e d in the model ; these are the specif icat ions that were presented to the Experts . 
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Model PG 7231 FA PG 7001 G 
Capacity 253,500 kW 350,000 kW 

Heat Rate 6,160 Btu/kWh 5,883 Btu/kWh 
Efficiency 55.4% 58% 
Table 5-1: GE Specifications forF & G Gas Turbine 

5.2.2. Expert 1 

T h e var iables elicited from Expert 1 w a s the Pre Operat ion C o s t & Duration, O & M C o s t & Duration, Fue l 

C o s t & Duration, Capac i ty a n d Heat Rate. T h e experts were given the option of whether to c o m b i n e all the 

Pre -Opera t ion C o s t s , or to separa te them. Expert #1 c h o s e to c o m b i n e all the Pre -Opera t ing cos ts a n d 

relayed it a s o n e variable. Be low is a s c h e m a t i c of the c a s h flow m o d e l that Expert 1 u s e d . 

$ 
• 

Revenue 

P re-
Op 

O&M Time 

Fuel 

Figure 5.1 Expert 1, Cash Flow Model 

Below are the Cumula t ive Distribution Funct ions ( C D F s ) elicited from Expert 1 for all the var iables, for 

both the F a n d G S e r i e s g a s turbine. T h e first c o l u m n is the probability, the remaining c o l u m n s display the 

var ious var iables a n d the va lues that are a s s o c i a t e d with that probabilities. 
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5.2.2.1. F Series 

h-- T T 7 . ' . . . . ! . ; . . - . 

r T " ™ 

Probabi 

lity 

Months $/kW Years cents/kWh Years $/10 A6 BTU MW Btu/KWh 

0 6 150 5 0.2 S a m e 1.2 202 5800 

0.05 7 250 10 0.25 a s 1.4 224 6000 

0.25 12 300 12 0.3 O & M 1.8 235 6160 

0.5 17 450 15 0.5 2.0 253 6500 

0.75 20 600 20 0.7 2.5 257 6650 

0.95 30 850 25 1 3.5 269 6800 

1 96 1000 30 1.2 4.0 280 7000 

Table 5-2 Expert 1: F Series CDF 

Expert 1 had the widest outlook on the input var iables than the other Exper ts . F o r e x a m p l e for the F 

S e r i e s data d isp layed in T a b l e 5-2, of all the var iables, the expert w a s most certain with respect to the 

capaci ty and heat rate. F o r these var iables, the 95 percentile w a s only between 1.1 a n d 1.2 t imes greater 

than the 5 percentile. In c o m p a r i s o n , the p h a s e var iables, s u c h a s pre-operat ion duration, pre-operat ion 

cos ts , and O & M costs , the 95 percentile w a s between 3.5-4 t imes greater than the 5 percentile. Overal l , 

the wide s p r e a d subsequent ly results in a uncertain range of va lues for the supply price of electricity. 
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5.2.2.2. G Series 

Probabi 
lity 

Months $/kW Years cents/kWh 
v 

Years 

— i . - — i 

$/10 A6 B T U 

u,,:..; Miiiii i 

M W Btu/KWh 

0 9 250 8 0.25 S a m e 1.2 310 5700 

0.05 11 300 10 0.3 a s 1.4 323 5800 

0.25 15 450 15 0.4 O & M 1.8 335 5883 

0.5 19 500 17 0.6 2.0 341 6080 

0.75 24 700 20 0.75 2.5 350 6410 

0.95 36 850 23 1 3.5 372 6700 

1 96 1000 25 1.2 4.0 385 6900 

Table 5-3 Expert 1, G Series CDF 

Expert 1's v iews o n the G S e r i e s are s h o w n in T a b l e 5-3. A g a i n , the Expert a s s o c i a t e d a higher d e g r e e of 

uncertainty with the p h a s e variables, s u c h a s cos ts and duration, than the g a s turbine specif icat ions, s u c h 

a s capaci ty a n d heat rate. 

Expert 1 had a lower m e a n a n d a wider range of uncertainty for the F S e r i e s data over the G Ser ies . T h i s 

may be b e c a u s e Exper t 1 had no bound on the higher level of uncertainty (i.e. the 95 percentile). In his 

v iews, there is no limit to how bad things c a n go; equally for F and G Ser ies . F o r example , a facility being 

shut down for pollution control. However , in his views, b e c a u s e of the lower initial cos ts for F, the expert 

a s s o c i a t e d F S e r i e s with a lower min imum for m a n y of the var iables. Subsequent ly , F h a s a lower m e a n 

and an artificially higher s tandard deviation. 
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5.2.3. Expert 3 

In treating the pre-operat ing cos ts Expert #3 c h o s e to separate the pre-operat ion cos ts . T h e first P re -

Operat ion cos ts include all the pre-permitting cos ts , the analysis and evaluat ion of the project, and the 

pre-des ign a n d deve lopment . It includes all the des ign and engineer ing c o s t s relating to the Engineer ing , 

P rocurement a n d M a n a g e m e n t of the project. 

< X X > 
Pre-design Commitment Engineering 

Book & place 
order 

Figure 5.2 Pre-Operation Cost Components 

T h e s e c o n d Pre -Opera t ion cos ts include all the direct and indirect construct ion a n d equ ipment cos ts 

a s s o c i a t e d with the project. T h e expert a s s u m e d that this p h a s e duration will have a deterministic length 

of 2 years , a n d it will be the last two years of the Engineer ing , P r o c u r e m e n t a n d M a n a g e m e n t P h a s e . 

F igure 5.3 below illustrates these assumpt ions : 

$ 

Pre-Op 1: Engineering, Procurement 
& Management Costs 

Pre -Op 2: 
Direct & Indirect 
Construction & 
Equipment Costs 

2 years 

Time 

Figure 5.3 Expert 3, Pre-Operation Project Phases 



68 

5.2.3.1. F Series 

C D F years Million $ Y e a r s $ / M W h Y e a r s Million $ $ / G J M W Btu/kWh 

0 3.5 10 2 650 15 5 1.9 200 6,000 

0.05 3.75 11 2 675 18 5.5 S a m e 1.95 205 6,050 

0.25 3.9 13 2 687 21.5 6 a s 2 240 6,100 

0.5 4 14 2 750 25 6.5 O & M 2.05 250 6,300 

0.75 4.5 16 2 775 26 7.5 2.5 267 6,400 

0.95 5 18 2 800 27 9 2.75 273 6,600 

1 6 20 2 850 30 10 2.85 275 6,750 

Table 5-4 Expert 3, F Series CDF 

Expert 3 had a smal l range of expectat ions with respect to the variables. T h e largest s p r e a d for the 

variables resulted in the 95 percentile having double the value of the 5 percentile (as c o m p a r e d to 3.5-4 

t imes for Expert 1). T h e var iables exhibiting the largest degree of uncertainty w a s the Life C y c l e of the 

Turb ine ( O & M Duration) a n d the O & M C o s t . Expert 3, similar to Expert 1, w a s most certain regarding the 

capaci ty a n d the heat rate. P e r h a p s the Exper ts are a s s u m i n g that the manufacturer m a y a b s o r b s o m e of 

the risks of the g a s turbine per formance or the technology is mature e n o u g h . 
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5.2.3.2. G Series 

' -t:. 

years Million $ Y e a r s $ / M W h Y e a r s 1 0 6 $ $ / G J M W Btu/KWh 

0 3.5 10 2 650 15 5 1.9 275 5,730 

0.05 3.75 11 2 675 18 5.5 S a m e 1.95 285 5,775 

0.25 3.9 13 2 687 21.5 6 a s 2. 330 5,825 

0.5 4 14 2 750 25 6.5 O & M 2.05 350 6,015 

0.75 4.5 16 2 775 26 7.5 2.5 370 6,110 

0.95 5 18 2 800 27 9 2.75 378 6,300 

1 6 20 2 850 30 10 2.85 380 6,445 

Table 5-5 Expert 3, G Series CDF 

Expert 3 h a s a similar outlook for the G S e r i e s a s the F Ser ies . In fact, this Exper t w a s unable to 

distinguish between all var iables, except for Capac i ty a n d Heat Rate , for the F a n d G Ser ies which are 

speci f ied by the manufacturer . 

5.2.4. Expert 4 

Expert 4 c h o s e to treat the pre-operat ion cos ts the s a m e way that Expert 1; that is combin ing the Direct & 

Indirect Eng ineer ing , P rocurement and M a n a g e m e n t cos ts for the g a s turbine. Expert #4 minimized the 

uncertainty a s s o c i a t e d with the heat rate a s he explicitly a s s u m e d that the manufacturer will a b s o r b the 

risk to meet their speci f icat ions. 

T a b l e 5-6 & T a b l e 5-7 are the C D F s for Expert #4 for both the F & G S e r i e s turbines. 
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5.2.4.1. F Series 

________ 
Heat Ra te 

months Million $ Y e a r s $ / M W h $ / G J M W Btu/Kwh 

0 16 187 10 3.6 1.6 253 6,000 

0.05 18 190 12 4.0 S a m e 1.8 260 6,050 

0.25 22 195 14 4.2 a s 2 262 6,070 

0.5 26 200 15 4.4 O & M 2.1 265 6,100 

0.75 28 210 17 5.0 2.5 266 6,160 

0.95 30 220 20 6.0 2.8 268 6,200 

1 34 240 25 7.0 3 270 6,250 

Table 5-6 Expert 4, F Series CDF 

Expert 4 's outlook on the s p r e a d of the var iables were similar to Expert 3's beliefs. Expert 4 95 percentile 

w a s between 1.5-2 t imes that of the elicited 5 percentile. T h e greatest variation for this Expert w a s for the 

O & M Duration. T h e range of var iables that were elicited were a lmost V2 the s p r e a d of Expert 1's s p r e a d s . 

T h i s indicates that Expert 4 either did not a c c o u n t for the wide variation, or e l s e Expert 1 over exaggera ted 

the variation in the industry. 
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5.2.4.2. G Series 

ffiM' • - j 

months Million $ Y e a r s $ / M W h $ / G J M W Btu/Kwh 

0 16 233.75 10 3.6 S a m e 1.6 320 5,800 

0.05 18 237.5 12 4.0 a s 1.8 325 5,830 

0.25 22 243 .75 14 4.2 O & M 2 330 5,850 

0.5 26 250 15 4.4 2.1 340 5,870 

0.75 28 262 .5 17 5.0 2.5 345 5,900 

0.95 30 275 20 6.0 2.8 350 5,950 

1 34 300 25 7.0 3 360 6,000 

Table 5-7 Expert 4, G Series CDF 

Expert 4, similar to Expert 3, v iews on the s p r e a d of the G S e r i e s w a s similar to that of the F Ser ies . T h e 

Expert w a s unable to differentiate between s o m e of the var iables for the F a n d G Ser ies , these var iables 

were the Pre -Opera t ion Duration, Operat ion Duration, O & M C o s t s a n d Fue l C o s t s . F o r the var iables that 

Expert 4 did differentiate between, the range of the var iables were in the s a m e magni tude. 

5.2.5. Input Variable Distributions 

T h e cumulat ive distribution functions elicited from the experts were input into B e s t F i t 5 5 . BestFi t is a 

program that fits input data with probability distributions and ana lyze the results. T h e results are given 

numerical ly a n d graphically, and a comple te statistical report, including goodness-of - f i t , conf idence levels 

a n d target va lues is p roduced . T h e r e are twenty-six avai lable distributions. 

BestFit, Palisade Corporation Copyright 1993-95. Trademark of Palisade Corporation 
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F o r e a c h distribution type, BestFi t first m a k e s a g u e s s on the distribution's parameters using m a x i m u m -

likelihood est imators ( M L E s ) . T h e M L E s of a distribution are the parameters of that function that max imize 

the likelihood of the distribution given a set of observat ion data. T h e Levenberg -Marquard t Method 

Algori thm is than u s e d to max imize the goodness-of - f i t between a data set and distribution function. T h e 

method takes the initial parameter g u e s s e s of the parameters of the distribution function, a n d then var ies 

the parameter until it f inds a g o o d fit. T h e goodness-of - f i t test u s e d by BestFi t for optimizing a distribution 

is the ch i -square tes t 5 6 . 

F o r e a c h input variable, the s a m e probability distribution w a s c h o s e n to facilitate the c o m p a r i s o n between 

Experts . T h e distributions u s e d for all the var iables were the Beta Distribution a n d the Lognorma l 

distribution. 

T a b l e 5-8, s h o w the probability distributions that were u s e d for e a c h of the input var iables for the Experts . 

BestFit, Palisade Corporation, Copyright 1993-95. p 2-9 to 2-11 
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F S e r i e s G S e r i e s F Ser ies G Ser ies F Ser ies G Ser ies 

Capacity (Beta(2.98,2.12)* 

78+202)*1000 

Beta(2.31,2.84)* 

75+310 

Beta(1.3,0.72) 

*75+200 

Beta(1.28,0.66)*105 

+ 275 

Beta(4.14,2.19) 

*17+253)*1000 

Beta(1.85,2.2) 

*40+320 

Heat Rate Beta(1.84,1.68) 

*1200+5800 

Beta(0.99,1.57) 

*1200+5700 

Beta(1.11,1.79) 

*750+6000 

Beta(1.11,1.79) 

*715+5730 

Beta(1.97,2.34) 

*250+6000 

Beta(1.96,3.02) 

Pre Op Duration Lognorm(18.33,9.7) Lognorm(21.71,9.62) Lognorm(4.22,0.45) Same (Beta(2.02,2.02) 

*18+16)/12 

Same 

Pre Op Cost Lognorm(482,211) Lognorm(559,185) Lognorm(14.4,2.23) Same Lognorm(203,10.41) Lognorm(254,13.01) 

Pre Op Construction 

Cost 

Beta(1.55,1.96) 

*200+650 

Same 

Operation Duration Lognorm(16.23,5.53) Lognorm(17.11,4.37) Lognorm(23.7,3.38) Same Lognorm(15.6,2.63) Same 

O & M Costs Beta(0.86,1.67)+.2 Beta(1.21,2.17) Beta(1.3,2.21)*5+5 Same Beta(1.36,2.9)*1.7+1.8 Same 

Fuel Costs (Beta(1.21,2.15) 

*28+12)/10 

Same Beta(0.56,1.13) +1.9 Same Beta(1.36,2.9)*3.4+3.6 Same 

Table 5-8 Distributions Used for Input Model 
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5.3. Output from the Model 

T h e results f rom the m o d e l may be interpreted from its statistical parameters . 

T h e mode l output is the supply price of electricity. T a b l e 5-9 lists the results for the input var iables a n d the 

supply price of electricity. T h e statistical parameters shown for the supply price of electricity are the 

m a x i m u m a n d min imum va lues , m e a n s , var iances , a n d m e a s u r e s of s k e w n e s s a n d kurtosis. 

Probability distributions display graphically the s p r e a d and likelihood of poss ib le results and provide a 

visual m e a n s of interpreting the results. F igure 6-1 to Figure 6-8 illustrates the graphical output of the 

supply price of electricity a n d all the input variables. A l o n g the x-axis are input var iables a n d a long the y-

axis the probability that these var iables will occur . T h e input distributions are not the raw probability 

functions (smooth), but the probability functions u s e d in the Monte C a r l o Simulat ion. 

5.4. Conclusion 

T h e a im of this chapter w a s to display the different out looks of e a c h of the experts a n d their c o m p a r i s o n of 

the F and G S e r i e s Turb ine . T h e experts were c h o s e n d u e to their d iverse a n d extensive exper ience in the 

electric industry. T h e results of the experts were elicited a s C D F s , a n d their wide b a n d s of results indicate 

their perspect ive of the future. Th is chapter a lso d isp layed the m o d e l output for e a c h Exper ts F a n d G 

Ser ies Data . T h i s data is e x p r e s s e d using var ious statistical parameters , a n d through graphical 

representat ion of these parameters . 

T h e focus of the following chapter , C h a p t e r 7: D i s c u s s i o n , is to present a d e e p e r d i s c u s s i o n a n d analysis 

of the outputs. Probability analysis g ives a dec is ion market a comple te picture of the project, a n d e n a b l e s 

quantification of project risk. T h e chapter d i s c u s s e s the results of the probability analysis , a n d its 

implications in the chang ing electric industry. 
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Results of Simulation Runs 
Expert 1 Expert 3 ' Expert 4 
F Series G Series F Series G Series F Series G Series 

Supply Price of 
Electricity S/MWh VMWh VMWh VMWh VMWh $/MWh 
Minimum 11.47 13.17 18.62 17.86 23.71 24.21 
Maximum 73.36 64.34 59.76 51.36 47.90 47.03 
Mean 29.11 30.14 31.80 29.64 33.49 32.51 
Std Deviation = 8.87 8.09 5.57 5.22 3.70 3.68 
Variance = 78.72 65.44 31.06 27.22 13.70 13.54 
Skewness - 0.93 0.86 0.69 0.64 0.36 0.41 
Kurtosis = 4.32 4.19 3.82 3.66 3.04 3.00 

Capacity kW kW kW kW kW kW 
(Beta(2.98,2.12) * 78+202)"1000 Beta(2.31,2.84)" 75+310 Beta(1.3,0.72) "75+200 Beta(1.28,0.66) " 105 + 275 (Beta(4.14,2.19) "17+253)"1000 Beta(1.85,2.2) "40+320 
C3 C3 C3 C3 C3 C3 

Minimum 206,251 310,802.30 200,174 276,121 254.532 320,213 
Maximum 279,928 381,282.30 274,989 380,000 269.799 359,775 
Mean 247,930 344,095.10 247.984 343.741 264.065 338,262 
Std Deviation = 15,884 15,391.91 20.634 29,011 2,900 8,864 
Variance = 252,310,300 236,910,900 425,752,300 841,614.200 8,407,592 78,570.900 
Skewness - (0.25) 0.15 (0.51) (D (0.33) 0.14 
Kurtosis - 2.32 2.29 2.11 2 2.59 2.16 

Heat Rate Btu/kWh Btu/kWh Btu/kWh Btu/kWh Btu/kWh Btu/kWh 
Distribution Beta(1.84.1.68) "1200+5800 Beta<0.99,1.57> •1200+5700 B«ta(1.11,1.79) "750+6000 Beta(1.11,1.79) "715+5730 Beta(1.97,2.34) "250+6000 Beta(1.96.3.02) 

C4 C4 C4 C4 C4 C4 
Minimum 5,814 5,701 6.000 5,730 6,002 5,802 
Maximum 6,972 6,897 6,740 6,436 6,240 5,987 
Mean 6,430 6,163 6,288 5.998 6,114 5,878 
Std Deviation = 283 318.32 186 176 53 39 
Variance = 79,830 101,329.00 34,427 31,080 2,849 1,543 
Skewness = (0.07) 0.36 0.37 0.44 0.19 0.37 
Kurtosis = 2.02 2.04 2.16 2.23 2.27 2.39 

Pre Op Duration years years years years years years 
Distribution Lognorm(18.33,9 7) Lognorm(21.71,9.62) Lognorm(4.22,0.45) lognorm(4.22,0.45) (Beta(2.02,2.02) "18+ 16)/12 (Beta(2.02,2.02) "18+16)/1 

E7 E7 E7 E7 E7 E7 
Minimum 0.32 0.50 3.03 2.89 1.36 1.34 
Maximum 10.21 6.30 6.06 5.81 2.82 2.81 
Mean 1.57 1.79 4.22 4.23 2.10 2.08 
Std Deviation = 0.89 0.81 0.45 0.45 0.34 0.33 
Variance - 0.79 0.66 0.20 0.20 0.11 0.11 
Skewness = 2.15 1.42 0.25 0.40 0.00 0.02 
Kurtosis = 13.24 6.20 3.07 3.12 2.16 2.22 

Pre Op Cost $/kW VkW Millions $ Millions $ Millions S Millions $ 
Distribution Lognonn(482,211) Lognorm(559,185) Lognorm(14.4,2.23) 2 Distributions -- This is the Sum Lognorm(203,10.41) Lognorm(254,13.01) 

G7 G7 G7 G7 G7 G7 
Minimum 138.02 153.41 8.77 198.10 169.38 215.65 
Maximum 1,708.43 1.352.67 25.47 334.64 240.14 298.02 
Mean 488.63 556.44 14.34 269.10 202.76 254.31 
Std Deviation = 214.11 181.79 2.22 26.60 10.39 12.88 
Variance - 45,841.00 33,047.96 4.94 707.80 108.02 165.93 
Skewness - 1.36 0.95 0.50 (0.15) 0.15 0.14 
Kurtosis = 5.83 4.38 3.59 2.54 3.10 3.02 

Operation Duration years years years years years years 
Distribution Lognorm(16.23,5.53) Lognorm(17.11,4.37) Lognorm(23.7,3.38) Lognorm(23.7,3.38) Lognorm(15.6,2.63) Lognorm(15.6,2.63) 

E9 E9 E9 E9 E9 E9 
Minimum 5.29 7.59 15.59 14.25 8.52 9.56 
Maximum 46.31 35.75 36.38 35.72 25.31 26.54 

16.26 17.30 23.68 23.67 15.73 15.63 
Std Deviation = 5.59 4.55 3.33 3.41 2.71 2.66 
Variance = 31.28 20.71 11.09 11.60 7.33 7.05 
Skewness - 1.01 0.70 0.39 0.36 0,45 0.44 
Kurtosis = 4.82 3.51 3.05 3.26 3.03 3.28 

O&M Costs VMWh cents/kWh Million / Year Million / Year VMWh VMWh 
Distribution 8eta(0.86,1.67) +.2 Beta(1.21.2.17) Beta(1.3.2.21)"5+5 Beta(1.3.2.21)"5 + 5 Beta(1.36,2.9)"1.7+1 8 Beta(1.36,2.9)"1.7+1.8 

G9 G9 G9 G9 G9 G9 
Minimum 2.00 2.50 5.00 5.00 3.60 3.60 
Maximum 11.93 12.21 9.93 9.86 6.79 6.75 
Mean 5.45 6.17 6.89 6.81 4.68 4.71 
Std Deviation = 2.54 2.32 1.15 1.11 0.67 0.71 
Variance = 6.47 5.38 1 32 1.23 0.45 0.50 
Skewness = 0.57 0.44 0.37 0.53 0.52 0.50 
Kurtosis = 2.31 2.22 2.26 2.46 2.53 2.36 

Fuel Costs S/mmBtu VmmBtu VmmBtu VmmBtu VmmBtu $/mmBtu 
Distribution (Beta(1 21.2 15) *23+12)/10 (Beta(1.21,2.15) "28+12)/10 Beta(0.56,1.13) +1.9 Beta(0.56,1.13) +1.9)"1054.35/10 Beta(1.53,1.88) Beta(1.53,1.88) 

G10 G10 G10 G10 G10 G10 
Minimum 1.20 1.20 2.00 2.00 1.69 1.71 
Maximum 3.87 3.92 3.06 3.05 3.12 3.12 
Mean 2.23 2.22 2.36 2.34 2.35 2.34 
Std Deviation = 0.66 0.65 0.31 0.30 0.35 0.35 
Variance = 0.43 0.42 0.10 0.09 0.13 0.12 
Skewness = 0.40 0.45 0.61 0.68 0.14 0.21 
Kurtosis = 2.22 2.34 2.16 2.33 2.05 2.09 

Table 5-9 Results of Experts' Simulation Runs: F& G Series 
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Figure 5.4 Comparison of Experts' Outlook on Capacity 
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Figure 5.7 Comparison of Experts' Outlook on Pre-Operation Costs 
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Chapter Six 

6. Discussion 

T h i s chapter presents a d iscuss ion of the output of the Planning in an Uncerta in 

Env i ronment Ana lys is . T h i s includes the individual results of the experts a n d a 

c o m p a r i s o n of the elicitations of the expert opinions. Subsequent ly , there is a d i s c u s s i o n 

of the implications of the results on the planning function a n d overal l electric industry. 

6.1. Results from the Experts 

6.1.1. Supply Price of Electricity 

T h e output of the mode l is presented a s the supply price of electricity. T h e supply price of 

electricity, in e c o n o m i c terms, is the price of electricity that will provide revenue e n o u g h to 

offset c o s t s to meet a particular min imum attractive rate of return (set to be 12% for the 

runs). T h e output supply price of electricity is the average supply price over the life of the 

project. T h e lower the supply price of electricity, the lower the risk for the deve loper 

proceed ing with the project and the higher the probability of achieving the required return. 

T h e simulation m o d e l w a s a lso run at a 1 5 % M A R R to e x a m i n e the sensitivity of the 

results to the M A R R . 

6.1.2. Expert 1 

T h e experts ' predict ions indicate their different perspect ives on the future of the electric 

industry a n d their v iews on the character ist ics of the 'F ' and ' G ' S e r i e s G a s Turb ines . T h e 

bas ic d i f ferences between the F and G Ser ies turbines is the eff iciency a n d the capacity. 

T h e F S e r i e s m o d e l is a P G 7231 F A M o d e , with a capacity of 253 M W a n d a heat rate of 

6,160 B t u / k W h . T h e G Ser ies mode l is P G 7001 G , with a capaci ty of 350 M W a n d a heat 
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rate of 5,883 B t u / k W h . T h e difference in heat rate translates into a 2 .6% differential in 

overall eff iciency or an increase in eff iciency of the G Ser ies over the F S e r i e s of 4 .5%. 

80 H 

70 
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Figure 6.1 Comparison Summary of Expert 1 Results 

T h e results for Expert 1, a s illustrated in F igure 6.1, s h o w that the m e a n supply price of 

electricity is less for the F Ser ies than the G S e r i e s by a smal l amount . T h e F Ser ies h a s a 

m e a n of 2 9 . 1 1 $ / M W h while the G Ser ies has a m e a n of 30.14 $ / M W h , which is a 4 % 

dif ference. There fore , in his view the increased efficiency of the G S e r i e s d o e s not offset 

the higher capital cos ts . 

Additionally, the m a x i m u m price of electricity for F S e r i e s is 11 mills higher than that of G 

S e r i e s ( $ 7 3 . 3 6 / M W h a n d $ 6 4 . 3 4 / M W h for the F a n d G S e r i e s respectively). T h i s is an 

expec ted dif ference for the tails of the output. T h e min imum price of electricity w a s 11.47 

$ / M W h a n d $13.17 $ / M W h for the F a n d G Ser ies respectively. 

In Expert 1's outlook, in terms of risk, the F Ser ies exhibits a higher risk than the G S e r i e s 

g a s turbine. T h e F Ser ies standard deviation w a s 9 % greater than that of the G Ser ies . 
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T h e s e results are not what the author had originally expec ted . T h e author's expectat ion 

w a s that the G Ser ies would be a s s o c i a t e d with a higher d e g r e e of uncertainty, a n d a 

lower m e a n supply of electricity. Th is is b e c a u s e , a s the newer ser ies , G S e r i e s 

technology is evolving, a n d may have p rob lems assoc ia ted with its first plants. However , 

its higher eff iciency will d e c r e a s e the m e a n supply of electricity. 

F r o m this Expert 's perspect ive, a corporat ion's attitude for risk will determine the c h o i c e of 

technology to implement . F o r the risk a v e r s e , G Ser ies may be the technology of c h o i c e 

s ince it h a s a lower s tandard deviation and lower extreme m a x i m u m va lues . However , for 

less risk a v e r s e corporat ions, the F S e r i e s may be the technology of c h o i c e a s it h a s a 

lower m e a n supply price of electricity. 

6.1.3. Expert 3 

T h e results for Expert 3 are illustrated in F igure 6.2. In this expert 's opinion the G Ser ies 

h a s a 1 4 % advantage over the F Ser ies , a s reflected in the m e a n supply price of 

electricity (29.84 $ / M W h and 31.80 $ / M W h for G & F respectively). Expert 3 a lso 

a s s o c i a t e d a higher level of uncertainty with the F Ser ies than the G Ser ies . W h i c h is 

reflected a s an increase of 6% n the standard deviation for these g a s turbines. 

s 
< 

$60.00 
$50.00 
$40.00 
$30.00 
$20.00 
$10.00 

$-

F Series 
G Series 

Minimum Mean Maximum Standard 
Deviation 

Figure 6.2 Comparison Summary of Expert 3 Results 
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O b s e r v i n g the m a x i m u m and min imum tails for Expert 3, s h o w s that the supply of 

electricity m i n i m u m va lues for the F and G S e r i e s are c lose . However , the m a x i m u m 

supply price of electricity var ies far more than the min imum va lues . T h e m i n i m u m supply 

pr ices of electricity were 18.62 $ / M W h and 17.86 $ / M W h for the F & G S e r i e s 

respectively. T h e G S e r i e s may potentially outperform the F ser ies by 4%. T h e m a x i m u m 

supply price of electricity for F S e r i e s w a s 59.76 $ / M W h , a n d for the G S e r i e s 51.36 

$ / M W h . A s the upper end of the range, the G Ser ies may outperform the F Ser ies , in this 

c a s e by 14%. 

B a s e d on this expert v iews, the G ser ies would be the preferred technology irrespective of 

the risk attitude of the corporat ion. F o r both risk a v e r s e and risk taking b u s i n e s s e s G 

S e r i e s would be the technology of c h o i c e s ince the standard deviation and the m a x i m u m , 

m i n i m u m a n d m e a n supply of electricity is lower for the G S e r i e s than the F Ser ies . 

6.1.4. Expert 4 

Expert #4 had the least variation between the F and G S e r i e s g a s turbines, a s illustrated 

in F igure 6.3. T h e m e a n s for the F and G S e r i e s turbines were very c l o s e , 33.49 $ / M W h 

and 32.51 $ / M W h respectively. B e s i d e s the degree of uncertainty a s s o c i a t e d with both 

the F a n d G S e r i e s g a s turbines are v iewed to be the s a m e for Expert #4, with a 1% 

difference. 
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Figure 6.3 Comparison Summary of Expert 4 Results 

T h e m a x i m u m supply price of electricity w a s higher for F Ser ies than G ser ies , 47.90 

$ / M W h a n d 47.03 $ / M W h respectively, however; m in imum supply price of electricity w a s 

lower 23.71 $ / M W h for the F Ser ies a n d . 24.21 $ / M W h for the G S e r i e s 

F o r this expert, the analysis s u g g e s t s there is little to c h o o s e between the two 

technologies . 

6.1.5. Average of 3 Experts 

Judg ing by the col lected results of the 3 Exper ts may lead a corporat ion to a different 

conc lus ion . T a b l e 6-1 below s h o w s the convoluted results for the 3 Experts . F r o m these 

results, in the integrated resource planning p r o c e s s of the past, the three experts would 

be consistent regarding the technology to implement. T h i s would be the G ser ies , which is 

a s s o c i a t e d with a lower d e g r e e of uncertainty and a lower m e a n supply price of electricity 

than the F Ser ies . There fore , the relative r iskiness of the technology is the driving f factor 

for dec is ion mak ing in the old regime. 
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F S e r i e s G S e r i e s 

M i n i m u m 17.93 18.41 

Maximum 60.34 54.25 

M e a n 31.47 30.83 

S tandard 

Deviat ion 

6.05 5.66 

Table 6-1 Average of 3 Experts Results 

B a s e d on the 3 Exper ts results, in the competit ive planning envi ronment of today, the 

technology to implement would a lso be the G Ser ies , rather the F S e r i e s . However , in this 

c a s e , the dif ference in experts' v iews will inf luence a c o r p o r a t i o n ' s dec is ion of whether to 

p r o c e e d with the project. T h e dec is ion making p r o c e s s is now b a s e d on the risk profile of 

the technology a n d the corporat ion's ability to a b s o r b a n d m a n a g e risk. A l though the 

relative r isk iness of the projects are important, the driving factor now b e c o m e s the ability 

to mee t the c h o s e n per formance m e a s u r e . 

6.2. Output from the Model 

6.2.7. Input Variable Distributions 

A s d e s c r i b e d in the previous chapters , there were up to 10 input var iables for e a c h of the 

F a n d G S e r i e s g a s turbines. T h e experts did not a lways distinguish between the variable 
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distributions elicited for s o m e of the var iables between F & G . T h i s w a s either b e c a u s e 

they were unable to dist inguish, or e lse they bel ieved that there w a s no dif ference. T a b l e 

6-2 below lists the different var iables, and whether the Expert dist inguished between the 

distributions (different) or w a s unable to distinguish (same) . 

HL_ia-v- Ll^JliS© S^-jaM1 

C a p a c i t y Different Different Different 

Heat Rate Different Different Different 

P r e - O p Duration Different S a m e S a m e 

P r e - O p C o s t Different S a m e Different 

Operat ion Duration Different S a m e S a m e 

O & M C o s t s Different S a m e S a m e 

Fue l C o s t s S a m e S a m e S a m e 

Table 6-2 Input Variables For Model 

Expert 1 w a s able to distinguish between all of the F & G S e r i e s data, except for Fue l 

C o s t s . Expert 3 had the least variation for distribution var iables. Jus t Capac i ty a n d Heat 

Rate were different; however; they were prorated the s a m e for both the F & G Ser ies . 

Expert 4 w a s able to distinguish between the capacity, hate rate, a n d pre -op costs . T h i s 

expla ins why expert 1 had the greatest variation between his F a n d G S e r i e s c o m p a r e d to 

the other Exper ts . 

6.2.2. Comparison of Minimum, Maximum & 

Means 

T a b l e 6-3 d isplays the output min imum, m a x i m u m , and m e a n va lues of the supply price 

of electricity for Exper ts 1, 3, and 4 for both the F and G Ser ies . A l though the experts 
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have different expert ise in the industry, examinat ion of their m e a n s indicates a high level 

of a g r e e m e n t a m o n g the experts regarding their outlook of the m e d i a n s of the g a s 

turbines. The i r m e a n s were 29.11 $ / M W h , 31.80 $ / M W h a n d 33.49 $ / M W h for F Ser ies , 

for Exper ts 1, 3, and 4 respectively. T h e m e a n s were 30.14 $ / M W h , 29.84 $ / M W h a n d 

32.51 $ / M W h for G Ser ies , for Experts 1, 3, and 4 respectively. A c o m p a r i s o n of the 

relative supply price for F and G Ser ies supply price m e a n s is d isplayed in F igure 6.4 

llllll^^ 

F S e r i e s G Ser ies F S e r i e s 
• 

G S e r i e s 

, 

F S e r i e s G S e r i e s F S e r i e s G Ser ies 

M in imum 11.47 13.17 18.62 17.86 23.71 24.21 17.93 18.41 

M a x i m u m 73.36 63.34 59.76 51.36 47 .90 47 .03 60.34 54.25 

M e a n 29.11 30.14 31.80 29.84 33.49 32.51 31.47 30.83 

Table 6-3 Comparison of Minimums, Maximums and Means. 

Expert 1 Expert 3 Expert 4 Average of 3 

Figure 6.4 Summary Comparison of Results from the 3 Experts 



92 

However , the expert opinion differed more significantly on the tails of the distribution; the 

m a x i m u m s a n d min imums. T h i s is reflected by the very wide range of o u t c o m e s that were 

obtained for the m a x i m u m and min imum va lues . T h e r e is a higher a g r e e m e n t a m o n g a 

given Exper ts F and G ser ies , than a g r e e m e n t a m o n g different Exper ts ' F or G Ser ies . 

F o r e x a m p l e , F o r Expert 1 the min imum va lues for F & G S e r i e s are 11.47 $ / M W h a n d 

13.17 $ / M W h , while the F Ser ies min imum value is 11.47 $ / M W h , 18.62 $ / M W h , a n d 

23.71 $ / M W h for Exper ts 1, 3, and 4 respectively, a s d isp layed in T a b l e 6-3 above . 

6.2.3. Standard Deviation of the Means vs. 

Standard Deviations from Experts 

T h e Exper ts were c h o s e n for their involvement with the industry, particularly d u e to their 

d iverse expert ise. A n examinat ion of their s tandard deviation of their m e a n s and the 

s tandard deviat ions between the experts yields s o m e interesting information. T a b l e 6-4 

below d isp lays the standard deviat ions of the experts m e a n s , a n d the s tandard deviat ions 

between the experts' min imum, m a x i m u m a n d med ian va lues . 

F igure 6.5 illustrates the relative di f ferences in standard deviation for the Exper ts and the 

A v e r a g e of the 3 Experts . 

Expert 1 S D 8.87 8.09 

Expert 3 S D 5.57 5.22 

Expert 4 S D 3.70 3.68 

S D of Min of Exper ts 6.15 5.54 

S D of M a x 12.74 9.01 

S D of M e a n 2.21 1.46 

S D of S D 2.62 2.24 

Table 6-4 Standard Deviations of the Means and Standard Deviation between Minimum, Maximum 

and Mean of Experts. 
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Figure 6.5 Comparison of Uncertainties as Represented by Standard Deviation forF &G Series 

Examinat ion of the standard deviat ions reflects the variation between the experts, the 

analys is indicates that the variation between the experts is least for the m e a n va lues . T h e 

s tandard deviation for the m e a n va lues is 2.21 and 1.46 for F a n d G S e r i e s respectively. 

Examinat ion of the med ian standard deviation demonst ra tes a c o n s e n s u s a m o n g the 

Exper ts for the med ian of the supply price of electricity. 

However , there is cons iderab le uncertainty a s s o c i a t e d with the m i n i m u m a n d m a x i m u m 

va lues . T h i s is reflected by a wide range of standard deviat ions between the experts, the 

s tandard deviat ions for the m i n i m u m s are 6.15 and 5.54 for the F a n d G S e r i e s 

respectively, a n d the standard deviat ions for the m a x i m u m s are the highest, 12.74 a n d 

9.01 for the F and G Ser ies . T h e range of out looks a s s o c i a t e d with the m a x i m u m va lues 

are a lmost 6 t imes greater than the range of outlooks a s s o c i a t e d with the m e a n va lues , 

reflecting the uncertain status of the industry. 
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Typical ly, a group of experts would have wider range (spectrum) of out looks or 

expectat ions than e a c h individually. However , in this c a s e this d o e s not hold true. In the 

c a s e of Expert 1, his individual outlook on uncertainty, represented by the standard 

deviation, w a s greater than the collective uncertainty of the 3 experts. T h e only c a s e 

where this is not true, is for the opinions of the m a x i m u m s ; in this c a s e the standard 

deviat ions of the m a x i m u m s are greater than the standard deviat ions for all three Experts . 

F o r the F S e r i e s , the a v e r a g e m a x i m u m standard deviation w a s 12.74 and the standard 

deviat ions of the m a x i m u m s were 8.87, 5.57 and 3.70 for Exper ts 1, 2, and 3 respectively. 

F o r the G Ser ies , this va lue w a s 9.01 and the standard deviat ions for the m a x i m u m s were 

8.09, 5.22, a n d 3.68 for Experts 1, 2 a n d 3 respectively. 

T h e Expert 1 results enve loped the Expert 3 and Expert 4 results. H is min imum w a s least 

of all m in imums, a n d his m a x i m u m w a s the greatest of all m a x i m u m va lues . There fore , 

Expert 1 a c c o u n t e d for the widest range of opinion a m o n g the 3 experts. T h i s indicates 

either that Exper ts 2 & 3 did not have take into a c c o u n t the ex t remes that may occur , or 

that Expert 1 is overreact ing to the c h a n g e s taking p lace in the electricity industry. 

6.3. Effect of Variables on Supply Price Electricity 

It m a y be insightful to c o m p a r e the range of opinions of the 3 Exper ts regarding their 

out looks on the var ious p h a s e s . T h e p h a s e s c a n be v iewed a s three major cost p h a s e s : 

Pre -Opera t ion P h a s e , O & M P h a s e , a n d the Fue l P h a s e . T h e v iews of the Exper ts were 

consistent regarding the relative importance of e a c h p h a s e of the project life cyc le . T a b l e 

6-5 d isplays the c o m p a r i s o n of the standard deviat ions for Exper ts 1,3 a n d 4 for the 3 

cost p h a s e s . 

Consistent ly , for all three Experts , there is the widest range of out looks for the Fue l 

p h a s e . T h i s is reflected in the fact that the Fue l p h a s e has the highest s tandard deviation 

of the p h a s e s . 
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Expert 1: F S e r i e s 47.58 33.04 60.38 

Expert 1: G S e r i e s 57.31 41 .90 78.10 

Expert 3: F S e r i e s 19.3 8.44 38.91 

Expert 3: G S e r i e s 26.6 8.28 49.08 

Expert 4: F S e r i e s 9.62 9.76 29.4 

Expert 4: G S e r i e s 12.35 12.1 37.16 

Table 6-5 Comparison of Standard Deviations for Experts 1, 3, and 4 for Project Phases 

6.3.1. Relative Cost of Phases to Total Project 

Costs 

T a b l e 6-6 below displays the m e a n cost of e a c h p h a s e , and the percentage of this cost 

relative to the total project cost , for e a c h of the Experts . T h e fuel c o m p o n e n t of the project 

w a s the greatest cos t c o m p o n e n t for all three of the Experts . Owing to this, if o n e w i s h e s 

to minimize risk it is important to h e d g e fuel cos ts a n d obtain long term contracts. T h e 

pre-operat ion p h a s e is a lso relatively high cost c o m p o n e n t c o m p a r e d to the overall project 

cost . A g a i n , this reveals the benefits of pass ing on the construct ion and pre-operat ion risk 

onto the contractor. T h i s will reduce the uncertainty of the potential total pre-operat ion 

cost . However , it m a y a lso increase the cost to the builder, a s a contractor willing to 

a c c e p t the pre-operat ion risks will require a higher revenue to carry that risk. 
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Expert 1: 108 3 1 % 65 18% 180 5 1 % 

G 172 3 4 % 105 2 0 % 236 4 6 % 

Expert 3 198 5 1 % 33 9 % 154 4 0 % 

G 269 5 3 % 33 6% 205 4 0 % 

Expert 4 179 4 3 % 59 14% 181 4 3 % 

G 254 4 6 % 75 14% 222 4 0 % 

Table 6-6 Mean Cost of Phases and Relative Percentage Cost for Phases for Expert 1,3, and 4 

6.3.2. Sensitivity Analysis: Results of Run for 15% 

MARR 

A sensitivity analys is is per formed to ana lyze the effect of chang ing the M A R R on the 

output supply price of electricity and in particular the relative merits of the F & G S e r i e s 

turbines. A s expec ted , the results w a s an increase in the expec ted supply price of 

electricity with increased d iscount rate. T h i s is intuitive b e c a u s e with an expec ted higher 

rate of return, the price of electricity to satisfy this return must be higher. 

F igure 6.6 and 

F igure 6.7 illustrate a c o m p a r i s o n of the output for F & G S e r i e s M e a n s for the 1 2 % a n d 

1 5 % runs. 
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Figure 6.6 Comparison of Experts' Means for the F &G Series 12% and 15% MARR runs 
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Figure 6.7 Comparison of Experts' Uncertainties Represented by Standard Deviation for the F &G 

Series 12% and 15% MARR runs. 
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A n increase in the M A R R from 12% to 1 5 % results in an increase in the expec ted m e a n 

supply price of electricity from 2 - 3 $ / M W h or of about 7%-11%. A n increase in the M A R R 

f rom 1 2 % to 1 5 % results in an increase in the standard deviation from .2-1 $ / M W h or of 

about 3-12%. By increasing the expec ted returns on a project, the cor respond ing supply 

price inc rease ra ises the risk for the deve loper proceeding with the project a n d the lowers 

the probability of achieving the required return. 

6.3.3. The Effect of Demand on F &G Technology 

Choices: 

A s ment ioned previously, for any corporat ion to run the mode l the corporat ion must 

e n s u r e all key var iables that may influence the corporat ion's c h o i c e of technology to 

implement are cons idered . F o r example , a key variable that will directly inf luence the 

select ion of a technology to implement is that of the expec ted d e m a n d . 

In a competi t ive environment , cos t and marketability b e c o m e the m o s t important factors 

in determining the potential for sa le of the output of any plant. T h e quest ion b e c o m e s : 

W h a t price is o n e willing to accep t for the output? T h e Planning in an Uncerta in 

Env i ronment M o d e l a s s u m e s that the output of the plant, both F a n d G Ser ies , c a n be 

fully a b s o r b e d by the market. T h e d e g r e e to which the full output is marketable m a y affect 

the c h o i c e between F a n d G Ser ies . 

T h e Planning in an Uncertain M o d e l w a s run under var ious d e m a n d s c e n a r i o s to explore 

the effect of constra ined output for d e m a n d may have on the c h o i c e between the F a n d G 

S e r i e s technologies . T h e mode l w a s run limiting the avai lable sa le of capaci ty to 350 M W , 

300 M W , 250 M W and lastly 200 M W . T h i s is essential ly the s a m e a s chang ing the load 

factor of the g a s turbine. L o a d factor is the ratio of ave rage generat ion output divided by 

the capaci ty of the facility. T h e results are b a s e d on data representing the a v e r a g e of the 

3 experts, to illustrate the effects of limiting the d e m a n d , or load factor. 
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T h e effects of limiting the d e m a n d or load factor were not surprising. F igures xy below 

illustrate the expec ted m e a n and standard deviation of the supply price of electricity of the 

F a n d G S e r i e s for these c a s e s . 

Graph of Mean Supply Price of Electricity 
for Average of 3 Experts For A Given Demand 

IF Series 
IG Series 

350 M W 300 M W 250 M W 200 M W 

Figure 6.8 Graph of mean Supply Price of Electricity for Average of 3 Experts For a Given 

Demand 

Graph of Standard Deviation Supply Price of Electricity for Average of 
3 Experts for A Given Demand 

350 MW 300 MW 250 MW 200 MW 

Figure 6.9 Graph of Standard Deviation Supply Price of Electricity for Average of 3 Experts for a 

Given Demand 
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A s the results illustrate, a s s u m i n g 100% load factor, or a s s u m i n g that the m a x i m u m 

d e m a n d avai lable for sa le is greater than 375 M W , the G S e r i e s turbine has both a lower 

expec ted supply price of electricity and a lower level of uncertainty than the F Ser ies . T h i s 

may be d u e to severa l r e a s o n s , d i s c u s s e d in Sect ion xz below. A s a limit is i m p o s e d on 

the a m o u n t of d e m a n d that m a y be so ld , the results indicate that the F S e r i e s turbine m a y 

b e c o m e a better alternative than the G Ser ies . Intuitively this is b e c a u s e the G S e r i e s 

loses its higher eff iciency advantage . A s its operation is reduced the greater construct ion 

c o s t s a s s o c i a t e d with the G S e r i e s is no longer offset by r e d u c e d fuel cos ts . A s the 

g raphs illustrate, a s the d e m a n d d e c r e a s e s , the F S e r i e s b e c o m e s the better alternative 

than the G Ser ies . In the c a s e where there is only 200 M W avai lable to sel l , the F S e r i e s 

h a s a m e a n of a lmost 8 $ / M W h less than the G Ser ies . Similarly, the d e g r e e of 

uncertainty a s s o c i a t e d with the F S e r i e s is a lso reduced . 

T h e dec is ion m a k e r must cons ider the potential load factor of the facility. In the ext reme 

c a s e , where a facility will be operating at a low load factor, "peakers", or single cyc le 

facilities, which are lower cost and low efficiency are usually u s e d . A s s u m i n g that the full 

output of the turbines c a n be sold will result in a different dec is ion than a s s u m i n g a limit 

on the a m o u n t the market c a n absorb . Without taking into considerat ion all these factors, 

a dec is ion m a k e r may not c h o o s e the best alternative for the environment . 

6.3.4. The Effect of Varying Fuel Prices Yearly 

T h e m o d e l a s s u m e d that the fuel pr ices did not c h a n g e yearly; the va lues were elicited for 

a overall average . S i n c e the mode l is not f o c u s e d on a year- to-year c a s h flow analysis , 

the year to year fuel variation is not important. W h a t is important is the overall m e a n va lue 

of the fuel pr ices. 

T o validate the a b o v e observat ion, the m o d e l w a s rerun by allowing the fuel pr ices to 

fluctuate yearly b a s e d on the average expert va lues and using a beta distribution. T h i s 

w a s a c h i e v e d by sampl ing the fuel price e a c h year for the full operat ion of the turbine, a s 
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o p p o s e d to the original c a s e in which the fuel price w a s s a m p l e d o n c e . T h e overall affect 

w a s insignificant. T h e m e a n and standard deviation of the fuel price with fluctuation a n d 

without fluctuation were the s a m e . F o r example , for the F Ser ies , the m e a n w a s 32.11 

$ / M W h a n d 31.60 $ / M W h and a standard deviation of 4.81 $ / M W h and 4.70 $ / M W h for 

the non fluctuating a n d fluctuating c a s e respectively. 

6.3.5. Market for Gas Turbines 

T h e Exper ts interviewed s u g g e s t e d with deregulat ion Cal i fornia will s e e investment in g a s 

turbines to replace the existing stock of older less efficient units with high incremental cos t 

of operat ion. In contrast, there is limited market for them in the Paci f ic Northwest b e c a u s e 

of the lower incremental cos t of hydro electric power there. 

T h i s conc lus ion co inc ides with the results of a c o m p r e h e n s i v e study prepared for the 

Cal i fornia E n e r g y C o m m i s s i o n , Model ing Compet i t ive E n e r g y Market in Cal i fornia: 

A n a l y s i s of Restructuring the authors ran a n u m b e r of c a s e s to ana lyze the effects of 

restructuring in Ca l i fo rn ia 5 7 . T h e report est imate what the min imum c o s t recovery required 

for N e w Genera t ing Plants in Cal i fornia would be. T h e report f inds that c o m b i n e d cyc le 

units a d d e d outside Cal i fornia require a capacity factor greater than 6 7 . 5 % and must 

maintain an a v e r a g e total cos t of less than 2 4 $ / M W h in U S 1996$. 

T h e s e results agree with the range in the supply electricity pr ices for the three Experts . At 

a 1.4% currency, 2 4 $ / M W h is 33.6 C A $ / M W h . T h i s va lue is c l o s e to the m e a n output 

price a s ascer ta ined by the Experts , and displayed in T a b l e 6-3 a b o v e . 

LCG Consulting, Modeling Competitive Energy Market In California: Analysis of Restructuring 
October 11, 1996 (Revision 1) Modeling Competitive Energy Market in California: Analysis of 
Restructuring: October 11, 1996 (Revision 1) Prepared for California Energy Commission 
Principal Investigator Rajat K Deb Co-Investigators Richard S. Albert Lie-Long Hsue LCG 
Consulting 
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6.4. Reflection on Experts' Results 

A s ment ioned earlier, the results from of the experts' were not what the author expec ted . 

T h e author expec ted that the F S e r i e s would be perce ived a s a m o r e certain technology, 

a s it utilizes proven technology, while the G Ser ies has yet to be built in North A m e r i c a . 

A l though; d u e to its lower efficiency, it is expec ted that it would have a higher m e a n 

supply of electricity than the G Ser ies . 

T h e results from the experts, however, indicate that the G S e r i e s would be their overall 

preferred technology to implement over the F Ser ies . T h i s is true for the individual 

experts results a n d naturally for their c o m b i n e d judgment a s p r o d u c e d by the mode l . 

T h e following are poss ib le factors for which the G Ser ies s e e m s to be more favorable 

than the F Ser ies : 

T e c h n i c a l Factors: 

1. E c o n o m i e s of S c a l e 

2. R e d u c e d Fue l C o s t s of G Ser ies 

3. Lower Fue l Uncertainty and Increased Compet i t i veness of G S e r i e s 

4. V e n d o r s ' Implicit Absorpt ion of Risk to Establ ish N e w S e r i e s 

Model ing Fac tors 

5. Marketability of the Output 

6. Dist inguishing between Input Var iab les 
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6.4.1. Economies of Scale 

T h e F S e r i e s output specif icat ions were 253 M W . Whi le the G S e r i e s output w a s 

speci f ied a s 350 M W . Therefore; perhaps the reason the G ser ies m e a n is lower than that 

of the F ser ies m a y be e c o n o m i e s of s c a l e . S i n c e the G S e r i e s h a s an additional 100 M W 

output, a s its a v e r a g e c o s t s decl ine with s ize. T o determine what the effect of the g a s 

turbine output on the m e a n supply price of electricity would be to equate the capaci ty for 

the two turbines, thereby o n e c a n o b s e r v e the direct effect of the heat rate. 

6.4.2. Reduced Fuel Costs of G Series 

T h e G S e r i e s may be more favorable than the F Ser ies , d u e to its i n c r e a s e d efficiency. 

T h e F S e r i e s turbine is 55 .4% efficient, while the G S e r i e s turbine speci f icat ions are 5 8 % 

efficient. T h i s is a 2 .6% dif ference between the F and G S e r i e s turbine. T h e 2 .6% 

increase in eff iciency c a n reduce the power-plant operating c o s t s by $10 million to $23 

million, b a s e d on g a s cos ts of $2 /mmbtu to $5 /mmbtu for a 350 M W Plant. 

T a b l e 6-6 a b o v e illustrates the relative percentage of the cost of e a c h p h a s e to the total 

cos t of the project. T h e fuel p h a s e cost w a s between 4 0 - 5 1 % of the total cos t of the 

project over its life. 

6.4.3. Lower Fuel Uncertainty and Increased 

Competitiveness of G Series 

T h e higher eff iciency not only r e d u c e s the fuel costs for the G S e r i e s turbine but a lso 

results in lower fuel cos ts uncertainty. T h e G Ser ies m a y be a s s o c i a t e d with a higher level 

of certainty, pe rhaps the effect of uncertain g a s cos ts (due to inc reased efficiency) may 

have a less impact on the G Ser ies turbine than that of the uncertainty of the technology. 

S i n c e the fuel c o s t s of the G S e r i e s are lower than that of the F Ser ies , the G S e r i e s will 

be d ispatched before the F Ser ies turbines. Thereby , reducing the risk a s s o c i a t e d with the 
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G S e r i e s operat ion. T h i s translates into a competit ive advantage for the G Ser ies , while 

the F S e r i e s has a threat of b e c o m i n g technological ly obsolete . 

Apparent ly the experts are less c o n c e r n e d with the uncertainty of the technology than the 

uncertainty a s s o c i a t e d with the g a s pr ices. In a competit ive world o n c e the s y s t e m s are 

built, it is the incremental cos ts which determine the dispatching order. Moreover , the 

technology c o s t s are uncertain over the near term horizon. ( 3 years) while the g a s c o s t s 

remains for the longer term of the life of the g a s turbine (19 y e a r s ) 5 8 . A s o n e expert 

indicated, "we d o not want to build it today, and find ourse lves not competi t ive tomorrow". 

T h i s mind set is a reversal from the traditional conservat ive attitude of the industry. 

6.4.4. Vendors' Implicit Absorption of Risk to 

Establish New Series 

A c o u p l e of the experts' interviewed indicated that they were minimizing s o m e of the 

b o u n d s of the var iables, s u c h a s the capaci ty or heat rate, a s they a s s u m e d that the 

manufacturers ' must guarantee the per formance of the turbine. If the experts did b a s e 

their results d u e to this assumpt ion , it is reasonab le that their b ias would be reflected in 

an i n c r e a s e d m e a n of the price. 

T h e bias would affect the results if the experts a s s u m e that the manufacturers are willing 

to a b s o r b more of the risk a s s o c i a t e d with a new technology, to e n c o u r a g e investors to 

c h o o s e the new uncertain technology at least for early adopters . There fore the Experts ' 

may be implicitly a s s u m i n g that the manufacturers ' of the turbines may be willing to carry 

a higher d e g r e e of the cost assoc ia ted with the G technology to get it into the market. 

3 years is the overall mean of the pre-operation phase and 19 years is the overall gas turbine 
operation phase of the three experts. 
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6.4.5. Market Demand for Turbine Output 

O n e factor that w a s not included in the analys is w a s the i ssue of d e m a n d . In a 

competi t ive market, it is s o m e t i m e s unknown where there is a market to sell the output of 

the g a s turbine. T h e F S e r i e s output w a s 250 M W , while the G S e r i e s output w a s 350 

M W . If this w a s c o n s i d e r e d in the analysis , the F Ser ies may then be perce ived to be 

more favorable than the G Ser ies . T h e risk of finding a market to sell the 250 M W is less 

than the risk of finding a market to sell a 350 M W output. H a d this been factored into the 

analysis; the results m a y have exhibited s o m e difference. 

6.4.6. Experts were not necessarily able to 

distinguish between input variables. 

Another factor which would greatly effect the certainty of the var iables is the experts ' 

abilities to differentiate between the input var iables. A s ment ioned in Sect ion 6.2.1 Input 

Var iab le Distributions, the experts were not a lways able to (or not a c c u s t o m e d to) 

distinguish between va lues for s o m e of the input var iables for F a n d G S e r i e s turbines. A s 

a result, in the c a s e that the expert is unable to distinguish between var iables, they are 

not taking into a c c o u n t or m a y b e over account ing for certainty in either the F or G S e r i e s 

turbines. There fore , in the c a s e of the G Ser ies , the experts m a y be undervaluing the risk 

of pre operat ion cos ts a s s o c i a t e d with building the facility, thereby, the G S e r i e s a p p e a r 

to be m o r e certain than the F Ser ies . 
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Chapter Seven 

7. Conclusion & Recommendations 

7.1. Summary 

T h i s thesis on "Planning in an Uncertain Environment: A C a s e Study of F & G Ser ies 

Turb ine Techno logy" illustrates the n e e d for new planning and dec is ion making mode ls in 

the evolving market. T h e stated objectives were to: 

1. Determine the expected supply price of electricity to m a k e a M A R R 

(minimum attractive rate of return) on a g a s turbine project. T h e supply price 

of electricity is the price of electricity s u c h that revenue will offset cos ts to 

meet a min imum attractive rate of return (set here to be 12%) 

2. C o m p a r e two technologies, namely, F Ser ies and G Ser ies g a s turbines, to 

determine which technology to implement b a s e d on the technology risk 

profile that best fits an organizat ions' appetite for risk. 

T h e dec is ion to build a new generat ion plant is b a s e d on factors s u c h a s cost of 

construct ion, regulatory approval , market d e m a n d , expected revenues , competit ion and 

market a c c e s s . T h e r e is uncertainty inherent in every one of these factors. Six a reas of 

uncertainty c a n be identified: 

1. Input Fue l Pr ice Uncertainty: Fue l accounts for 40-51 % of total project costs . 

(Natural g a s has historically been the most volatile commodi ty , and it is expec ted 

that the volatility in electricity will be greater) 

2. Compet i t ion, Marketability and D e m a n d : Compet i t ion manifests itself a s d e m a n d 

for project output. 
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3. T e c h n o l o g y : G a s technology cont inues to improve. It may be difficult to m a k e a 

dec is ion between using existing technology ve rsus waiting for an expec ted 

improvement in technology. 

4. Regulatory Uncertainty: Regulat ion is a long and uncertain p r o c e s s that can 

ultimately affect the viability of a project, especial ly where regulatory approval is 

not guaranteed or is conditional. 

5. Environmenta l Uncertainty: A g a i n , it is dependent on approval from federal 

bodies and the main tenance of environmental s tandards , which are subject to 

c h a n g e . 

6. T r a n s m i s s i o n Uncertainty: T r a n s m i s s i o n pricing will be market b a s e d and could 

drastically c h a n g e the price of del ivered energy, reducing the compet i t iveness of 

a project. 

O ld m e t h o d s of dec is ion making included Multi Criteria Dec is ion Making, Integrated 

R e s o u r c e Planning, and S c e n a r i o Ana lys is . T h r o u g h the c o u r s e of the thesis, it w a s 

demonst ra ted that these old planning methods c a n not meet the n e e d s of planning in an 

uncertain environment, a s they d o not adequately account for all the uncertainties present 

in the modern electricity generat ion market. 

T h e a b o v e methods of analysis are u s e d to deliver the most likely va lues (MLV) or 

cont ingency va lues . Us ing Cont ingency or M L V leads to b iased results. In a cont ingency 

evaluation an extra or "contingent" amount is a d d e d to all of the variable va lues . 

There fore , the output of s u c h an analysis is an overly conservat ive result, which may 

m a k e the dec is ion m a k e r veto an otherwise feasible project. Us ing a M L V analysis fails to 

take into account other va lues of the var iables that may occur . Bas ing a dec is ion on a 

single va lue of the dec is ion variable c a u s e s a corporat ion to take more risk than intended. 



108 

T h e a p p r o a c h to T h e Planning in an Uncertain Envi ronment mode l is risk analysis . Risk 

analysis is any method - qualitative or quantitative - for a s s e s s i n g the impacts of risk on 

dec is ions . T h e purpose of risk analysis is to eliminate the n e e d for restricting o n e ' s 

judgment to a single optimistic, pessimist ic , or "best" evaluat ion, by carrying through the 

analysis the comple te range of e a c h variable, and the likelihood of e a c h value within this 

r a n g e . 5 9 A c o m m o n procedure for this analysis is Monte Car lo S i m u l a t i o n 6 0 , which is the 

a p p r o a c h adopted here. 

T h e focus of the work w a s to deve lop a viable decis ion making a p p r o a c h to evaluate a 

cont inuum of alternatives under uncertainty. It is expected that users who apply the 

methodology are likely to be sophist icated enough to modify their own existing analytical 

m o d e l s to incorporate this methodology. Furthermore every situation differs and the data 

is both d y n a m i c and chang ing , calling for a cus tomized a p p r o a c h to the problem. T h e 

author intentionally deve loped a s imple model to demonstra te and prove the point without 

getting tangled in engineering or e c o n o m i c details. It is therefore s t ressed that the reader 

should focus on the a p p r o a c h but not u s e or extrapolate the actual results. T h e results 

are intuitively reasonab le but reflect the particular time period, region and the experts' 

judgments . 

A probabilistic c a s h flow model is a technique e m p l o y e d in this thesis to facilitate decis ion 

making in an uncertain environment. T h e mode l is b a s e d on a Monte Car lo Simulat ion. 

T h e mode l is run in an E x c e l spreadsheet , and the simulation is per formed using a 

p r e p a c k a g e d software cal led " @ R i s k " . 

Louis Y Pouliquen, Risk Analysis in Project Appraisal. (Baltimore and London: The John 
Hopkins University Press, 1970) 2 

James N. Siddall, Analytical Decision-Making in Engineering, (New Jersey: Prentice-Hall, Inc., 
1972), P.52 
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T h e mode l is broken into 5 p h a s e s : Pre-operat ion project costs , g a s turbine cos ts , 

Operat ion and Maintenance , Fue l , and R e v e n u e P h a s e s . Uncertain var iables in the model 

are identified and a s s i g n e d probabilistic distributions. A Monte Car lo simulation that 

genera tes r a n d o m numbers drawn from these probability distributions, for e a c h of the 

variables, is run. T h e result is a probability distribution which g ives the dec is ion m a k e r a 

comple te picture of all possib le o u t c o m e s and their probabilities. 

T h e input var iables of the mode l (fuel price, pre-operation cost , etc.) are a s s o c i a t e d with a 

large d e g r e e of uncertainty. Experts were relied on to obtain representative data, the 

p r o c e s s of extracting the data w a s through elicitation of subjective probabilities from 

experts. T h e results from the experts were elicited a s Cumulat ive Distribution Funct ions. 

T h e mode l d e v e l o p e d is b a s e d on the synthesis and c o m p a r i s o n of the judgments of the 

four experts elicited for the p r o c e s s , and the researcher 's subjective evaluation of the 

information. T h e market experts are representative of the range of activity in the new 

market environment. The i r input w a s consistent with research co n d u c t ed independently 

(for example , the Cal i fornia E n e r g y C o m m i s s i o n , Model ing Compet i t ive E n e r g y Markets in 

Cali fornia: A n Ana lys is of Restructuring S t u d y 6 1 ) . T h e mode l output is a probability 

distribution showing the probability that a prescr ibed supply price of electricity will meet a 

12% M A R R requirement. F o r the F ser ies average of the 3 experts, a supply price of 

$ 3 1 . 4 7 / M W h has a 5 0 % c h a n c e of meeting the M A R R , and is a s s o c i a t e d with a band of 

uncertainty 6.05 $ / M W h , represented by the standard deviation. F o r the G Ser ies , a 

supply price of $30.83 has a 5 0 % c h a n c e of meeting the M A R R , and a standard deviation 

of 5.66 $ / M W h . 

Overal l , the est imates from the experts imply that the G S e r i e s g a s turbine would be their 

preferred technology. T h i s is b e c a u s e the G Ser ies had both a m e a n lower than that of 

LCG Consulting.( 1996) Modeling Competitive Energy Market In California: Analysis of 
Restructuring, Prepared for the California Energy Commission, October 11, 1996. 3.16. 
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the F Ser ies , and a lower degree of uncertainty a s s o c i a t e d with the technology, reflected 

in the lower s tandard deviation. Apparent ly, the experts are less c o n c e r n e d with the 

uncertainty of the technology than the uncertainty assoc ia ted with the g a s pr ices. In a 

competit ive world, o n c e the s y s t e m s are built, it is the incremental cos ts which determine 

the dispatching order. Moreover , the technology cos ts are uncertain over the near term 

horizon ( 3 years) while the g a s cos ts remains for the longer term of the life of the g a s 

turbine (19 y e a r s ) 6 2 . A s one expert indicated, "we do not want to build it today, and find 

ourse lves not competit ive tomorrow". T h i s mind s e t i s a reversal f rom the traditional 

conservat ive attitude of the industry. 

S c e n a r i o s that limit the d e m a n d for the output of the turbine were a lso incorporated. T h e 

results indicate that a s the ability to sell the output b e c o m e s limited, the a d v a n t a g e s of the 

increased eff iciency of the G Ser ies turbine d iminishes, and the F Ser ies with its lower 

capital cos ts b e c o m e s more advantageous . A g a i n , this is intuitively correct and the 

industry typically u s e s a single cycle turbine (low cost, low efficiency) for intermittent 

peaking operat ion. T h e utilization or load factor at which the m o v e from the F to G Ser ies 

will be economica l ly justified will again be expec ted to d e p e n d on the views regarding 

future market uncertainties. T h e a p p r o a c h of this thesis should a lso be useful in defining 

this break-even point. 

Th is work demonst ra tes that using the Monte Car lo simulation in conjunction with a 

structured model could be a valuable tool for the investor. It el iminates the need for 

bas ing a dec is ion on a single optimistic, pessimist ic or m e a n value. In order to m a k e a 

dec is ion , the results provided by simulation must be interpreted in the context of individual 

project condit ions. T h e s a m e results c a n be interpreted differently b a s e d on e a c h 

project's speci f ic condit ions, and could lead to different c o u r s e s of action. T h i s is 

3 y e a r s is the overa l l m e a n of the p r e - o p e r a t i o n p h a s e a n d 19 y e a r s is the overa l l g a s turb ine 

o p e r a t i o n p h a s e of the th ree exper ts . 
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n e c e s s a r y b e c a u s e in an uncertain environment, jurisdictional, regional a n d market 

d i f ferences c a n have significant impact on the viability of a project. 

7.2. Recommendations for Future Work 

T h e r e are at least three directions in which further to e x p a n d the research: 

1. T o take the model to the next step, by determining the likelihood of the 

market providing the supply price of electricity elicited from the experts. That 

is, to c o m p a r e the supply price distribution to the forward market expec ted 

price, which will itself have a distribution. T h i s distribution w a s o b s e r v e d to 

vary with current and expected short term price, future supply / resource 

ba lance , inflation rate and , of course , g a s fuel c o s t 6 3 . T h e problem is that 

d e m a n d meets supply in a progressive manner . T h a t is, initially d e m a n d 

e x c e e d s supply for only a few hours during peak per iods and e x p a n d s to 

cover more hours of the year a s d e m a n d grows. T h i s will result in gradual 

increase on the utilization factor of the g a s turbines, adding another e lement 

of uncertainty to the analysis. 

2. T h e s e c o n d direction is to deve lop a model that will take into account a reas 

that have been simplified in this work, s u c h a s ancillary serv ices and 

t ransmiss ion issues . T h e ancillary serv ices have a potential for increasing the 

income, and the t ransmiss ion may have the effect of increasing the costs . 

Both of these i s s u e s are laden with uncertainties. Another simplification in the 

d e v e l o p e d mode l was that the var iables were treated a s independent , 

however, s o m e of the var iables may be dependent and should be s o treated 

in a more elaborate mode l . 

Based on proprietary work of ZE PowerGroup Inc. 



112 

3. T o deve lop an interactive gener ic program that will m a k e it s imple for a 

planner to deve lop a probabilistic c a s h flow model . T h e program would allow 

the planner to customize the project p h a s e s to meet their n e e d s , and would 

assist in eliciting the information required. 
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Appendix 1: Sample Copy of Excel Model Spreadsheet, Spreadsheet Formulas and Excel 

Macro 



Capacity 
Heat Rate 
MARR 

Planning in an Uncertain Environment Program 
Expert # 3: F Series Gas Turbine 

248,267 kW 
6,287 Btu/kWh 

0.12 

Pre Operation Millions 
Project Costs 0 4.22 years 14.4$ 248,267 kW 
Gas Turbine 
Costs 2.22 2 years $ 738.32 $/kW 248,267 MW 

Million/Y 
O & M Cos f s 23.7 years 6.85 ear 23.70 kWh 

$/mmBt 
Fuel Costs 23.7 years $ 2.35 u 324.06 Btu 
Environmental Costs 

$ 14 $ 11.30 

$ 183 $ 124.85 

$ 162 $ 32.41 

$ 762 $ 152.15 

Net Present Value $ 321 
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Capacity 
*{RiskBeta(1.3,0.72) * 75 * 200)'1000 

kW 
Heat Rata *RI$kB»ta(1.11.1.73) ' 750 + 6000 Btu/kWh 
MARR 0.12 

Project Costs 0 =RtskLognorm(4.22.0.45) years =RiskLognorm(14.4,2.23) Millions $ =Capacity kW 

Gas Turbine 

Costs =E7-2 2 years =RiskBeta(1.55,1.96) * 200 + 650 S/kW =Capacity MW 

O&M Costs =RjskLognorm(23.7,3.38) years =RiskBeta{1.3,2.21) * 5 * 5 Million/Year =E9 WVh 

Fuel Costs =E9 years =(RiskBeta(0.56,1.13) + 1.9)*1054.35/10A: $/mmBtu =Cap«ctty*Heat Rate-365-24-£9/l0*6/10*6 Btu 

=G38 =PVuniform(K7,E38,MARR) 

=G39"IS/10"6 =PVunlform(K8.E39,MARR) -EXP(-MARR-C39) 

=I9-G40 =PVimiform(K9,E41 ,MARR) - EXP(-MARR - E38) 

-G41*I10 =PVuretom(K10,E41.MARR)'EXP(-MARR -E38) 

Not Present Value =SUM(L7:L10, 

'- . ' :;'-."! ; "" _*'•' • - -. , ••>*-'?>". • . - • _ • 

nnm -E9 years 11.17722B73I0IBS s/MWIi >mw*p«*y-E4WUO0 MWI. |=G36M3S/10«6 =(-4K36 / E40)" ((1 - EXP(-1 * MARR * E40)) / -MARR)"EXP(-MARR"E38)} - L42 
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' E x c e l Model 
' P l a n n i n g i n an U n c e r t a i n Environment 

' C a l c u l a t e t h e PV f o r U n i f o r m Payment 

F u n c t i o n P V u n i f o r m ( C o s t p h a s e , Tphase, r) 
PV u n i f o r m = - ( C o s t p h a s e / Tphase) * ((1 - Exp(-1 * r * Tphase)) / - r ) 

End F u n c t i o n 

S o l v e r Macro 
Macro r e c o r d e d 5/20/97 by Manal 

Sub S o l v e r ( ) 
R a n g e ( " 7 : 1 0 , 1 2 : 1 2 " ) . S e l e c t 
R a n g e ( " A 1 2 " ) . A c t i v a t e 
S e l e c t i o n . C o p y 
A c t i v e W i n d o w . S m a l l S c r o l l Down:=6 
R a n g e ( " A 3 8 " ) . S e l e c t 
S e l e c t i o n . P a s t e S p e c i a l P a s t e : = x l V a l u e s , O p e r a t i o n : = x l N o n e , _ 

S k i p B l a n k s : = F a l s e , T r a n s p o s e : = F a l s e 
S h e e t s ( " M o d e l " ) . S e l e c t 
R o w s ( " 3 6 : 3 6 " ) . S e l e c t 
S e l e c t i o n . C o p y 
R o w s ( " 4 4 : 4 4 " ) . S e l e c t 
S e l e c t i o n . P a s t e S p e c i a l P a s t e : = x l V a l u e s , O p e r a t i o n : = x l N o n e , 

S k i p B l a n k s : = F a l s e , T r a n s p o s e : = F a l s e 
R a n g e ( " C 3 : C 4 " ) . S e l e c t 
A p p l i c a t i o n . C u t C o p y M o d e = F a l s e 
S e l e c t i o n . C o p y 
R a n g e ( " F 3 " ) . S e l e c t 
S e l e c t i o n . P a s t e S p e c i a l P a s t e : = x l V a l u e s , O p e r a t i o n : = x l N o n e , _ 

S k i p B l a n k s : = F a l s e , T r a n s p o s e : = F a l s e 
SendKeys ("~") 
A p p l i c a t i o n . E x e c u t e E x c e l 4 M a c r o String:="'[SOLVER.XLA]SOLVER'!SOLVER.RESET()" 
A p p l i c a t i o n . E x e c u t e E x c e l 4 M a c r o S t r i n g : = " " 
A p p l i c a t i o n . E x e c u t e E x c e l 4 M a c r o String:="'[SOLVER.XLA]SOLVER'!SOLVER.OK(!R36C12,3,0,([Exp3 
f d . x l s ] M o d e l I R 3 6 C 7 ) ) " 
A p p l i c a t i o n . E x e c u t e E x c e l 4 M a c r o S t r i n g : = ' " [SOLVER.XLA]SOLVER' !SOLVER.SOLVE()" 
End Sub 



124 

Appendix 2. Expert Debriefer and Elicitation of Subjective Probabilities Questionnaire 
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Planning in an Uncertain Environment: 

A Case Study of Gas Turbine Technology 

Briefer for Expert Witnesses 

The Problem 

Electric industry is in a time of rapid change and it is moving from a regulated 

monopolistic environment with a guaranteed rate of return to a risk competitive 

market with many players. This change is introducing uncertainty with respect to 

supply, demand, pricing, input fuel costs, and technology. The concept of risk 

comes about due to the recognition of future uncertainty, and it implies that a 

given action has more than one possible outcome, of which anyone may be 

injury or loss. 

I am developing a framework for decision making in an uncertain environment. 

This will allow engineers to use risk management and analysis techniques. Risk 

analysis is a method - qualitative and/or quantitative - for assessing the impacts 

of risks on decisions. 

The methodology of the framework is to model a probabilistic cash flow. 

Uncertain variables in the model are identified and assigned probabilistic 

distributions. A Monte Carlo simulation which generates random numbers drawn 

from these probability distributions, for each of the variables, is run. The result is 

a probability distribution which gives the decision maker a complete picture of all 

possible outcomes and their probabilities. 

The objective of the model is to determine the supply price of electricity to make 

the minimum attractive rate of return (MARR) on a gas turbine projects. 

Specifically to compare two technologies, 'F' and 'G' series gas turbine to 

determine which technology to implement based on the technology risk profile 

which best fits the organizations' appetite for risk. 
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Model 

The model is a Probabilistic Cash Flow Model. Figure 1 is an illustration of the 

Deterministic Cash Flow Model. The uncertain variables in the model that will be 

represented with probabilistic distributions are the following: 

• Capacity 

• Heat Rate 

• Pre-Operation Project Costs 

• Combined Cycle Capital Costs 

• O&M Costs 

• Fuel Costs 

The methodology of the framework is to assign probabilistic distributions for each 

of the above cost and duration variables. A Monte Carlo simulation is then run, 

which generates random numbers for each of the variables. Figure 2 is attached 

to illustrate the Monte Carlo Simulation Process for Modeling Uncertainties. 

The following are the manufacturers specifications for the Gas Turbine 'F' Series 

and 'G' Series models: 

F Series G Series 

Model PG 7231 FA PG 7001 G 

Capacity 253,500 kW 350,000 kW 

Heat Rate 6,160 Btu/kWh 5,883 Btu/kWh 

Efficiency 55.4% 58% 

The pre-operation costs and the combined cycle costs may be combined into 

one phase if it is easier for the expert to express their beliefs on the values. The 

units may be in millions of dollars, or $/kw. The O&M costs represent yearly 
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operation & maintenance costs during the life expectancy of the facility. The 

units may be expressed in millions of dollars/year or dollars/kW. The fuel costs 

are the expected cost of providing the facility with fuel. This may be expressed in 

$/mmBtu. 

Subjective Elicitation 

The input variables for the model are associated with a large degree of 

uncertainty, particularly due to the changes evolving in the industry. There is no 

historical data available, as such, obtaining uncertainties cannot be done through 

the use of classical statistical techniques. Therefore; the use of expert judgments 

is needed to adequately characterize and deal with this uncertainty. Experts will 

be used to elicit subjective judgments in the form of probability distributions to 

clarify the variables (listed above) in the model to get an explicit treatment of 

uncertainty. 

The process for structuring expert judgments for representing uncertainties is 

conducted in a 5 phase process1: These stages include: Motivating, Structuring, 

Conditioning, Elicitation, and finally Verification.' 

Pre-elicitation 

The Pre-elicitation stage involved in using expert judgments effectively include: 

motivating, structuring, conditioning,. 

Motivating: 

Motivating is the process involved in finding out the biases of the experts. They 

might have motivational reasons to give estimates that do not reflect their true 

beliefs. Additionally the analysis establishes a rapport with the expert and 

introduces the expert to the decision problem, the decision model, and the 

1 Car l S . Spetz ler a n d C a r l - A x e l S Stael von Holstein, "Probability E n c o d i n g in Dec is ion Analys is ," 

Management Science, V o l . 22, No. 3 ( N o v e m b e r 1975): 340-358. 
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uncertain factors which affect the analysis. The analysis introduces the elicitation 

process, and the process of assessing uncertainty. Analysis points out the 

difference between deterministic and probabilistic prediction and that there is no 

commitment (firm projection) in a probability distribution2 

Structuring: 

The second step is structuring; the objective of this stage is to structure the 

uncertain variables and determine how the expert thinks about it. It is necessary 

to define the variables, and to elicit all assumptions the expert may be applying 

to the variable. This stage is necessary to explain the relevance between the 

variables, the model and the necessity for the expert's cooperation. 

Conditioning 

The third step is conditioning. The aim of this phase is to condition the expert to 

think fundamentally about his judgments and to avoid cognitive biases.3 

Elicitation (Encoding) 

After the completion of the pre-elicitation stage the expert should be ready to 

quantify his belief about the uncertain variables. There are no right or wrong 

answers in eliciting value judgments and uncertainties. This step is encoding the 

data. This will be through the use of a cumulative distribution function (cdf) to 

get a visual representation of the experts' opinion. 

This involves asking for extreme levels from the expert; then working around the 

outside. This is to prevent anchoring of an answer, or basing your answers on 

previous answers, which narrows the band of solutions. 

2 R a n a s i n g h e a n d R u s s e l l 1993 

3 Spetz ler a n d Stael von Holstein, 1975 

13/10/97 

Manal El-Ramly, MASc. UBC 



129 

Verification 

The final step is verification of the data. This involves moving along all points of 

the cdf to find inconsistencies. Any inconsistencies should be discussed, and try 

to elicit the right answer 

Psychological Aspects of Elicitation 

There are problems inherent in eliciting values from experts. The objective of this 

section is to bring to light some of the problems associated with elicitation, 

because if the experts are aware of them, they can be conscious not to make 

these common mistakes. 

First of all it is easy for the interviewer to anchor or steer the individual to a 

figure; basing your answers on previous answers, narrowing the band of 

solutions. To overcome the effects of heuristics of anchoring and adjustment4 the 

elicitation is begun by establishing maximum and minimum credible values. The 

process is slightly iterative, and the interview must insure they are not molding an 

answer with each iteration. 

There are many types of biases which can make the encoded probability 

distributions inadequate representation of the subject's state of knowledge. 

These include motivational biases and cognitive biases. 

Motivational biases may arise when the encoded probabilities do not reflect the 

expert's conscious belief's. This may be due to the desire for reward or fear of 

punishment, which can be economic, psychological, or physical5. 

It is important to be in comfortable surroundings. Therefore for our meeting it is 

necessary to be in the expert's environment where the expert has easy access to 

the information that they may require. 

4 A T v e r s k y a n d D K a h n e m a n , "Judgment U n d e r Uncertainty: Heurist ics and B iases , " Science 

185, 1124-1131 (1974) 
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Elicitation of Subjective Probabilities Questionnaire 

Questionnaire: 

The Questionnaire is here is as described in Elicitation of Subjective 

Probabilities: An Investigation, by Malik Ranasinghe and Alan D. Russell. 

Question 1: W h a t in your opinion is the shortest possib le duration to construct the g a s turbine for 

which the probability is s o smal l a s to equal ze ro for practical p u r p o s e s ? (Value A) 

Comment: T h e pre-elicitation s tage should clarify the terms u s e d in the quest ion and explained 

the range of scenar ios the experts should cons ider in their quantification of judgments . 

Question 2: S o , A is in your opinion the shortest possib le duration, is that correct? 

Comment: A c h e c k to clarify the expert 's thinking about the lower tail va lue of the distribution. 

Question 3: If A in your opinion has a zero probability of not exceed ing the actual duration, what 

is the duration which would not e x c e e d a probability of 0.05? (Value C ) 

Comment: Having establ ished the point for ze ro probability the expert shou ld be able to give a 

value for the fifth percentile. T h i s va lue would be a n c h o r e d to that of ze ro probability. However , 

the anchor ing is the result of forcing the expert to think of ext reme o u t c o m e s to counteract central 

bias. 

Question 4: S o , you a s s o c i a t e a 1 in 20 c h a n c e that the actual duration will be less than C . Is that 

correct? 

Comment: Here , o d d s are u s e d to c h e c k the cons is tency of the elicited fifth percentile. T h i s is 

helpful to verify the expert 's thinking. If the expert conf i rms his est imate, go to Quest ion 6, if not 

Ques t ion 5. 

Question 5: If not, what is the value for the actual duration that you cons ider to have a 1 in 20 

c h a n c e of not being e x c e e d e d ? 

Comment: A follow-up quest ion to the cons is tency c h e c k attempted in Ques t ion 4. 
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Question 6: W h a t in your opinion is the longest possib le duration to construct a g a s turbine for 

which the probability is s o large a s to be equal to one for practical p u r p o s e s ? (Value Z) 

Comment: G o i n g from one extreme to the other inc reases the range and would reduce even more 

the poss ib le effects of central bias that may o c c u r when the 2 5 t h and 7 5 t h percenti les are elicited 

after the med ian value. 

Question 7: S o , Z is in your opinion the longest possib le duration, is that correct? 

Comment: A c h e c k to clarify the expert 's thinking about the upper value of the distribution. 

Question 8: If Z in your opinion has a unit probability of not exceed ing the actual duration, what is 

the duration which would not e x c e e d a probability of 0.95? (Value X) 

Comment: S a m e a s for Ques t ion 3 

Question 9: S o , you assoc ia te 1 in 20 c h a n c e that the actual duration will be a b o v e X . Is that 

correct? 

Comment: A g a i n , o d d s are u s e d to c h e c k the cons is tency of the elicited 9 5 t h percentile. If the 

expert conf i rms his est imate, go to Quest ion 11, if not, ask Quest ion 10. 

Question 10: If not, what is the value for the actual duration that you cons ider to have a 1 in 20 

c h a n c e of being e x c e e d e d ? 

Comment: A follow-up quest ion to 9. 

Question 11: W h a t in your opinion is the value for actual duration s u c h that it is equally likely to 

be a b o v e a s it is to be below? (Value M) 

Comment: T h i s quest ion would elicit the median value of the expert 's subjective probability 

distribution for duration to construct a g a s turbine. 

Question 12: S o , you are willing to bet equal o d d s that the actual duration is either a b o v e or 

below M, is that correct? 

Comment: A c h e c k to clarify the expert 's r e s p o n s e to the median . 

Question 13: W h a t is the value for duration that you feel will divide the region below M, thus it is 

just a s likely that duration will fall below this value a s it will be between this value and M ? (Value L) 

Comment: T h e expert is a s k e d to bisect the a rea below the median to give an est imate for his 2 5 t h 

percentile value. 

Question 14: S o , you assoc ia te a 1 in 4 c h a n c e that the actual duration will be below L, is that 

correct? 
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Comment: A cons is tency c h e c k to clarify that the expert is thinking about the 25 percenti le with 

the b isected value. If the expert conf i rms his est imate, go to Quest ion 16, if not ask Quest ion 15. 

Question 15: If not, what is the value for the actual duration that you cons ider to have a 1 in 4 

c h a n c e of not being e x c e e d e d ? 

Comment: A follow-up quest ion to 14. 

Question 16: Now, concentrate on the c a s e where the duration could be a b o v e M, which you felt 

would be 5 0 % of the time. W h a t is the value that you feel will divide the region a b o v e M equally, 

thus it is just a s likely that duration will be a b o v e this value a s it will be between this va lue and M ? 

(Value N). 

Comment: T h e expert is a s k e d to bisect the a rea a b o v e the median to give an est imate for his 

7 5 t h percentile value. In addition, the expert is reminded of his est imate for the median . T h i s g ives 

him a further opportunity to c h a n g e or confirm his estimate for the median . T h i s g ives him a 

further opportunity to c h a n g e or confirm his est imate for the median , now that he has given an 

est imate for the 2 5 t h percentile. 

Question 17: S o , you assoc ia te a 1 in 4 c h a n c e that the actual duration will be a b o v e N, is that 

correct? 

Comment: A c h e c k to clarify that the expert is thinking about the 7 5 t h percentile with the bisected 

value. If the expert conf i rms his est imate, stop the interview. If not ask Quest ion 18. 

Question 18: If not, what is the value for the actual duration that you cons ider to have a 1 in 4 

c h a n c e of being e x c e e d e d ? 

Comment: A follow up to quest ion 17. 
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