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Executive Summary

The privatisations of the energy supply industries world-wide has meant that

emphasis is now on how to profitably compete. In this environment the

development of effective models for optimisation of power plant are of increasing

importance, particularly operational strategies for off-design conditions, and

particularly for gas turbine engines.

Maximisation of plant profitability necessitates proper and integrated evaluation

of many factors, the most important of which are: availability and price of fuel,

system efficiency and performance, life cycle costing of plant and machinery,

present and future generation of revenue, likely future market dynamics.

A major contribution of this work is the application of the proposed method to

simultaneously maximise both total profit and usage availability of a typical

combination of gas turbines engines used for power generation in oil and gas

production. The method allows the user, for example, the opportunity to select

locally appropriate daily and seasonal power demands and ambient conditions.

Through a genetic algorithm optimisation technique, an additional powerful

feature of the method is that it allows the user to choose an optimised operating

combination of their existing gas turbine equipment. Both individual engine

power setting and number of engines can be varied. Alternatively, the user can

apply the code to select the best combination of new and/or replacement

equipment to achieve best economic performance and highest availability.

The number of variables involved in the optimisation process is, of course, very

large. It is, therefore, difficult to find the optimal configuration. To address this

problem, the first phase of this study is limited to the analysis of the performance

of industrial gas turbine engines. The primary aim is to identify the key

parameters in the determination of off-design performance. The second aim for

the first phase is to identify those tasks suitable for automation. The Gas Turbine

Library (Turbomatch) developed at Cranfield University includes simulation
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codes for many different industrial gas turbines and processes. The optimiser

developed as part of this research has been linked with that library.

The second phase of this project is to develop an economic model for gas turbines

analysing off-design performance. The model includes a life cycle cost

assessment including: capital cost, maintenance and operating costs, fuel cost,

emission and other taxes and disposal cost. By including total revenue it has been

possible to develop a model that allows maximisation of total profit under variable

operating conditions.

The third phase of the project presents an automated optimisation tool based on a

listing of the Turbomatch simulation code and a genetic algorithm technique. The

tool uses an evaluation of the fitness value of the objective function and takes into

account the optimisation constraints. Two case studies considered where real data

obtained from oil field in Libya are used to illustrate the use of the new code to

maximising the profit.
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1 INTRODUCTION

1.1 BACKGROUND

Continuous growth in electricity supply industry demand due to advances of science

and technology has completely geared the industry into a more complex environment

that no longer operates under the conventional philosophy of supply follows demand.

The non storage characteristics of electricity together with the increasing fuel costs

worldwide further call for the need to operate the systems more economically without

compromising on supply stability and reliability. In order to satisfy all these

requirements, power systems short term scheduling is based on two key tasks, namely

unit commitment and economic dispatch. This combinatorial optimisation task is aimed

at meeting the load demand at each period of time in a least cost manner while

satisfying both local and global constraints such as minimum up and down time, ramp

rate limits, spinning reserve and other energy requirements.

Unit commitment is a system which, given a definite load profile, attempts to determine

when the scheduled generating units in a system should be started and stopped to meet

the load at all times, subject to the given operating constraints. The core of the unit

commitment problem is that the total generation must equal the forecast two hour

demands for electricity.

Economic dispatch is a method for determining the power outputs of each of the

scheduled generating units at a given time so that the system meets its load requirement

in the most economic manner.

Though the problem may look simple, it is typically extended in a number of ways due

to the large variations in the operating conditions such as the power demand and

ambient temperature between weekdays and between peak and off peak hours. As a

result, utility companies need to decide carefully on these two tasks while satisfying

other operational limits of generation such as ramp rate limits, uptime and downtime

constraints as well as reserve and energy requirements. The problem becomes almost

impossibly complex when one considers the huge number of generating units in the

system, and the astronomical number of combinations and permutations of start-ups

and shut-downs.
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This study aims to use a genetic algorithm to develop an optimisation tool for the study

of a portfolio optimisation simulation, and to present the analyses and results obtained.

Maximum total profit is maintained by the selection of the best combination of feasible

generating units, or where an existing power station has to be re-powering the plant

requiring least cost is selected to provide the generating power required for the time it is

required.

The gas turbine is an engine that works on the principle of the thermodynamic cycle

described by the American George Brayton (1830-1892), though it is also known as the

Joule cycle and was patented by an Englishmen John Barber in (1791). As with many

other engines the purpose of the gas turbine is to convert heat of combustion into

mechanical work. The gas turbine has three basic sections.

1. Compression; - ambient air is drawn in and compressed in a compressor. The process
of compression heats the air.

2. Combustion; - the heated and compressed air is mixed with fuel and the mix ignited
in an expansion or combustion chamber.

3. Expansion; the enthalpy of the combustion exhaust transformed into mechanical
work by the turbine section. The expansion of the gases is used to move the turbine
blades connected to rotors and engine shaft.

The gas turbine has many applications: it can act as the driving force for electrical

generators, pumps, and mechanical equipment. In the aero-industry the exhaust gases

are used to produce the thrust driving the plane.

Because industrial gas turbines can be found all over the world, operating in a wide

range of industries and inhospitable environments it has been necessary to develop

procedures for their selection and operation to ensure maximum cost effectiveness.

Such procedures should, of course, maximise profit over the expected useful life of

these engines.

This investigation focused on the economic performance of industrial gas turbine

engines operating at off-design conditions.

To obtain maximum total profit from a given gas turbine plant, the selection procedure

should include consideration of what is currently available on the market, including all

those parameters which impact on the ability of the turbine to meet the specified

operational strategies, energy demands and ambient conditions (these may well vary
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with time and will include the capacities of the gas turbines and necessary auxiliary

equipment).

For complicated systems, of which the gas turbine power plant is one, it was traditional

to place great emphasis on capital cost and reliability. However, in a deregulated

market other considerations are also important: annual cost and online availability are

of particular and important concern to the equipment owner.

Finding optimal solutions to real world design applications is usually an iterative

process limited by the available resources. These limits may be the maximal number of

possible computational and experimental design evaluations or the limited time of the

design engineers. The development of optimal designs can be achieved by human

designers or by exploiting automated optimisation techniques.

Human designers exploit their accumulated domain knowledge while automated

optimisation algorithms search by analysing design evaluations resulting from a

systematic parameter variation. For a large number of problems human design is the

method of choice, however as the decision space becomes large and the associated

processes more complex, the systematic procedures of automated optimisation become

an interesting alternative. In addition, automated optimization is able to utilize most

advantageously the opportunities offered by the increasingly massive and complex

parallel computing and multicore architecture, and may result in alternative designs and

eventually lead to new design philosophies.

In power generation field many parameters and aspects are interrelated with each other

and there are a huge number of possible alternatives options; automated optimisation

techniques offer a way to deal with such a problem and offer the possibility of optimum

decisions.

Electricity cannot be stored cost-effectively, each day with the varying power demand it

is necessary to start-up and shut-down power generating units. The problem for the

companies generating electricity and those providing the power transmission systems

are how best to meet the cyclically varying demand for electricity.
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1.2 Study Rationale

According to the literature review the sum of the money invested in gas turbine power

plants is invariably very large and mistakes during procurement or operation will not

only be very costly, they could have serious long-term effects on the ability of the plant

to generate adequate power in a timely manner.

In a deregulated market there is considerable pressure on power plant operators to

develop the best and most advanced operational strategies to maximise profitability.

As an example to demonstrate the importance of this study, an oil field power plant

producing about 136 MW/h, the seasonal production is 278,000 MWh. This value

represents £8.9 million of revenue based on £32/MWh and the average total cost or the

life cycle was about £8 million / season. Of this, about 80 % comes from the fuel

consumption and 5% variable maintenance cost. The latter is directly related to the

operational strategies. Accordingly for a 1% saving in the fuel cost by optimising the

operational strategy for the fleet (which engine on and what is the power setting for

each segment of time) will led to a saving of about £ 6 million over 25 years only (i.e.

for the fuel at 1 % saving). Further to the fuel cost the maintenance and operating cost

could be reduced significantly by considering the number of running units and the creep

life for each. This can be achieved through careful control of power setting and the

compressor fouling.

Against this background, new methodologies for gas turbine power plant optimisation

are very desirable to enhance the correct choice of operational decision making while

considering variable ambient and operating conditions. The outcome will then be to get

closer to maximising plant profitability.
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1.3 Objectives

The main objective of this work has been to develop an optimisation tool based on

Genetic Algorithms and a gas turbine performance code (Turbomatch) which will allow

an optimum selection and operation of a combination of gas turbines that leads to

maximum total profit. Typical changes in both ambient conditions and power demand

are taken into account.

1.4 Methodology

The methodology adopted for the research is as follows:

 To utilise a reliable gas turbine performance prediction program

 To establish the best combination of gas turbine power plants and their

operation that leads to highest profit.

 To enhance the design point economic model for application to operation at off-

design conditions.

 To establish a new model for the solution of the optimisation problem

 To link the model with the performance prediction model

1.5 Contribution

The major contribution of this study is to provide gas turbine users with the opportunity

to compare the actual engine performance with a performance prediction program. This

new program can predict, using a genetic algorithm (GA) optimiser, the combined

engines operation that achieves least cost and highest availability.

Alternatively, the code provides the means by which the user can select the most cost

effective engine combination when purchasing new or replacing existing engines so

that the choice leads to least cost and best availability.

Indeed, the code presents, for the first time, an optimisation tool available for the user

to suit a prescribed power demand profile while considering the ambient conditions.
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1.6 Thesis Structure

As this thesis touches on a number of areas, it has been divided in such a manner as to

afford maximum understanding of all elements of the study. To achieve this goal, this

thesis has been divided into the following parts:

Chapter one gives a general introduction about this thesis, includes a general overview

followed by the motivation for the study and, objective and methodology and then the

contribution for this work.

Chapter two presents a literature review of the work undertaken previously in this field.

It is focused on three key areas of interest, which were identified to be closely linked to

the objectives of this work. These three areas are the performance and simulation for

the industrial gas turbines at design point and off design conditions, gas turbine power

plant economic and power generation optimisation techniques.

Chapter three discusses the performance of industrial gas turbine engines by

introducing an operational model for the industrial gas turbine engine at design and off

design conditions whine the power setting and ambient temperature are variable daily

and seasonally and also investigate the behaviours of the engine at these variable

parameters and also this chapter will present engines library for many different gas

turbines by using Turbomatch simulating code.

Chapter four performs the economic analysis for each engine individually and for the

whole power plant and this includes the total revenue, capital cost, maintenance and

operating cost, fuel cost, emission tax and other financial costs.

Chapter five presents a brief description of genetic algorithm and its working

mechanisms and the validation of the code used in the present study the secure GA171.

It also provides a study of the parameterization of the GA variables to efficiently search

a highly multimodal parameter space for a global maximum.

Chapter six presents the optimisation scheme and its implementation; this chapter also

discusses the application of the new code to a variety of case studies

Chapter seven summarises the work performed and presents the recommendations for

further future work in the areas studied.
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2 LITERATURE REVIEW

2.1 Introduction

This Chapter summarises relevant literature to the project and, where appropriate,

introduces a little theory. A short introduction is required to allow the reader to navigate

the various threads.

This review has been divided into three main parts; the first part of the chapter presents

a general background of the gas turbine and its behaviour at design and off design point

and the common deterioration mechanisms that affect the engine performance.

The second part review the economic aspects and the life cycle cost for the stated

problem considering the dynamic of the electricity market. The remaining part

comments the different optimisation techniques and the selected optimisation

algorithms for carrying out this study.

Finally the chapter concludes with the presentation of the rationale for the use of

automated optimisation methods as part of common industrial design practice followed

by a comprehensive survey of GAs, as a powerful tool for optimisation design

containing GAs, methods, constraint handling procedures and GAs parameterisation

techniques.

2.2 Industrial Gas Turbines Performance and Simulation

Over recent decades there has been a substantial increase in health and safety regulation

and environmental legislation. This occurred simultaneously with pressure on fuel

prices. The result is an increased demand more efficient generators producing fewer

emissions.

One response has been the success of the design engineers in continuously increasing

the efficiency and performance of gas turbine engines. In parallel engine operators were

concerned with the operational efficiency and time periods between necessary servicing

of the engine.

However, major issues that still need addressing is engine performance at off-design

conditions and degradation of performance with increased service hours.
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In practice performance degradation is mainly due to the day-to-day physical conditions

in which the turbine is sited. That is component performance deteriorates due to

fouling, which is a function not only of engine site location but of maintenance and

operation methodology. These and other aspects of performance (and component)

deterioration due to fouling, and also the consequences on engine performance, engine

life and other economic issues, will be discussed in this and following chapters.

There are several ways of modelling and simulating gas turbines and diagnosing

possible degradations and faults. Such modelling provides better information, which

eventually helps with selection decisions and leads to improved operation after the gas

turbine has been installed.

This part of work intended to review the literature on modelling and simulation work

for the industrial gas turbines that has been carried out specifically for oil and gas

applications.

2.2.1 Gas Turbine Performance Simulation

The possibility of estimating performance parameters and cycle details, for any

operating conditions encountered in field operation is of fundamental importance to any

technique of performance monitoring. Engine performance computer models are used

for this purpose. Such models are based on a conceptual division of the engine into its

components, according to the kind of thermodynamic process occurring in the

combustor and the turbine.

A common feature of all available component-based computer simulation techniques is

the requirement of component maps. The reliability of the predictions is highly

dependent on the accuracy of these maps. Such maps are not easily obtained by the

users as they are proprietary to the manufacturers. A number of techniques have been

proposed by various authors to overcome this problem. They are mainly based on

similarity considerations [1].

To build a performance model the gas turbine, or other machine, it is usual to view it as

an assembly of separate individual components (also called modules). The individual

components are identified according to the thermodynamic process they perform.

Compatibility and matching of components imposes important conditions on the model,
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for example, temperatures at interfaces, speeds of the various components, power

balance between turbines and compressors, etc.

To predict engine performance using a 1D model, it is enough to assume uniform flow,

circumferentially and radially at any position along the engine. The working fluid is

assumed to be a perfect gas with properties depending on temperature only. The values

of the thermodynamic properties of the working fluid define the engine cycle at any

operating point.

2.2.1.1 Design Point Performance

Central to the concept of the engine design process is design point performance. A

given specification for a given engine configuration will determine the component

performance levels and cycle parameters. However, before analysis of any other

operating conditions is possible the design point performance must be defined [2]. In

this chapter the performance input, which cannot be divorced from component design,

is described.

The condition at which the engine spends most of its operating life is usually chosen as

the engine design point. For industrial units this would normally be the ISO base load.

However an alternative that is sometimes used is to choose an important high power

condition. Whichever is chosen as the design point, the engine will be designed for

optimum performance under those conditions. This project assumes that the component

design points are for the same operating condition as the engine design point in the

concept design phase.

Overall engine performance is defined by a number of key parameters which are used

to assess how suitable a given engine design is for the given application. They may also

be used to compare a number of possible alternative engine designs. These engine

performance parameters include: Output power, specific power, exhaust gas power,

specific fuel consumption, exhaust mass flow rate, exhaust temperature and thermal

efficiency.

Brooks [3] has discussed cycle characteristics of several GE gas turbines including the

thermodynamic principles of one and two shaft gas turbines, factors affecting

performance and methods to enhance gas turbine output.
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2.2.1.2 Off Design Point Performance

Any movement away from design point is normally referred to off-design performance.

This movement will be due to internal or external alteration. Internal alteration is

caused by component degradation while external alteration is caused by deviation of

ambient conditions. Here geometry is fixed and operating conditions are changing.

Influence of the ambient condition in the gas turbine performance from ISO like

pressure, temperature and altitude. To see the effect of theses changes on engine

performance ambient temperature, the following procedure has been deliberated [2]:

External:

 Influence of ambient temperature

 Influence of altitude

 Influence of power setting

Internal:

 Influence of compressor efficiency degradation

 Influence of compressor flow capacity degradation

 Influence of turbine degradation

The operating condition is changing even in the same location from day to night. The

off-design operation could be one or many combination of the above. This will help to

know the output and efficiency of turbine in each operating condition. The following

combination has been adapted:

The Influence of Ambient Temperature and Site Elevation

Any changes to the mass flow rate of the air entering a gas turbine will change its

performance, including air temperature, humidity and pressure all of which affect air

density [4]. For example, with increase in elevation air temperature decreases but so

does air pressure, and the net effect is that the density of the ambient air decreases with

height above sea level.

The performance of gas turbine engines will thus depend on ambient conditions which

will vary from day to day and from place to place [4]. For comparative purpose the
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International Standards Organization (ISO) has established standard conditions which

are universally accepted and used.

Gas turbine performance decrease in hot days due to the following consequences:

 Reduction in air density.

 Reduction in mass flow.

 Reduction in pressure ratio.

 Reduction in power output due high temp, low pressure and low mass flow.

 Increase in SFC due to high temp and power output decrease.

 Overall Efficiency decrease due to all of the above.

The pressure will decrease and the temperature will increase in all stations due to

ambient temperature increase. And the opposite is correct for ambient temperature

decrease.

A case study by Erdem and Sevilgen, [5] demonstrated the effect of ambient

temperature on the efficiency and electric power output of a gas turbine. They showed

that monthly temperature variations caused a loss of output from about 1.7% to 7.2%. It

can be seen that higher ambient temperatures decreases electricity production. But such

temperatures will also increase fuel consumption per unit of electricity produced. These

researchers showed that at an ambient temperature of 100C, a power augmentation from

about 0.4% to about 7.5% is obtained, and that fuel consumed per kWh is 0.308Nm3.

Gorji and Fouladi [6] in their study of ambient temperature effects on gas turbine

power plant, stated that the with temperature increase from 5 0C to 35 0C (i.e. winter to

summer), the amount of heat consumption decreases 8.5% and compressor work

consumption increases 10.5% whereas the turbine work does not change so much

(about 0.1%) and output work decreases by 13.8%. since the reduction of net work

output is more than the reduction of fuel-air ratio, the results show that, by increasing

ambient temperature from 5 0C to 35 0C, the amount of specific fuel consumption

(SFC) will increase 5.7% and the cycle thermal efficiency decreases 5.9%.
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The high quantity of air required by the engine in a typical compressor is 500kg of air

for each unit of horse power produced by the engine [7]. Previous publications have

demonstrated that optimal conditions of the air can produce high levels of power

production from the gas turbine with low fuel consumption [8], [9].

The different applications of industrial gas turbine involve different conditions of the

air due to atmospheric conditions [10]. For example, the increment of a centigrade

degree from the ambient temperature can produce that the output power decreases 2%,

see figure 2.1. [11]. The altitude also plays an important factor in the engine

performance. The pressure in the inlet of the compressor is reduced in engines located

at high altitudes, see figure 2.2.

In general, industrial gas turbines for power generation operate in low altitudes (below

800m AMSL) However, there are cases where these engines are in operation at high

altitudes. For example this is the case of: mines facilities, gas & oil pump stations and

power plants located at high altitudes [11], [12].

Figure 2-1 Output power of a gas turbine according to altitude and ambient temperature [11].
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Figure 2-2 Mass flow of a gas turbine according to altitude and ambient temperature [11].

 Influence of power setting

The influence of ambient temperature on overall efficiency is affected by the power

setting (TET). If the engine is operating on part load, the drop of efficiency will be

much higher than if turbine is running on base load. But the power output is directly

proportional to TET.

2.2.2 Industrial Gas Turbines Performance Deterioration

The deterioration of industrial gas turbines has been studied since 1914 when the ideal

cycle of Brayton was modified to represent the real conditions. At the end of the forties

was observed that the gas turbine deterioration affected the power production and

increased the fuel consumption [13].

During the sixties the improvements in different sections of the gas turbine increased

the engine efficiency by 17% with pressure ratio of 7:1 and temperatures of 815ºC [14].

The increment of the fuel price in the seventies obligated to the gas turbine users to

study new ways to reduce the costs of operation. During this period the deterioration

mechanisms that affect the engine performance were classified [15].

The boom of industrial gas turbines was in the eighties with the installation of

Combined Cycles in power plants. The results of new technologies at the end of this

decade increased the engine efficiency to 42% [7]. Today it is possible to find public

documents published by OEM’s where the gas turbine operates with efficiency of 45%
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and temperatures of 1371ºC [14]. However, these results are produced in special

conditions (ISA conditions) and when the engine condition is new, because the gas

turbine is a machine that presents a quick degradation [9].

Maintenance is intended to minimize risk of breakdown and improve reliability. It can

also repair a system and/or upgrade performance. The longer a system runs, the more

performance degradation increases and the probability of breakdown and interruption

of production increases.

Preventive maintenance protects the system from unnecessary degradation, and helps

restore system performance and reliability. For a gas turbine unit the degradation is

largely due to the degradation of components and depends on the unit’s history.

Diakunchak has pointed out that the harsh environment within a gas turbine means that

all gas turbines experiences loss in performance with time [16]. No matter what care is

taken to ensure good inlet filtration and clean fuel, the conditions inside the engine are

such that flow path components will become corroded, damaged, eroded, fouled, etc,

and engine performance will degrade and get progressively worse with increased

operating time.

Diakunchak estimated that a simple cycle natural gas turbine engine operating 8000h a

year with 46.5MW output, suffered a 3% annual decrease in power and an increase of

1% in heat rate. A degradation of performance that would cost $1.5 million dollars

(US) over three years of operation [16].

Performance degradation is not only affected by the air, water and fuel which

physically enter the turbine, it is also affected by starting cycle and power settings. In

fact, the Brook [3] has pointed out that the majority of power lost in a gas turbine is

because of compressor degradation, and that degradation of gas turbine performance

could be classified as recoverable and non-recoverable.

Recoverable loss is the deterioration of performance that can be recovered by

compressor cleaning (online and offline water wash). Losses associated with

compressor fouling are often recoverable and can often be rectified by water washing or

mechanically cleaning the compressor blades and vanes.
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Performance degradation is not solely a function of the hours of operation, it also

depends on the operating mode [16], which means that the mode of operation must

considered when modelling performance degradation. Diakunchak [16] describes as

important the presence of contaminants, of fouling, the efficacy of filters, the presence

of corrosion and erosion, engine operation, damage repair and faulty maintenance

practices.

The rate at which a turbine degrades will depend on how it has been operated, in

particular during start-up when the engine experiences the most severe hot end thermal

gradients. For a short time at before the control system regulates the fuel and air flows

the combustor exit temperature exceeds that during normal operation. Thus, oxidation

and corrosion is most severe at this time and add significantly to the engine aging

process. The more often an engine is subject to start up, possibly due to emergency

trips, the more rapidly it will degrade. Also if the turbine is operated for long periods at

its peak rating this will degrade performance more rapidly than an engine operating at

or below base load rating.

Before expensive remedial actions are taken, the extent of the performance degradation

must be assessed and simple actions such as online and offline water washing

considered. Economic considerations play an important role in determining the optimal

frequency at which a gas turbine is, for example, water washed. Washing too frequently

is a waste of resources, but if the process is left too long, the resulting loss of

performance will cause a loss of revenue that outweighs the cost of washing. Remedial

water washing is recommended by Diakunchak [16] whenever the mass flow rate falls

by 2 to 3%.

2.2.2.1 Types of deterioration in gas turbines

The gas turbine components are affected by the wear over the lifetime of operation.

These problems are presented in the blade aerodynamics and internal mechanical

properties [17]. The literature review showed that there is limited information about the

deterioration mechanisms in the gas turbines. This is due to the marketing used for the

OEM’s in the public domain [11]. In addition, the high costs and difficulty that

involves experimental tests have limited the number of investigations in this topic [18].
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The deterioration mechanisms are classified by the gas turbine application and the type

of damage caused in the engine [19]. The deterioration mechanism of industrial gas

turbines can be classified according to the type of the damage in three sections [7], [13],

[20].

 Recoverable damage involves light maintenance such as cleaning or washing.

 Major-Recoverable damage involves maintenance such as welding or coating

process.

 Non-Recoverable damage requires the replacement of the part.

The non-recoverable damage is attributed when the engine is in operation with some

part already damaged. This is also presented when the engine operates at lower

efficiency and it produces excess of fuel consumption and increases the temperature in

the turbine inlet that can produce internal damage in the components [21]. For that

reason in the last decade, the development of technologies to monitor the engine health

has given the opportunity to the engine users to solve the problem before the damage

becomes non-recoverable. These preventive actions have demonstrated that reduces the

maintenance cost and unexpected shut downs [13].

The common deterioration mechanisms presented in gas turbines are divided into six

categories [17].

 Fouling (is caused by particle deposition on the airfoils and annulus surfaces.

Deposition is due to the inertia forces acting on the particles.)

 Corrosion and hot-corrosion (it is caused by chemical reactions between the

contaminant and the component material).

 High-temperature-oxidation (it is caused by chemical reactions between metal

components and oxygen).

 Erosion (it is caused by the result of abrasive components that removes the

component material from the surfaces.
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 Foreign Object Damage (FOD) (it is caused by the ingestion of large objects

into the flow path. They are the results of internal pieces broken or ice

formation in the inlet).

 Abrasion, rubbing and wearing (it is caused by the contact between two surfaces

in movement, generally one in rotation and other static).

These problems are difficult to detect when the engine is in operation. In some cases,

the effects of the engine degradation can be detected when the engine decreases the

output power or increases the fuel consumption [17]. However, these parameters do not

give enough evidence to find the source of the problem, because this is due to changing

from the operation conditions [22].

2.2.2.2 Compressor degradation

Compressor fouling is produced due to the ingestion of dust mixed with the air. This

mechanism decreases the compressor isentropic efficiency. Fouling and erosion have

been demonstrated to affect the thermal efficiency and output power of the engine [23].

The deposition of the particles in critical areas can change the geometry of the airfoils

and then the flow condition is modified [24]. In addition, the accumulation of dust

reduces the tip clearance and increases the roughness of the surface roughness [17].

These changes in the blades affect the compressor delivery pressure (CDP) and reduce

the mass flow.

Howell and Calvert [25] & Aker and Saravanamuttoo [26] calculated the impact of

degradation mechanisms in the compressor performance based on the output power of

the engine. Gulen, Griffin, and Paolucci [27] reported that fouling decreased by 5% the

output power due to mass flow reduction. Figure 2.3, shows a typical performance

degradation due to compressor fouling [28]
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Figure 2-3 Show typical Performance degradation due to fouling [1]

2.2.2.3 Combustion chamber degradation

The combustion chamber is one of the sections with a low level of degradation. The

operation time of the combustion chamber has an irrelevant effect to degrade this

section [29]. However, small variations in the combustion process such as increment of

the fuel ratio can affect the components from the turbine section.

For that reason, it is necessary to control the process of combustion. In addition, an

incorrect combustion can produce ash that is deposited in the fuel injectors. This

problem produces fluctuations in the flame and high local temperatures. The alteration

in the temperature profiles increases the possibility of secondary flows, reduces the

turbine efficiency and damages the turbine blades [17].

2.2.2.4 Turbine degradation

Erosion is a common problem present in this section that modifies the profile of the

blades. Fouling is also present in the turbine blades due to ash adhesion on the surfaces

[13].

It has been demonstrated that fouling on the turbine blades reduces the turbine

isentropic efficiency by 1% and the output by 3.7% [29]. As it was mentioned in the
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previous section, the high temperatures and incomplete fuel burning affect the turbine

section due to overheating. This effect is responsible for hot corrosion that modifies the

shape of the leading edge from the blades [17].

2.2.2.5 Engine performance monitoring

Due to the fuel prices crisis in the last decades, many gas turbine users have introduced

the use of technologies for monitoring the engine performance. The data obtained from

engine monitoring have estimated the deterioration of the gas turbine.

To determine when an engine is operating inefficiently, G.F Aker and Saravanamuttoo

[26] mentioned that the Engine Performance Monitoring has to be involved closely.

Most important gas path parameters, such as compressor delivery pressure (CDP) and

turbine entry temperature (TET), have to be monitored in order to determine the

deviations of these parameters from their baseline value specified by engine

manufacturer. The deviations from these baselines are then plotted as a function of time

to form "trendplots." Significant deviation from the baseline on these trendplots is used

as a trigger for maintenance action.

In order to be effective, such of trend analysis monitoring system must be accurate

enough. Although engine measurement system provides the information of engine gas

path performance parameters, there are many issues to be dealt with before engine

health is predicted and maintenance schedules can be suggested. For example, the

engine measurements vary with engine operating conditions and ambient condition. To

make correct engine health analysis, the measured performance may have to be

corrected with the help of accurate engine performance model. Otherwise, the results

produced with the engine model may be misleading [30]

This information is used to schedule the preventive maintenance and to extend the

period of the optimal production [15], Haq and Saravanamuttoo [31]. For example

Pinelli reported a gas turbine model AVIO TG20 that reduced in the first month 4.1%

of the power production due to degradation. Similar result was reported by Gulen,

Griffin, and Paolucci [27] where two single shaft gas turbines in operation in CCGT

reduced 5% the output power in the first month.
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Mund [11] mentioned that the single shaft configuration has a high sensitivity in the

output power when the aerodynamics of the flow changes. For that reason, it is

necessary in power plant applications the periodic maintenance in the engine, Zwebek

[7].

The typical overall maintenance period for industrial engines is approximately between

3000 to 4000 hours of operation. At the end of this period it is possible to find that the

engine has lost 20% of the production capacity [13].

2.2.3 Compressor Fouling

The gas turbine operators have identified the presence of fouling in the engine since

1936 [32]. However, since the sixties the problem of fouling in industrial gas turbines

has been considered an important cause to degrade the compressors performance and to

be an evil inherent product of the operation [33] & [34]

The Middle East crisis in the seventies produced that the fuel prices increased 70%. The

high cost of fuel produced the sufficient incentive to gas turbine operators to look for

new technologies to abate the mechanism of degradation to obtain optimal efficiencies

for long periods [33].

The studies in this area have demonstrated that the fouling mechanism represents

approximately 80% of the compressor losses. A reduction of 5% from the mass flow

can reduce 13% the output power and increase 5.5% the heat rate [35] & [36]. These

losses represent millions of USD in power and fuel consumption [29] & [35].

Fouling is found in all engines due to the big quantities of air ingested. A typical gas

turbine in operation in a residential location ingests 1.5 kg of solid contaminants per

day [32]. For example, an engine of 7.5MW in an environment with particles

concentration of 1 ppm can ingest 5 kg of dust in a single day [19].

This problem could turn worse if the engine operates in a much polluted environment

such as mining or oil field areas where the ingestion of foreign particles can rise up to

39kg per day [35]. It is necessary to pay careful attention to the inlet of the engine,

because the ingestion of high quantities of particles reduces also the engine life [37].
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Sedigh, E, and Saravanamuttoo [38], indicated that a 1 % reduction in axial compressor

efficiency can account for a 1.5% increase in heat rate for a given power output. If

fouling continues, eventually compressor surge may take place. Surge can severely

damage a compressor and in the worst case irreparably damage an entire gas turbine

engine.

In general, the industrial gas turbines are installed with inlet filters that stop the pass of

particles [39]. The size of particles stopped by the filters can be in the range of µ m

[40].

2.2.4 The Mechanism of Fouling

The flow in an axial flow compressor is a complex and three-dimensional phenomenon.

As suggested by Mattingly [41], to help the understanding of the basic phenomena the

flow field can be regarded as two-dimensional which is less complicated than three-

dimensional flow.

The mechanism of entrainment of particles by a surface of a body situated in the stream

of the air-aerosol mixture was described by Fuks, [42]. It is also, A. P. Tarabrin et al,

[39] noted that the deposition of particles on the surface of a blade takes place under the

action of inertia forces acting on the particles and forcing them to move across the

curved stream lines (the particle trajectory deviates from the stream lines). Particles of

dust colliding with the blade can stick to the blade surface.

On the other hand, when the particles move in the flow path of compressor the

centrifugal inertia forces make them move to the periphery of the compressor passage.

The coefficient of entrainment or the separation factor E according to Fuks, [42], is

determined as a ratio:

E =

L

h
[2.1]

Where:

h – Number of particles colliding with the surface of the body

L – Number of particles which could fall on the body surface if the stream lines were

not deviated by the body
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Figure 2-4 Cascade of profiles of axial compressor [39]
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As the pressure ratio of a compressor stage increases the flow turning angle and (c/s) of

the cascade also increases. Therefore, the high-head stage is more sensitive to fouling

then the low-head one.

As Trabin [39] suggested, the inertial deposition of the particles takes position on the

windward side of the blade facing the flow. The deposition of the particles is also

present on the leeward side of the blade profile as a result of the flow swirls and

turbulence. The results of an investigation of the deposit formation on gas turbine

compressor blading performed by Olhovsky [43] have shown that the fouling affects

the first 5-6 compressor stages. The blade fouling becomes less severe in the later

stages of the compressor. Figures 2.5 and 2.6 shows that fouling is present on both the

concave and the convex sides, but the convex side of the rotor and stator blades, except

the IGV, is more affected by the deposit formations, than concave one [39].
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Figure 2-5 Compressor rotor bales fouling (Sulzer type 3, Nafoora oil field)

Figure 2-6The hydrocarbon deposit in compressor IGV and blades (Sulzer type 3, Nafoora oil
field)

2.2.5 Fouling contaminant source

The atmospheric air ingested by the gas turbine contains certain amounts of

contaminants. These contaminants are the product of soft aerosols formed by small

particles of dirt, dust, pollen, insects, oil vapour, sea water salt, water vapour, sticky

industrial chemicals, un-burnt hydrocarbons, soot particles, etc. Brooks [3] &, Upton

[34]
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The performance deterioration of the compressor is due to these particles that can cause

in the blades a temporary problem (fouling) or a permanent problem (erosion) [44]. The

main source of the fouling problem in the compressor has the origin from the particles

mixed with the atmospheric air. The fouling layer on the blade surface is formed with

80% of the dust that is found in the filters [29].

The layer of fouling presents in many cases a combination of contaminants with

residues of oil or water mist [17]. The concentration of particles increases under

unfavourable conditions such as sand storms or chemical polluted clouds and the

mechanism of fouling is accelerated [35]. For that reason, it is important to consider the

environment conditions, layout of the plant and maintenance schedule in order to

reduce the probability of compressor fouling [45].

The particles that are deposited on the compressor blade surface are in the range of

micrometers [17], [13] & [37]. The x-ray analysis for a fouling sample demonstrated

that the layer of fouling is a mix of different components, see figure 2.7 [46]

Two groups of components were identified from this analysis. The first group was

water-insoluble solids represented by the presence of silicon, and the organic materials

were represented by the presence of carbon and oxygen. The second group was water

soluble substances that cause corrosion. They were hydroscopic and contained

chlorides to promote corrosion.

Figure 2-7 EDX spectrum of layer deposit on the surface of compressor blade [110].
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2.2.5.1 Sources of external contaminants

Table 2.1 proposes a general classification from the contaminants according to

geographical location of the engine [10]. For marine applications, it has been

demonstrated that salt is the main source of compressor fouling [10], [47] & [48].

Table 2-1 Gas turbine location and typical contaminants [10]

New technologies of filtration have demonstrated to stop the particles from the air

stream. However, their effectiveness is random due to changes from the environment

conditions. The common particles retained from the filters are summarized in Table 2.2.

These particles are found mixed between them and seldom were found isolated in the

filters [49] and [50].
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Table 2-2 Common particle size and concentration in atmospheric air [49] and [50]



27

The ambient conditions such as temperature, pressure and humidity play an important

role in the engine performance and they have to be considered in the study of fouling.

The ambient temperature is considered into three ranges: Hot (50 to 30ºC), Warm (29

to 15ºC) and Cold (15 to -20ºC).

The humidity is considered into three ranges: Dry (less 10%), Medium (around 50%),

and Wet (more than 75%) [51]. The combination of the possible environmental

scenarios between the temperature and humidity result in nine cases, see table 2-3.

Table 2-3 General environment scenarios of industrial gas turbines in operation

The type of fouling can change due to the season time in the same location. This is

influenced by the ambient temperature and the concentration of particles. For example,

the ambient temperature in the northern hemisphere can change dramatically between

one season and another. The altitude is an ambient parameter that also modifies the

engine performance. However, the influence of this parameter in the mechanism of

fouling is nil.
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2.2.5.2 Sources of internal contaminants

The internal causes that produce compressor fouling are due to non-maintenance or

incorrect operation from auxiliary equipments [52]. For example, the presence of oil

residues due to lakes seals is commonly found in the compressor. The cooling system

by fog in the inlet of the engine can carry salt or water impurities into the compressor

[24] & [13]. The filter panels are affected by erosion and corrosion and this increases

the presence of FOD inside of the engine [13]. In a sample of fouling the presence of

steel and aluminium particles was found due to the components rubbings from the

brush seals and bearings [53]. The wear of graphite bushing from the compressor guide

vanes has been demonstrated to be also a source of compressor fouling [54].

2.2.5.3 Steam and vapours as source of fouling

The presence of oil and vapours inside of the compressor increases the adherence of

particles on the blade surface [55]. The oil vapours are produced by oil lakes from

internal components of the engine [24]. The deposition of oil and particles on the rear

compressor blades formed a hard layer due to the temperature.

This layer is only possible to remove by hand in the overall engine maintenance [56].

The chemical vapours mixed in the air are the product of polluted environments. For

example, in marine applications the diesel vapour is produced by the auxiliary engines

localized close to the engine inlet [56]. The natural ambient agents accelerate the

adhesion process as such as heavy fog, rain and excessive humidity [57].

2.2.6 Effects of Fouling on Engine Performance

When individual components degrade they often do so at different rates which could

result in components mismatch, and will lead to losses in overall gas turbine

performance. Generally the effects of degradation due to fouling are:

1- Compressor component deterioration leads to performance and efficiency reduction

2- Power output reduction caused by deterioration of the ingested air mass flow

3- Reduction in overall thermal efficiency
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4- Where constant power is required, degradation leads to increased fuel consumption

and reduction in turbine blade creep life – due to higher turbine entry temperatures.

5- Due to all the above, economic losses will be incurred: additional fuel, repairs and

more frequent replacement of components (especially the expensive hot section) and

the necessity of employing additional maintenance technicians.

6- There will be loss of production because of the reduction in power supply.

7- With heavy fouling the likelihood of compressor surge and subsequent engine

damage is increased.

8- Unbalanced components due to corrosion and/or fouling could lead to unstable and

critical engine operation and even vibration breakup.

9- The complete or partial blockage caused by even fine particles entering the cooling

passages of the turbine can cause hot section overheating.

Zwebek [13] and Seddigh and Saravanamuttoo [38] reported that in real applications

1% of reduction in the compressor efficiency increased the heat rate by 1.5% to

produce the same output power, see figure 2.8.

In the case of the compressor configuration, fouling has a higher impact in axial

compressors than in centrifugal compressors [40] & [38]

The map of the axial compressor shows the reduction of the surge margin due to

fouling [29] & [38]. The speed of the engine also could hide the fouling effect in gas

turbines. This is because the movement from the design point represented in the

compressor map could be easy confused with a different compressor line of operation

[38]. The case is illustrated when the design point of the compressor is located in a

higher shaft speed point and lower efficiency.

When compressor fouling occurs, the compressor efficiency increases due to the

reduction of the shaft speed and then effect of fouling is difficult to detect [17].
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Figure 2-8 Gas turbine efficiency based on deterioration in specific sections [13]

The importance of the engine configuration to evaluate the influence of fouling was

analyzed by Caguiat, Zipkin, and Patterson [48]. The first case is an engine

configuration of two shafts (GE LM2500), figure 2.9. The normal operation condition

was linked to a specific value of the compressor delivery pressure (CDP) and the gas

generator turbine (GGT) was linked to a specific value of the shaft power speed (SPS).

When the CDP was reduced due to fouling, the turbine entry pressure (TEP) was also

reduced. This affected the GGT and then the SPS was also reduced. The automatic

control had to increase the fuel consumption to increase the power from the GGT and to

obtain the correct SPS. In this case, it is possible to detect the problem in the

compressor based on the speed and fuel consumption of the engine.

The second case was the operation of a single shaft engine (Allison 501K), see figure

2.10. The CDP was decreased due to fouling and then the SPS also decreased. The

automatic control increased the SFC and hence the turbine entry temperature (TET)

increased to obtain the correct SHP. In this case, it is difficult to detect the problem

directly because it requires to check the engine performance with two different loads.

However, in the real application, it is not possible to change the load.

The detection of fouling in a multiple axial compressor is also a difficult, because the

early stage modifies the rear stages. The analysis in this case is a complex study based

on the blade aerodynamics to detect the stage affected [58]. For that reason detecting
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fouling inside of the compressor is a difficult work and is generally based on the

operation experience [11], [35] & [59].

Figure 2-9 Gas turbine two-shaft configuration

Figure 2-10 Gas turbine single-shaft configuration

2.2.6.1 The effect of Fouling on air distortion and compressor surge

Reduction of the inlet mass flow rate is a major consequence of compressor fouling,

particularly if it occurs at the first stage because the first stage is not operating at its

design point and this will have follow on effects and problems will accumulate.



32

This change in the air flow condition will decrease the efficiency and the stall region

margin from the compressor [60], [53] & [58]. This reduction is due to the increment of

the surface roughness that changes the boundary layer thickness and reduces the

aerodynamic properties from the blade [17].

This change is represented in a compressor map when the operation point is moving

close to the surge line [23], [60], [43] & [40]. According to Mustafa [35] the condition

of operation close to the surge line is a dangerous situation for the compressor.

2.2.6.2 The effect of compressor fouling on blade integrity

Blade failure is a direct consequence of such mechanisms such as erosion, corrosion

and FODs. Fouling will have a direct effect is on component performance, but it is not

a main reason for blade failure. The direct effect of fouling is rotating stall and

subsequent compressor surge, which can affect blade integrity.

Heavy fouling on moving surfaces will often cause imbalance and vibration problems.

Where there is excessive humidity which allows fouling layers to adhere to each other

and build up, corrosive contaminants such as salts, acids and aggressive gases such as

NOx and SOx, can become trapped and this will lead to corrosion and pitting of the

blades. This can lead to stress concentrations and cause reduction in blade fatigue life.

Also dirt and fine particles can get in through the small gaps and/or clearances such as

occur in bearing and seals, these can build up and result in unstable operation of the

disc and blades.

2.2.6.3 Effect of compressor fouling on emission

Today with current concern about environmental pollution the emissions from gas

turbines are a serious consideration and a major factor to be considered in plant

maintenance.

Increased turbine entry temperatures, due to fouling will cause higher turbine section

temperatures. A major consequence is an increase in the quantity of NOx generated at

higher firing temperature in order to maintain power. However if increase of turbine

temperature is limited by the manufacturer there will be a loss of power.
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2.2.6.4 Economic consequences of fouling

The costs associated with fouling are significant in several area:

 Daily Operation Losses

These losses will include the additional of fuel consumed to maintain the power level.

Where increase of turbine entry temperature is prevented or limited by a control system

installed during manufacture there will be a loss of power with consequent production

losses; this could be of major importance in the power generation and oil and gas

industries.

 Maintenance and Repair Costs

The increase in turbine inlet temperature necessary to maintain power lost will

significantly reduce turbine blade creep life. Also fouling can block or partly block the

cooling passages causing overheating problems in the turbine section and increasing

turbine blades temperature. An increase of turbine entry temperature by 22°K has been

estimated as being responsible for a decrease in the high pressure turbine blade by a

factor of 3.2 or 69% [61]. The early and repeated replacement of expensive hot section

components would cause huge economic costs. Fouling can also result in corrosion

problems in the compressor and the early replacement of compressor components. In

section 2.2.2 it was mentioned that an increase in heat rate by 1% and a reduction in

power output by 3% will cause an increase in the operating costs of a 46.5 MW engine

of about $1.5 million dollars (US) over of 3 years [16].

One estimate of the total losses incurred due to fouling for two engines, one of 26MW

and the other 225MW, each working 8000h a year for two engines, were $500,000 (US)

and $5000,000 (US) respectively. [29]. However the costs incurred due to fouling could

be substantially reduced at relatively small cost by employing suitable and well-

designed compressor cleaning operation. That is an operator who uses the correct

washing system including elements such as the washing skid, the correct nozzle and

injection system design, the correct choice of cleaning detergents, washing frequency

and the correct washing procedure [62].
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2.2.7 Sensitivity of Engine Size to the Fouling

There are many publications, for example, by Aker and Saravanamuttoo [26], Sedigh

and Saravanamuttoo [38], Tarabrin [39] and many others, describe the sensitivity of the

engine to the fouling. Most of them, however, confirm that an engine of smaller size

shows more deterioration due to fouling than that a larger one.

It is very useful to develop effective methods to predict the degradation of engine

performance in the presence of fouling. Some mathematical simulations of fouling in

multistage compressors have recently appeared.

As mentioned above, field operating data revealed that the first stage of a compressor

fouls the most, constituting 40-50% of the total fouling effect. In addition, the degree

of fouling diminishes from front to the rear stages. A stage stacking technique

introduced by Howeli and Calvert [63] used a mathematical model to calculate the

compressor map through the performance of every stage.

In order to determine the sensitivity of a compressor to fouling, Sedigh and

Saravanamuttoo [38] suggested that the following index can be used to compare

compressor stage performance degradation due to fouling. The non-dimensional index

is the ratio of the specific power output of the engine and the enthalpy rise for a stage.

stgP TCm

P

0

0

[2.3]

Figure 2-11Variations of the index with percentage CDP decrease for the three engines when 40
percent of stages fouled [38]
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Figure 2.11, shows the variation of this index against the percentage decrease in CDP

for three different size engines, due to 40 percent fouling of the stages. The variation of

this index with the sensitivity of an engine to fouling is linear and consistent. This

index incorporates important specification data for an engine, i.e., the engine size

manifested by its design power output, its design mass flow rate and its stage loading.

[38].

Tarabrin [39] has established another index of compressor sensitivity to fouling (ISF),

and suggested that, the following equation will reflect qualitatively the sensitivity of the

axial compressor to fouling under similar environmental conditions.

[2.4]

Tarabin [39] also noted that a compressor of a smaller size is more sensitive to fouling

than that of a larger size. Finally, he noted that sensitivity to fouling of an axial

compressor increases when the stage pressure ratio increases.

Where:

ISF = Index of sensitivity to fouling

mo = Mass flow rate (kg/sec)

Cp = Specific Heat (Joules/KgK)

ΔT stage= Average total temperature Rise/Stage, 

Dh/Dt = Hub/Tip ratio for the first stage

Dt = Tip Diameter of axial compressor, first stage.

Assuming equal air filtration quality and environmental conditions, engines with a

higher ISF will give a greater reduction in mass flow, pressure and efficiency than

engines with a lower ISF.
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2.2.8 Fouling degradation rate

Experience of gas turbines shows that fouling increases most quickly at the beginning

of service life, then the rate at which fouling build up occurs decreases to a more or less

constant rate. Figure 2-12 illustrates typical efficiency degradation due to fouling over

the life of a gas turbine.

An empirical relation of Tarabin et al. [39] is ;

      ΔPower = a [1 – e -b] [2.5]

a = 0.07

b = 0.005

Figure 2-12 Fouling degradation rates [17]

2.2.9 Protection against degradation

The following steps are considered in minimising for protecting gas turbine
degradation.

 A frequent maintenance strategy.

 Selection and regular maintenance of intake air filtration.

 Frequent on-line compressor washing.
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 Thorough treatment of fuel to reduce hot section fouling.

 Following the manufactures instructions and recommendation regarding

operation and maintenance procedures.

2.3 Economic and Life Cycle Cost

The field of gas turbine power generation economics has developed over the past thirty

years from the simple calculation of unit generating cost in mills per kWh to the

complex analysis of the operation and costs of complete systems of generating units.

It is fundamental that this development has paralleled the development of improvement

methods of reliable and economic operation of power system, because the function of

economic analysis is to maximise the total profits over a long term period; and this

requires that the economic analysis faithfully represent actual operations, technical as

well as financial [65]

Gay et al. [66] published a study (Plant Playback) describing the application of plant

optimisation software to assess the benefit of plant upgrade analysis for a combined-

cycle power plant. This was based on the characteristics of the power plant, its

operational profile (including likely variations in loads and ambient conditions, contract

stipulations, etc.) electricity sales and cost of fuel, and on configuration and

performance.

2.3.1 Economic Evaluation Methods

2.3.1.1 Discount Cash Flow Rate of Return Method

The “Discounted Cash Flow Rate of Return” is the name given to the discount rate

which results in the future cash flows equalling the initial investment. The best choice

project is the one with the highest discounted cash flow rate of return. However, if

investment risks are ignored, all that projects with a discounted cash flow rate of return

that exceeds the cost of money are considered worth-while [67].

The “Discount Cash Flow Rate of Return Method” is a widely used economic

evaluation model used by competitive business enterprises which examines every cash

flow alternative for the duration of the evaluation. Different worth rates are used to

discount each of the alternative the cash flows.
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2.3.1.2 Investment Pay-Back Method

Another evaluation method, the “Investment Pay-Back Method” is used by both

utilities and free market enterprises for scoping analysis. The bay back method is

simply calculated as the number of years required for the net benefit to equal the initial

investment. Business enterprises in a free market system use this as screening tool to

examine a variety of alternatives. After narrowing down the pool of alternatives to a

manageable size (typically 5 to 10) the enterprise may then conduct discounted cash

flow rate of return analysis on the most promising candidates. In the regulated utility

industry, the pay back method is widely used on small discretionary investments,

particularly for spare parts or retrofit activities of utility [67].

2.3.1.3 Minimum Revenue Requirements Method

The “Minimum Revenue Requirements Method” is the economic evaluation method

most widely used by regulated utilities, because the rate of return on any investment is

determined based on what the regulator allows. That return is a weighted average return

on bonds, where the calculated interest is based on bond ratings and the equity return

allowed by the regulating commission.

It is possible to calculate the return to bond holders and return on equity as well as

depreciation and taxes incurred for a number of alternative strategies. The best

alternative is usually considered to be the one that necessitates the lowest revenue

requirements. Thus, projects that have the lowest present worth revenue requirements

are preferred [66].

Revenue requirements are the sum of the annual fixed charges on a new investment and

the annual costs of fuel, operation and maintenance. Stoll [76] introduced a

mathematical technique to levelise the cost of energy which includes a number of

factors such as annual fixed charge rates for the power generation plant.

2.3.2 Fixed Charge Rate

The concept of fixed charge rates is widely used in the utility industry. Fixed charge

rate is defined as the annual owning costs of an investment as a percent of the

investment. A typical value in the power generation industry might be 20% /year. When
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an investment in utility plant is made and placed into service, the owning cost to the

utility includes the following:

 Interest on bonds used to partially finance the project

 Equity return requirements of the stockholders

 Income taxes

 Insurance and property taxes

 Depreciation charge on the investment

2.3.3 Annual expenses

To a certain extent annual costs depend on decisions made at the design and

construction stages of any system. The Operating and Maintenance (O&M) costs

depend significantly on fuel prices (in fact fuel contributes about 70% of the total O&M

costs). It is possible that actions taken to reduce capital and installation costs may lead

to increased O&M costs, with an overall negative impact on the total economic

performance of the project. Typical O&M costs for a co-generation plant (at 2004

prices) are 0.0035£/kWh, 0.005-0.0115£/kWh and 0.008-0.016£/kWh for steam cycles,

gas turbines and reciprocating engines, respectively [68], [69], [70].

2.4 Optimisation Method Review

2.4.1 Evolutionary Algorithms

One of the most widely used numerical methods for optimising the solution of

engineering problems involves the computation of sensitivity gradients. These methods

have been used to optimise engineering performance over a wide range of problems.

Gradient based methods (GBM) generally require a smooth design surface and either an

initial guestimate of the solution close enough to the global optimum or minimum to

ensure proper convergence, or the existence of only one local optimum in the region of

interest.

In contrast to GBM, design space search methods such as genetic algorithms (GA) offer

an alternative approach with a number of attractive features. The basic idea associated
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with the GA approach was inspired by the natural selection and evolution theory

proposed by Charles Darwin.

The problem to be optimised is parameterised into a set of decision variables or genes.

Each set of genes that fully defines one design is called an individual or a chromosome.

A set of chromosomes is called a population or a generation. Each complete design or

chromosome is evaluated using a fitness function that determines survivability of that

particular chromosome. For example, in gas turbine applications, the genes may be a

series of performance parameters associated with a cost function that is to be optimised.

The fitness function takes as input all the performance and economic parameters and

returns the fitness (cost function)

During solution advance (or “evolution” using GA terminology) each chromosome is

ranked according to its fitness. The higher-ranking chromosomes are selected to

continue to the next generation usually multiple times while the lower ranking

chromosomes are not selected at all. The selected chromosomes in the next generation

are manipulated using different operators: crossover (where new individuals are

generated by combining existing selected chromosomes, crossover is performed by

swapping parts of two existing chromosomes to produce two new chromosomes) or

mutation (where all chromosomes in the population are checked bit by bit and the bit

values are randomly reversed according to a specific rate) to create the final set of

chromosomes for the new generation. These new chromosomes are then evaluated for

fitness and the process continues from generation to generation steadily improving the

design.

Constraints can be included in GA optimisation either directly into the fitness function

or by pre-processing the candidate design so that if a candidate violates a constraint, its

fitness is set to a value that ensures it does not survive to the next evolution level.

Because GA optimisation is not gradient-based it works well in non-smooth design

spaces containing more than one local optima Goldberg [71], Davis, [72] and Beasley,

et al. [73], [74].

Additional useful studies which survey recent activities in the area of genetic algorithm

or evolutionary algorithm research including the presentation of model problems useful

for evaluating GA performance are given in Deb, [75] Jiménez, et al. [76} and Van

Veldhuizen and Lamont.[77]
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Other applications involving GA search methods have been in the area of multi-

objective or multidiscipline optimisation, because GA optimisation techniques offer the

are not limited to traditional single design point solutions, but have the capacity to

compute so-called “pareto optimal sets”.

The GA used in the present project is described below including details of each of the

operators (selection, pass-through, random average crossover, and mutation). The GA

was tested using a hill-climbing problem and its convergence efficiency assessed as a

function of the design space characteristics and the control parameter specification.

The motivation for using GAs will depend upon the nature of the application. If the

optimisation problem under investigation is well behaved, then the obvious choice will

be the use of conventional deterministic techniques. However, these optimisation

techniques face major difficulties: when the objective function is discontinuous, or

contains points at which gradients are undefined, or contains variables that interact in

highly non-linear ways, see figure 2.13. Table 2.4 tabulated the different between GA

and other traditional methods.

In these situations, heuristic methods like GAs are a powerful alternative for exploring

search spaces and finding good solutions that cannot be detected by conventional

numerical techniques. [78]

GENETIC ALGORITHMS TRADITIONAL METHODS
Search a population of points in parallel. Operate on single points

Do not require derivative or auxiliary information. Generally requires derivative
information

Use probabilistic transition rules Generally use deterministic
transition rules

Work on an encoding of the parameter set
(except in real valued representations)

Work on the parameter set itself

Table 2-4 GA versus traditional methods
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2.4.2 Limitations of GA

Despite its superiority in search capabilities, GAs have drawbacks such as premature

convergence, poor local tuning and long computer time for convergence.

Premature convergence: This phenomenon occurs when some super individuals acquire

more and more representatives. These super individuals can originate from local

minima and could be far away from desired global minima.

This phenomenon can be overcome by implementing methods such as dynamic

mapping of the objective function.

Poor local tuning: GAs is very efficient to detect the global search space. However,

binary GAs is less efficient and encounters difficulties to reach the absolute global

minima.

The problem of poor local tuning can be tackle by implementing a traditional method

“a hill climber” once the area of global optima is reached.

For some cases GAs takes long time to converge, and this problem can be solved by

using parallel GAs which is rather easy to parallelise GAs unlike many traditional

optimisation methods [80]

Figure 2-13 Multiple local optima
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2.4.3 Power plant optimisation

Kikuo Fujita et al [81] have applied a GA based optimal planning method to energy

plant configuration, to determine the types, models, and numbers of items of

equipment, to satisfy required energy demand and to minimise the plant facility cost

and input energy cost. They applied simple a GA using binary coding for plant

configurations.

Richard Knight et al [82] developed an optimisation tool for gas turbine power

generation economic optimisation based on GA, the economic improvements provided

by the application of the tool are dependent on the particular plant configuration, the

accuracy of the component models used during the modeling process, and the economic

scenarios selected for plant operation, indications from the case studies reported in this

paper suggest significant benefits are achievable.

For comparison a GA procedure was applied to a system sufficiently simple that the

best configuration could also be found by inspection. This allowed the results to be

compared and confirmed the performance of GA the methodology used [83].

2.5 Summary

From this literature review, several economics and technical aspects related to

industrial gas turbine power plant selection were described. Considering these technical

and economics parameters optimisation techniques have been investigated to evaluate

the most suitable one in order to maximise the power plant total profit or minimise the

total costs. It is concluded that the optimisation of power plants costs can benefit from

using GA,s in order to maximise the profit by help the user to select the most cost

effective equipment to buy or help the user to set the required loads for an existing units

in order to minimise the life cycle cost.

It is also clear from the literature review that, there are many different aspects

interrelated with each others that should be taken into account when optimising the

industrial gas turbine power plants as the process of cost optimisation at off design

conditions is not a linear process.

The literature review shows that the ongoing power plant optimisation research seeks

not only to shorten the design time but also to find new methods of minimising the

number of human interventions within the design process.
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The advantage of employing the genetic algorithm methods, when compared with

gradient based optimisation approaches are their robustness, their suitability for parallel

computing, their efficiency when the number of variables is high and the objective

function has many local minima and the fact that they are general and therefore do not

require modification for a specific problem.
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3 GAS TURBINE POWER PLANT OPERATIONAL MODELLING

3.1 Introduction

The technical objective of this work is to study the behaviour of the industrial gas

turbine engine at off design conditions such as the different ambient temperatures and

the power setting.

This will facilitate an investigation of the key parameters that have the major effects on

the operational strategies in order to maximise the total profit for the power plant while

satisfying the other constraints which will be the total power demand in this study. Also

to investigate how this power plant is sensitive to each of them, as these parameters

required by the optimisation tool as variable parameters.

3.2 Engine Modelling Using Turbomatch

Cranfield School of Engineering has developed a gas-turbine performance simulation

suite of programs called Turbomatch [84]. This can be used to explore gas turbine

design, behaviour and performance and the estimation of design point and off design

point performance. The output from Turbomatch includes power, thrust, fuel and

specific fuel consumption [84].

Turbomatch is based on pre-programmed routines known as “bricks” each of which

simulate the performance of one of the component parts of the turbine. To model the

gas turbine’s off-design point performance it is necessary to determine the engine

configuration and build it from the component parameters. So-called station numbers

are used to connect components. At each interface or station, the gas state is described

by a station vector which contains eight quantities. BRICK requires this is done by the

use of “codewords”

Inputs:

1. The inlet station vector

2. BRICK DATA=BD(K) to be input(Efficiencies, pressure ratio, pressure loss factors,

etc)

3. Engine Vector Data (Compressor work, generated in COMPRE and be used in

TURBIN) [84].
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Outputs:

1. The outlet Station Vector

2. Engine Vector Results (Thrust, Power, Compressor work), [84].

3. Inputting the experimented results in a Turbomatch input file will require

Making a model of the engine and building it in a modular fashion by using

Various pre-programmed units called Bricks.

INTAKE: Intake

COMPRE: Compressor

PREMAS: Splitter, Bleed, By-pass duct

DUCTER: Ducts

MIXEES: Mixing of two flows

BURNER: Combustor

TURBIN: Turbine

NOZCON: Convergent nozzle

PERFOR: Final calculation of performance

The modelling of LM2500+ has been attached as Appendix 1 of this research work.

3.3 Modelling of “GE LM2500+” Gas Turbine Engine”

For the simple cycle, GE LM2500+, [86] has been selected for study. It is an industrial

and cogeneration two shaft gas turbine. This machine is used in a wide variety of power

generation as simple or combined cycle but it can also be used as mechanical drive.

Figure 3-1
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Figure 3-1 GE LM2500+ Gas turbine engine [1]

3.3.1 Design and Configuration

The application needed for this part is simple cycle power generation with the

following characteristics from the literature (Table 3.1):

Frequency 60 Hz

Power Output 27.6 MW

Pressure Ratio 23.1: 1.0

Turbine Speed 3600 rpm

Exhaust Temperature 762.00 oK (922.496 oF)

Exhaust Flow 80.5 Kg/s

Heat Rate, MJ/KW-HR 9.16

Table 3-1 Engine data

It would be favourable to have all operating line points but the design point is the only

published values available. To match the design point, Turbomatch model has been

built for different engines as shown below in Turbomatch file result sheet based on

Figure 3-2

The simulation procedure in Turbomatch manual has been followed to do modelling.

The objective was to achieve results as similar as possible to those taken from the

literature. Some minor differences taken into account between the real engine and the

model such as turbine cooling air between burner and turbine which is not the case in

real engine [84]
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Figure 3-2 Schematic engine layout for GE LM2500+

Description Value Remark Simulation Deviation
%

Ambient temperature T1 , K 288.15 Given 288.15 0.0
Ambient pressure P1, kPa 101.32 Given 101.32 0.0
Comp inlet pressure P2, kPa 100.82 Given 100.82 0.0
Inlet mass flow, kg/s 80.50 Given 80.5 0.0
Power out put, MW 27.60 Given 27.60 0.0
Comp. exit temperature T3, K 760.61 Given 754.07 0.85
Comp. exit pressure P3, kPa 2297.54 Calculated 2298.68 0.049
Turbine entry temp. K 1505 Calibrated 1505 0.0
Comp. isentropic efficiency 0.873 Calibrated
CT isentropic efficiency 0.896 Calibrated
PT isentropic efficiency 0.854 Calibrated
Combustor efficiency 1.00 Asumed
Combustor pressure loss 0.075 Asumed
Power turbine cooling air 0.025 Calibrated
Compressor turbine cooling air 0.075 Calibrated
PT exit temperature T10 K 762.00 Given 758.20 0.49
PT exit pressure P10, kPa 102.88 Calculated 102.95 0.068
Exhaust exit temperature T11, K 758.00 Given 767.87 1.30
Exit mass flow, kg/s 82.29 Given 82.19 0.12
Fuel Flow, kg/s 1.63 Calculated 1.628 -0.122

Table 3-2 Components characteristic input data

While some parameters have been reasonably assumed such as combustor efficiency,

some other parameters have been slightly calibrated like TET to match the result from

literature. Table 3-2 shows the difference between engine published data and the results

obtained from Turbomatcm and also from a hand calculation see Appendix A.
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3.3.2 Design Point Performance

To predict the design point of the turbine requires values to be assigned to the various

brick data and station vectors listed above. Appendix 1 shows how the various bricks,

station numbers, brick data engine vector results and variable geometry are arranged.

Appendix 2 demonstrates the running of the input file. However, to obtain a design

point which matches all the engine’s specified parameters (e.g. efficiency) it is

necessary to make some initial intelligent guesses followed buy iterations and

adaptations [86].

3.3.2.1 Components Efficiencies

Unfortunately commercial secrecy means that the gas turbine manufacturers will not

release details of the efficiencies of engine components. This information has been

determined from research undertaken on the LM2500 engine [87]. In addition some

assumptions had to be made, and curves of typical components efficiencies from

reference books [2].

 Compressor efficiency

Gas turbine compressors are not ideal isentropic engines and to determine compressor

efficiency, it was necessary to find the compressor stage polytropic efficiency. This was

found to be about 90% using available curves which plotted the axial compressor

polytropic efficiency against stage loading. The stage loading was determined from the

overall pressure ratio and the compressor number of stages assuming an average stage

pitchline loading of 0.35, and that the curve to use was high technology [2].

The compressor efficiency is found by substituting the polytropic efficiency into the

formula for isentropic efficiency together with the ratio of the major specific heats for

air and the pressure ratio:
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 High pressure and power turbine efficiency

The turbine isentropic efficiencies both turbines were found from charts of isentropic

efficiencies as a function of the expansion ratio [2]. The efficiency was found to be

89% and this was not too different from the value of either turbines mentioned in [87].

 Combustion section

It was assumed that the typical combustion system efficiency was 99.5%, and the

combustion chamber pressure drop was 7%.

 Intake system

The intake system total pressure drop was assumed to be 0.5%.

 Percentages of bleed air

The percentages of bleed air from the rear compressor stages had to be assumed as this

is information held by the manufacturer and not released. They are not yet accurately

known and were assumed to be:

o 2.5% for the power turbine blades cooling.

o 8% for the high pressure turbine blades cooling.

The simulation of design point and off design for different ambient conditions using the

Turbomatch software was carried out on the General Electric LM2500 plus industrial

engine. The simulation was performed in order to obtain representative engine

behaviour with changes in a number of parameters and to be able to analyse the

simulation results.

3.3.2.2 Engine cycle calculation

To identify the pressures and temperatures at different engine component stations a

number of engine cycle calculations were performed using data available from the GE

official website, other reference material and certain assumptions. The main parameters

of interest were the turbine entry temperature and compressor efficiency.
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3.3.2.3 Design point simulation results

The output file results can be listed as shown in the table below:

Power 27.6 MW

Fuel flow 1.6 Kg/s

SFC 59 mg/Kw.s

Exhaust temperature 10570K

Thermal efficiency 39.3 %

Table 3-3 Output file results

Figure 3.3 shows the plots of specific fuel consumption Vs specific power output for

the engine studied. These plots gave a comprehensive representation of what took place

when the firing temperature and the pressure ratio were allowed to vary.

The curves shows optimum specific fuel consumption and specific power output for

different firing temperature and pressure ratios. It should be noted that the optimum

efficiency that is the lowest specific fuel consumption, for a given firing temperature

tended to occur at higher pressure ratio than the optimum specific power output.

Some of design point characteristics can be obtained from manufacturers and some are

not published for the competition such as TET. Manufacturers are using either

computer matching simulation or statistical averaging of production engines. So design

point can certainly not be realised [2].

Appendix A. Shows the input and output data files used for the design point analysis

In the case of gas turbine engine, for an optimised design, as already mentioned earlier,

the obvious requirements are a low specific fuel consumption coupled with a high

specific power output. These can only be achieved by employing a high pressure ratios

and high turbine entry temperature, see figure 3-3. Further improvements in gas turbine

plant efficiency can be obtained by adding different components such as intercooler,

heat exchanger or both to the original cycle, but these improvements are going to be at

more cost.

There are some other economic aspects should be taken in consideration during the

optimisation of the plant, these are; the first cost, the life cycle cost, running and

maintenance costs, electricity price, fuel cost, emission tax and other costs which will
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discuss in details later. As shown in this figure the specific power increasing with

increases the turbine entry temperature and also with increases the pressure ratio.

Selection of gas turbine parameters that have major influences on the optimisation

process is the most important issue because it is the key start for a good optimisation.

Figure 3-3 shows that the SFC of gas turbine engine decreasing with the increase of

turbine entry temperature (TET), the higher (TET), the higher efficiency of the gas

turbine and the higher heat content of gas turbine exhaust (in case of the combined

cycle) and this will increase the efficiency of the combined cycle which is significantly

dependent on the heat content. However, TET cannot be increased indefinitely because

of temperature limitations of the materials and also the cooling system for the turbine

blades.

Figure 3-3 stated that increasing the pressure ratio decrease the SFC (increases the

cycle efficiency). However, as pressure ratio changes, the specific power also changes.

Thermal efficiency and specific power both are strongly influenced by pressure ratio

and turbine entry temperature. However, the maximum specific power and the

maximum thermal efficiency do not occur at the same pressure ratio. So, in designing

gas turbines, the design pressure ratio must be a compromise between the maximum

thermal efficiency (minimum specific fuel consumption) and the maximum specific

power in order to decide whether we need a small engine (high specific power) or an

efficient engine (low specific fuel consumption) and this is directly relates to the capital

and annual cost for the engine as it will discus in details later [88].
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Figure 3-3 GE LM2500+ Design Point Performance
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3.3.3 Off-Design Performance

This section investigates the change in steady state performance of the engine as

operational conditions change. Having determined the operational conditions it is

possible to obtain various performance curves for the engine, these include specific

thrust or power, specific fuel consumption, thermal power, etc.

As has been discussed previously the temperature, density and relative humidity of the

inlet air all affect the performance of a air-breathing gas turbine. The effects of these

parameters on off design performance will be studied separately [2].

3.3.3.1 Influence of Ambient Temperature

It is well known that as the temperature of air increases its density decreases and so will

the air mass flow rate into a gas turbine, which has a consequent effect on its

performance. In an ideal cycle when inlet ambient air temperature increases more work

is done during compression (because entry temperature is proportional to ambient

temperature) but the work done during expansion remains constant. The useful work is

the difference between them which decreases, (figure 3.4).

Ideally, the pressure ratio of the cycle is unchanged and because thermal efficiency is a

function of pressure ratio only, it also is unchanged.

Figure 3-4 Effect of increased Ta on the ideal cycle
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However, in a real cycle thermal efficiency will depend on the temperature ratio T04/

T02, so the thermal efficiency will fall along with the useful work. This can be seen by

considering the engine operating at a constant shaft speed; as ambient temperature rises

(N/√ T02) will fall, as will the compressor pressure and temperature ratio figure 3.5.

Figure 3-5 Change of the ideal cycle due to Ta

If TET is maintained constant, an increase in ambient temperature will result in a drop

of fuel flow. However, for a given fuel flow rate (constant rate of heat input) and a

given mass flow rate (of constant specific heat) an increase in inlet temperature will

mean an increase in outlet temperature, that is if ambient temperature increases, T02 hot

increases.

The reduction in PR is not sufficient for T03 hot > T03 normal. This results in falling heat

input, fuel flow and mass flow.

How change in ambient temperature over the range -250C to +550C affected engine

performance was investigated. The graphs of power output and efficiency as functions

of ambient temperature at different values of the TET were plotted in figures 3-6 and 3-

7
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As would be expected there is a substantial and more or less linear decrease in engine

output power as ambient temperature increases from -150C to 500C, see figure 3-6. The

efficiency of the engine also falls, with the biggest fall at lower values of the TET, see

figure 3-7.

The decline in output power and thermal efficiency with increase in ambient

temperature can be explained as follows:

 A decrease in the density of the inlet air means a reduction in mass flow into the

gas turbine and simultaneously more work is required to compress the warmer

air. The opposite effects occur when the temperature of the inlet air falls.

 Thermal efficiency depends on the ratio T3/T1, if ambient temperature T1 rises

the thermal efficiency will fall. On the other hand a drop in the ambient

temperature will increase thermal efficiency.

The seasonal ambient average maximum temperatures at the Sarir oil field are shown in

figure 3.8. These can be used to obtain a reasonable estimate of the range of relative

power outputs which can be obtained from the GE LM2500+ gas turbine.

Figure 3.9 shows the calculated performance corrections for efficiency, fuel flow rate,

mass flow rate, power output and specific fuel consumption. With increase in ambient

temperature there is an increase in the heat rate which is directly proportional to fuel

flow and inversely proportional to power output. Thus there is a drop in power output

as ambient temperature increase. This suggests that for an increase in ambient

temperature the same fuel flow will give a lower power output from the same engine,

alternatively for the same power output an increase in fuel flow rate is required. This is

important because fuel is the largest single portion of the total annual running cost.



57

AMBIENT TEMPERATURE ( 0C )

-30 -15 0 15 30 45 60

P
O

W
E

R
O

U
T

P
U

T
(M

W
)

0

5

10

15

20

25

30

35

40

45

TET=1250 0K

TET=1300 0K

TET=1350
0
K

TET=1400 0K

TET=1450 0K

TET=1500 0K

TET=1550
0
K

TET=1600 0K

TET=1650 0K

Figure 3-6 Engine power variation with ambient temperature
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Figure 3-8 The average maximum seasonally temperature at Sarir oil field

The effect of ambient temperature on gas turbine performance can be summarised in

figure 3.9, as it shows correction curves for ambient temperature and its influence on

the power output, heat rate, thermal efficiency and air flow.
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Figure 3-9 Performance corrections for ambient temperature
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The pressure will decrease and the temperature will increase in all stations due to

ambient temperature increase and the opposite is correct for ambient temperature

decrease.

The influence of ambient temperature on overall efficiency is affected by the power

setting (TET). If the engine is operating on part load, the drop of efficiency will be

much higher than if turbine is running on base load. But the power output is directly

proportional to TET.

Figures 3-10 and 3-11 concluded that the engine thermal efficiency decreases as power

decreases (due to decreased electricity load). This is exactly the opposite of what has

happened when the entry compressor total temperature has fallen. In this case T2 and N

are both constant and in order to reduce the power, pressure ratio and TET must be

decreased which results in lower thermal efficiency, and more clear presentation of

what is happening can be seen in the following figures.

3.3.3.2 Influence of Firing Temperature

The increase in TET generally has a positive effect on all the engine parameters. This is

more obvious at higher TETs because the component losses become relatively less

important. Obviously, care must always be taken in order not to exceed the thermal

limitations of the turbine working components (blades, rotors etc.). Above 13000K a

cooling system is necessary.

Figure 3-10 shows how efficiency increased with increase in the firing temperature

from the design point. At low ambient temperature, -250C, and the engine is already

working near its maximum power rating even for fairly low values of the TET. Thus an

increase of TET under these conditions would be expected to produce only a marginal

improvement in power output. However, at higher ambient temperatures of 450C to

550C the cycle efficiency is relatively low for lower values of the TET, so here an

increase in TET would be expected to give a noticeable improvement in cycle

efficiency. Figure 3-11, shows a fairly uniform increase in power with increase in TET

for all ambient temperatures.
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3.3.4 Performance Degradation

3.3.4.1 Introduction

Many factors contribute to degradations of gas turbine engine performance with the

passage of time including the following:

 Compressor fouling

 Sand particle erosion

 Salt erosion and corrosion

 Increased running clearances due to wear

 Bearing wear

 Fuel contamination

This study deals only with the performance degradations that take place as a result of

compressor fouling.

3.3.4.2 Compressor Fouling

Compressor fouling is probably the most common cause of performance degradation.

In a desert oil field environment, a significant contribution to engine performance

deterioration is the fouling of compressors caused by the very small sand particles

which pass through the inlet filters and mix with oil deposits. Such fouling reduces both

compressor efficiency and air-flow capacity due to increasing blockage of the gas path.

The effect of reduction in compressor efficiency is shown in figure 3-12.

This gradual build up of deposits over a period of typically one year following

overhaul, necessitates a continuous increase in firing temperature to maintain constant

output shaft power. This, of course, results in higher fuel flow as shown in figure 3-13,

and seriously reduced hot section turbine blade life due to the increasing in firing

temperature, see fig 3-14.

In addition, and perhaps as seriously, the build-up of deposits in the compressor

changes the natural frequency of the blades. In combination, these factors can increase

blade vibrations, reduce compressor surge margin and make the compressor more prone
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to failure. Figure 3-15 shows the effect of compressor degradation on power output and

thermal efficiency. It can be seen that as compressor degradation increases from 1% to

5% the efficiency drops by 4% and the power drops by about 3%. The drop in power

output and thermal efficiency is because increasing degradation leads to an increasing

drop in pressure ratio.

In such circumstances a power plant might require an increase in TET to meet its

installed capacity. (The effect of increase in firing temperature on the engine

performance has already been discussed above.)
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Figure 3-12 Effect of reduction in compressor efficiency

Vatiation of Fuel Flow Due to Compressor Fouling (3.3%)
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Figure 3-13 Variation of fuel flow with 3.3% compressor fouling during summer day
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Increasing of TET Due to Compressor Fouling, During Typical Summer Day
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Figure 3-14 Increasing of TET due to compressor fouling during summer day
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Figure 3-15 Effect of compressor degradation on power output and efficiency

Now it is possible after design point simulation completed to plot the compressor map,

see figure 3-16, and to show the design point. The horizontal axis of the compressor

characteristic map will represent the non-dimensional mass flow, while the vertical axis

will represent the pressure ratio.
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In figure 3-17, the compressor map of the LM2500 + represent the off-design operation

with the running line for ambient temperature variation, and also the surge line with the

various engine running speeds. The pressure ratio (PR) vs. Non-Dimensional Mass

Flow (NDMF) graphs in figure 3-17 shows that the speed line moves towards the left as

the compressor degrades from 1% to 5% the running line of the compressor also moves

towards surge. The engine will most likely surge when transient operations are being

carried out at very high level of degradation.

Also from figure 3.17 it can be noticed that the effect of increased inlet air temperature

will result in reduced air density resulting in reduced mass flow which will reduce

(W√T1/P) and thus resulting in unstable engine operation as a result of the operating

line being closer to the surge line. In the range from 50 to 70 of non-dimensional mass

flow, which is the case of increased inlet air temperature, it can be seen that the

operating line approaching the surge line.

It becomes important to therefore estimate the level of degradation which has taken

place in the compressor to carry out planned maintenance. This can be achieved by hot

gas path condition health monitoring.
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As mentioned above compressor fouling led to significant reduction in compressor

mass flow which has a strong effect on the engine performance especially the power

output which drops by about 10 % as can be seen in figure 3-18.
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Figure 3-18 Engine performance deterioration by mass flow
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3.3.5 Summary

LM2500+ Industrial gas turbine has been simulated in this part as a model to

investigate its behaviour at different operating conditions as shown in figures 3-6 to 3-

18 and tables 3-1 and 3-2. For the engine design point performance some parameters

have been assumed, some given and some calibrated as it is shown in table 3-2.

The simulation showed that the key parameters for the ambient and the operating

parameters that will effect on the total profit for the gas turbine power plant are the

ambient temperature and the power setting (TET).

Altitude has also a significant effect on the total performance in case if the power is in

the stage of the location selection.

For the ambient temperature as it is clear in this investigation, gas turbine likes cold

wither and the choice is to reduce the temperature in hot times by using inlet cooling

system which is will be a matter of economic to compare the benefit with the cost.

Figures 3-10 and 3-11 illustrated the effect of turbine entry temperature on the power

and efficiency of the gas turbine and each engine has its own sensitivity to TET change.

in most power plants which is include more than one engine, the challenge is, when and

how to operate the different units according to the power demand (TET) in order to

minimise the annual cost from an operating point of view which is will be with the

other aspects the main challenge for this study.

It is has been shown that degradation due to compressor fouling plays a significant role

in reducing the performance of the engine which will impact life cycle cost as will be

discussed in detail later.

Many other engines have been simulated by the same way using Turbomatch to

establishing a library for wide type of engines and cycles.
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4 GAS TURBINE POWER PLANT ECONOMIC EVALUATION

4.1 Introduction

A major task for this project is to develop a procedure which integrates power plant

economic activities, so that economic measures of the system, such as fuel,

maintenance, operational and other costs and cumulative revenues can be evaluated

with time along the operating horizon. These system level economic metrics provide a

basis from which to evaluate long and short term plant profitability when optimising

operational performance. One approach is to integrate local economic metrics along the

entire operating time horizon. Such an approach requires the accuracy and efficiency to

be balanced evaluating long-term economic measures and inter-relationships. Such an

approach requires numerous evaluation points.

This chapter introduces a systematic approach to evaluate the economic performance of

gas turbine power plants.

4.2 Industrial Economic Analysis Methods

The financial objectives of power generation companies are to maximise earnings per

share consistent with good business practices. Industrial economic analysis procedure is

focused toward this objective. The method most widely used to analyse these financial

obligations is the discounted cash flow rate of return method.

This discounted cash flow rate of return method (DCFR) begins by calculating

revenues, subtracting expenses, and computing earnings for each year over a several

year horizon period or over life of a project. Each year’s earnings are discounted back

to the year that the investment is to be made. This process is repeated using several

values of discount rates. The discount rate for which the cumulative present worth net

revenues equals this initial investment is defined as the DCFR.

4.3 Total Profit Equation (Objective Function)

Gas turbine power plants produce power and thus generate revenue and profits for

industries that deploy them. However, costs associated with the operation of gas

turbines include fuel, operation and maintenance, depreciation, returns paid to

investors, and more recently such costs as emission taxes. The sum of these costs is the

operating costs.
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The capital cost is the purchase cost of the gas turbine and auxiliary systems it also

includes of cost of the space where the engine will be placed. The abandonment cost is

the cost of safely disposing of the gas turbines and associated systems at the end of

their lives. The sum of the capital cost, the operating cost and the abandonment cost is

referred to as the total ownership cost or life cycle cost (LCC).

The difference between the total revenue (TR) and the LCC is total profit (TP)

generated. The lower the LCC and the higher the revenue the greater the TP. This

section of the project aims to develop an algorithm which will predict the cumulative

LCC for an industrial gas turbine power plant operating at different ambient conditions

and loads, see figure 4-1

Degradation FactorsAmbient Conditions

Price of Fuel & Price of
Electricity

Power Plant
Performance Model

Power Plant Economics Model

Power Plant Economic
Responses
 Profit
 Revenue
 Fuel Cost
 O & M Costs
 Emission Tax
 Financial Costs

Operating Conditions

Figure 4-1 Analysis process flow for power plant economics



69

4.4 Power Market and Environmental Conditions

Much research effort has been expended on electricity pricing, forecasting the price of

fuel, power demand and supply forecasting [89], [90]. In these considerations three

major factors have emerged which are functions of the time of year: ambient

conditions, the price of electricity and the price of fuel.

Theoretically in a deregulated power market, it would be expected that the prices of

electricity and fuel would be stochastic or random in nature. However, seasonal

demand and daily use impose short-term, seasonal and long-term patterns. For example,

on a daily basis, electricity prices tend to be lower between midnight and 6 a.m. than

during the day, because people use less electricity during that period.

Again the price of electricity is higher in the winter (in the UK) than that in the

summer, because demand is higher in the winter. In a market driven environment, the

prices of electricity and fuel are major considerations for operational planning of power

plants. Weather shows strong seasonal variations which are not stochastic processes in

the long term and the trends in ambient temperature and relative humidity are important

factors impacting on gas turbine performance. To investigate price of electricity and

fuel as a function of ambient conditions such as pressure and relative humidity is

beyond the scope of this work.

Yet a simple model able to capture the consequences of seasonal variation of e.g.

temperature on the dynamics of electric power market is necessary for this project. In

this model the ambient temperature and the prices of electricity and fuel will show daily

variance, seasonal and long-term trends. The chosen site is one of the hottest places in

the world (Sarir in the Sahara desert), see figure 4-2, so the ambient conditions inserted

into the model will be quite unlike those of the UK.

Daily average ambient temperature readings taken at two hourly intervals are shown in

figure 4.3, which also shows the daily profile of power demand [91]. As can be seen the

temperature varies from a relatively low value of about 150C overnight, rises fairly

rapidly to about 480C just after midday, and then declines gradually back to 150C at

midnight. The power demand pretty much follows the daily temperature and the daily

variation of price of electricity for a typical summer day is shown in figure 4.5
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Appendix 1 provides ambient temperature and power demand profiles for autumn,

winter and spring. The average maximum seasonal ambient temperature at the Sarir oil

field is shown in figure 4-4. The corresponding average seasonal variation in the price

of electricity is shown figure 4-6. The price of electricity that has been used in this

study is lower between midnight and early morning than that during the day, and the

price of electricity is higher in the summer than that in the spring, autumn and winter,

due to high power demand in the summer.

Figure 4-2 Weather Map for the Sarir Oil Field in Libya

Power Demand and Ambient Temperature Profiles (Summer Day)
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Figure 4-3 Ambient temperatures and power demand profile for summer day [91]
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Figure 4-4 Average maximum seasonally temperature at Sarir Oil Field [91]
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Figure 4-5 Variation of price of electricity of a typical day in the summer [92]
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Yearly Average Price of Electricity
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Figure 4-6 Yearly average variation of electricity price [92]

4.5 Total Revenue

Revenue is the total sum of money receivable for the sales of goods and services during

a certain period of time. This also includes the total sales, exchange of assets; increase

in owners equity and interest and this is calculated before any expenses can be

subtracted.

TR =   dttPtEP
T

)()( [4.1]

Where:

TR – Total revenue over time T

)(tEP - The projected price of electricity at time t

)(tP - The electricity power output of the power plant at time t

4.5.1 Electricity Production and Price

The electric energy produced by the gas turbines is a source of income for the plant.

Two assumptions are made, that the power produced is based on the power demand

shown in figure 4-3 and the price per kWh is as shown in figure 4-5. For ease of

calculation the total seasonal electricity produced is taken to be the sum of the

electricity produced by each engine during a typical day for that season multiplied by

91.25 days [91].
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Yearly EP = 
 


n

i k

EP
1

4

1

25.9112 [4.2]

Where:

EP – Electricity produced

n – Number of units

k - Seasons

4.6 Life Cycle Assessment

As stated in section 4.3 life cycle or total ownership cost is the sum of the total fixed

cost and the total variable cost. Fixed cost comprises the capital cost (cost of purchase,

installation and transportation) and fixed operational and maintenance cost. Variable

cost consists of fuel cost, operation, and maintenance and repair costs [65].

The summation of these costs is referred to as the operating costs. When the cost of the

purchase of the gas turbine and auxiliary systems, known as the capital cost, and the

cost of abandonment of the gas turbines and associated systems at the end of their lives,

is added to the operating cost, the total cost is referred to as the life cycle cost or total

ownership cost. The TP generated is the difference between the TR and the LCC. Thus

lower the LCC and higher the revenue increases the TP.

Figure 4-7 shows that fuel costs make up over 70% of the total life cycle cost.

Maintenance and repair costs will vary depending on the state of the engine at various

times during its operating life, but contribute only about 11% of total costs. Figure 4-8

shows the functional tree representing the total ownership cost of electricity.

The main objective for the investigation in this part is to develop algorithms to predict

the cumulative life cycle cost for industrial gas turbine power plant operating at

different ambient conditions and loads.

The life cycle cost is the total cost of acquisition and ownership of a system over its

life. To attain optimum lifecycle profitability, the impact of short-term generation and

maintenance scheduling on long-term plant profitability needs to be considered at all

times.
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CAPITAL COST

16%

MAINTENANCE COST

11%

FUEL COST

73%

Figure 4-7 Life cycle cost brake down
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Life Cycle Cost

Total Fixed Cost Total Variable Cost

Capital Cost Other Fixed Cost

Financial Administrative

Fuel CostO & M Cost Emission Tax

Figure 4-8 Functional tree for life cycle cost
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4.6.1 Capital Cost Evaluation

The capital, initial or investment, cost will vary with the technology chosen for power

generation because different technologies will have different operational efficiencies

and capacities, with different costs in terms of £/Kw [65]. Table 3-1 gives an example

for the capital cost breakdown for a medium power generation power plant.

4.6.1.1 Equipment Costs

Equipment costs will include price of purchase of the equipment, including any taxes,

but other costs such as transportation to site or delays in delivery must also be

considered.

4.6.1.2 Installation Costs

These include:

 Installation permits,

 Land acquisition and preparation,

 Building construction,

 Installation of equipment,

 Documentation and as built drawings.

 Grid connections, including reinforcement of local/national electricity networks

 First set of spare parts and any special tools needed for servicing and repair

Some of these costs may not be applicable, e.g. if the space is already available

4.6.1.3 Soft Costs (Project Engineering Cost)

Soft costs are the design and professional service fees incurred during the planning and

development of a co-generation system. They will often be in the range of 15-30% of

the equipment cost. Soft costs include:

 Architectural / engineering design fees.
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 Construction management fees.

 Environmental studies and permitting costs.

 Special consultants and inspectors.

 Legal fees.

 Letters of credit.

 Training.

Other costs may be incurred e.g. interest paid during construction, bank fees, and debt

insurance.

4.6.1.4 Unforeseen cost

Unforeseen cost is an extra cost which cannot be predicted. However, a contingency or

allowance for unforeseen costs should be taken into consideration when estimating

budgets. The earlier in the process the larger the contingency should be, possibly as

much as 15%-20% of the total cost at the start of the design process falling to about 5%

at the completion of the design process.

4.6.2 Investment costs breakdown

The initial decisions made concerning the plant and machinery to be purchased will

strongly influence total power plant profit. Generally the larger the capacity of the units

the less will be the capital cost of meeting a given load, also operating and maintenance

costs could be less. However, operating such large units at off design conditions will be

more expensive, and flexibility of use and availability will not be as good as for smaller

units. These matters need to be considered in order to maximise the TP.

Vendors are usually eager to quote cost for purchasing equipment. It is more difficult,

however to estimate the cost for installing the equipment at a specific site. Because

installation costs can vary substantially from site to site, this study assumes installation

costs can be subsumed a fixed cost.

Typically, capital costs vary from about (US)$150/kW (for larger schemes) to more

than (US)$700/kW for very small units, depending on the choice of co-generation plant
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and auxiliaries required, see figures 4-9 and 4-10 and Appendix 3. Further details

concerning prices levels will discussed later. Table 4-1 shows an approximate brake

down of capital costs for medium power generation plant.

Table 4-1 Brake down of capital costs for medium power generation power plant [70]

Small Size Simple Cycle Prices
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Figure 4-9 Small to Medium Size Simple cycle plants, [93]

Type of Cost % of Total

Gas turbine unit 55
Instrumentation, regulation and control 15
Auxiliary systems 5
Connection to grid 5
Civil work and/or acoustic enclosure 10
Installation and commissioning 5
Project costs 5
Total 100



79

Medium to Large Size Simple Cycle Plant Prices
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Figure 4-10 Medium to large size simple cycle plants, [93]

4.6.3 Fuel Cost and Consumption

The increase in the cost of fuel over the past years is a well recognised economic

problem for users which is expected to worsen in the future. This problem has had a

great impact on the operation of existing gas turbine facilities and on the design of new

ones.

Generally the fuel cost is the most significant operation cost, which may reach 70% of

the total operation cost as shown in figure 4-7 over a typical service life of 20 to 30

years. With the amounts of fuel cost involved in operating gas turbines, small

percentage improvements in fuel consumption will bring substantial cost savings over

the life of the plant as will be seen later.

Fuel contract prices have also been estimated in function of the official price of the

market. This is again two different prices in this study but this time it is not in function

of the time of the day but in function of the seasons [94].

It is very difficult to find which type of contract it exists between the electricity

producer and the gas supplier (confidential data). Relative to this project the choice

between day, week or month gas distribution contract is conceivable, however, because

reasoning on the power plant earnings is on a day basis, it has been decided to have also



80

day contract for the gas distribution. To summary, the power plant must plan the

purchase of the quantity of gas it thinks to use the day after. For example, if during

summer, the unit has to overcome heat waves as it was in 2003, the deciders, in case of

electricity production will have to scheduled additional amount of gas to meet with the

engine consumption requirements.

It has been clearly showed in figure 4-11 that very large breach exists between summer

and winter prices. If prices of International Petroleum Exchange Market are followed,

average amount of 20.68 p/term for the summer and 42.5 p/therm for the winter remain

to be satisfactory values for the year 2004.

These two assessments have been reduced of 10 % of the initial value to introduce the

commercial links which can exist between a power plant and a selling gas company

trading very large quantities of gas all along the year. Therefore the two gas prices

retained for the thesis are set up at

 19 p/therm during the summer

 38 p/therm during the winter

Figure 4-11 shows natural gas prices for years 2004 and 2005. It showed 2 types of

prices from May to October what it can be called “summer price”, with low cost

between 20 and 25 pence/term and from November to April, with high prices (“winter

price”) varying from 30 pence/term to more than 40 pence/term. It can be noticed that

July and August have the lowest natural gas prices and at the opposite January and

February have the highest natural gas prices. This study will be carried out based on

these prices (summer and winter).
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Natural Gas Trends for 2004/2005
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Figure 4-11 Natural gas prices trends for 2004 / 2005 [95]

Fuel Consumption:

HoursRunningFlowFuelConsumedFuel  3600 [4.3]

Then it should be converted to energy units called Threm as it is the unit for the natural

gas price.

Knowing LHV of natural gas, the mass of fuel can be converted to Threm and the price

can be found.

ConsumedFuel
FLHV

ConsumedFuelFTC P
PFUEL 







 


105506
)( [4.4]

FUELC (T) = cost of fuel for the period of time (T) (£/MJ)

PF = Fuel Price, p/therm

Fuel consumed (fuel flow) given by Turbomatch and then the optimiser will use it in

the objective function as an input data.
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4.6.4 Operation and Maintenance Cost

Operation and maintenance costs are usually divided into fixed costs (staff, insurance,

etc.) and variable costs of operation and maintenance (consumables spare parts, etc.).

Operation and maintenance costs are usually depend on factors such as quality of the

operation and maintenance, type of fuel, operation cycle and operating environment. It

is evident that the main influence on the maintenance costs and engine life is the

condition of the turbine blades, which is significantly dependent on the engine rating.

The rating basically refers to turbine entry temperature TET, Gas turbines operating

with high TETs usually have increased maintenance cost, due to creep phenomena

appearing in the turbine section. These affect the blade creep life which is typically

halved for every 20 0K increase in blade temperature or doubled for every 20 0K

reduction in blade temperature near its rated operating point, [96]

Maintenance costs will invariably increase if heavier or dirty fuels are used or if the

plant is situated in a dirty environment. In such circumstances frequent start ups are

doubly disadvantageous and will substantially increase maintenance costs. In addition,

they will increase thermal stresses which may also be affected by the rotational speed.

Typical fixed maintenance costs of gas turbine using natural gas is usually 2.0-2.5

£/MWh for larger plants (above 1MW) 2.0-3.2 £/MWh for small plants (under 1MW),

[93].

Fixed maintenance and operation costs also can be expressed as 35% of the fuel cost.

O & M Costs = (35 x Fuel Cost) / 70 [4.5]

Remembering that fuel costs are about 70 % of the total operating expenses [96] it is

quite possible that decisions made to reduce initial costs may subsequently lead to

increased operation and maintenance costs, with an overall negative effect on the total

economic performance of the project. Section 3.3.3 discussed reasons why the TET

may be changed but in addition operating with heavier fuels or in a dirty (dusty)

environment may also require a change in TET.
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4.6.4.1 Creep Life Assessment

The usage of creep life of gas turbine blades will eventually require change out of the

hot sections and forms a maintenance major cost and this will be discussed in this

section of the project.

Creep can be defined simply as the tendency for a solid material to progressively

deform when subject to long-term exposure to mechanical loads which are less than the

yield strength. Creep is always more severe at high temperatures and in gas turbines

creep causes slips in aerodynamics blades shape. The situation is complicated because

gar turbine blades experience a whole range of temperature and loads during operation

which may continue for prolonged periods of time [97].

Creep may be regarded as a four stages process, see figure 4-12. The first stage is pure

elastic deformation.

The primary stage is the most common and represents the main stage for most materials

subject to stress at low temperature. The strain rate is initially high, but slows with

increasing strain due to work hardening.

Secondary creep: The creep strain rate is constant and a minimum for the material (due

to the balance between the competing processes of strain, hardening and recovery).

Tertiary creep is a region where creep strain occurs at an accelerating rate even under

constant temperature and constant load because of reduction in cross-sectional area

produced by necking of the material or component.
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Figure 4-12 Creep stages process

4.6.4.1.1 Turbine Blade Metal Temperature

The metal temperature values were estimated using a reverse engineering process,

starting by the Holland and Thake [98] method for the prediction of the cooling flow

rates, and inverse path was taken to predict and built a thermal model which related the

amount of cooling air with the metal temperature. In this method the percentage of

cooling air was imposed and the blade metal temperature was obtained.

The Holland and Thake model includes both film and convective cooling. It is

considered attractive because the cooling flow fraction (the ratio of the coolant mass

flow rate to the mainstream mass flow rate) is expressed in terms of just five

parameters, all of which are known, see table 4-2.

Factor Symbol Value

coolK Cooling Flow Factor 0.045

int Internal Cooling Efficiency 0.70

 Film Cooling Effectiveness 0.40

metBi Metal Biot Number 0.15

tbcBi TBC Biot Number. 0.15

Table 4-2 Thermal model parameters
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The approach selected for estimating the blade metal temperature, will be the Holland

and Thake method [98] cover in the opposite direction, this method is interesting

because it expresses the cooling flow fraction in terms of a small number of parameters

representative of a technology level.

The problem is to find the value of ε0, for each blade row, which will ensure that the

required value of μ is achieved. An expression for it is given by:
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  
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Where the parameter b is given by:
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Where cooling technology parameters used in these equations has been showed in table

3.3.

4.6.4.1.2 Blade cooling effectiveness

1

0
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metg

TT

TT




 [4.8]

)( 10 cggmet TTTT   [4.9]

Where

 Tg is the mean temperature of the mainstream gas,

 Tc1 is the total temperature of the coolant entering the blade passages, and

 Tmet is the allowable external surface metal temperature, assumed constant over

the blade.

Tmet is the target of this calculation, because with it, and Tg and Tc1 achieved by the

engine simulation, the blade surface metal temperature will be known [99].
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4.6.4.1.3 Calculation results

The engine that will be simulated in this present study, has a 7.5% of cooling flow

fraction μ , but it is necessary to realise that the most of this air will be introduce by the

first stage of NGV and the rest by the first blade stage (or high pressure turbine blades)

principally. In this present study will be imposed that a fraction of 3/7.5 of this cooling

air is injected inside the core air flow by the first blade stage and the other 4/7.5 air

cooling fraction by the first NGV stage, assuming that the air that could be introduced

by the next NGV or blade stages is negligible.

Different points of cooling fraction have been evaluated starting from 7.5% for a design

situation and finishing on 0% (no cooling air). The study will be focused on the high

pressure turbine blade, since that is the part of the turbine that will suffer the worse

conditions from the point of view of the creep assessment; it means a worse

combination of high temperature level with high stress levels

The next table (4-3) , presenting the output of the previously described approach for

each of the cooling flow fraction, the value of the blade cooling effectiveness is

calculated, using for that the previously listed current values of the blade cooling

parameter that take part in such thermal model [100]

Cooling Flow Fraction  HPT Blade 
o

7.50% 3.5% 0.63

6.25% 2.91% 0.59

5.00% 2.33% 0.55

3.75% 1.75% 0.50

2.50% 1.16% 0.42

1.25% 0.58% 0.30

0.00% 0% 0.09

Table 4-3 Blade cooling effectiveness outputs
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Figure 4-13 Thermal model parameters validation

Figure 4-13 shows the results of effectiveness variation against the cooling flow. It is

possible to see that for the region near of the design point blade cooling ratio, (3.5% for

the first blade row) there is a big difference in the outputs. When the theory that keeps

constant the parameter is assumed, it still has to match the reality with a bigger

accuracy.

4.6.4.1.4 Creep Life Cost

In this study turbine blade creep life has been considered as the major variable

maintenance cost that is related to the operating and ambient conditions.

The complex geometry and anisotropy of blade components and the multi axial stress

states they experience, has led to complex relationships between loads, temperature and

deformation. It is necessary a creep life consumption model, which optimize the

efficiency in the design of turbine blades, with respect to both preventing failure and

avoiding over design.

The basic model selected for calculating the creep life consumption, caused by a given

pattern of loading called time-temperature parametric method. The most popular is the

Larson-Miller method [99]
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4.6.4.1.5 The Larson Miller parameter

The Larson-Miller parameter (LMP) is a time temperature parametric method for

predicting the lifetime of material as a function of temperature. It is a technique which

has shown great accuracy. The method correctly assumes that at constant strain an

increase in operating temperature will reduce the time to reach a particular creep state.

Problems arise in the algorithm that relates these variables:

Larson miller expression

 CtKTfLMP r   log10)(8.1)( 30 [4.10]

20)
1000

(

10




 T

LMP

tr [4.11]

Where LMP is a function of the stress level,

T, is the metal temperature in Kelvin,

rt is the time to failure and

C is a constant, which is often taken as 20 in industrial applications.

This expression can be understand as that any combination of temperature and time

which give equivalent values of LMP, will also give equivalent values of creep stress.

The output of this simple expression will be the time to rupture that will be necessary at

temperature and stress conditions that are being studies.

To use the expression, it is necessary to resort to some test data, plotted as a curve that

relate the P parameter with the stress level, such curves are know as master curves. This

curves are function of the material selected, in this case it was the INCO alloy HX.

Blade stress =
areationcross

speed
raduismass

.sec

)
60

*2
(** 2

[4.12]

4.6.4.1.6 Cumulative Creep Estimation

In practice, turbine blades experience a wide range of stresses and temperatures during

start-up and shut-down and different loads. Creep strain accumulates during these

stages but assuming a 'worst case' scenario would incur an over-design penalty and

lower payloads.
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An alternative approach is to adopt the 'Life Fraction Rule', which assumes that rupture

will occur when the sum of all the fractions of the rupture life at different

stress/temperature combinations equal unity [14].

Fraction of life consumed =
i
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Where it is the time spent at a particular stress/ temperature combination where the time

to rupture is itr .

In this study the cycle of the operating has been assumed to be 12 different segments of

time a day in each season each segment represents 2 hours, so it is 91.25 similar days

and each 2 hours during a day has its power demand and ambient condition.
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Where:

Str1 is the life time at hour number one in a typical summer day

Atr1 is the life time at hour number one in a typical Autumn day

Wtr1 is the life time at hour number one in a typical Winter day

SPtr1 is the life time at hour number one in a typical Spring day

Time to failure =
ConsumedLifeofFraction

8760
[4.16]
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Apply safety factor of 0.6 gives a life reduction 60%

By using the following equation the cost due to the creep can be estimated according to

the cumulative calculation as above.

replacmentofCost
hoursFailuretoTime

hoursLifeExpectedUnit
CostLifeCreep 












 1)

)(

)(
( [4.17]

In this study the material for the turbine blades has been selected to be INCO alloy HX

as mentioned above, for more realistic and due to the geometry and blade turbine

material some times will not be available (manufacturer confidential data), the other

option is to assume a linear correlation between an over fired engine TET and the

maintenance costs parameters which appear in the life cycle equation. This assumption

has been plotted based on 2 different oilfields in Libya [101].

20 0K augmentation in TET = 22% extra in Maintenance costs [4.18]

4.7 Emission Cost

4.7.1 CO2 Emissions Calculation

Assuming complete combustion in the presence of excess air, which is reasonable, CO2

emissions depend directly on the type, quality and quantity of the fuel used. The CO2

emitted may be calculated using the following equation:

OHnCOnnOHC yx 22212  [4.19]

Where x, y are the carbon – hydrogen atomic ratio of the fuel.

The equation states that 1 mole of the fuel will react with n moles of 2O to produce 1n

moles of 2CO and 2n moles of OH 2 . Performing a molar balance:

yxnnn

yn

xn

25.05.0

5.0

21

2

1







[4.20]
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Substituting n, 1n and 2n into equation 14:

OyHxCOOyxHC yx 222 5.0)25.0(  [4.21]

Therefore, 1 mole of fuel will produce x moles of 2CO . But 1 mole of fuel will weight:

x x 12 + y x 1 kg [4.22]

and 1 mole of 2CO will weight 44.01 kg.

Therefore:

1 kg of fuel = 44.01x / (12x+y) kg of 2CO [4.23]

Or

1 kg of fuel = 44.01 / (12x+y/x) kg of 2CO [4.24]

Values of 44.01 and 12 in the previous equations represent the molecular weight and

atomic weight of 2CO and carbon, respectively.

In terms of mass, 1 Kg of methane produces 2.75 Kg of carbon dioxide due to their

different molecular weights, (molecular weight of 2CO = 44.01g/mol and molecular

weight of 4CH =16.04 g/mol)

FCV

E
m f





[4.25]

CeCO 
12

01.44
2 [4.26]

fmeCOmCO  22 [4.27]

The tax liability for operating a gas turbine can be derived from the following equation:

hrMWRateTaxmCOTaxCarbon //£2  [4.28]

SegRateTaxmCOTaxCarbon /£2)( 2  [4.29]

Where:

Seg – 2 hours (each day includes 12 segment of time each one 2 hours)
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mf - Is the mass fuel consumption

C is the mass content of carbon in fuel (e.g. kg C/kg fuel),

m CO2 Mass of emitted, CO2

E Useful energy produced by the system,

e CO2 Emissions of CO2

per unit mass of fuel (e.g. kg CO2 /kg fuel),

 - Efficiency of the system, based on the lower heating value of fuel,

FCV is the fuel calorific value (lower)

4.8 Financial Considerations

4.8.1 Depreciation Cost

For utility plant, generation, transmission, or distribution, the annual book depreciation

rate is a uniform value equal to the divided by the book life. The book life varies for

typical plant and is generally 25-35 years. For utility plant, the depreciation rate are

may range from 0.040 to 0.028.

Book depreciation, DB = 1/Book life [4.30]

4.8.2 Capital Structure

To derive equation for the fixed charge rate, the utility income statement, income tax

statement, and cash report must be examined. Table 4-4 presents a utility income

statement; table 4-5 shows a tax statement and table 4-6 a cash report.
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Income Statement (year i)

Total Revenue TRi

Less Expenses

Production Costs PCi

Depreciation Book DBi

Income Taxes ITi - ITCi

Deferred Income Taxes DFITi

Deferred Investment Tax Credit ATCi * NORMITC

Amortisation of Investment Tax Credit AITCi * NORMITC

Ad Valorem Taxes and Insurance AVi

Operating Incom OPINi

Interest on Dept INTi

Net Income NIi

Table 4-4 Income statement

OPINi = TRi - PCi - DBi – (ITi - ITCi) - DFITi-

AVi- ATCi * NORMITC+ AITCi * NORMITC [4.31]

NIi TRi - PCi - DBi – (ITi - ITCi) - DFITi-

AVi- ITCi * NORMITC+ AITCi * NORMITC - INTi [4.32]

DFITi = t * (DTi - DBTi) * NORMDEPR [4.33]

Where:

NORMITC = 1 if the investment tax credit is normalised

0 if the investment tax credit is flow-through

t – Income tax rate

DTi – Tax depreciation in year i

DBTi – Book depreciation rate used in tax calculations in year i
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NORMDEPR = 1 if tax depreciation savings are normalised

0 if tax depreciation savings are flow-through

Income Tax Statement (year i)

Total Revenue TRi

Less Deducted Expenses

Production Costs PCi

Tax Depreciation DTi

Ad Valorem Taxes and Insurance AVi

Interest on Dept INTi

Taxable Income TIi

Table 4-5 Income Tax Statement

This implies:

TIi = TRi - PCi - DTi - AVi - INTi [4.34]

Income Tax (ITi) = t * TIi [4.35]

Cash Report (year I + 1)

Cash (start of year) CASHi

Cash from operation

Net Income NIi

Depreciation Book DBi

Deferred Income Taxes DFITi

Cash Flow CFi

Discount Rate DRi

Discounted Cash Flow DCFi

Cumulative Discounted Cash Flow CDCF

Table 4-6 Cash report
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4.8.3 Cash Flow

Cash flow has been defined by Allen, D [111] as the actual movement of cash in and

out of a business. Cash flow in (positive cash flow) is cash received, and cash out

(negative cash flow) is cash paid out. The difference between these tow flows is termed

the Net Cash Flow. In our concern, cash flow includes accounting parameters such as

depreciation.

Cash Flow = NIi + DBi + DFITi [4.36]

Discounted Cash Flow (DCFi) = CFi . DRi [4.37]

Cumulative Discounted Cash Flow (CDCF) = Σ DCFi [4.38]

4.9 Maximum Profit Optimisation Model

A generic procedure is developed to implement the integrated operational modelling

environment. Models for both economic and technical factors have been developed, and

procedures to model system level metrics such as cost of fuel, emission taxes,

maintenance and operations cost, returns paid to investors and revenue

As a result for the above generic procedure, cumulative for all type of costs (cost of

fuel, emission taxes, maintenance and operations cost, etc) has been produced, based on

power plant performance, price of electricity and price of the fuel.

To evaluate the economic performance of a power plant operating in a deregulated

market an objective function, such as net revenue or profit, is defined. With gas-fired

power plant selling electricity, spark spread (SS) is sometimes used as the objective

function for operational optimisation instead of net revenue or TP. The key element

defining the profit is the gross revenue obtained from selling of electricity. This has to

be modified by including a number of costs (of fuel, of operations, of maintenance) and

other financial aspects. The following equation shows the relationship:

TP = TR – LCC [4.39]

For a given period of time (T) the TP is:

TP = TTR - LCCT [4.40]

Where:
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TR = No of units of electricity sold x mean price per unit [4.41]

Here TR is total revenue obtained from the sale of selling electricity.

TP – Total Profit

4.9.1 Total Revenue

TR obtained from the sale of electricity over time period T when both the price and

production vary is:

TR =   dttPtEP
T

)()( [4.42]

Where EP (t) is the price of electricity at time t (£/MWh), and P(t) is the electricity

being produced by the power plant at time t, (MW).

The spread between the market value of the fuel gas and that of the electricity obtained

by burning the gas becomes wider as the price of electricity gets higher. As the

efficiency of electrical generation system increases, the spread between the market

value of the gas and that of power derived by burning the gas also becomes wider [102]

The spark spread is determined using Equation [4.43]

SS (t) =10 x EP (t) - FUELC (t) x HR (t) /1000 [4.43]

Where, as stated above, EP(t) is the instantaneous price of electricity, £/MWh

HR(t) is the instantaneous heat rate of the system, MJ/MWh

CFUEL(t) is the instantaneous price of fuel, £/MJ, and

SS (t) is the instantaneous spark spread £/MWh

A cumulative SS for time period T can be calculated along the time line of operation.

The cumulative SS is given by Equations 4-44 and 4-45. These give the cumulative SS

as the the difference between the gross revenue obtained from the sale of electricity

during time T, less the cost of cost of fuel during the same time period.

SS (T) =TR (T) - FUELC (T) =  dttSS
T

)( [4.44]



97

=        dttHRtCtEP FUEL
T   1000/10 [4.45]

This chapter has introduced a systematic approach with which to evaluate power plant

economics. The components of the total profit equation has been investigated and then

the profit equation derived.

4.9.2 Life cycle Cost

Life Cycle Cost = Capital Cost + Fuel Cost + Operating and Maintenance Cost +

Emission Tax + Financial Cost (returns paid to investors)

LCC (T) = CAPC (T) + FUELC (T) + OMC (T) + EMIC (T) + FINC (T) [4.46]

Where:

CCAP (T) - Capital cost at time T     

CFUEL (T) - Cost of fuel during time period T

COM (T) - Operations and maintenance cost.

CEMI (T) - CO2 Tax during time period T

CFIN (T) - Financial cost (insurance, Tax, and Interest expenses)

4.9.3 Capital cost

This study using real engines already available in the market, hence the cost of the

engines will be known, but the other costs need to be add to this cost such as the cost of

installation as shown in table 4-1, generally the total of these costs is approximately

80% of the units cost.

CCAP = Unit Cost + 0.8 . Unit Cost [4.47]

In this study, for new power plant selection part the capital cost has been divided to

equal instalments over the expected useful life for the project, these instalments will be

paid to the lender with an interest rate

TCC = CCAP + (Interest Rate . CCAP) [4.48]

PCC = [CCAP + (Interest Rate . CCAP)]/t [4.49]
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Where:

TCC - Total capital cost

PCC - Period Capital Cost

t – Instalment Time

4.9.4 Fuel Cost

ConsumedFuel
FLHV

ConsumedFuelFTC P
PFUEL 







 


105506
)( [4.50]

HoursRunningFlowFuelConsumedFuel  3600 [4.51]

FUELC (T) = cost of fuel for the period of time (T) (£/MJ)

PF = Fuel Price, p/therm

Fuel consumed for each segment of time during the day is given by Turbomatch and

then the optimiser will use it in the objective function as an input data.

4.9.5 Operating and Maintenance Cost

As mentioned earlier the cost of operating and maintenance is divided to fixed cost and

variable cost, typically the fixed maintenance and operating cost for gas turbine using

natural gas is 2.2 – 2.8 £/MWh for engines with more than 1 MW output power.

FC = EP. Cf , £/MWh [4.52]

FC - Fixed Cost

EP – Output Power, MW

In this study the variable cost mainly comes from the maintenance and repair of the

turbine blades due to the creep, and also the variable cost affecting by washing and

cleaning of the compressor which can be added to the fixed cost.

replacmentofCost
hoursFailuretoTime

hoursLifeExpectedUnit
CostLifeCreep 












 1)

)(

)(
( [4.53]
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The creep life cost over a specific period of time is equal the creep life cost divided by

that period

Creep life cost (t) = creep life cost / t [4.54]

Cost of turbine blades replacement depends on the type and size of the engine and also

can be affected by the maintenance and repair related to this replacement.

As a rules of thump for the cost of the maintenance due to turbine blade creep problem

can be about 4% of the total cost for the engine.

VC = Creep Life Cost [4.55]

VC – Variable Cost

COM = FC +VC [4.56]

4.9.6 Emission Tax

According to equation [33], the daily cost due to carbon tax is equal:

DayRateTaxmCOTaxCarbon
t

t

/£2)( 2

12

1






[4.57]

And the following equation shows the seasonally and yearly carbon tax

  SeasonRateTaxmCOTaxCarbon
t

t

/£25.912)( 2

12

1

 




[4.58]

  YearRateTaxmCOTaxCarbonYearly
t

t

Sea

Sea

/£25.912)( 2

12

1

4

1

 








[4.59]

4.9.7 Financial Cost

FINC = IT+BD+ INT [4.60]

IT = tr . TI [4.61]

TI = TR – PC – DT – AV – INT [4.62]

Where:

IT – Income Tax

BD – Book Depreciation
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tr – Tax Rate

TI – Taxable Income

TR – Total Revenue

PC – Production Cost

DT – Depreciation Tax

AV - Ad Valorem Taxes and Insurance

INT – Interest Expenses

See tables 4-4, 4-5, and 4-6

4.9.8 Objective Function (Total Profit)

Based on the ambient conditions, operating conditions, and economic aspects as

discussed earlier, the profit equation for one operating day can be stated as:

  





12

1 )()()()()()()( ))((
t

t tFintemitOMtFueltcaptt CCCCCEPE [4.63]

For winter season:

  





12

1 )()()()()()()( ))((25.91
t

t tFintemtOMtFueltcaptt CwCwCwCwCwEPwEw [4.64]

For spring season:

  





12

1 )()()()()()()( ))((25.91
t

t tFintemtOMtFueltcaptt CsCsCsCsCsEPsEs [4.65]

For summer season:

  





12

1 )()()()()()()( ))((25.91
t

t tFintemtOMtFueltcaptt CsuCsuCsuCsuCsuEPsuEsu [4.66]

For autumn season:

  





12

1 )()()()()()()( ))((25.91
t

t tFintemtOMtFueltcaptt CaCaCaCaCaEPaEa [4.67]
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Therefore the power plant profit (TP) over 1 year is given by:

 








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S

CCCCCEPE [4.68]
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5 GENETIC ALGORITMS

5.1 Background on Genetic Algorithm

GAs are search algorithms inspired by the natural selection and evolution theory

proposed by Charles Darwin. The GA is an iterative population-based algorithm where

each iteration represents a generation. It transforms a population of individuals (each of

which are evaluated and given a fitness value via an objective function) into a new

generation, using analogs of naturally occurring genetic operations such as cross-over

and mutation. The fitness measure will vary with the problem but normally lies

between 0 and 1.

Traditionally a population of individual solutions covering the entire range of possible

solutions is generated randomly. All the individuals in the search space are encoded,

using a problem specific representation scheme, as a fixed length character string or

other mathematical object. The GA usually manipulates individuals as binary-coded

strings (this string is likened to a chromosome) and attempts to find the best solution to

the problem by genetically breeding the individuals in the population over a number of

generations.

A precondition for solving a problem with GAs is that the representation scheme meets

the sufficiency requirement that is the representation is capable of expressing a solution

to the problem In addition, before initiating a GA to solve a problem using fixed length

strings there are four preparatory steps:

 The representation scheme

 The measure of the fitness of individuals

 The parameters and variables for controlling the algorithm

 Designation for terminating a run or arriving at a successful conclusion.

Conventional GAs begin with a determination of string length. An important feature of

the GA is the mapping between potential solutions and binary representation of the

individuals that occupy the search space of the problem.

.
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The fitness measure drives the evolutionary process. It assigns a fitness value to each

character string (individual) it encounters in the population, the smaller the proportion

of the population selected the faster the algorithm can move from generation to

generation, but the more generations that are required before a solution is reached. The

number of individuals in a generation can vary from tens to thousands and the number

of generations required before a solution is reached can be many thousands. Of course,

the fitness measure should be capable of evaluating any of the character strings that it

encounters in any generation of the population.

Every run of the GA necessitates that a termination criterion be specified. The best way

to exit the GA is after a set number of generations after which the program stops. Also

required is a method of designating the result. The present code, as many others,

includes a restart feature; see below, so that if the search has not been successful and

failed to attain an optimum within the specified maximum number of generations, the

process can be restarted without any loss of information.

Operating a GA on fixed-length character strings requires three steps:

 Randomly creation of an initial population of individuals with fixed length

character strings

 Iteratively repeat the following instructions (subsets) on the population until the

termination criterion has been met:

a) Using the fitness measure assign a fitness value to each individual in the

population.

b) Select individuals from the population with a probability based on

fitness. Create a new population by applying the following three genetic

operations to the selected individuals.

o Reproduction by simply copying an existing individual into the new

population.

o Create a new individual from an existing individual by randomly

mutating the string, usually at a single randomly chosen position.
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o Create new strings from two or more existing strings by genetically

recombining substrings using the crossover operation at randomly

chosen crossover points.

 Designate the best individual as the result of the genetic algorithm for the

run. This individual may or may not represent a solution or an approximate

solution to the problem.

Figure 5-1 is a pictorial description of the above steps. The corresponding flow chart

is presented in figure 5.2.

Figure 5-1 Illustration of a simple Genetic Aalgorithm
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Figure 5-2 Genetic Algorithm flow chart



106

For a search technique to be “ideal” for multi-dimensional engine modelling it should

possess a number of characteristics. In particular, it should be able to cope with:

 Surfaces with only one global maximum or minimum in the presence of many

local maxima and minima (multi-modal),

 Surfaces with discontinuities (ill-behaved),

 High-dimensionality and high parameter resolution

To be successful GA search techniques must also be able the following questions:

 Will the initial (random) population distribution affect convergence?

 What is the optimum number of individuals in a population?

 How many generations (iterations) will be required before convergence?

These questions have been investigated by Carroll [103] who showed that GAs are an

excellent compromise between globality, flexibility and convergence.

5.1 The Genetic Algorithms Method

This section outlines and illustrates the working of GAs in the solution of optimisation

problems including: binary coding, elitism functions, function evaluation, and selection

and crossover operators.

5.1.1 Genetic Algorithm Operators

The description of GA operators and their impact on efficiency of optimisation is based

on the work of Carroll [104]. Initially, for this project, the best coding, selection and

mutation schemes were not known, and a number of alternatives were examined to

identify the most promising. This project investigated the use of either a floating point

or a binary coding scheme; it also examined different selection schemes and different

types of crossover and mutation operators. A brief outline of the genetic operators is

given below.
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5.1.1.1 Binary Coding

The most popular form of GA coding uses a binary string (chromosome) to represent a

set of design parameters [71]. To extend the analogy with nature the features of the

string are called genes. All the GA operators described below use the binary coded

form of the design parameters, the actual values of the parameters are used only in the

fitness function calculation.

The precision with which the design parameters (including the chromosomes) are

determined depends on how many bits it requires. The number of bits will determine

the range of the parameter, particularly its maximum value. The precision π of a

parameter Xi is (Homaifar et al., [105]):

12
min.max.






i

ii XX


 [5.1]

Where λi is the number of bits used for its representation.

If m possible values of the parameter λi are required, its binary representation will need:

)2ln(

)ln(m
i  bits. [5.2]

As an example the string 10011 decodes to the base 10 number

191200162.12.12.02.02.1 01234 

5.1.1.2 Function Evaluation

When the optimal solution to a problem is based on more than one output variable,

determination of an appropriate fitness function becomes an even more important step

in the optimization process. The fitness function, which is particular form of an

objective function, provides a “figure of merit” for each individual chromosome.

Those chromosomes designated optimal have a greater probability of taking part in

reproduction, see below. An ideal fitness function would correlate closely with the

GA’s goal, but be computed quickly. Further details of the objective function

evaluation process are given later in this chapter.



108

5.1.1.3 Selection Operator (Reproduction)

First the initial population is evaluated and each individual (or a random selection of

individuals, depending upon population size) is given a figure of merit based on its

fitness as assessed by the objective function. In the simplest caser the GA selects

individual from the population to be copied into the next generation, where the

probability of selection is based on the fitness of the individual. The selection is carried

out with replacement: that is the GA randomly selects two individuals from the current

population, assesses their relative fitness and a copy of the fitter individual is retained

for the next generation. Both individuals are then replaced into the present population

and the process is restarted. This is repeated until the next generation is fully populated.

A simple and common method for selection assigns each chromosome a probability of

selection for the next generation that is proportional to the ratio of the individual’s

figure of merit divided by the total of the figures of merit for the entire population. This

selection is easily implemented using an imaginary roulette wheel divided into as many

segments as there are individuals in the population [71], [75]. The size of the segment

allocated to any individual is proportional to the fitness of the individual, see figures 5-

3(A) and 5-3(B). Given a fair wheel, the size of the segment is directly proportional to

its likelihood of being selected.

12%

18%

27%

38%

5%

Chromosome A

Chromosome B

Chromosome C

Chromosome D

Chromosome E

(A): Selection process using roulette wheel for five individual chromosomes with
figures of merit; 0.05, 0.12, 0.18, 0.27 and 0.38
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(B): Selection process using roulette wheel

Figure 5-3 Roulette wheel selection process

The tournament selection strategy randomly selects pairs of individuals who “fight” to

become parents through their relative figures of merit [71], Goldberg and Deb [106]

claim that tournament selection is an improvement on roulette wheel selection.

Tournament selection proceeds as follows:

 The initial generation is “mixed” so that the order of individuals is completely

random.

 Two individuals are selected at random and their figures of merit assessed by

the objective function. The fitnesses are compared. The individual with the

higher fitness is chosen as parent A. The two individuals are not placed back

into the initial population.

 Two more individuals are selected at random and their figures of merit assessed

by the objective function. The individual with the higher fitness is chosen as

parent B.

 Parents A and B are used in crossover and mutation operations, to produce the

next generation, see below.

 The above process is repeated until the desired number of children is attained.

Different methods of selection have slightly different effects on the progress of the GA.
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5.2 Crossover Operator

Crossover in GAs is analogous to reproduction (which is biological crossover), and

allows a generation of new individuals (new possible solutions in the search space) to

be created and tested. The crossover begins with, say parents A and B chosen by

tournament selection the basis of their fitness. Crossover will produce two children.

Each child will contain genetic material from each parent which may result in fitter

individuals. Three possible ways of performing crossover are shown below.

5.2.1 Single point crossover

A single crossover point is set. From parent A, a binary string from the beginning of the

chromosome to the crossover point is copied, and the remainder of the new

chromosome is copied from parent B, see figure 5-4

Figure 5-4 Single point crossover

5.2.2 Two points crossover

Two crossover points are set. From parent A, a binary string from the beginning of the

chromosome to the first crossover point is copied. From parent B, the part of its

chromosome from the first to the second crossover point is copied. The remainder of

the chromosome is copied from parent A.

11001011 + 11011101 = 11011111

Figure 5-5 Two point crossover

11001011+11011111 = 11001111
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5.2.3 Uniform crossover

Bits are randomly copied from both Parents A and B.

11001011 + 11011101 = 11011111

Figure 5-6 uniform point crossover

5.3 Mutation Operator

Mutation is used to maintain diversity in the population. Mutation is the final basic

genetic operator for GA. It is necessary because reproduction and crossover on their

own can occasionally lose genetic diversity including potentially useful genetic

material. This is because they can create a point in the neighbourhood of the current

point (local search around the current solution). Mutation achieves its goal by randomly

changing parameters in a chromosome (with low probability otherwise it might cause

the GA to become too randomly in its search) and can be seen as an insurance policy

against premature loss of important notions. In binary coding this means simply

changing a 1 into 0 and vice versa, randomly, with a very low probability. In figure 5-7

there is an example of this low probability event, in string 11001001 position 2 is

chosen randomly to mutate. The new string is 10001001.

11001001 => 10001001

Figure 5-7 Mutation operator

5.3.1 Creep Mutation

It is possible that the mutation may cause an offspring’s chromosomes to be mutated by

a single increment. Creep mutation introduces a random parameter value that must

remain in the appropriate range, i.e., the parameter could creep one increment up or
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down from one of the parents’ values. In this project the probability of a creep mutation

occurring for any one chromosome was set equal to 1/pop [107].

5.4 Elitism Operator

Elitism can speed up GA performance significantly and help to prevent the loss of good

solutions once they have been found. When creating a new generation using crossover

and mutation, there is a real chance that the fittest chromosome will be lost. Elitism is

the name given to the method that preferentially copies the best chromosome (or a

number of the fittest chromosomes) to the new population.

5.5 Constraint Handling

Typical GAs are designed to solve unconstrained problems. However, in many fields –

particularly engineering - constrained optimisation arises naturally and often . Thus

GAs have been adapted to solve optimisation problems that include inequalities and/or

equality constraints. This usually includes applying penalties to unfeasible solutions.

Constrained optimisation problems are usually written as non-linear programming

problem of the following type:
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When GAs use penalty functions for constraint handling in any problem, the penalty

parameters must be correctly set to obtain visible solutions. A typical implementation

is:





 regionunfeasible),()(

regionfeasible),(
)(

xpenaltyxf

xf
xfeval 




Where penalty )(xf


is zero, if no violation occurs, otherwise it is negative.

5.6 GA Code Employed in this Study

The GA code in the current study is the secure GA171, a Fortran version of the GA

driver, developed by Carroll [108]. This program includes tools to enable the GA to

carry out optimisation in FORTRAN code using any genetic operators. GA171

initialises a random sample of individuals with different parameters to be optimised

using the GA approach. Recently, an option for the use of a micro-GA has been added.

Tournament selection is used with a shuffling technique for selecting random pairs for

mating. The routine includes binary coding of individuals, jump and creep mutations,

and single-point or uniform crossover, and an option for changing the number of

children per pair of parents.

5.7 Test function

A difficulty with multimodal functions is that they have many unwanted local optimal

solutions which cause problems for any optimisation algorithm seeking the global

optimum solution. This is because with local optima there exist many attractors to

which an algorithm can become directed. In this project the simple multimodal function

described by Equation [5.3] will be used as an objective function for the test only, to

test the efficacy of the GA code and to study the effects of different GA techniques.

)
64.0

)0667.0(
)2log4exp()5.01.5(sin()(

2


x
xxf nvalley [5.3]
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Figure 5-8 shows a plot of f(x) as a function of x. The range of the test function is [0,1]

for the x domain of [0,1]. The test function consists of five unequally spaced peaks at x

values of 0.080, 0.247, 0.451, 0.681, and 0.934, and respective heights 1.000, 0.948,

0.770, 0.503 and 0.250. It is deemed illustrative on non-linear optimisation problems

found in aerodynamics, and considered to be a reasonably tough problem for the GA.

This is an non-dimensional version of the multimodal function with decreasing peaks

used by Goldberg and Richardson [109].
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Figure 5-8 The multimodal function

5.8 GA Parameterisation

5.8.1 Effect of Population Size

It is expected that larger populations will find the optimal individual (solution) for a

given problem in fewer generations than smaller populations. But larger populations are

expected take longer to move from one generation to the next. The parallel problem of

the number of generations (time required by the optimisation routine) necessary to

locate the global maximum against population size, was evaluated using five

populations of 20, 50, 100, 150 and 200 individuals.

Figure 5-9 shows the results and, as expected, the larger the population size (npop), the

fewer the number of generations required. More importantly is the question of how

many calls to the multimodal function were made to find the optimal solution for the
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different populations. It was found that npop = 200 required 1600 function evaluations;

npop = 100 required 1200 function evaluations; npop=50, required only 1050 function

evaluations; npop=20 required only 600 function evaluations. It can be seen that for this

particular problem npop=20 case had the best performance in terms of computational

cost.
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Figure 5-9 GA performance versus population size

For quick function evaluations which take less than 1 second of CPU time it may be

acceptable to run larger populations.

5.8.2 Effect of Crossover

The multimodal function, f(x) defined in Equation [5.3] was used to investigate The

effect of crossover on the efficiency of finding the optimal solution. Single-point

crossover tended to preserve fewer individuals than uniform crossover, which made,

uniform crossover Carroll’s preferred choice [103].

However, here the question is whether there is a significant difference between the two

crossover techniques for the present application. Tests were performed using single-

point and uniform crossover and the results are shown in figure 5.10. The figure shows

GA performance versus crossover and niching scheme. It shows that uniform crossover

(iuniform=1, iniche=1) approaches the optimal solution more rapidly than single-point
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crossover (iuniform=0, iniche=1). Because uniform crossover case reached the optimal

solution more rapidly, it was the preferred option in this GA.
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Figure 5-10 GA Performance versus crossover and niching scheme

5.8.3 Effect of Uniform Sharing

Both uniform crossover and sharing (niching) have the important attribute of ensuring

GA techniques preserve variety in the genetic pool. Figure 5-10 also shows that when

both uniform crossover and niching are turned off, (iuniform=0, iniche=0) the GA

performance slows down and without uniform sharing, the optimum solution was not

found until generation 29. (Whereas with uniform sharing the optimum solution was

found at generation 13). Thus, it appears that uniform crossover and niching

supplement each other to a degree, and at least one of these techniques should be

included in the GA to improve its performance.

5.8.4 Effect of Creep Mutation

Creep mutation is useful because it can help move the population of individuals

gradually towards the optimal solution rather than having to jump towards it. Figure

5.11 shows the “Fitness” of the population as function of the number of iterations

(generations) for four sets of conditions. Here we are concerned with two sets of

conditions (iuniform=0, iniche=0, icreep=1, ielite=1), the non-uniform, non-niching,

creeping case and (iuniform=0, iniche=0, icreep=0, ielite=1) the non-uniform, non-
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niching, non-creeping case. Note elite =1 for both cases. It can be seen from the figure

that with creep mutations removed (icreep = 0) the GA did not find the optimal solution

until generation 18, but with the inclusion of the creep mutation enabled (icreep = 1)

the GA arrived at the optimum solution sooner, after only 8 generations, and it is

concluded that creep mutations benefit the GA.
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Figure 5-11 GA performance versus creep mutations and elitism

5.9 Summary

This chapter contains a brief description of features of GAs of particular interest for

this study. The effects of changes of the various control parameters on the performance

of the GA is presented.

This application used tournament selection, uniform crossover and creep mutation with

elitism. This combination appeared to work well.

To better understand the GA and to investigate the effects of changing the different

solution parameters a number of trials were run. These compared different population

sizes, uniform and single point crossover and the exclusion and inclusion of creep

mutation. The effect of adding niching to the GA was also tested.

Overall, the GA technique adopted worked well for the given objective function.

However, because GAs are inherently parallel, further modification could enhance this

technique to be faster and more effective at finding the global optimum.
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6 OPTIMISATION SCHEME AND IMPLEMENTATION

An automated optimisation environment has been developed, which simplifies the

implementation and testing of optimisation and evaluation schemes, see figure 6-1. The

optimisation environment provides a generic interface to external solvers

(Turbomatch). In this tool Turbomatch is working as an external solver to provide the

genetic algorithm (GA) with the required performance parameters.

The objective function and constraints are evaluated with respect to the ambient and

operating conditions and characteristics. The objective of the optimisation process is to

maximise the total profit over the expected life for the plant by varying the TET (power

setting) or minimising the total cost in the case of repowering an existing power plant.

6.1 Total Profit Objective Function:

In this optimisation process the code will maximise the total profit for the power plant

based on operating and ambient conditions and by using the following objective

function equation:

Objective Function =
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In this case the variable parameter will be the turbine entry temperature (TET) for each

engine in the library; the parameter will range between maximum and minimum values

which are input individually for each engine. In this study the TET represents the power

output, and the task is to determine the power output for each engine in the fleet that

will maintain the objective function while considering the objective function constraint

of the total power demand. Equation 6.1 represents the total profit for one year which

includes four seasons and 91.25 typical days in each season.
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Figure 6-1 Optimisation Logic Design
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6.2 Total Cost Objective Function

In case of an existing power plant the challenge will be to minimise the total cost (life

cycle cost), and this will lead to maximising the total profit. In this case the gas turbine

units are already existing the task is to find the optimum configuration for them that

will maintain the minimum total operating and maintenance cost plus any additional

related costs such as emission tax.

The variable parameters for this function will be the TET (as with the total profit

objective function). The objective function in this case will be the minimum total cost

as given in the objective function equation below. This will be for one year.

Objective Function =
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6.3 Case Studies

As mentioned earlier this study will evaluate two objective functions to maximise the

total profit (or to minimise the total cost) and to validate the code that has been written.

The code applies to two real case studies: The first case study is for an already existing

power plant running in an oil field in the Sahara desert, and the second case study

assumes the power plant is at the preliminary selection stage but the same ambient and

operating conditions apply as for the existing power plant. These case studies are based

on the data given in figure 4-3 (ambient temperature and power demand profiles for the

summer season), figure 4-5 (the variation of electricity price during typical summer

day) and figure 4-11 (monthly natural gas prices). Similar data for the other seasons can

be seen in Appendix D.

6.3.1 Repowering an Existing Power Plant

The main aim of this case study is to evaluate the total cost for the given power plant

and compare it with the results obtained from using the code, evaluate the benefits of

the applied procedure, and investigate the effects of the cost of fuel, maintenance and

operating costs and emission tax on profitability.
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The power plant that has been selected to be the case study can be considered as a good

example for such work because of the surrounding environment and operating

conditions. This power plant is owned by the AGOCO oil company which is one of the

largest oil and gas companies in Libya. This company has eight oil fields and two

refineries located in the south of Libya in the Sahara desert. One of these fields, the

Sarir Oil Field, has been selected to be the case study for this work. This field produces

about 250,000 bpd of waxy crude oil and the field consists of three main gathering

centres, 9 main satellites, a small refinery with capacity of 60,000 bpd, two tank farms

and accommodation facilities for about 1200 employees.

The power demand varies over the day and with the season. The Sahara desert is

considering a very hot area and the variation of ambient temperature during the same

day is very significant. Figures 4-2 and 4-3 show the weather map, ambient temperature

and power demand profile during the summer season for this field.

Table 6-5 presents the current operational procedure of the oil field during a typical

summer day, the on-site power plants consist of simple cycle engines: three GE

LM2500+, four Tornado SGT 200, four Sulzer type 7 and five units Sulzer type 3. The

performance simulations of these engines were carried out as same as GE LM2500+, in

chapter 3, the Turbomatch input and output data for these engines is shown in

Appendix A.

This case study shows the performance for the existing engines and their operating and

maintenance cost based on the ambient condition and power demand, Appendix F

shows the performance curves for the engines for the two cases of when the engines are

clean (no degradation) and the performance based on actual operating conditions in the

field on a typical summer day.

In this study the ambient temperature is given for four different days, each day is

typical of one season, and each day is divided into twelve segments of two hours each,

according to the operational time-table in the field, see Appendix E.

It is noted that every running engines in the fleet is operating at part load, away from its

design point due to the high ambient temperature and compressor fouling problems –

due mainly to the plant and equipment operating in an oil laden sandy environment.
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In particular, for constant power output the effect of compressor fouling requires a

progressive increase in fuel flow, a consequent increase in firing temperature and

reductions in turbine blade creep life.

The figures in Appendix F show the behaviour of one engine from each type for one

season (summer). The performance simulation for the others has been created based on

the operating conditions and percentage degradation of each of them.

Changing the operational strategy for the existing units by using GA shows a

significant reduction in cost, see tables 6-6 and 6-7. For the summer season the total

cost of the current operational strategy is about £11.6 million, while the proposed

engine configuration should reduce the total cost to about £9.6 million over the summer

season, a saving of about £2 million in total cost for one season over the expected

useful life of the plant. Some data has been used based on table 6-1 in this case study.

The objective function solution history is shown in figure 6-2. This plot shows the

minimum fitness, and hence the minimum total cost, of the population for each

generation. As expected, the larger the population size (npop), the fewer the number of

generations are required to find the optimal solution.

Input Data
Ambient Temp. Profile See Appendix D

Power Demand Profile See Appendix D

Engines input data Turbomatch Library

GA Parameters GA Input File

Electricity Price (£) See figure 4-5

Fuel Price See figure 4-11

Fixed M&O Cost £3/MW

Engine Capital Cost Turbomatch Library

Emission Tax £ 0.079/kg

Depreciacion 0.004

Interest Rate 10%

Tax 4.5%

Table 6-1 Input data for case study 1
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Population size 75

Current generation 50

Maximum function value 9.63 X 106

Average function value of
generation

10.2 X 106

Number of crossovers 2161

Number of creep mutations 26

Elitist reproduction on
individuals

19

Number of evaluations 3750

Table 6-2 global statistical report

Unlike what is often observed in GA convergence histories, the plots in figure 6-2 show

fairly continuous lines indicative of a smooth design space. This characteristic is due to

using an elitism operator whereby the best individuals of a given generation are

guaranteed replication in the following generation. In order to ensure that accuracy is

maintained and that the optimised selection is unbiased, each numerical solution was

required to run until the residual that originates from the non-satisfaction of the

discretised continuity and momentum equations, dropped to the same level.

The objective function solution history is shown in Figure 6.3. This plot reports the

minimum fitness, and hence the minimum total cost. The final statistical report

produced by GA for optimisation run of the total cost is presented in Table 6-2.

The units in this case are running at constant power, and the fuel flow has been

increased in order to restore the power loss. The cost of fuel consumption during the

summer season increased by approximately £394,000 over the current configuration,

see table 6-6. Table 6-3 shows the fuel consumption and the cost brake down for engine

GE LM2500+ during the summer and tables 6-6 and 6-7 summarised the various costs

for whole the running engines in the summer. The proposed configuration presented by

GA shows that the increase in the cost of fuel consumption is a bit lower approximately

£315,000 due to the different operational strategy as shown in table 6-7.
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Time
T Ambient

0
C

Power
MW

TET,
0
K

Fouled 3%
TET,

Fuel Flow
Kg/s

Fouled Fuel Flow, 3.3%
kg/s,

Fuel Consumed, kg
(Clean)

Fuel Consumed, kg
(Degraded)

Fuel Cost, £
Clean

Fuel Cost, £
Degraded

0 13 18 1331 1371 0.98683 1.01939539 7,105 7,340 663.0692347 684.9505194
2 13 18 1331 1371 0.98683 1.01939539 7,105 7,340 663.0692347 684.9505194
4 14 19 1348 1388 1.01423 1.04769959 7,302 7,543 681.4797988 703.9686322
6 19 19 1381 1422 1.18961 1.22886713 8,565 8,848 799.3208478 825.6984358
8 24 19 1396 1438 1.20035 1.23996155 8,643 8,928 806.5372514 833.1529807

10 33 19.3 1431 1474 1.33205 1.37600765 9,591 9,907 895.0289047 924.5648586
12 47 21 1513 1558 1.529 1.579457 11,009 11,372 1027.363234 1061.26622
14 47 21 1513 1558 1.529 1.579457 11,009 11,372 1027.363234 1061.26622
16 42 20 1476 1520 1.43251 1.47978283 10,314 10,654 962.5298272 994.2933115
18 34 21 1438 1481 1.2354 1.2761682 8,895 9,188 830.0879914 857.4808951
20 23 20 1414 1456 1.2235 1.2638755 8,809 9,100 822.0921624 849.2212038
22 17 18 1339 1379 0.99782 1.03074806 7,184 7,421 670.4536179 692.5785873

105,531 109,014 9848.395338 10173.39238

Table 6-3 Fuel cost related to time, ambient temperature and power for GE LM2500+ in
summer

The economic analysis of this particular case shows the significant cost penalty due to

compressor fouling. In the case where the gas turbine is always operated at constant

TET, less fuel is used at the expense of reduced power. Table 6-4 summarises the

estimated cost of cleaning. However, research by Lambert et al [112] suggests that the

optimum frequency for gas turbine compressor cleaning is usually measured in days

rather than weeks. Typically for the small and medium engines used here, a liquid on-

line spray cleaning every 3 - 5 days is recommended for optimal washing performance.

If the turbine is not subject to any type of compressor washing, it is much better if it

operates under constant power output. This gives a smaller cost penalty than constant

TET. This is especially the case if the engine is operating most of the time at part load.

In this case, the TET is much less than the design value and has a much smaller effect

on turbine blade creep life.

That is clear evidence that the gas turbine engine operations cost is very sensitive to the

power setting and the different ambient conditions. Optimising the operation plan can

lead to a significant reduction in total cost. Figures 6-4 and 6-5 summarise the benefits

on the total cost of applying GA to the operational strategies for both clean and

degraded engines.
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A Capital cost of a typical high pressure
spraying machine

£60,000

B Capital cost per gas turbine engine £20,000

C Savings due to cleaning £146,000

D Capital annual cost per engine £500

E Cleaning fluid cost per clean £200

F Number of washes per season 18

G
Total seasonal fluid cleaning cost per
engine

E x F £3,600

H Total seasonal cost of cleaning (D + G) x K £65,600

K Number of engines 16

L Total seasonal net saving C - H £80,400

M Total initial outlay
(For 1 high pressure machine)

5x A £300,000

N Pay-back period (months) (M/L) x 12 45

Table 6-4 Financial saving obtained by compressor cleaning
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TIME
INTERVAL,
HOURS of

DAY

AMBIENT
TEMP, 0C

AVERAGE
POWER

DEMAND,
MW

Engines Running
(Existing)

Running Engines
(Proposed)

0 13 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 10MW

2 13 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = MW

4 14 116

LM2500+ 3 X 19 = 57 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 9.67MW
Sulzer 3, 1 x 3.33= 3.33 MW

6 19 125.5

LM2500+ 3 X 19 = 57 MW
Tornado, 3x7.5 = 22.5 MW
Tornado, 1x7 = 7 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.25= 4.25 MW

8 24 129

LM2500+ 3 X 19 = 57 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x8 =8 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

10 33 131

LM2500+ 3 X 19.3 = 58MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22.5 = 67.5 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.9= 19.5 MW

12 47 136

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22 = 66 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.6= 18 MW

14 47 136

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22 = 66 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.6= 18 MW

16 42 134

LM2500+ 2 X 20 = 40MW
LM2500+ 1 X 21 = 21MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 21.65 = 64.9 MW
Tornado, 4 x5.1 = 20.4 MW
Sulzer 7, 4 x8.78 =35.12 MW
Sulzer 3, 3 x 4.52= 13.56 MW

18 34 135

LM2500+ 2 X 21 = 42MW
LM2500+ 1 X 20 = 20MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 21.94 = 65.8 MW
Tornado, 4 x5.1 = 20.5 MW
Sulzer 7, 4 x8.78 =35.12 MW
Sulzer 3, 3 x 4.52= 13.56 MW

20 23 133

LM2500+ 3 X 20 = 60MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 24.7 = 74.1 MW
Tornado, 4 x5.87 = 23.48 MW
Sulzer 7, 4 x8.86 =35.44 MW
Sulzer 3, 5 x 3.2= 16 MW

22 17 123.5

LM2500+ 2 X 18 = 36 MW
LM2500+ 1 X 19 = 19 MW
Tornado, 3x7.5 = 22.5 MW
Tornado, 1x7 = 7 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25 = 75 MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW

Table 6-5 Operational Procedure (Existing & Proposed) for Typical Summer Day
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Table 6-6 Total Cost Breakdown for the Current Operational Strategy in Summer Season
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Table 6-7 Total Cost Breakdown for GA Proposed the Current Operational Strategy in
Summer Season

GA
PR

OP
OS

ED
OP

ER
AT

IO
NA

LS
TR

AT
EG

Y

TIM
E

FU
EL

CO
NS

UM
ED

,k
g

FU
EL

CO
ST

,£
/D

AY
£/S

UM
ME

R
EX

PE
CT

ED
)

0
2

4
6

8
10

12
14

16
18

20
22

CL
EA

N
EN

GI
NE

DE
GR

AD
ED

EN
GI

NE
CL

EA
N

EN
GI

NE
DE

GR
AD

ED
EN

GI
NE

CL
EA

N
EN

GI
NE

DE
GR

AD
ED

EN
GI

NE
LIF

E(
YE

AR
)

UN
IT1

25
.5

25
.5

25
.5

25
.5

25
.5

22
.5

22
22

21
.65

21
.94

24
.7

25
89

,75
4

92
,98

3
8,3

75
.84

8,6
77

.17
76

4,2
96

79
1,7

92
.09

7.6

LM
25

00
+

UN
IT2

25
.5

25
.5

25
.5

25
.5

25
.5

22
.5

22
22

21
.65

21
.94

24
.7

25
89

,75
4

92
,98

3
8,3

75
.84

8,6
77

.17
76

4,2
96

79
1,7

92
.09

7.6
UN

IT3
25

.5
25

.5
25

.5
25

.5
25

.5
22

.5
22

22
21

.65
21

.94
24

.7
25

89
,75

4
92

,98
3

8,3
75

.84
8,6

77
.17

76
4,2

96
79

1,7
92

.09
7.6

UN
IT1

6.6
2

6.6
2

6.6
2

6.5
6.5

5
5

5
5.1

5.1
5.8

7
6.3

7
34

,55
5

36
,49

0
3,2

24
.67

3,4
05

.25
29

4,2
51

31
0,7

28
.77

6.4

TO
RN

AD
O

UN
IT2

6.6
2

6.6
2

6.6
2

6.5
6.5

5
5

5
5.1

5.1
5.8

7
6.3

7
34

,55
5

36
,49

0
3,2

24
.67

3,4
05

.25
29

4,2
51

31
0,7

28
.77

6.4

UN
IT3

6.6
2

6.6
2

6.6
2

6.5
6.5

5
5

5
5.1

5.1
5.8

7
6.3

7
34

,55
5

36
,49

0
3,2

24
.67

3,4
05

.25
29

4,2
51

31
0,7

28
.77

6.4
UN

IT4
6.6

2
6.6

2
6.6

2
6.5

6.5
5

5
5

5.1
5.1

5.8
7

6.3
7

34
,55

5
36

,49
0

3,2
24

.67
3,4

05
.25

29
4,2

51
31

0,7
28

.77
6.4

UN
IT1

10
10

10
9.3

7
9.5

8
8

8
8.7

8
8.7

8
8.8

6
9.5

84
,21

6
87

,84
0

7,8
59

.04
8,1

97
.23

71
7,1

37
74

7,9
97

.13
8.6

SU
LZ

ER
7

UN
IT2

0
0

0
9.3

7
9.5

8
8

8
8.7

8
8.7

8
8.8

6
9.5

78
,68

2
82

,06
5

7,3
42

.60
7,6

58
.31

67
0,0

13
69

8,8
20

.40
7.2

UN
IT3

0
0

0
0

0
8

8
8

8.7
8

8.7
8

8.8
6

0
57

,94
7

59
,22

5
5,4

07
.61

5,5
26

.88
49

3,4
45

50
4,3

27
.53

11
UN

IT4
0

0
0

0
0

0
8

8
8.7

8
8.7

8
8.8

6
0

45
,88

8
47

,72
3

4,2
82

.27
4,4

53
.51

39
0,7

57
40

6,3
82

.82
11

.5

UN
IT1

0
0

3.3
3

4.2
5

4.2
5

3.9
3.6

3.6
4.5

2
4.5

2
3.2

4
38

,48
2

41
,36

8
3,5

91
.14

3,8
60

.46
32

7,6
92

35
2,2

67
.14

5.4

UN
IT2

0
0

0
0

4.2
5

3.9
3.6

3.6
4.5

2
4.5

2
3.2

0
25

,08
7

26
,96

9
2,3

41
.12

2,5
16

.75
21

3,6
27

22
9,6

53
.17

6.1

SU
LZ

ER
3

UN
IT3

0
0

0
0

0
3.9

3.6
3.6

4.5
2

4.5
2

3.2
0

22
,31

4
23

,98
8

2,0
82

.34
2,2

38
.56

19
0,0

14
20

4,2
68

.61
6.5

UN
IT4

0
0

0
0

0
3.9

3.6
3.6

0
0

3.2
0

20
,17

8
21

,69
1

1,8
83

.01
2,0

24
.20

17
1,8

25
18

4,7
08

.63
6.9

UN
IT5

0
0

0
0

0
3.9

3.6
3.6

0
0

3.2
0

20
,17

8
21

,69
1

1,8
83

.01
2,0

24
.20

17
1,8

25
18

4,7
08

.63
6.9

80
0,4

54
83

7,4
69

74
,69

8.3
7

78
,15

2.6
1

6,8
16

,22
6

7,1
31

,42
5.4

0

FU
EL

CO
NS

UM
PT

IO
N

AN
D

TO
TA

LF
UE

LC
OS

TD
UR

IN
G

SU
MM

ER
SE

AS
ON

CA
SE

AN
AL

YS
IS

TO
TA

LF
UE

LC
ON

SU
MP

TIO
N

(kg
)

TO
TA

LF
UE

LC
OS

T(
£)

O&
M

CO
ST

EM
ISS

IO
N

FIN
AN

CI
AL

TO
TA

LC
OS

T

CL
EA

N
EN

GI
NE

S
80

0,4
54

.00
6,8

16
,22

6
93

1,0
00

63
,23

6
1,6

91
,25

0
9,5

01
,71

2

DE
GR

AD
ED

EN
GI

NE
S

83
7,4

69
.00

7,1
31

,42
5

74
4,0

00
66

,16
0

1,6
91

,25
0

9,6
32

,83
5

EF
FE

CT
OF

FO
UL

IN
G

37
,01

5.0
0

31
5,1

99
RE

CO
VE

RA
BL

E
EN

GI
NE

S,
60

%
22

,20
9.0

0
18

9,1
20

BE
NE

FIT
FR

OM
TH

EC
OD

E
FO

R
ON

E
SE

AS
ON

FO
R

CL
EA

N
EN

GI
NE

S,
£

1,8
73

,13
6

BE
NE

FIT
FR

OM
TH

EC
OD

E
FO

R
ON

E
SE

AS
ON

FO
R

DE
GR

AD
ED

EN
GI

NE
S,

£
2,0

23
,00

0

T
A

B
L

E
6
-7

T
O

T
A

L
C

O
S

T
B

R
A

K
E

D
O

W
N

F
O

R
G

A
P

R
O

P
O

S
E

D
O

P
E

R
A

T
IO

N
A

L
S

T
R

A
T

IG
Y

IN
S

U
M

M
E

R



131

6.3.2 Selecting New Power Generation

This case study using the same ambient and operating data used in the previous case

study to select a new set of engines and to set their optimum power setting in order to

maximise the total profit over their expected useful life. The selection process will use

Turbomatch engines library as an engine data base resource.

As stated in Equation 6-1 the total profit objective function includes the total revenue

and the total capital cost in addition to the life cycle costs. The optimisation process

follows the same procedure as the previous case, but using the equation of total profit

objective function.

Based on the ambient and operating input data, the objective function shows that the

maximum fitness (total profit) is approximately £3.72 million, see in figure 6-6, and

this can be achieved by selecting 6 identical units of GE LM2500+ and operate them

according to the profile as illustrated in table 6-10. The operational summer

performance for these engines can be seen in Appendix G.

GA convergence history for the summer season total profit is shown in figure 6-6; see

previous study for explanation of the effects of the GA parameters. The objective

function solution history is shown in Figure 6-7. Also maximum profit for one year is

shown in figures 6-8 and 6-9. These plots report the maximum fitness, and hence the

maximum total profit. The final statistical report produced by GA for optimisation run

of the total cost in summer season is presented in Table 6-8 and for one year in table 6-

9. The operation plan has been set based on the minimum life cycle cost considering the

different type of costs mentioned earlier. The revenue and cost brake down are shown

in table 6-11 and figures 6-10 and 6-11.
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Figure 6-6 Genetic Algorithm convergence history for summer season
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Figure 6-7 GA Total cost convergence history, summer profit (npop=50)
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Population size 50

Current generation 100

Maximum function value 3.73x106

Average function value of
generation

3.50x106

Number of crossovers 2845

Number of creep mutations 41

Elitist reproduction on
individuals

66

Number of evaluations 5000

Table 6-8 Global statistical report (summer profit)
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Figure 6-8 Genetic Algorithm convergence history for one year profit
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Figure 6-9 GA Total cost convergence history, one Year Profit (npop=50)

Population size 50

Current generation 100

Maximum function value 13.9x106

Average function value of
generation

12.7x106

Number of crossovers 3425

Number of creep mutations 53

Elitist reproduction on
individuals

72

Number of evaluations 5000

Table 6-9 Global statistical report (one year profit)
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TIME INTERVAL,
HOURS OF DAY

AMBIENT
TEMP, 0C

AVERAGE POWER
DEMAND, MW

SELECTED
ENGINES

POWER
SETTING

0 13 113
GE LM2500+

5 X 22.6MW

2 13 113
GE LM2500+

5 X 22.6MW

4 14 116
GE LM2500+

5 X 23.2 MW

6 19 125.5
GE LM2500+

5 X 25.1 MW

8 24 129
GE LM2500+

6 X 21.5 MW

10 33 131
GE LM2500+

6 X 21.8 MW

12 47 136
GE LM2500+

6 X 22.6 MW

14 47 136
GE LM2500+

6 X 22.6 MW

16 42 134
GE LM2500+

6 X 22.3 MW

18 34 135
GE LM2500+

6 X 22.5 MW

20 23 133
GE LM2500+

6 X 22.2 MW

22 17 123.5
GE LM2500+

6 X 20.5 MW

Table 6-10 Selected Engines and their Operation Plan Based on the Maximum Profit (Summer
Season)
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Table 6-11 Operational Strategy and Cost Breakdown for the New Selected Engines
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7 CONCLUSION AND RECOMMENDATIONS FOR FUTURE
RESEARCH

7.1 Conclusion

This research has presented the detailed development of a computational method for

maximising the total profit and minimising the total cost in operating gas turbine engine

combinations. This includes changes in both ambient and operating conditions over the

expected life of the power plant. A specific code has been developed and is described

which links a GA optimisation code with Turbomatch; the two codes have been linked

to run as a single linked package. With Turbomatch running as a solver the GA works

to optimise the problem.

This task was accomplished by creating Turbomatch library that includes more than 83

different engines and here many subroutines which have been developed inside the

code: including a variable maintenance cost, emission tax and financial cost

subroutines.

The motivation for the present study has been the growth in power demand and the

dramatically increase in oil and gas prices. Hence; the need for powerful optimisation

tool that will enable the user to select and operate the most cost effective power

generation set to purchase. Also this will contribute to cut down the time consuming of

optimisation process.

Over the different phases of this study many aspects have been investigated. This has

included a literature review which has shown how relevant previews and included some

introductory remarks about gas turbine design and off design performance and the

principle of fouling degradation followed by economic and life cycle review and the

relevant optimisation method review.

The second phase of this study has investigated the behaviour of the industrial gas

turbine at different ambient and operating conditions to determine the relevant

parameters that would maximise the objective function (total profit) and also set the

best values for these parameters.

The third phase of this study has been a techno-economic analysis which has analysed

the different function costs included in the revenue and the total cost. Total revenue is
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broken down to the electricity produced and the price of the electricity, considering the

relevant changes in price of electricity.

The second part of the techno-economic analysis considers the total cost (life cycle).

This includes the capital cost for the engines, fuel cost, emission tax, maintenance and

operating costs, (divided into fixed and variable costs) depreciation and tax and interest

rates which are included as financial costs.

The variable maintenance cost investigation shows that the creep life for the turbine

blades has the major influence on the maintenance cost from both replacement cost and

down-time.

The fourth phase of this study prepares the GA for implementation and develops the

objective function based on the relevant parameters from the engine performance

simulation and the total profit from the techno-economic analysis.

A brief description of genetic algorithm and its working mechanisms is presented in

this part of work. In addition, the code is validated as user secures GA171. It also

provides a study of the parameterisation of the GA variables to efficiently search a

highly multimodal parameter space for a global maximum.

Following GA parameterisation, the link between GA and Turbomatch is developed.

Different subroutines are used to calculate the different cost functions added to the code

with the flexibility to add any other cost subroutines without significant change in the

code.

The advantage of applying genetic algorithm methods, when compared with gradient

based optimisation methods, is related to their robustness, their capability for parallel

process, their efficiency when the number of variable parameters is high and when the

objective function has many local minima and the fact that they do not require

modification for a specific problem.

The method has been applied to optimise the power plant configuration with the aim of

achieving maximum total profit with constraints on the total power demand.

The code has been applied to two different case studies
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The first was to minimise the total cost for an existing power plant by repowering the

existing engines. The results show a significant reduction in the total cost

(approximately £8 million annually) when compared with the total cost for its current

operational strategy. The major life cycle cost comes from savings in fuel which

accounts for about 75 % of the total cost.

The investigation of the power plant studied has shown that all the 16 engines ran at

part load away from the design point all the time, even when the ambient temperature

was relatively low. It has also been noted that compressor fouling has a significant

effect on the fuel flow rate and the firing temperature. The firing temperature has been

increased by about 450K in the GE LM2500+ units and the fuel flow increased by 3.3%

due to degradation caused mainly by compressor fouling. For the smaller units in the

fleet the percentage of degradation is higher as smaller gas turbine engines are more

sensitive to compressor fouling.

The research has also shown that a simple way of calculating the benefits of

compressor cleaning of about £760,000 a year can be achieved from reduction in fuel

costs. Simultaneously, the turbine blade life can be improved

This study has been applied to very hot and dusty environment with a very large

difference in ambient temperature during the same day. At the same time, the power

demand profile showed a significant variation over the day. These changes mean, of

course that the optimum engine combination will vary with time of day.

The second case study relates to the selection of new engines and the determination of

their daily and seasonally operational profiles to maximise total profit over their

expected useful lives. In this study different cost functions were involved in the GA

objective function. These included the total revenue, capital cost and the total cost (life

cycle cost). The GA results determine maximum total profit and engine configuration to

maintain maximum profit.

7.2 General Observations

In general this research shows that GA is a powerful optimisation tool that can be

applied in gas turbine power plant usage optimisation. The overall results have shown

a significant improvement in the total profit when using the GA optimiser. This

performance investigation has also shown that the most important parameter effecting
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operating and maintenance costs are the turbine entry temperature for each engine.

This is therefore, the variable parameter used for each engine.

The optimisation code developed in this research has been validated through the two

case studies as mentioned above.

The first has shown that about 17% reduction in the total cost can be achieved by

optimising the engines combined power profiles during the day while considering the

total power demand constraint. About 92% of this saving comes from the fuel

consumption. This has shown how gas turbine power plant profitability is very sensitive

to both operating and ambient conditions.

In the second case study the code proposes a set of engines from the Turbomatch

library based on the maximum total profit as stated in the objective function. In

addition, that code is able to show the cost brake down for the selected engines.

The user of the code can modify or add any cost function without modifying the main

core of the GA program.

Finally this research has developed an optimisation method based on genetic algorithms

which can maximise the profit for a typical industrial gas turbine portfolio at various

power demands while also considering the local changing ambient conditions.

7.3 Recommendations

From the above it is clear that this present work is a sound basis for a future more

detailed study. Accordingly, the following future work is recommended:

 An investigation of the heat production of the power plant as this can be another

type of energy in addition to electrical or mechanical,

 To further investigate the cost of shutdown and restart,

 An investigation of NOX and CO emissions produced in addition to CO2.

 An Investigation different type of fuel and the economic benefit of using cheaper

heavy oil fuel,

 To carry out more detailed calculation for the creep life, and investigate the use of

different turbine blade materials,
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 To consider reliability and availability costs,

Undertake an economic assessment of compressor washing and filtration systems,

and

 To adapt the interface code to provide a friendlier user interface.
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APPENDICES

APPENDIX A

A.1 INPUT FILE TURBOMATCH DESIGN POINT PERFORMANCE CALCULATIONS, GE
LM2500+
____________________________________________________________________

INDUSTRIAL GAS TURBINE SIMULATION
GENERAL ELECTRIC LM2500 PLUS
////
DP SI NG CT FP
-1
-1
INTAKE S1-2 D1-4 R100
COMPRE S2-3 D5-10 R101 V5 V6
PREMAS S3,12,4 D11-14
PREMAS S4,13,5 D15-18
BURNER S5-6 D19-21 R102
MIXEES S6,13,7
TURBIN S7-8 D22-29,101 V23
MIXEES S8,12,9
TURBIN S9-10 D30-38 V30 V31
NOZCON S10-11,1 D39 R107
PERFOR S1,0,0 D30,40-42,107,100,102,0,0,0,0,0,0
CODEND
DATA ITEMS////
!INTAKE
1 0.0 ! INTAKE ALTITUDE
2 0.0 ! ISA DEVIATION
3 0.0 ! MACH NO
4 0.9951 ! PRESSURE RECOVERY
!COMPRESSOR
5 -1.0 ! Z PARAMETER
6 -1.0 ! ROTATIONAL SPEED N
7 23.1 ! PRESSURE RATIO
8 0.873 ! ISENTROPIC EFFICIENCY
9 0.0 ! ERROR SELECTION
10 4.0 ! MAP NUMBER
!PREMAS
11 0.025 ! BLEED AIR
12 0.00 ! FLOW LOSS
13 1.0 ! PRESSURE RECOVERY
14 0.0 ! PRESSURE DROP
!PREMAS
15 0.075 ! BLEED AIR
16 0.0 ! FLOW LOSS
17 1.0 ! PRESSURE RECOVERY
18 0.0 ! PRESSURE DROP
!BURNER
19 0.075 ! FRACTIONAL PRESSURE LOSS DP/P
20 1.0 ! COMBUSTION EFFICIENCY
21 -1.0 ! FUEL FLOW
!HP TURBINE
22 0.0 ! AUXILIARY WORK
23 -1.0 ! NDMF
24 -1.0 ! NDSPEED CN
25 0.896 ! ISENTROPIC EFFICIENCY
26 -1.0 ! PCN
27 1.0 ! COMPRESSOR NUMBER
28 4.0 ! TURBINE MAP NUMBER
29 -1.0 ! POWER LOW INDEX
!POWER TURBINE
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30 27600000.00 ! AUXILIARY WORK
31 -1.0 ! NDMF
32 -1.0 ! NDSPEED CN
33 0.854 ! ISENTROPIC EFFICIENCY
34 -1.0 ! PCN
35 0.0 ! COMPRESSOR NUMBER
36 4.0 ! MAP NUMBER
37 -1. ! POWER LOW INDEX
38 -1. ! COMWORK
!NOZCON
39 -1. ! THROAT AREA
!PERFOR
40 1.00 ! PROPELLER EFFICIENCY
41 0.0 ! SCALING INDEX
42 0.0 ! REQUIRED THRUST
-1
1 2 80.5 ! INLET MASS FLOW
6 6 1505.0 ! COMBUSTION OUTLET TEMPERATURE
-1
-3
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OUTPUT FILE TURBOMATCH DESIGN POINT PERFORMANCE CALCULATIONS, GE
LM2500+

_________________________________________________________________________________

The Units for this Run are as follows:-

Temperature = K Pressure = Atmospheres Length = metres

Area = sq metres Mass Flow = kg/sec Velocity = metres/sec

Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J

Sp. Thrust = N/kg/sec Power = Watts

***** DESIGN POINT ENGINE CALCULATIONS *****

***** AMBIENT AND INLET PARAMETERS *****

Alt. = 0.0 I.S.A. Dev. = 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00

***** COMPRESSOR 1 PARAMETERS *****

PRSF = 0.21667E+02 ETASF = 0.10633E+01 WASF = 0.45436E+00
Z = 0.85000 PR = 23.100 ETA = 0.88250
PCN = 1.0000 CN = 1.00000 COMWK = 0.38125E+08

***** COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.10000E+01
ETA = 1.00000 DLP = 1.7240 WFB = 1.6286

***** TURBINE 1 PARAMETERS *****

CNSF = 0.78538E+02 ETASF = 0.10391E+01 TFSF = 0.28844E+01
DHSF = 0.19144E+05
TF = 414.346 ETA = 0.88500 CN = 2.060
AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = -0.67001E-02 ETASF = 0.10391E+01 TFSF = 0.71215E+00
DHSF = 0.18575E+05
TF = 414.346 ETA = 0.88500 CN = 2.060
AUXWK = 0.27600E+08

Additional Free Turbine Parameters:-
Speed = *****% Power = 0.27600E+08

***** CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01
Area = 1.5755 Exit Velocity = 112.54 Gross Thrust = 8979.77
Nozzle Coeff. = 0.97152E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 80.500 1.00000 1.00000 288.15 288.15 0.0 *****
2 0.00000 80.500 ****** 0.99510 ***** 288.15 ***** *****
3 0.00000 80.500 ****** 22.98682 ***** 745.07 ***** ****
4 0.00000 78.488 ****** 22.98682 ***** 745.07 ***** *****
5 0.00000 72.601 ****** 22.98682 ***** 745.07 ***** *****
6 0.02243 74.230 ****** 21.26281 ***** 1505.00 ***** *****
7 0.02075 80.116 ****** 21.26281 ***** 1453.53 ***** *****
8 0.02075 80.116 ****** 4.59106 ***** 1065.23 ***** *****
9 0.02023 82.129 ****** 4.59106 ***** 1057.85 ***** *****
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10 0.02023 82.129 ****** 1.02953 ***** 767.87 ***** *****
11 0.02023 82.129 1.00000 1.02953 762.23 767.87 112.5 1.5755
12 0.00000 2.013 ***** 22.98682 ***** 745.07 ***** *****
13 0.00000 5.887 ****** 22.98682 ***** 745.07 ***** *****

Shaft Power = 27600000.00
Net Thrust = 8979.77
Equiv. Power = 28178988.00
Fuel Flow = 1.6286
S.F.C. = 59.0078
E.S.F.C. = 57.7953
Sp. Sh. Power = 342857.16
Sp. Eq. Power = 350049.56
Sh. Th. Effy. = 0.3930

INPUT FILE TURBOMATCH OFF DESIGN PERFORMANCE CALCULATIONS

INDUSTRIAL GAS TURBINE SIMULATION
GENERAL ELECTRIC LM2500 PLUS
MODELLED BY HUSSEIN BEN-HARIZ, SME, DEC 2007////
OD SI NG CT FP
-1
-1
INTAKE S1-2 D1-4 R100
COMPRE S2-3 D5-10 R101 V5 V6
PREMAS S3,12,4 D11-14
PREMAS S4,13,5 D15-18
BURNER S5-6 D19-21 R102
MIXEES S6,13,7
TURBIN S7-8 D22-29,101 V23
MIXEES S8,12,9
TURBIN S9-10 D30-38 V30 V31
NOZCON S10-11,1 D39 R107
PERFOR S1,0,0 D30,40-42,107,100,102,0,0,0,0,0,0
CODEND
DATA ITEMS////
!INTAKE
1 0.0 ! INTAKE ALTITUDE
2 0.0 ! ISA DEVIATION
3 0.0 ! MACH NO
4 0.9951 ! PRESSURE RECOVERY
!COMPRESSOR
5 -1.0 ! Z PARAMETER
6 -1.0 ! ROTATIONAL SPEED N
7 23.1 ! PRESSURE RATIO
8 0.8825 ! ISENTROPIC EFFICIENCY
9 0.0 ! ERROR SELECTION
10 4.0 ! MAP NUMBER
!PREMAS
11 0.025 ! BLEED AIR
12 0.00 ! FLOW LOSS
13 1.0 ! PRESSURE RECOVERY
14 0.0 ! PRESSURE DROP
!PREMAS
15 0.075 ! BLEED AIR
16 0.0 ! FLOW LOSS
17 1.0 ! PRESSURE RECOVERY
18 0.0 ! PRESSURE DROP
!BURNER
19 0.075 ! FRACTIONAL PRESSURE LOSS DP/P
20 1.0 ! COMBUSTION EFFICIENCY
21 -1.0 ! FUEL FLOW
!HP TURBINE
22 0.0 ! AUXILIARY WORK
23 -1.0 ! NDMF
24 -1.0 ! NDSPEED CN
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25 0.885 ! ISENTROPIC EFFICIENCY
26 -1.0 ! PCN
27 1.0 ! COMPRESSOR NUMBER
28 4.0 ! TURBINE MAP NUMBER
29 -1.0 ! POWER LOW INDEX
!POWER TURBINE
30 27600000.00 ! AUXILIARY WORK
31 -1.0 ! NDMF
32 -1.0 ! NDSPEED CN
33 0.885 ! ISENTROPIC EFFICIENCY
34 -1.0 ! PCN
35 0.0 ! COMPRESSOR NUMBER
36 4.0 ! MAP NUMBER
37 -1. ! POWER LOW INDEX
38 -1. ! COMWORK
!NOZCON
39 -1. ! THROAT AREA
!PERFOR
40 1.00 ! PROPELLER EFFICIENCY
41 0.0 ! SCALING INDEX
42 0.0 ! REQUIRED THRUST
-1
1 2 80.5 ! INLET MASS FLOW
6 6 1505.0 ! COMBUSTION OUTLET TEMPERATURE
-1
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 -40.0 ! --New OD Calculation; DT=-40.0
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K



155

-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 -30.0 ! --New OD Calculation; DT=-30.0
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 -20.0 ! --New OD Calculation; DT=-20.0
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
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6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 -10.0 ! --New OD Calculation; DT=-10.0
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 10.0 ! --New OD Calculation; DT=10
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1



157

-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 20.0 ! --New OD Calculation; DT=20
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 30.0 ! --New OD Calculation; DT=30
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
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-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
2 40.0 ! --New OD Calculation; DT=40
-1
6 6 1250.0 ! OD Calculation; DT=0; TET = 1250.0K
-1
-1
6 6 1300.0 ! OD Calculation; DT=0; TET = 1300.0K
-1
-1
6 6 1350.0 ! OD Calculation; DT=0; TET = 1350.0K
-1
-1
6 6 1400.0 ! OD Calculation; DT=0; TET = 1400.0K
-1
-1
6 6 1450.0 ! OD Calculation; DT=0; TET = 1450.0K
-1
-1
6 6 1500.0 ! OD Calculation; DT=0; TET = 1500.0K
-1
-1
6 6 1550.0 ! OD Calculation; DT=0; TET = 1550.0K
-1
-1
6 6 1600.0 ! OD Calculation; DT=0; TET = 1600.0K
-1
-1
6 6 1650 ! OD Calculation; DT=0; TET = 1650.0K
-1
-1
6 6 1700 ! OD Calculation; DT=0; TET = 1700.0K
-1
-3
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A.2 INPUT FILE TURBOMATCH DESIGN POINT PERFORMANCE CALCULATIONS SGT200

TORNADO

! Simulation of SGT200TORNADO-SIEMANS Gas turbine and Power Turbine
DP SI NG VA FP
-1
-1

INTAKE S1, 2 D1-4 R100
COMPRE S2, 3 D5-11 R102 V5 V6
PREMAS S3, 4, 22 D12-15
DUCTER S4, 5 D16-19 R103 W6, 5
BURNER S5, 6 D20-22 R104
MIXEES S6, 22, 7
TURBIN S7, 8 D23-30, 102, 31 V24
DUCTER S8, 9 D32-35 R107
TURBIN S9, 10 D36-45 V37 V36
DUCTER S10, 11 D46-49 R110
NOZCON S11, 12, 1 D50 R111
PERFOR S1,0,0 D36,51-53,111,100,104,0,0,0,0,0,0,0,0,0
CODEND
DATA ITEMS////
! Intake
1 0.0 ! INTAKE DATA: ALTITUDE
2 0.0 ! DEV FROM STANDART TEMP
3 0.0 ! MA-NUMBER
4 0.99 ! PRESSURE RECOVERY
! Compressor
5 -1.0 ! COMP: Z
6 1.0 ! RELATIVE ROTATIONAL SPEED
7 12.4 ! PRESSURE RATIO
8 0.84 ! ISENTROPIC EFFICIENCY
9 0.0 ! ERROR SWITCH
10 3.0 ! MAP-NUMBER
11 0.0 ! STATOR ANGLE RELATIVE TO DP
! Premas
12 0.98 ! Premas: Cooling bypass: LAMBDA W
13 0.0 ! DELTA W
14 1.0 ! LAMBDA P
15 0.0 ! DELTP
! Ducter
16 0.0 ! Divergent Diffuser: Switch
17 0.002 ! TOTAL PRESSURE LOSS: DELTA (P)/Pin
18 0.0 ! COMBUSTION EFFICIENCY
19 0.0 ! LIMITING VALUE FOR FUEL FLOW: NO = 100000
! Burner
20 0.065 ! BURNER: PRESSURE LOSS
21 0.995 ! COMB. EFF.
22 -1.0 ! FUEL FLOW
! Compressor Turbine
23 0.0 ! TURBINE DATA: AUXWORK
24 0.8 ! DESIGN NON DIM FLOW / MAX
25 0.6 ! DESIGN NON DIM SPEED
26 0.88 ! ISENTROPIC EFF
27 -1.0 ! ROT SPEED OF PT
28 1.0 ! NUMBER OF COMPRESSOR DRIVEN
29 5.0 ! MAP NUMBER
30 -1.0 ! POWER LAW INDEX
31 0.0 ! NGV ANGLE RELATIVE TO DP
! Ducter
32 0.0 ! DIVERGENT-CONVERGENT DUCT AT TURBINE AND POWERTURBIN:
33 0.0 ! Total pressure loss: DELTA (P)/Pin
34 0.0 ! COMBUSTION EFFICIENCY
35 0.0 ! LIMITING VALUE FOR FUEL FLOW :NO = 100000
! Power Turbine
36 7680000.0 ! POWER TURBINE DATA: AUXWORK
37 -1.0 ! DESIGN NON DIM FLOW / MAX
38 -1.0 ! DESIGN NON DIM SPEED
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39 0.88 ! ISENTROPIC EFF
40 1.0 ! ROT SPEED OF PT
41 0.0 ! NUMBER OF COMP DRIVEN
42 1.0 ! MAP NUMBER
43 -1.0 ! POWER LAW INDEX
44 -1.0 ! Compressor Work: Power turbine = -1
45 0.0 ! NGV
! Ducter
46 0.0 ! GAS COLLECTOR DUCT AFTER POWER TURBINE: Switch
47 0.01 ! Total pressure loss: DELTA (P)/Pin
48 0.0 ! Combustion efficiency
49 0.0 ! Limiting value for Fuel Flow: no = 100000
! Nozzle
50 -1.0 ! Convergent nozzle
! Performance
51 1.0 ! POWER TURBINE: PROPELLER EFF
52 0.0 ! SCALING SWITCH
53 0.0 ! REQUIRED THRUST at Design point
54 0.0 ! Nozzle Gross Thrust
-1
1 2 29.3 ! Airflow
6 6 1314.0 ! TET
-1
-3
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A.3 INPUT FILE TURBOMATCH DESIGN POINT PERFORMANCE CALCULATIONS SULZER

7

DP SI NG CT FP
-1
-1
INTAKE S1-2 D1-4 R300
COMPRE S2-3 D5-11 R301 V5 V6
PREMAS S3,4,9 D12-15
BURNER S4-5 D16-18 R303
MIXEES S5,9,6
TURBIN S6-7 D19-26,301,27 V19 V20
NOZCON S7-8,1 D28 R305
PERFOR S1,0,0 D19,29-31,305,300,303,0,0,0,0,0,0,0,0
CODEND

BRICK DATA ITEMS////
! INTAKE
1 0.0 ! ALTITUDE
2 0.0 ! ISA DEVIATION:Tamb=288.15 K, Pamb=1.01325 bar
3 0.0 ! MACH NUMBER
4 0.9951 ! PRESSURE RECOVERY
! COMPRESSOR
5 -1.0 ! SURGE MARGIN
6 0.6 ! DESIGN SPEED
7 7.6 ! DESIGN PRESSURE RATIO
8 0.885 ! ISENTRIOPIC EFFICIENCY
9 1.0 ! ERROR SELECTION
10 3.0 ! COMPRESSOR MAP NUMBER
11 0.0 ! RELATIV TO DP VARIABLE STATOR ANGLE
! SPLITTER
12 0.96 ! LAMBDA (W)
13 0.0 ! DELTA (W)
14 1.0 ! LAMBDA (P)
15 0.0 ! DELTA (P)
! BURNER
16 0.07 ! PRESSURE LOSS 0%
17 0.998 ! EFFICIENCY
18 -1.0 ! FUEL FLOW (-1 = TET SPECIFIED. SEE SV DATA)
! POWER TURBINE
19 10600000.0 ! AUXILLARY POWER REQUIRED
20 0.8 ! NON DIMENTIONAL MASS FLOW
21 0.6 ! NON DIMENTIONAL SPEED
22 0.90 ! ISENTROPIC EFFICIENCY
23 -1.0 ! RELATIV ROTATIONAL SPEED
24 1.0 ! COMPRESSOR NUMBER
25 3.0 ! TURBINE MAP NUMBER
26 1000.0 ! POWER INDEX N
27 0.0 ! ANGLE
! NOZCON
28 -1.0 ! AREA FIXED
! PERFORMANCE
29 1.0 ! PROPELLER EFFICIENCY
30 0.0 ! SCALLING INDEX
31 0.0 ! REQUIRED DP NET THRUST OR POWER OUTPUT FOR PT

-1
1 2 64.3 ! MASS FLOW
5 6 1198.0 ! TURBINE ENTRY TEMPERATURE
-1
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APPENDIX B

Creep rupture properties of INCO alloy HX sheet
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APPENDIX C

Engines prices (2005), [93]
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APPENDIX E

Operational Procedure for Typical Summer Day (Existing & Proposed)

TIME,
HOUR

AMBIENT
TEMP,

0
C

POWER
DEMAND,

MW
Running Engines (Existing) Proposed Operation

0 13 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 10MW

2 13 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW

Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = MW

4 14 116

LM2500+ 3 X 19 = 57 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3 x8 =24 MW

Sulzer 3, 3 x 3.66= 11 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 9.67MW
Sulzer 3, 1 x 3.33= 3.33 MW

6 19 125.5

LM2500+ 3 X 19 = 57 MW
Tornado, 3x7.5 = 22.5 MW
Tornado, 1x7 = 7 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.25= 4.25 MW

8 24 129

LM2500+ 3 X 19 = 57 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x8 =8 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

10 33 131

LM2500+ 3 X 19.3 = 58MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22.5 = 67.5 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.9= 19.5 MW

12 47 136

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22 = 66 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.6= 18 MW

14 47 136

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 22 = 66 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.6= 18 MW

16 42 134

LM2500+ 2 X 20 = 40MW
LM2500+ 1 X 21 = 21MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 21.65 = 64.9 MW
Tornado, 4 x5.1 = 20.4 MW
Sulzer 7, 4 x8.78 =35.12 MW
Sulzer 3, 3 x 4.52= 13.56 MW

18 34 135

LM2500+ 2 X 21 = 42MW
LM2500+ 1 X 20 = 20MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 21.94 = 65.8 MW
Tornado, 4 x5.1 = 20.5 MW
Sulzer 7, 4 x8.78 =35.12 MW
Sulzer 3, 3 x 4.52= 13.56 MW

20 23 133

LM2500+ 3 X 20 = 60MW
Tornado, 4 x7.5 = 30 MW
Sulzer 7, 2 x9.5 =19 MW
Sulzer 7, 1 x9=9 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 24.7 = 74.1 MW
Tornado, 4 x5.87 = 23.48 MW
Sulzer 7, 4 x8.86 =35.44 MW
Sulzer 3, 5 x 3.2= 16 MW

22 17 123.5

LM2500+ 2 X 18 = 36 MW
LM2500+ 1 X 19 = 19 MW
Tornado, 3x7.5 = 22.5 MW
Tornado, 1x7 = 7 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 3 x 5= 15 MW

LM2500+ 3 X 25 = 75 MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW
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Operational Procedure for Typical Autumn Day (Existing & Proposed)

TIME,
HOUR

AMBIENT
TEMP,

0
C

POWER
DEMAND,

MW
Running Engines (Existing) Proposed Operation

0 7 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 10MW

2 7 113

LM2500+ 3 X 18 = 54 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = MW

4 9 119

LM2500+ 3 X 20 = 60 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 9.67MW
Sulzer 3, 2 x 3..16= 6.33 MW

6 12 123

LM2500+ 3 X 21 = 63 MW
Tornado, 4x5.25 = 21 MW
Sulzer 7, 3 x8 =24 MW
Sulzer 3, 5 x 3= 15 MW

LM2500+ 3 X 25 = 75 MW
Tornado, 4 x6.25 = 25 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW

8 17 125

LM2500+ 3 X 20 = 60 MW
Tornado, 4x6.5 = 26 MW
Sulzer 7, 4 x6 =24 MW
Sulzer 3, 5 x 3= 15 MW

LM2500+ 3 X 25.3 = 76 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.25= 4.25 MW

10 26 127.5

LM2500+ 3 X 20.3 = 62 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7=28 MW
Sulzer 3, 5 x 3.5= 17.5 MW

LM2500+ 3 X 25.3 = 76 MW
Tornado, 4 x6.25 = 25 MW
Sulzer 7, 2x9.5 = 18 MW
Sulzer 3, 2 x 4.25= 8.5 MW

12 34 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 22.3 = 67 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.8= 19 MW

14 34 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 22.3 = 67 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.8= 19 MW

16 30 128

LM2500+ 3 X 25.2 = 75.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 23.5 = 70.5 MW
Tornado, 4 x4.5 = 18 MW
Sulzer 7, 3x7 = 21 MW
Sulzer 3, 5 x 3.7= 18.5 MW

18 23 129

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

20 18 124

LM2500+ 3 X 25.2 = 75.5MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW

LM2500+ 3 X 25.66 = 77 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.= 4 MW

22 11 119

LM2500+ 3 X 20 = 60 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x7.12 = 28.5 MW
Sulzer 7, 1x10 = 10MW
Sulzer 3, 1 x 4=4 MW
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Operational Procedure for Typical Winter Day (Existing & Proposed)

TIME,
HOUR

AMBIENT
TEMP,

0
C

POWER
DEMAND,

MW
Running Engines Proposed Operation

0 5 127

LM2500+ 3 X 20.3 = 62 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7=28 MW
Sulzer 3, 5 x 3.4= 17 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 3x8 = 24 MW

2 5 127

LM2500+ 3 X 20.3 = 62 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7=28 MW
Sulzer 3, 5 x 3.4= 17 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 3x8 = 24 MW

4 6 127

LM2500+ 3 X 20.3 = 62 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7=28 MW
Sulzer 3, 5 x 3.4= 17 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 3x8 = 24 MW

6 9 119

LM2500+ 3 X 20 = 60 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.62 = 26.5 MW
Sulzer 7, 1x10 = 9.67MW
Sulzer 3, 2 x 3..16= 6.33 MW

8 16 124

LM2500+ 3 X 25.2 = 75.5MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW

LM2500+ 3 X 25 = 75 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.25= 4.25 MW

10 23 128

LM2500+ 3 X 25.2 = 75.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.75 = 27 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

12 34 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 22.3 = 67 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.8= 19 MW

14 34 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 22.3 = 67 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.8= 19 MW

16 30 129

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

18 25 131

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x4.87 = 19 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.4= 17MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 3 x 3.5= 10.5 MW

20 16 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.33 = 76 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 19 MW
Sulzer 3, 2 x 4.5= 9 MW

22 8 128

LM2500+ 3 X 25.2 = 75.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9 = 18 MW
Sulzer 3, 2 x 4= 8 MW
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Operational Procedure for Typical Spring Day (Existing & Proposed)

TIME,
HOUR

AMBIENT
TEMP,

0
C

POWER
DEMAND,

MW
Running Engines Proposed Operation

0 7 125

LM2500+ 3 X 20 = 60 MW
Tornado, 4x6.5 = 26 MW
Sulzer 7, 4 x6 =24 MW
Sulzer 3, 5 x 3= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.25 = 25 MW
Sulzer 7, 3x7.83 = 23.5 MW

2 7 125

LM2500+ 3 X 20 = 60 MW
Tornado, 4x6.5 = 26 MW
Sulzer 7, 4 x6 =24 MW
Sulzer 3, 5 x 3= 15 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.25 = 25 MW
Sulzer 7, 3x7.83 = 23.5 MW

4 9 124

LM2500+ 3 X 25.2 = 75.5MW
Tornado, 4 x6.37 = 25.5 MW
Sulzer 7, 2x9.5 = 19MW
Sulzer 3, 1 x 4= 4 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6 = 24 MW
Sulzer 7, 3x7.83 = 23.5 MW

6 12 121

LM2500+ 3 X 20.6 = 62 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25.33 = 76 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 19MW

8 19 125

LM2500+ 3 X 20 = 60 MW
Tornado, 4x6.5 = 26 MW
Sulzer 7, 4 x6 =24 MW
Sulzer 3, 5 x 3= 15 MW

LM2500+ 3 X 25.3 = 76 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.37 = 19MW
Sulzer 3, 1 x 4.25= 4.25 MW

10 26 129

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

12 36 132

LM2500+ 3 X 21.6 = 65 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7.75 =31 MW
Sulzer 3, 5 x 3.2= 16 MW

LM2500+ 3 X 21.6 = 65 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7.75 =31 MW
Sulzer 3, 5 x 3.2= 16 MW

14 36 132

LM2500+ 3 X 21.6 = 65 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7.75 =31 MW
Sulzer 3, 5 x 3.2= 16 MW

LM2500+ 3 X 21.6 = 65 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 4 x7.75 =31 MW
Sulzer 3, 5 x 3.2= 16 MW

16 33 131

LM2500+ 3 X 21 = 63 MW
Tornado, 4 x4.87 = 19 MW
Sulzer 7, 4 x8 =32 MW
Sulzer 3, 5 x 3.4= 17MW

LM2500+ 3 X 22.5 = 67.5 MW
Tornado, 4 x5 = 20 MW
Sulzer 7, 3x8 = 24MW
Sulzer 3, 5 x 3.9= 19.5 MW

18 27 130

LM2500+ 3 X 25.8 = 77.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.625 = 26.5 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.5= 9 MW

20 20 129

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

LM2500+ 3 X 25.5 = 76.5 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 18MW
Sulzer 3, 2 x 4.25= 8.5 MW

22 14 120

LM2500+ 3 X 20.3 = 61 MW
Tornado, 4 x5.125 = 20.5 MW
Sulzer 7, 4 x7 =28 MW
Sulzer 3, 3 x 3.5= 10.5 MW

LM2500+ 3 X 25 = 75 MW
Tornado, 4 x6.5 = 26 MW
Sulzer 7, 2x9.5 = 19MW
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APPENDIX G

Variation of Fuel Flow with TET, GE LM2500+
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Variation of the Fuel Flow with Time and Operating Power GE

LM2500+, (Summer Day)
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APPENDIX H

Code Link, Brief Description

This code link a genetic algorithm with the TURBOMATCH code. The genetic

algorithm is the main driver and it is implemented in file ga170.f90.

It current requires a user-dependent objective function which is called "func(j, val)" and

which was defined in the gnetic algorithm file ga170.f90

The objective function, has been developed, this will allow easy maintenance of the

code, and allow the user to modify his objective function without modifying the main

core of the GA program

The turbomatch code contains 10 files (below) + an extra link file "link_ga_tm.f90"

Add_handler.f90,

briska.f90,

briskb.f90,

ctmaps.f90,

inpass.f90,

master.f90

outer.f90 (contains most of key variables or data required by the GA algorithm)

tm_help.f90

varcom.f90

vartur.f90

The turbomatch code was originally a standalone application with main

program file; this main file has been replaced by the file link_ga_tm.f90 which

contains one subroutine called "LINK_TURBOMATCH" with the some input

(enginenumber, tet) and some outputs depending on the user (currently there are 4

outputs:

SP, FF, ESFC, THEFF, but we can add more if require by the gafortran program, most

of the key output variables can be found in file outer.f90)
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To completely define the objective function used by the ga170 program, we generate an

extra file engine_cost.f90, which contains the functional definitions of all the cost

functions as following:

Revenue

Capital Cost

Fuel Cost

O&M Cost

Emission Tax

Financial Cost

If a new cost function is required, it should be defined in this file.

All the 16 files mentioned above have been grouped in the same workspace (directory

last version), to make the link effortless, and easier to maintain. So in theory, if we

consider that the turbomatch code & ga code always works, the user should only

modify two files (objective_function.f90, and engine_cost.f90), and possibly the

file”link_ga_tm.f90” only to export new output variables or data to the objective

function.
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