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Investing in the economic use of associated gas for power generation using gas 

turbines would require a model for evaluating the effect of gas turbine degradation 

on the divestment time of the redundant units of engines. 

The Techno-Economic and Environmental Risk Assessment (TERA) framework 

is adopted for a broad and multidimensional analysis of the problem. Due to the 

limited availability of the associated gas, the fleet composition is optimised to 

obtain the maximum power, economic returns and best divestment time. The 

performance, emission, creep life, economic returns and risk associated with the 

optimised fleets are all analysed. Four different study engines are considered 

an aero-derivative, an aero-derivative with intercool, a single shaft, and a reheat 

engine. Turbomatch, Hephaestus, and Genetic Algorithm in Matlab are among 

the tools used. 

As expected, results show that engine degradation extends the divestment time. 

For example, at the 2nd year of the project; 0, 1, 2, 3, 3 are the respective number 

of units of engines divested in the pessimistic degraded, medium degraded, 

optimistic degraded, clean (optimised) and baseline fleets of the aero-derivative 

engine. An increase of 1.0% and 1.6% respectively in the power and NPV of the 

optimised clean aero-derivative fleet as against the baseline are achieved. The 

economic performance of the fleets show the optimised fleet (clean) of the aero-

derivative intercooled engine having the highest NPV of $3.24b and the 

pessimistic degraded fleet of the (43.3MW) aero-derivative engine having the 

least NPV of $2.39b. Degradation reduced the NPV of the project for the 

degraded fleets. As an example, a reduction by 4.0%, 9.1% and 15.8% for the 

optimistic, medium and pessimistic degraded fleets of the 43.3MW aero-

derivative engine is observed. 

The novel technical contribution of this research is the development of a model 

and methodology for evaluating the effect of degradation on divestment time, 

which serves as a guide to associated gas investors. Other contributions are the 

development of models for best divestment time evaluation, improvement of the 
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economic performance of different fleets of different gas turbine cycles and the 

assessment of the impact of engine degradation on the economic use of 

associated gas. The results of the optimised divestment time, fleet compositions, 

power and improved economic returns from the project are also a big contribution 

to knowledge.  

This research has proposed a model that can be used for the profitable economic 

utilisation of associated gas. 

Keywords: divestment time, degradation, fleet optimisation, power generation 
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1.1 Overview 

The use of flared associated gas (AG) for power generation in the oil and gas 

industry has been attracting a growing interest given the environmental and 

energy benefits associated with this approach. The flared gases which are 

hydrocarbon rich can be converted into methane based fuel for combustion in 

gas turbines. However, the employment of gas turbines as part of this process 

requires investigation in terms of the architecture of the cycles, the integration of 

the different components, the economics of the process and the attending 

environmental impact. This project will employ the techno-economic and 

environmental risk assessment framework (TERA), developed in Cranfield 

University, to investigate the suitability of a range of approaches to exploit these 

existing sources of energy. 

Natural gas found in conjunction with crude oil within the reservoir is referred to 

as associated gas (AG) [1, p.1]; [2]. AG flaring is the controlled burning of natural 

gas produced in association with oil in the process of routine oil and gas 

production activities. The practice of disposing natural gas to the atmosphere by 

flaring is an integral practice in oil and gas production, primarily for safety reasons 

[3, p.ii]. 

Flaring of AG does not only amount to great economic waste but it also results in 

life-threatening environmental impact. Huge amount of energy (Kilo Watts Hour, 

kWh) and economic return would be gotten when AG is used as fuel in industrial 

gas turbines.  

1.2 Research Background and Problem Statement  

Nigeria, a West African country, is among the countries currently having a very 

high level of AG flaring. Because of the enormous amount of energy that can be 

generated from the use of this AG, and the environmental benefits derivable due 

to the reduced emissions, the Nigerian government therefore needs a decision-

making guide for investment in the economic use of AG for power generation 

(Mega Watts, MW). 
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This research seeks to develop a model and methodology that will provide useful 

decision-making guide on investment in the economic use of AG for power 

generation. The model and methodology will be useful to the government of any 

country that is flaring AG. 

In this research, this AG utilisation project has a time span of 20 years, this is 

because of the decline in the availability of natural gas which is the source of the 

AG. 

Fleets of four different types of gas turbine engines to make use of the AG as fuel 

for power generation are used in the model. As a result of the limited quantity of 

AG at various times in the years of the project, there is therefore the need for an 

optimisation model that gives the fleet composition that maximises power 

production and fuel utilisation. This is called the optimised fleet composition. 

Gas turbines exhibit the effect of wear and tear over time, therefore degradation 

of the gas turbine components will set in during the life span of this project. 

At some point during the life span of the project, due to the decline in the 

availability of associated gas, some of the gas turbine engines in the fleets would 

be redundant, and would therefore need to be divested. Hence, the need for an 

optimisation model that would evaluate the best divestment time for the 

redundant units of engines in the fleet. Investors (governments) who want to 

invest in the economic use of associated gas using gas turbines need to know 

the effect of engine degradation on the best divestment time for the redundant 

units of engines in the fleet, this would also serve as a decision-making guide.      

1.3 Research Aim 

The aim of this research is to explore the effect of gas turbine degradation on the 

optimum divestment time for the redundant units of engine in a fleet. This is a key 

element that would be needed by investors who want to invest in the economic 

utilisation of associated gas for power generation. Knowing the effect of 

degradation on divestment time would serve as a useful decision-making guide 

for associated gas investors. As evident in the public domain, this has not 

previously been done. 
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1.4 Research Objectives 

The objectives of this research are as follows; 

' To simulate engine performance at varying operating conditions of the 

study engines at clean and degraded modes using Turbomatch 

' To generate a baseline fleet composition given the fuel availability as 

constraint 

' To optimise the fleet composition of the various fleets using Genetic 

Algorithms (GA) in Matlab 

' To optimise the power generated (MW) by the various fleets given the 

constraint of limited fuel availability (using GA in Matlab) 

' To carry out a simple lifing model for maintenance cost estimation for all 

the various fleets in the study 

' To carry out emission assessment for the various fleets in the study using 

Hephaestus 

' Assessment on the impact of gas turbine degradation on divestment time 

and on the economic use of associated gas (using GA in Matlab) 

' Optimising the economic performance of the various fleets of gas turbines 

for power generation using GA in Matlab and TERA modules acting as 

external solver 

1.5 Contribution to Knowledge 

1.5.1 Development of a model for evaluating the effect of engine 

degradation on the divestment time for redundant units of 

engine 

After doing a detailed literature review on the economic utilisation of AG using 

gas turbines, the research gap as evident in public domain is the lack of literature 

that show the effect of gas turbine degradation on the divestment time for 

redundant units of engines in a fleet.  

This research has successfully developed a model for evaluating the effect of gas 

turbine degradation on the divestment time for redundant units of engines. This 
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model serves as a guide for investors who would want to invest in the economic 

utilisation of AG using gas turbines.  

1.5.2 Development of a model and methodology for investing in AG 

utilisation 

AG is being wasted to flaring in many countries. A robust model and methodology 

has been developed in this research which would serve as a guide for investing 

in AG utilisation. 

1.5.2.1 Development of a model for the assessment of the impact of 

engine degradation on the economic use of AG 

As seen in the public domain, the models already provided for the economic 

utilisation of AG lack robustness due to the absence of the effect of degradation 

on the divestment time for redundant units of engines, which is a key element. 

The effect of engine degradation on divestment time and cost have been 

integrated into the model presented in this research. The robustness of the 

economic model proposed by this research makes it useful as a guide for 

investing in AG utilisation. 

1.5.2.2 Development of a model for the improvement of the economic 

performance of a fleet of gas turbines for power generation 

As a result of the depletion of natural gas, AG which is a form of natural gas is 

also gradually depleting. Investing in the economic utilisation of AG will require a 

model for optimising the fleet composition, the power and economic return (NPV) 

from the fleets subject to the constraint of depleting AG availability. 

This research has successfully produced a GA model for the optimisation of gas 

turbine fleet composition, power and improvement of the economic return from 

the fleet (NPV) given the constraint of limited AG availability. 

1.5.3 Reliable results for AG investment planning 

The results of the optimised divestment times for the degraded fleets are a novel 

contribution to knowledge. The optimised divestment times, fleet compositions, 
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power and the improved economic returns from the project are also a big 

contribution to knowledge. These results can be used as estimates of expected 

returns on investing in AG utilisation. 

1.6 Structure of Thesis 

This section gives a brief description of the contents of the various chapters of 

this research. This thesis report is made up of 7 chapters, each ends with a brief 

chapter summary. 

Chapter 1: Introduction and Problem Statement  

This introductory chapter gives an overview on associated gas wastage and the 

opportunity of harnessing it as a source of energy. The research background and 

statement of the problem that prompted the need to carry out this research were 

also identified. The research aim, objectives and contribution to knowledge were 

all described in this introductory chapter of the research. 

Chapter 2: Literature Review 

This chapter contains a detailed literature review on the economic utilisation of 

associated gas for power generation using gas turbine engines. 

The literature review exposed the effects of associated gas flaring. It also 

emphasised the current trend in associated gas decline and the reason for this 

decline. A detailed review on degradation in gas turbine components, the causes 

and the effects on engine performance is also presented. Previous studies on the 

economic utilisation of associated gas and  also 

surveyed and the research gap highlighted. Case studies on associated gas 

recovery and utilisation are cited. Some previous applications of the Techno-

Economic and Environmental Risk Assessment (TERA) framework are outlined. 

The engines selected for the research and the reasons for their selection are 

carefully described. Literature review are also carried out on the tools used in this 

research. Different project appraisal methods are highlighted and the one to be 

adopted in this research is explained.  
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Chapter 3: Research Methodology 

Having identified the research aim and objectives in the first chapter of the 

research, this chapter describes in a chronological order the steps and tools 

utilised to achieve the aim and objectives. 

The associated gas availability data used by the fleets is also shown in this 

chapter. A brief and introductory explanation as regards the engine degradation 

aspect of the research is done.   

The fleet composition for the baseline fleet and the economic utilisation of the 

associated gas by the baseline fleet is analysed for the entire duration of the 

project as seen in this chapter. The robust model developed for the economic 

utilisation of associated gas using gas turbines and the several technical and 

economic factors integrated into the model are all described.  

Chapter 4: Genetic Algorithms, Matlab and the Optimisation Process 

This chapter describes the Genetic Algorithm tool and its operators when used 

for optimisation purposes. The aim of the optimisation, the objective function to 

be maximised and the optimisation constraints are also explained in this chapter. 

This chapter describes the Genetic Algorithm in Matlab code developed and 

employed in this study. The chapter explains how the database (search domain) 

for the optimiser was generated. The effects of some Genetic Algorithm 

parameters on the optimisation results are also highlighted. 

Chapter 5: Optimisation Results and their Integration into the TERA Model 

This chapter shows the results of the optimisation for the various fleets. 

The chapter begins with the verification of the optimisation model and its results. 

The results from the optimisation such as the optimised fleet composition, power, 

divestment time and efficiencies for the units of engines in the fleets are all 

presented in this chapter. 
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The effect of engine degradation on divestment time, which is the aim and main 

contribution to knowledge in this research is also evaluated as seen in this 

chapter. 

In this chapter, the process of integrating the optimisation results into the TERA 

model is initiated by estimating the emissions and creep life of the various 

optimised fleets. 

Chapter 6: Economic Evaluation of the Optimised Fleets 

This chapter contains the economic evaluation of the various optimised fleets. 

The robust economic model developed was used in the assessment of the impact 

of gas turbine degradation on the economic use of associated gas. The chapter 

also considers the optimised economic performance of the various fleets of gas 

turbines for power generation. A sensitivity analysis showing the effects of some 

technical and economic factors on the economic return (NPV) of the project are 

also highlighted. 

Chapter 7: Conclusions and Recommendations for Future Work 

The final chapter shows the conclusions drawn from the research and the 

recommendations made for improving future studies on the economic utilisation 

of associated gas using gas turbines. 
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2.1 Introduction 

The Niger Delta region of Nigeria is suffering from the negative effects of the 

frequent flaring of associated gas. These associated gases are natural gases with 

impurities. 

Although the conventional fuel used by industrial gas turbines in generating 

electricity is natural gas, associated gases can also be harnessed as fuel for 

power generation. 

Harnessing associated gases for power generation will not only help in solving 

the problem of lack of constant power supply, but it will also add to the volume of 

fuel for our industrial gas turbines while at the same time eliminating the negative 

effects that would have been caused by the unused flared associated gases. 

2.2 Effects of associated gas flaring 

The negative effects of associated gas flaring are numerous. The hazardous 

effects of associated gas flaring range from land to sea and air, thus its negative 

effects are experienced by humans, terrestrial and aquatic animals, plants, etc. 

Underneath are some examples of the negative effects of associated gas flaring. 

2.2.1 Emission of greenhouse gas (GHG) 

The burning of fossil fuel produces greenhouse gases which lead to global 

warming.  The carbon dioxide emitted during associated gas flaring results in high 

global warming potential. Associated gas flaring also contributes considerably to 

the release of emissions of carbon monoxide (CO) and oxides of nitrogen (NOX), 

which are gases that aid the formation of tropospheric ozone (another 

greenhouse gas). In the stratosphere, methane is available as a greenhouse gas; 

whereas in the troposphere (ground level), methane aids the photochemical 

process of formation of ground level ozone and smog [1, p.14]; [4]. 
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2.2.2 Air pollution 

Chemically, ambient air is composed of gaseous mixture of 21% Oxygen, 78% 

Nitrogen, 0.04% Carbon dioxide, with Water vapour and Rare gases such as 

Helium and Argon. Ambient air composition is affected when the concentrations 

of the components are altered and this causes pollution of the air. Gas flaring is 

one of the main causes of air pollution. CO2 emissions is expected to reduce by 

about 15 million tonnes in various oil production facilities, especially in Nigeria, 

this is as a result of the serious effort made towards ending continuous flaring [1, 

p.14]; [5]. 

Figure 2-1: Associated Gas Flaring in Rumuekpe, Rivers State (Nigeria) [6]

2.2.3 Health threat 

The implications of gas flaring on human health all have to do with the exposure 

of those toxic air pollutants generated in the process of partial combustion of gas 

flare. These pollutants are linked with various serious health cases such as 

cancer, neurological, reproductive and developmental effects. It is also reported 

that skin sicknesses, lung damage and deformities in children can also be linked 

to these toxic pollutants [7, p.7]. Some serious changes in haematological 

parameters are said to be caused by hydrocarbon compounds, negatively 

affecting the blood and blood-forming cells, which can lead to anaemia, 

leukaemia and pancytopenia [7, p.7]. 
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2.2.4 Formation of acid rain 

Acid rain is reportedly associated with the activities of gas flaring [8, p.1, 2]; [9]. 

Reports from the Niger Delta region of Nigeria reveal that corrugated roofs are 

been corroded by the constituents of the rain that falls due to associated gas 

flaring [7, p.7]. Acid rain is primarily caused by the emissions of nitrogen oxides 

(NOx) and sulphur dioxide (SO2) which in combination with atmospheric moisture 

form nitric acid and sulphuric acid respectively. The negative effects of acid rain 

are numerous; it acidifies aquatic habitats and damages vegetation. Also, acid 

rain increases the rate of decay of building materials and paints. Before falling to 

the earth, NO2 and SO2 gases and their particulate matter derivatives, nitrates 

and sulphates, aid visibility degradation and threaten public health [7, p.7]. 

2.2.5 Effect on agriculture 

Gas flaring results in atmospheric contamination. These contaminants include 

oxides of Nitrogen, Carbon and Sulphur (NO2, CO2, CO, SO2), hydrocarbons and 

ash, particulate matter, hydrogen sulphide (H2S) and photochemical oxidants 

[10]; [11]. These contaminants acidify the soil, which leads to depletion of soil 

nutrient. Reports have shown that the nutritional values of crops planted around 

that location are reduced [12]. In some instances, there is no vegetation at all in 

the vicinity surrounding the flare resulting from the intensity of the heat that is 

produced and the acid nature of the soil PH [7, p.7]; [13]. 

2.2.6 Economic loss 

worth of gas is literally burnt off on regular basis in some part of the world, 

including Nigeria. According to the Directorate of Petroleum Resources (DPR) in 

Nigeria, the 1.4bcfd (billion cubic feet per day) flared gas was costing the Federal 

Government $4.9m (million) daily at $3.50/1,000 standard cubic feet, when put 

together, the nation loses $1.79bn (billion) yearly to gas flaring [14]. This can be 

converted for electricity generation and many other useful means. 
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2.3 Associated gas flaring in Nigeria 

Gas flaring in Nigeria dates back to when oil exploration commenced in the nation 

in the 1950s. Laws have been put in place since 1984 and several attempts have 

been made by various government regimes to put  an end to gas flaring but 

complete success is yet to be achieved [14]. 

According to the Directorate of Petroleum Resources (DPR), the 1.4bcfd flared 

gas was costing the Federal Government $4.9m daily at $3.50/1,000 standard 

cubic feet, when put together, the nation loses $1.79bn yearly to gas flaring [14]. 

2.3.1 Past gas gathering efforts in Nigeria 

Natural gas is a vital component of global energy supply, being one of the most 

useful and safest sources of fuel. It is clean burning, yields less toxic fumes during 

combustion, and can also be harnessed as feedstock for the petrochemical 

industry. In 1988, the Nigeria Gas Company (NGC) was created as a section of 

the Nigerian National Petroleum Company (NNPC) and with the objective of 

transporting and marketing gas in Nigeria and West Africa [1, p.16,17]. Many 

attempts have been made and continue to be made to gather associated gas, 

this is explained in the sections below. 

2.3.2 Field data 

Examined below is a literature review of field data obtained from the Niger Delta 

region of Nigeria. Data on associated gas (AG) usage was collected from the 

Directorate of Petroleum Resources (DPR), while the data on AG composition 

was gotten from the Nigeria Liquefied Natural Gas (NLNG) Limited [1, p.37,38]. 

2.3.2.1 Data obtained from DPR 

Data items gotten from the DPR, between the years 1999 to 2008, are as follows: 

' Gas quantity in BSCM (billion standard cubic meters) produced from oil 

exploration activities 

' Gas quantity utilised 

' Gas quantity flared 
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Details are as shown in Table 2-1 below. 

Table 2-1: Natural Gas Produced, Utilised and Flared, 1999-2008 

Source of Data [DPR, Nigeria] 

The gas usage above includes its usage as fuel, for domestic sales, re-injection 

for Enhanced Oil Recovery (EOR), processing to Liquefied Natural Gas (LNG) or 

Liquid Petroleum Gas (LPG) [1, p.38]. 

2.3.2.2 Data obtained from the NLNG 

Data obtained from the NLNG Company cover the compositions of three 

constituents of AG, characterised in Table 2-2. 

' Lean Associated Natural Gas (LANatGas) 

' Medium Associated Natural Gas (MANatGas) 

' Rich Associated Natural Gas (RANatGas) 

The different AG composition above represents different degrees of gas quality 

[1, p.43,44]. 
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Table 2-2: AG Compositions from Three Locations 

Source of Data [NLNG, Nigeria] 

resources and hopes to mitigate gas flaring. As regards the NLNG Plant at Bonny, 

AG is gotten from onshore concession locations in the Niger Delta region and 

also from offshore pipelines and conveyed to the plant. NNPC/Shell, NNPC/Agip, 

NNPC/Elf are the three production ventures from where the gas is being supplied 

and has Soku, Obiafu and Obite respectively as major gas fields in Rivers State 

which serve as transfer points [1, p.44].The supply of associated gas to the NLNG 

is further explained in Figure 2-2. 
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Figure 2-2: Supply of AG to the NLNG [1, p.44]

2.4 AG as a fuel for gas turbines 

AG has properties which makes it suitable for combustion in gas turbines after its 

purification. Because AG is gotten from pure natural gas, it has most of the 

properties of natural gas. 

The high methane content in AG makes it a possible fuel for power generation 

and industrial use.  

2.4.1 Natural gas and its chemistry 

The primary constituent of natural gas is methane. Fuels and chemicals could be 

gotten from methane either through synthesis gas or directly into C2

hydrocarbons or methanol. Although other processes for the conversion of 

methane do exist, most large scale commercial conversion of natural gas uses 

the synthetic gas approach. The method mostly used in producing synthetic gas 

is steam reforming. Other methods employed in the production of synthetic gas 
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from methane are direct partial oxidation and the direct conversion of methane 

approach [15, p.2-4]; [16, p.249, 250]. 

2.4.2 Industrial gas turbine fuel requirements 

For combustion to take place in the combustion chamber of a gas turbine, the 

fuel must be injected, vaporised, and then mixed with air. The influence of these 

processes on combustion is a function, to a great extent, on the physical 

properties of the fuel [17, p.456]. The important properties of the fuel are 

distillation range, vapour pressure, flash point, volatility point, viscosity, surface 

tension, calorific value, sensible enthalpy, limits of flammability, and smoke point 

[17, p.458-471]; [18, p.11-15].  

2.4.3 Impurities in AG 

Allison [1, p.19] reported that impurities in the use of AG as fuel for gas turbines 

could come from the fuel gas, air, fuel oil or water.  

Having these impurities in excess quantity could result in poor combustion of the 

fuel, which leads to poor engine performance. The presence of H2S in the AG 

also reduces the quality of this fuel source. 

Lefebvre and Ballal [17, p.449] highlighted some contaminants that can be found 

in distillate fuels. They posit that apart from sulphur and sulphur compounds, 

other contaminants in distillate fuels are gum, water, and trace amounts of metal 

particles. AG may also contain some of these contaminants, although in less 

quantities.  

2.4.4 Examples of AG utilisation 

AG has been successfully utilised as fuel in gas turbines to generate power. 

Detailed below are case studies of AG utilisation in various localities. 

2.4.4.1 AG utilisation by the General Electric (GE) Jenbacher gas engine 

Clarke Energy [19] enbacher systems utilising 

AG were installed in 1998 in Italy. By 2013, there are more than 330 units 

worldwide operating on AG, having a total electrical output of more than 450MW. 
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About 3.6 million MWh of electricity is generated yearly by these plants, as 

reported in 2013 [19]. 

2.4.4.2 AG utilisation in Abu Dhabi 

According to Misellati and Ghassnawi [20, p.1-2], and Wasfi [21, p.1], the Abu 

Dhabi National Oil Company (ADNOC) has for long set the goal of zero flaring for 

the companies operating under its group. The Zakum Development Company 

(ZADCO) and the Abu Dhabi Company for Onshore Oil Operations (ADCO) have 

made several efforts in the recovery of flared gas. 

ed large amounts of gas flaring while carrying 

out its operations. However, due to the zero flaring mandate, a flare gas recovery 

compressor was integrated into its system, which help in recovering some of the 

gas flared [20, p.1-3]. 

Wasfi [21, p.1] reported that ADCO has made several efforts in carrying out 

projects in all its Fields to reduce flaring to the minimum and to recover the AG. 

ADCO adopted a zero flaring strategy which led to a 90% decrease in one of its 

, from about 2.8 to 0.3 million standard cubic feet 

per day (MM scfd). The resulting increase in gas availability of approximately 900 

million standard cubic feet (MM scf) has an annual beneficial value of $1.4m 

(million dollars), equating to $22m as an NPV in a 25 year basis. 

2.4.4.3 AG utilisation in Qatar 

Ferdrin [22] highlighted the improvement achieved in Qatar in its efforts to 

minimise AG flaring and recovering AG for other useful purposes. 

Gas production commenced in Qatar in 1949, this was used in field work that had 

power generation, while the use of onshore AG to produce Natural Gas Liquid 

(NGL) started in 1974.  was executed to transport 

onshore AG to Umm Said and Doha from 5 different oil/gas separation stations 

which are situated between Khatiyah and Jaleha. This transported AG were used 

in a Cement and Fertilizer plants at Umm Bab and Umm Said respectively. The 

transported AG was used in the RAA power station in Doha. While the above 
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project was going on, another project of recovering Natural Gas Liquids (NGL) 

from the onshore AG was also executed. 

As at the time Ferdrin reported, the Qatar government has made several efforts 

both to minimise flaring and to recover the flared AG for other useful purposes 

such as fuelling of power plants. Ferdrin [22] also reported that gas utilisation in 

the State has been well optimised. 

2.4.4.4 AG utilisation in Iran 

Zadakbar et al., [23, p.51] posit that due to the enormous volume of gas flaring 

that was going on in the Khangiran gas refinery, investigations were carried out 

on the operational conditions. These investigations focussed on the units directly 

producing the flare gases [24]. From the existing data, it was discovered that the 

flash drum of the methyl diethanolamine (MDEA), the regenerator reflex drum of 

the MDEA, the regenerator column of the MDEA, the residue gas filter and the 

inlet gas separator which goes into the gas treating unit (GTU) were paramount 

when considering the production of flared gases. 

From past research and experience, Zadakbar et al., [23, p.51] suggested some 

practical ways of minimising, recovering and reusing of flared gases. To minimise 

and/or reuse flared gases; improve the geometry of the MDEA flash drum. This 

helps in reducing H2S and CO2, thereby sending the gases to the fuel gas header. 

Equipment with envisaged streams should be upgraded, this will also help in 

sending the gases to the fuel gas header. The internals of the inlet gas separator 

should also be upgraded. For recovering and reusing of flared gases, the flare 

gas recovery system for the MDEA flash drum should be installed. The overall 

flare gas recovery system should also be installed.  

2.5 AG production decline, gas turbine engine degradation and 

engine units divestment 

A serious concern in this research is the decline in the production of fossil fuel 

which is the source of AG. Engine component deterioration must be put into 

consideration when researching on using AG as fuel for gas turbine power 

generation. Divestment of redundant engines will normally take place at some 
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time in a gas turbine company, this will be necessary for the purpose of 

2.5.1 AG gas production decline 

Due to the continuous consumption of fossil fuel on an industrial scale, it is certain 

that there is gradual depletion in its reserve [25, p.45]. It also implies that 

associated gas production is gradually declining since it is a fossil fuel. Decline 

may be as a result of politics, sabotage, malfunctions or depletion [1, p.86]. For 

the purpose of this research, decline as a result of depletion is the focus. 

In 2002, the World Bank organised a Summit for Sustainable Development in 

South Africa where the Global Gas Flaring Reduction (GGFR) Initiative was 

launched. Its primary aim was to render a solution to the challenge of global gas 

flaring. In the study, a decline rate of -13% was used throughout the 20-year 

period of the life of the power plant, starting from year 2015. The plant was 

expected to have an annual operational hours of 8000, making use of AG as fuel 

(with a constant Lower Heating Value of 41MJ/Kg), and a daily Ultimate 

Recoverable Reserve (URR) of 40,000m3 per well as recommended by the team 

of World Bank experts. The resource decline was implemented on the GGFR 

Code for a single well which gave rise to the AG Decline Curve of Figure 2-3 [1, 

p.93-96], this was done by Isaiah Allison using the GGFR code [1]. This research 

utilised the same fuel availability as that used by Allison. His case study is Nigeria, 

this research is a follow-up of his. Also, Nigeria is a member of the World Bank 

GGFR partnership programme and is actively receiving assistance on reducing 

gas flaring. The World Bank GGFR partnership is helping some African countries 

(including Nigeria) in their effort to stop or reduce gas flaring [26, p.8, 10, 13]. The 

URR used for this research is as suggested by the World Bank experts, and 

Nigeria is the case study for this research. However, the model proposed by this 

research is applicable to any country flaring AG. 
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Figure 2-3: Associated Gas Decline over Time [1, p.95]

Shown in Figure 2-4 is the graphical illustration of the steady reduction in power 

as a result of the decline in AG supply. Figure 2-5 shows the steady increase in 

redundant power (undivested) capacity due to the decline in AG, which can be 

divested. 

Figure 2-4: Decline in Power over Time [1, p.96]
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Figure 2-5: Resource Decline and Engine Redundancy [1, p.96]

2.5.2 Gas turbine units divestment 

Fossil fuel which is the source of AG is continually undergoing depletion, as such, 

a gas turbine industry running its engines on AG needs to plan on divestment of 

redundant engines. The option of which gas turbine unit to divest involves 

selection of engine units and management of redundant engine units. For a 

selected fleet of engines and a given AG production profile, the timing of the 

withdrawal and the appropriate engine unit to be withdrawn is a major concern. 

The AG decline rate and the Ultimate Recoverable Resources are the two major 

factors that determine the number of redundant engine units [27, p.135]. 

In Anosike  [27] study on engine  divestment, he adopted a methodology 

in which the gas turbine unit divestment algorithm relied on output from the AG 

production profile module in order to predict the power plant engine mix. Also, the 

prediction was based on the available engine within the eight gas turbine engines 

which were used as study engines. The performance and economic parameters 

served as the determinant factors for the estimation of the particular gas turbine 

unit due for divestment. The engine thermal efficiency and the fuel consumption 

are the performance parameter criteria considered whereas the purchased 

equipment cost (PEC) of the gas turbine unit was considered as the economic 

criterion. It was observed that achieving gas turbine engine operation with engine 

Redundant 
Power 
(Undivested) 
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divestment option requires multiple mix of gas turbine units. The economic 

performance increase found as a result of the divestment stratagem was quite 

noticeable across the power plants considered [27].  

Allison [1] analysed the influence of degradation on the economic use of AG, and 

demonstrated the onset of resource decline and palliative divestment protocol. 

He recommended that the effect of gas turbine degradation on divestment time 

should be explored. 

On the economic utilisation of AG using gas turbines, the research gap as evident 

in public domain is 

divestment time. This is key for investors who would want to invest in the 

economic utilisation of AG using gas turbines. 

2.5.3 Degradation in gas turbine components 

Wear and tear are usually observed in gas turbines after a period of usage, with 

this deterioration of an engine having overall 

performance. Therefore, the effect of deterioration on an engine and the 

attendant economic implication would be factors to be considered when using AG 

as fuel for industrial gas turbine engines for the purpose of power generation [1, 

p.22]. 

2.5.3.1 Causes of degradation in gas turbine components 

The most important factors responsible for deterioration of gas turbine 

components are; fouling, hot corrosion, corrosion, erosion, damage, abrasion, 

creep, etc. [1, p.22-24]; [28, p.174-176].  

Fouling is caused by the adherence of particles to airfoils and annulus surfaces 

in the presence of oil or water mists. This results in a build-up of material that 

leads to surface roughness and to some extent causes alteration in the shape of 

the airfoil. Sea salts, carbon, oil mists and smoke are common examples of 

particles that cause fouling and they are typically smaller than 2 to 10µm. An 

example of the adverse effect of fouling is the plugging of turbine blade cooling 

holes which is caused by submicron particles, this increases damage from 

overheating [28, p.174]. 
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Hot corrosion is the loss or degradation of material from flow path components 

as a result of chemical reactions taking place between component and some 

contaminants such as reactive gases, salts and mineral acids (Figure 2-6). 

Figure 2-6: Hot Corrosion on a Turbine Rotor [28, p.175]

Corrosion is mainly caused by inlet air contaminants, fuel contaminants and 

combustion-derived contaminants. Fuel-induced corrosion is more noticeable 

and severe with distillates and heavy fuel oils than with natural gas, as a result of 

the presence of additives and impurities in the liquid fuels which leave aggressive 

deposits after combustion. Corrosion could also be caused by impurities present 

in the air, which is as a result of the combustion of fuel in the combustion chamber 

[28, p.175]. 

The time-dependent deformation of components when loads are applied to them 

at high temperatures is called creep. This causes plastic deformation, it is time 

dependent and under favourable thermal conditions could lead to material 

deformation [1, p.23]; [29]. 

2.5.3.2 Effect of components deterioration on the engine performance 

Deterioration in gas turbine engine components has a compounded effect on the 

performance of the entire gas turbine engine. The reason being that the alteration 

in component performance characteristics results in mismatch of these 

components both on the component level and on the entire gas turbine engine 

level [30, p.97]. 
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2.5.3.2.1 Effect of compressor deterioration 

Compressor deterioration is mostly caused by fouling and erosion. The main 

effect of compressor deterioration is a reduction in the thermal efficiency and 

power output of the gas turbine. Fouling results in a change to the geometry of 

rougher. The outcome is a decrease in mass flow rate, compressor efficiency and 

pressure ratio [31, p.48]; [32]. 

Lakshminarasimha et al. [33] found that fouling resulted in a 5% decrease in 

compressor inlet mass flow, which led to a 10% and 2.5% decrease in power 

output and compressor efficiency respectively [31, p.48]. 

Zwebek [31, p.48] reported that test data of some sites show results that, in the 

case of large industrial gas turbines, compressor fouling caused a 5% decrease 

in inlet mass flow, which decreased the efficiency of the compressor by 1.8%. 

This level of fouling will decrease the power output of the engine and increase 

the heat rate by 7% and 2.5% respectively.  

2.5.3.2.2 Effect of combustion system deterioration 

According to Diakunchak [34, p.164], time-dependent engine performance 

degradation is unlikely to have been directly caused by degradation in the 

combustion system. Regardless of the fuel utilised (such as natural gas, distillate 

oil, or even crude oil) and even if deposits of carbon are stuck on the fuel nozzles, 

there will not be a reduction in the efficiency of the combustor, though deposits 

of carbon breaking off from the nozzles and soot formed due to the incomplete 

combustion of fuel will lead to performance deterioration. Temporary or 

permanent deformation of downstream components, which will lead to 

performance deterioration, can occur if there are alterations in the outlet pattern 

factor of the combustor. 

2.5.3.2.3 Effect of turbine deterioration 

Performance degradation is the outcome when there is fouling of the turbine 

airfoils and annulus, erosion of the turbine surface, blade tip and seal land rubs. 

Performance deterioration can also occur when the leakage and cooling flows 
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increase beyond a certain level [34, p.164]. Bammert and Stobbe [35] reported 

that a test on a multi-stage axial turbine revealed a significant decrease in 

performance due to the effect of both increase in airfoil profile thickness (caused 

by surface deposits) and decrease in airfoil profile thickness (due to erosion) [34, 

p.164]. 

According to Zwebek and Pilidis [36] and Diakunchak [34], about 2.7% increase 

in heat rate and 3.7% reduction in power output is the resultant effect of 1% 

reduction in the overall turbine isentropic efficiency [31, p.49]. 

2.5.3.2.4 Effect on the overall engine 

The overall engine degradation is a result of the combined effect of the 

degradation in the individual components of the engine. Experience in the use of 

gas turbines has revealed that under unfavourable conditions, the loss in power 

output could be as high as 20% while under most favourable conditions, it could 

be as low as 2% [31]; [37, p.50]. As an example, Diakunchak [34] reported a 5% 

reduction in inlet mass flow resulted in a 0.5% reduction in the efficiency of the 

turbine, and a 1.8% reduction in the efficiency of the compressor will lead to a 

4.2% increase in the heat rate and a 10% reduction in power output. 

2.5.3.3 Effect of performance deterioration due to associated gas 

combustion 

Alteration of natural gas quality from pipeline gas quality will not only cause 

inefficient thermodynamic performance, but will also initiate the deterioration of 

the hot gas path of the gas turbine engine as a result of the contaminants in the 

fuel [1, p.76]; [38]. 

The composition of AG vary significantly and although the high methane content 

makes it desirable for generating power, the heat content of a gas could be 

affected by this variation in composition. For example, the heating value of a gas 

would be decreased by a high mass composition of Nitrogen, or the flame speed 

is affected by the Hydrogen content in the fuel, which could lead to uneven 

release of heat in the combustor [1, p.76-77]; [39]. 
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2.6 TERA tool 

Ogaji et al., [40] described the emergence and application of the tool called TERA 

 Techno-economic and Environmental Risk Assessment. TERA is a concept 

invented at Cranfield University, which was based on studies undertaken in power 

plant asset management, power plant multi-disciplinary optimisation and impact 

of power plant design and operation on atmospheric pollution. TERA was 

developed to provide a methodology to analyse the technological, economic and 

environmental risks of aircraft engines. The TERA software is integrated with a 

commercial optimiser (iSIGHT, a product of Engineous Software Ltd) and creates 

a framework for cycle studies [40]. 

Although TERA was originally invented for the aerospace field, it is currently 

being applied to other fields such as industrial and marine gas turbines. 

2.6.1 Aviation application 

The TERA concept was formulated as a decision-making tool to conceive and 

analyse gas turbine engines with respect to obtaining minimal global warming 

effect and minimum cost of ownership in the midst of various legislations on 

emissions, emission taxation policies, fiscal and Air Traffic Management 

environments [40]; [41, p. 15-16].  

As part of the effort to meet the Advisory Council for Aeronautics Research in 

Europe (ACARE) goals, the TERA concept has been applied in the European 

projects  Environmentally Friendly Aero Engine (VITAL) and NEW Aero Engine 

Core Concepts (NEWAC) to evaluate advanced aircraft engine concepts [41, 

p.15-16].  

Kyprianidis et al., [42] displayed sample results to show how the tool can be 

utilised to ascertain those gaseous pollutants and flight phases that maximally 

aid global warming. Colmenares Quintero et al., [43] illustrated an example on 

how to use the tool to analyse the trade-off between operating costs and 

environmental requirements of the future aero-engines for short range 

commercial aircrafts [41, p.17]. Figure 2-7 shows the TERA scheme for aviation 

application. 
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Figure 2-7: TERA scheme for Aviation [40, p.4]

2.6.2 Marine application 

As a result of the AMEPS (Advanced Marine Electric Propulsion Systems) 

project, a TERA-based computational procedure has been developed for marine 

gas turbine-based power plants (Figure 2-8) [41, p.17-18]; [44]. 

Figure 2-8: TERA for Marine Application [41, p.18]; [44]
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Doulgeris et al., [45] developed a computational method for marine propulsion 

systems comprising various numerical models which simulate the life cycle 

operation of marine gas turbines installed on marine vessels. The authors also 

generated stochastic estimates of the  life cycle net present cost. 

They illustrated this by carrying out TERA simulation of a 25MW marine gas 

turbine powering a RoPax fast ferry in an integrated full electric propulsion system 

[45]. 

2.6.3 Industrial application 

Although TERA was initially conceived for aero gas turbine applications, research 

interests have also broadened to include industrial gas turbine engines. Gayraud 

[46]; [47]; [48] observed challenges encountered in gas turbine selection for 

power generation and proffered solutions using techno-economic assessments. 

His subsequent research [47]; [48] of more complicated systems helped him to 

provide the basis for a decision support system for combined cycle systems. 

Mucino [49] also developed techno-economic performance simulation and 

diagnostics computational system for the operations optimisation and risk 

management of a combined cycle gas turbine (CCGT) power station by applying 

TERA and using same route as Gayraud [41, p.18].  

The cogeneration field is not left out in the fields that have experienced the 

successful application of the TERA tool [41, p.19]. TERA for LNG applications is 

another product of the Industrial version of TERA and its objective is to choose 

the optimum engines in terms of performance, emissions, economic investment, 

maintainability and reliability [50, p.18]. 

2.7 Selection of study engines 

Four study engines were selected; designated as AD43, IC100, RH296, and 

SS296. These engines have been selected to represent a proper mix in gas 

turbine engine technology level and their wide industrial usage. 
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2.7.1 AD43 gas turbine 

The AD43 gas turbine is a simple-cycle, two-shaft, high performance gas turbine 

engine. It is inspired from the GE LM6000 engine. It has modifications and 

additions designed to make it more fit for marine propulsion, marine power and 

industrial power generation use. These additional features include an expanded 

turbine section which converts thrust into shaft power, supports and struts for 

mounting on a steel or concrete deck, and upgraded controls packages for 

generating power [51]. 

2.7.1.1 Design & development 

The AD43 gas turbine engine produces 43.4MW of power from either end of its 

low-pressure rotor system, which rotates at 3,600rpm. It has a twin spool 

configuration with the low pressure turbine operating at an electrical frequency of 

60Hz, this helps it avoid the need for a conventional power turbine. It is designed 

to operate with natural gas [51]. 

2.7.1.2 Applications of AD43 engine 

The AD43 gas turbine engine has proved its usefulness in many sectors. Some 

of its applications include power generation for combined cycle and peak power, 

combined heat and power for industrial and independent power producers. 

Typical users of the AD43 gas turbine engine are hospitals, airports, pulp and 

paper plants, cement plants, mining plants, gas pipelines, refineries, gas 

production, utilities, cruise ships and fast ferries [51]. 

2.7.2 IC100 gas turbine engine 

The IC100 gas turbine is inspired from the GE LMS100 gas turbine engine. It has 

a thermal efficiency of about 0.44 and its power output is about 100.2MW [52]. 

 intercooling system results in higher pressure ratio and increased mass flow 

[53]. 

2.7.2.1 Components of the IC100 gas turbine engine 

The IC100 gas turbine is an intercooled gas turbine engine. It has an intercooler, 

a low pressure compressor and a power turbine as part of its components. Its 
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supercore is made up of a high pressure compressor, a burner, a high pressure 

turbine and an intermediate pressure turbine [53]. 

2.7.2.2 Applications of the IC100 gas turbine 

The IC100 has various applications as it provides different solutions to various 

industries [54]: 

 Utilities  peak power, combined cycle, distributed generation, grid stability 

 Oil and Gas  mechanical drive, power generation 

 Offshore power generation 

 Industrial  combine heat and power 

 Mobile power  emergency power, peak demand, mining, oil and gas 

applications 

 Marine  power and propulsion 

2.7.3 SS296 gas turbine engine 

The SS296 gas turbine is inspired from the Siemens SGT6-8000H gas turbine 

engine. It is an engine model of high performance, efficiency and flexibility. It is a 

single-spool engine of 296MW power output, 40% efficiency and pressure ratio 

of 19.5. Due to its flexibility, it could be easily integrated in single-spool or multi-

spool combined cycle plants [55, p.3-4]. 

2.7.3.1 Components of the SS296 gas turbine engine 

The key features of the SS296 gas turbine engine are found in its rotor, 

compressor, bearings, turbine and combustor [55, p.4-5]. 

The rotor of this engine has features such as hirth serration, internal cooling air 

passages and central tie rod giving this engine the capability of fast (cold) start 

and hot restart [55, p.4-5]. 

The compressor has 4 stages of quick acting variable pitch guide vanes (VGV), 

which enables it to have better efficiency at part load and high load transients. 

The ability of replacing its rotating blades without rotor destack is an 

advantageous feature [55, p.4-5]. 
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The bearings of this engine also have some good features. The hydraulic 

clearance has been optimised for the purpose of minimising clearance losses and 

the active clearance control using hydraulic clearance optimisation helps 

minimise deterioration in the clearances of the bearing [55, p.4-5]. 

The turbine has an internally air-cooled turbine section which provides the engine 

with high cycling ability. Its 3-dimensional 4 stage turbine is made with advanced 

materials and thermal barrier coating. Another good feature of this engine is the 

ability of replacing all of its turbine blades and vanes without lifting the rotor. The 

combustion system is the advanced can annular [55, p.4-5]. 

2.7.3.2 Applications of the SS296 gas turbine 

The SS296 engine is a robust and flexible heavy-duty engine, manufactured for 

both simple and combined cycle power plants. And is suitable for peak, medium, 

or base load duty as well as cogeneration applications [55, p.4-5]. 

2.7.4 RH296 gas turbine engine 

The RH296 gas turbine is inspired from the Alstom GT-26 gas turbine engine. It 

is a reheat gas turbine system with thermal efficiency of 0.396 and power output 

of 296MW [56]; [57]; [58, p.33]. Four features make this gas turbine engine 

desirable; Sequential Combustion Design, Industry-leading Burners, Welded 

Rotors and High Power Density. Its sequential combustion design helps it to 

provide increasing efficiency and power output without significantly increasing 

environmental emissions. Its sequential combustion concept also gives rise to a 

gas turbine system with very high power density making smaller blade 

dimensions possible. Its industry-leading burners help it to achieve low NOX, its 

welded rotors helps to minimise stress cracking, thereby helping its maintenance 

process [59]. 

2.7.4.1 Components of the RH296 gas turbine 

The gas generator of the RH296 gas turbine comprises of the compressor, an 

annular EV combustor, the high pressure turbine, an annular SEV combustor and 

the low pressure turbine. When fuel is injected into the two combustion systems 

in series, increased power output and thermal efficiency are achieved without 
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significantly increasing the emissions and this can occur at both full and part load 

settings. This is possible because the firing temperature in the first combustor 

can be kept relatively low whereas the second combustor does not make a 

significant addition to the volume of engine NOX emissions [59]. 

2.7.4.2 Applications of the RH296 gas turbine 

The RH296 gas turbine engine finds application in many industries; such as 

simple-cycle, combined-cycle and co-generation applications [60]. This engine is 

also useful in applications that need repowering [61]. 

2.8 Engine performance simulations and engine emissions 

prediction 

2.8.1 TURBOMATCH: Gas turbine performance simulation code 

The performance analysis of gas turbine engines can be modelled using 

TURBOMATCH software; a Cranfield University in-house FORTRAN-based code 

for simulating both design point and off-design engine operating conditions. It can 

also be used in simulating the transient performance of gas turbine engines. In 

design point condition, the Turbomatch software gives engine performance and 

size data; whereas in off-design point mode, engine performance is estimated for 

various throttle setting (rotational speed, combustor exit temperature otherwise 

known as turbine entry temperature (TET), or fuel flow). The performance 

simulation of the engine at transient states is done by adjusting the fuel flow with 

the preferred rotational speed or time [62, p.3].

A Turbomatch engine model is built in a modular manner by employing various 

pre-programmed units called Bricks. The majority of the Bricks correspond to 

specific engine components, for example, INTAKE, COMPRE (compressor), 

BURNER (combustor), TURBIN (turbine), NOZCON (convergent nozzle). There 

are however, also Bricks for arithmetical operations (ARITHY) and the final 

calculation of the performance (PERFOR) when all the engine component 

processes have been calculated. Furthermore, there are bricks to produce 

additional output, either as Files (PLOTBD, PLOTSV) or as additional screen 

information (OUTPBD, OUTPSV) can also be used [62, p.5]. 
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More importantly, the gas state at the inlet and outlet to all component bricks are 

expressed by a number of quantities known as Station Vectors. These gas states 

help in describing the thermodynamic processes that occur within the component. 

Each Station Vector is made up of the following nine quantities  fuel-air ratio, 

mass flow, static pressure, total pressure, static temperature, total temperature, 

velocity, area, water/air mass, water phase [62]; [63, p.24]; [64]; [65]. 

Figure 2-9: Brick Input / Output [62, p.6]

2.8.2 Design point and off design point Performance of gas turbines 

The Design Point of a gas turbine engine is the particular point in the operating 

range of the engine when it is running at the particular speed, pressure ratio and 

mass flow for which the engine components where designed [66]. In determining 

the design point of an engine, the mass flow, pressure ratio and TET that result 

in an overall optimum thermal efficiency are usually determined from preliminary 

cycle calculations. After this has been done, then other appropriate design 

parameters of the gas turbine system may be allotted. The next step is to carry 

out a detailed design of various engine components; this will help to provide the 

specific requirements of the complete system when operating at the design point 

[67]; [68]. 

Apart from the design point performance of the gas turbine, it is also necessary 

to determine its general performance over the entire operating range of power 

output and speed; this is termed Off-Design (OD) performance [64]. 
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2.8.3 Gas turbine emissions 

Pollutant emissions generated from combustion processes are now of serious 

concern, as a result of their effect on health and the environment. The past 

decade has experienced vast improvements both in regulations for controlling 

gas turbine emissions and the technologies to be harnessed if the regulations are 

to be met. At the same time, during this era, fuel consumed by the civil aviation 

industry has escalated to the point that air transportation is presently seen as one 

-consuming sectors [17, p.359]. 

Industrial gas turbines have also become strongly established as prime movers 

in the oil and gas industry, and a variety of new applications in combined cycle 

power plants and various areas of utility power generation. Due to all these 

developments, the combustion engineer is under increasing pressure to reduce 

gas turbine pollutant emissions. The emissions produced by industrial gas turbine 

engines are CO, NOX, Unburned hydrocarbons (UHC), CO2, Particulate matter, 

SOX, and Water vapour (H2Ovapour) [17, p.359-360]; [18, p.15-19]; [69].     

2.8.4 Hephaestus q Engine emissions prediction code 

Hephaestus is a FORTRAN-based code developed at Cranfield University and is 

adapted for industrial gas turbine engines. It is validated to carry out the engine 

emissions and environment module of TERA. The code simulates a single 

annular combustor, and introduces a technology factor for the calibration of the 

amounts of engine emissions to standards that apply to various technology 

combustors. The model has the ability of simulating combustion of various fuels, 

such as: natural gas, Jet-A, blended jatropha-jet A, and biofuels. Applying the Dry 

Low Emission (DLE) principle, the main input parameters to the code are: 

ambient temperature, ambient altitude, ambient relative humidity, air total 

pressure at combustor inlet, air total temperature at combustor inlet, total air mass 

flow rate, flame front air mass flow rate fraction, primary air mass flow rate 

fraction, intermediate air mass rate flow fraction, dilution air mass flow rate 

fraction, fuel mass flow rate, and fuel total temperature [42]; [63, p.27]; [70]. 
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The scheme uses physics-based approach of the Stirred-reactors strategy for the 

estimation of emissions because this method combines some required features 

of both empirical correlations approach and computational fluid dynamics (CFD) 

calculations. The model employs three concepts of Stirred-reactors strategies; 

perfectly-stirred reactors, series of perfectly-stirred reactors, and partially-stirred 

reactors [63, p.27]; [71]. 

The scheme calculates the emission indices of the various gaseous products at 

various power settings and ambient temperatures, and the total quantity of each 

emission. These products of combustion are NOX, CO, UHC, CO2, and H2Ovapour

[42]; [63, p.27]; [70].   

2.9 The use of Genetic Algorithm in optimisation 

Optimisation is the act of making a process or design function as effectively as 

possible, thereby yielding the optimum benefit. In most occasions, optimisation is 

based on minimising or maximising a function known as the fitness function, or 

objective function, subject to some constraints applied on the variables of the 

function [72, p.145]. 

Genetic Algorithms (GAs) are search algorithms prompted by the natural 

selection and evolution theory proposed by Charles Darwin [73, p.102]. The GAs 

can also be said to be a set of search and optimisation methods appropriate in 

finding the solutions to complex problems. They are specifically suited to getting 

the optimal solutions to non-deterministic polynomial-time hard problems 

(complex problems whose solutions cannot usually be attained analytically) [74]. 

2.9.1 Areas of applications of GAs 

GAs have been applied to solve problems in many fields of human endeavour 

such as; automatic programming, machine learning, economics and finance, 

immune systems, ecology, population genetics, evolution and learning, social 

systems, engineering, image processing, networking and communication, 

geometry and physics, data mining and data analysis, scheduling, chemistry. [75, 

p.15-16]; [76, p.124]; [77, p.142-143]. The list of applications is growing. 
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2.9.2 Applications of GAs to turbomachinery 

GAs have been applied in many fields of human endeavour, however, this section 

focusses on the applications of genetic algorithms to turbomachinery. 

Osama Lotfi [78] applied genetic algorithms methods for the optimisation of the 

aerodynamic shape of a 2-dimensional axial fan cascade. His approach began 

with a Navier-Stokes flow solver (which included a grid generator to give the right 

computational meshes). After which he developed specific interfaces to connect 

with a GA optimisation code written in FORTRAN programming language, this 

was done in an automated design loop [75, p.125]. 

Fujita et al., [79] applied GA based optimisation to get the solution to the planning 

problem of energy plant configurations. In this planning problem, the plant 

configuration, i.e, the types, models, and number of equipment, are estimated in 

order to meet the needed energy demand and to reduce the costs of plant 

facilities and input energy to the minimum. 

Oyama et al., [80]; [81] made effort to redesign a 4-stage compressor by applying 

a multi-objective evolutionary algorithm for the maximisation of the overall 

isentropic efficiency and the total pressure ratio. The design parameters 

considered were the flow angles and solidities at the stator trailing edges, and 

the total pressure and solidities at the rotor trailing edges. The resulting design 

outperformed the original with a theoretical one percent increase in efficiency 

while keeping the pressure ratio constant [75, p.124]. 

Oksuz et al., [82] employed GA to evaluate the optimal aerodynamic performance 

of a turbine cascade. He did this by using a boundary layer coupled Euler 

algorithm and a GA which were connected within an automated design loop [83], 

with the tangential blade force as the basis for the multi-parameter objective 

function. The Sanz subcritical cascade was chosen to be the baseline turbine 

section. For a specified blade chord and inlet Mach number, the flow inlet and 

exit angles, the blade pitch and the blade thickness are optimised by a genetic 

algorithm model that is robust. The author claims that the highest tangential force 

is realised for a higher flow turning, a thicker cascade and a wider pitch. 
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Knight et al., [84] used GA to carry out economic optimisation of gas turbine 

power generation, the results show that they achieved remarkable financial 

benefits. Although, the economic benefits are dependent on the exact application, 

that is, the plant configuration, the economic input data for plant operation, and 

the reliability of the simulations applied for modelling [75, p.126]. 

2.10 Economic appraisal methods employed in projects 

2.10.1 Examples of economic appraisal methods 

Before the commencement of a project, it is necessary to carry out a feasibility 

study on the viability of that project. Different economic appraisal methods are 

employed. For example, net present value (NPV), internal rate of return (IRR), 

discounted pay-back period (DPP), and cost of electricity (COE) [85, p.192-193]. 

In this research, the NPV will be used as the appraisal method for exploring the 

viability of the economic utilisation of associated gas. 

2.10.2 Net present value (NPV) 

The net present value (NPV) of a project or a business is the difference between 

the values of the cash inflow and cash outflow occurring over the time of the 

project or business. The cash inflow and cash outflow are sometimes referred to 

as the benefit and cost cash flow streams respectively. The NPV is evaluated by 

dividing the expected income (net cash flow) of a project in each year by a term 

which is equal to 1 plus the discount rate raised to a power equal to the year 

considered in the project as illustrated by Equation 2-1.  

2-1 

Ct is the net cash-flow for the year considered in the project, Co is the initial cost 

of the project which is also the loan taken, r is the discount rate assumed, and t 

is the project year under consideration [76]; [85, p.193]; [86]; [87]. 
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2.11 Research Gap and Contribution to Knowledge 

After doing a detailed literature review on the various elements relating to the 

economic utilisation of associated gas using gas turbines, the research gap as 

evident in public domain is the lack of literature that shows the effect of gas 

who would want to invest in the economic utilisation of AG using gas turbines. 

Therefore, the main contribution to knowledge in this research is on exploring the 

effect of gas turbine degradation on 
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3 L?M?;L=B G?NBI>IFIAS

3.1 Methodology and Tools 

The methodologies adopted for this research are presented in Figure 3-1, Figure 

3-2 and Figure 3-3. 

This research is about optimising the economic returns of different fleets of gas 

turbine engines for power generation and also to investigate the effect of gas 

turbine degradation on the divestment time of the redundant engines. The TERA 

and optimisation models from this research will serve as decision-making guide 

for the Nigerian government and the likes who want to invest in the economic use 

of associated gas for power generation using gas turbine engines. 

The different engine types selected for this research and the reasons for their 

selection have been explained in section 2.7 of this research.   

The engines used associated gas as the fuel. The life span of this project is 20 

years. The fuel availability for the period of the project is shown in Figure 2-3 and 

Appendix A. Nigeria is the case study for this research. 

For the purpose of verifying the accuracy of the results that were obtained from 

the optimised fleets, a baseline analysis for the same results expected from the 

optimiser. Because of the need of comparing the results of the baseline and the 

optimised fleet (of the same engine type), the same techno-economic and 

environmental risk assessment (TERA) approaches were adopted for the 

baseline and the optimised fleets. However, the methodology adopted for getting 

the fleet composition and best divestment time for the units of engines in the 

baseline fleet varies from that which was adopted for the optimised fleets. The 

fleet composition 

gotten by critical human judgement, while that for the optimised fleets are given 

by the optimiser. 

3.1.1 Methodology adopted for the baseline fleet 

For the baseline scenario, the fleet made up of units of AD43 engine would be 

used. The aim is to get the fleet composition that gives the maximum power 
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(energy) and the best economic return. Also, to determine the best divestment 

time for the redundant units of engines in the fleet. 

As shown in Figure 3-1, after choosing the initial number of engines in the fleet, 

the next action is to operate the engines using the quantity of fuel available for 

each year of the project. The performance analysis of the engines were done 

using TURBOMATCH software; a Cranfield University in-house FORTRAN-

based code for simulating both design point and off-design engine operating 

conditions. The engines in the fleet are assumed to be operating 24 hours daily. 

The engines are to economically utilise the available fuel (FA) per year of the 

project.  

Having known the fuel requirement for operating the AD43 engine at design point, 

the sum of the fuel requirements for all the units of engines in the fleet ( F) is 

calculated. The fuel requirement for the last unit of AD43 engine in the fleet will 

be designated as FL. As the project goes on progressively from one year to the 

next, the available fuel (FA) gradually decreases. As seen in Figure 3-1, for each 

year of the project the following conditions will be considered; 

' Is  ? (Condition 1) 

' Is  or is  ? (Condition 2) 

In respect of condition 2, in the case of  , it implies that there is enough 

fuel to meet the fuel requirements of all the units of engines in the fleet when they 

are all operated at design point. Whereas, for the case of , it implies 

that there is not enough fuel available to operate all engine units at design point 

and so the last engine will be operated at part-load. 

If a YES  is the answer to Condition 1, the last unit of engine in the fleet will be 

divested, it means the available fuel (FA) is no longer enough to meet the fuel 

need of all the engines in the fleet, even if the last engine in the fleet is operated 

at part-load condition. The redundant unit of engine is divested and the 
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divestment sale is added into the economic analysis for the fleet as shown in 

Figure 3-1.  

As seen in Figure 3-1, from the resulting fleet composition, an emission prediction 

is undertaken for the fleet using the Cranfield University emission prediction code 

 Hephaestus. The annual emission tax from the fleet is calculated using the 

emission results and the assumed emission tax value. The estimated annual 

emission tax is added into the economic analysis for the fleet. The power 

generated by the fleet is sold to the national grid and the revenue from the 

electricity sold is added into the economic analysis for the fleet. Results from the 

lifing and maintenance analysis of the fleet is used to calculate the annual 

operations and maintenance cost, this is also added into the economic analysis 

for the fleet as seen in Figure 3-1. 

It is assumed that the starting capital for this project is gotten through loan taking. 

The number of staff to attend to the fleets, their annual salaries, and loan 

repayment are other factors considered in the economic analysis for the fleet. 

This economic utilisation of AG described by Figure 3-1 is repeated annually for 

the entire duration of the project. 

The above explanations forms the model used for the baseline fleet. The model 

gives the maximum power possible from the fleet, the best divestment time and 

the best economic return from the investment as an NPV, this is based on critical 

human judgement, not optimised.  
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Figure 3-1: TERA Methodology for AG Utilisation (Baseline) 

3.1.2 Methodology adopted for the optimised fleets 

Figure 3-2 shows the methodology adopted for the optimised fleets. It is almost 

the same with that of the baseline fleet, except that for the case of the optimised 

fleets, the fleet composition and the best divestment time are given by the 

optimiser. Also, the influence of degradation is considered in this case. The 

optimiser gives the fleet composition that will yield the maximum power, a good 

economic return from the fleet and also gives the best divestment time for the 

redundant unit(s) of engines in the fleet. A key element in this research is the 
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impact of degradation on the economic returns of the optimised fleets. The results 

of the optimised best divestment time for the units of engines in the degraded 

fleets will show the effect of gas turbine degradation on divestment time, this is 

the primary contribution to knowledge in this research. 

Figure 3-2 shows how the TERA framework links with the optimisation model of 

the research. Figure 3-3 shows the GA optimisation flow chart employed in this 

research. As seen from Figure 3-1 and Figure 3-2, the model adopted for the 

baseline and optimised fleets are almost the same, their TERA approaches are 

exactly the same. 

The aim of the optimisation exercise is to get the fleet composition that gives the 

maximum power and a good economic return (NPV). Another primary aim of the 

exercise is to optimise the best divestment time for the redundant engine units in 

the various fleets. The design variables for the optimisation are the initial fleet of 

engines and their TETs, whereas, the constraint for the optimisation is the fuel 

availability. The optimisation is done using GA in Matlab code with the TERA 

module acting as an external solver as shown in Figure 3-3. 

As seen in Figure 3-3; selection, crossover and mutation are GA operators, they 

enable the algorithm to find the best solution to the optimisation problem within 

the search domain specified. Section 4-4 to 4-6 of this research report describes 

the optimisation settings in a more detailed manner, knowledge of these sections 

is recommended for full understanding of Figure 3-3. It should be noted that the 

performance data used by the optimiser are gotten from Turbomatch. This data 

served as the search domain (database) for the GA optimiser.  
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Figure 3-2: TERA & Optimisation Methodologies for AG Utilisation 
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Figure 3-3: GA Optimisation Flow chart 

3.2 Fuel resources and AG availability 

Figure 2-3 shows the fuel availability for the project, which is also the constraint 

to be observed by the optimiser while trying to maximise the power production, 

the economic returns from the fleet and to optimise the best divestment time for 

the redundant units of engines. The graph shows the fuel (AG) available for the 

project for the period of 20 years, the decline is as a result of the gradual depletion 

in natural gas which is the source of the AG. 

The AG data shown in Figure 2-3 was converted to the unit for gas turbine engine 

fuel flow (Kg/s), this gives rise to Figure 3-4, see Appendix A.2. 

Clean natural gas was used in the actual performance simulations instead of AG, 

this was done on the basis of observations made in the simulated performance 

results when these two fuels were used for the same modelled engines. For most 
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of the simulated performance parameters, there was no significant difference 

between the results for both fuels [27, p.60-71; 88, p.142, 144]. Also, AG of 3 

varying degree of gas quality were used as fuel for different engines, results show 

that were no significant changes in the lower heating values (LHV) of these 3 

fuels, the same observation was made for the power output and efficiencies of 

the engines used [1, p.49, 50]. Finally, implementing AG as a fuel in Turbomatch 

within the duration of this research is uncertain. 

Figure 3-4: AG Availability for the Project (Kg/s) 

3.3 Gas turbine engine degradation 

Gas turbines exhibit the effects of wear and tear over time. The long duration of 

this AG utilisation project necessitated the need to consider the effect of 

degradation on the economic return from the fleets. The effect of degradation on 

engine divestment time is the key interest in this research. 

This research only considered degradation in the compressor of the gas turbine, 

since this accounts for more than half the degradation that takes place in the gas 

turbine engine, with compressor fouling assumed as the cause of the 

degradation. In the performance simulation models used for the degraded 

engines, different levels of degradation were implanted for the compressor 

pressure ratio, non-dimensional mass flow and efficiency. This is because the 
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degradation in the compressor affects the compressor pressure ratio, flow 

capacity and efficiency [1, p.25]. The effects of different rates of degradation on 

the project are considered. These different rates of degradation are designated 

as optimistic (OPT) (slow), medium (MED) and pessimistic (PES) (fast) 

degradation. Sub-section 4.5.2 gives a more detailed explanation on the 

degraded fleets, the engine simulation model used for the degraded engines and 

the optimisation database for the degraded engines. 

3.4 Schematics, cycle parameters and component efficiencies 

of the study engines 

3.4.1 Schematics, cycle parameters and component efficiencies for 

the AD43 engine 

Shown in Figure 3-5 is the schematics and cycle parameters of the AD43 engine. 

In the Turbomatch model used for this engine, 0.85 was used as the isentropic 

efficiencies for both the low pressure compressor (LPC) and the high pressure 

compressor (HPC), whereas, 0.9 was used as the isentropic efficiency for both 

the high pressure turbine (HPT) and the low pressure turbine (LPT). The 

assumed combustion efficiency used is 0.999.  

Figure 3-5: Schematics of the AD43 engine 

3.4.2 Schematics, cycle parameters and component efficiencies for 

the SS296 engine 

Figure 3-6 shows the schematics and cycle parameters of the SS296 engine. The 

assumed isentropic efficiency of the compressor (Comp) is 0.88, that of the 

turbine is 0.9, whereas, the combustion efficiency was assumed to be 0.999. 
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Figure 3-6: Schematics of the SS296 engine 

3.4.3 Schematics, cycle parameters and component efficiencies for 

the IC100 engine 

Shown in Figure 3-7 is the schematics and cycle parameters of the IC100 engine. 

0.86 was used as the isentropic efficiencies for both the LPC and the HPC, 

whereas, 0.9 was used as the isentropic efficiency for the HPT, intermediate 

pressure turbine (IPT) and the power turbine (PT). The assumed combustion 

efficiency used is 0.999. 

Figure 3-7: Schematics of the IC100 engine 

3.4.4 Schematics, cycle parameters and component efficiencies for 

the RH296 engine 

Figure 3-8 shows the schematics and cycle parameters of the RH296 engine. 

0.85 was used as the isentropic efficiency for the compressor, whereas, 0.9 was 

used as the isentropic efficiency for both the HPT and the LPT. The assumed 

combustion efficiency for the two burners is 1.0, this is a wrong assumption, it 

was observed after the thesis oral examination. 

Figure 3-8: Schematics of the RH296 engine 
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3.4.5 Engine performance modelling 

The cycle performance models used (AD43, SS296, RH296 and IC100) for this 

research were inspired by the commercial gas turbines LM6000, SGT6-8000H, 

GT26 and LMS100 respectively. The models used are simple models. 

The input parameters used in the simulation models were taken from public 

domain information, others are from reasonable estimations. For the OD 

conditions, TET was used as the handle for the simulations. The OD simulations 

aimed to capture the effects on the power output, thermal efficiency and fuel flow, 

all at constant ambient temperature (288.15K). 

The performance simulations were carried out both for clean and degraded 

modes of the study engines. The assumption is that the fleets are operated in the 

part of Nigeria that has relatively low temperatures, like Jos, which is located in 

the North Central region of Nigeria. The TETs, power outputs, fuel flows, and 

efficiencies data for the range of TET values considered formed the database 

(search domain) the optimiser worked with. For increased level of model fidelity 

and results accuracy, future researchers should specify an exhaust Mach 

number, in conjunction with an exhaust pressure loss to estimate the LPT back-

pressure. Also, provisions should be made in the models to ensure sufficient 

turbomachinery stability at low-power settings to prevent LPT backflow and LPC 

surge. Conclusively, detailed engine modelling is recommended for future 

researchers.  

3.5 TERA for power generation 

This research adopted the Techno-Economic and Environmental Risk 

Assessment (TERA) framework. This implies that the baseline fleet and all 

optimised fleets were integrated into the TERA framework. Thus, the 

performance, the emissions, the creep life/maintenance and the different 

elements in the economic utilisation of the various fleets were all considered.  

For the baseline fleet only the AD43 engine is considered, since this is sufficient 

for the purpose of comparison with the results from the optimisation. 
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3.5.1 Engine performance module 

In order to achieve the performance module in the TERA framework, design point 

and off-design simulations have been carried out on each of the study engines.  

3.5.1.1 Design point performance data 

The design point performance data for the study engines - AD43, IC100, SS296 

and RH296 gas turbine engines as derived from Turbomatch performance 

simulation are shown in Table 3-1 to Table 3-4 below. The variation in some of 

the parameters especially the exhaust gas temperature and exhaust mass flow 

are a bit large, this large discrepancies are as a result of the performance 

modelling approach used in Turbomatch. A more detailed performance modelling 

approach should be adopted by future researchers. The features of the real 

engines from which the study engines were inspired are explained in section 2.7. 

Table 3-1: Engine Model Specifications (AD43 Engine) 

Parameter LM6000 Engine Model %Diff. 

Exhaust mass flow(Kg/s) 127.0 131.9 3.86 

Exhaust temperature (K) 717.2 750.5 4.64 

TET (K) Not available 1550.0 

Shaft power (MW) 43.4 43.3 0.23 

Thermal efficiency (%) 0.41 0.40 2.44 

Pressure ratio 29.1 29.1 0 

Fuel flow (Kg/s) Not available 2.3958 

Source of LM6000 performance data [89] 
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Table 3-2: Engine Model Specifications (IC100 Engine) 

Parameter LMS100 Engine Model %Diff. 

Exhaust mass flow(Kg/s) 222.0 221.0 0.45 

Exhaust temperature (K) 679.2 727.7 7.14 

TET (K) Not available 1630.0 

Shaft power (MW) 100.2 100.0 0.20 

Thermal efficiency 0.44 0.44 0 

Pressure ratio 42.0 42.0 0 

Fuel flow (Kg/s) Not available 5.0401 

Source of LMS100 performance data [52] 

Table 3-3: Engine Model Specifications (SS296 Engine) 

Parameter SGT6-8000H Engine Model %Diff. 

Exhaust mass flow(Kg/s) 640 666.6 4.16 

Exhaust temperature (K) 903.2 912.0 0.97 

TET (K) Not available 1700 

Shaft power (MW) 296 296 0 

Thermal efficiency (%) 0.4 0.3921 1.975 

Pressure ratio 19.5 19.5 0 

Fuel flow (Kg/s) Not available 16.5794 

Source of SGT6-8000H performance data [55, p.4] 
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Table 3-4: Engine Model Specifications (RH296 Engine)

Parameter GT26 Engine Model %Diff. 

Exhaust mass flow(Kg/s) 644 660.4 2.55 

Exhaust temperature (K) 908.8 

TET (K) Not available 1543 

Shaft power (MW) 296 296 0 

Thermal efficiency 0.396 0.396 0 

Pressure ratio 33.3 33.3 0 

Fuel flow (Kg/s) Not available 16.4153 

Source of GT26 performance data [56]; [57]; [58, p.33] 

3.5.1.2 Off-design performance of the study engines 

Figure 3-9 to Figure 3-13 show the off-design behaviour of the AD43 engine. 

Graphs showing the off-design behaviour of the other engines used in this 

research can be seen in Appendix I. It should be noted that the exact off-design 

figures have not been validated, however, their trends have been checked 

against that of other engines in the public domain [90, p.5, 6; 91, p.203-228; 92, 

p.4, 5]. Different levels of degradation were implanted for the compressor 

pressure ratio, non-dimensional mass flow and efficiency, this is because 

compressor degradation accounts for more than half the degradation that takes 

place in gas turbines. 

Figure 3-9 to Figure 3-11 show the changes in the fuel flow, power output and 

thermal efficiency of the engine as the TET changes. The results show the right 

trend as the fuel flow, power output and thermal efficiency increases with increase 

in the TET. The influence of degradation is also seen in the results, for a specific 

TET considered; the fuel flow, power output and thermal efficiency reduces with 

increase in the level of degradation as expected. Figure 3-12 and Figure 3-13 

show the off-design behaviours of the LPC and the HPC respectively. The graphs 
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show the changes in the pressure ratio against changes in the corrected mass 

flow. The engine design point, surge line and running line are also shown. 

Figure 3-9: TET [K] versus Fuel flow [Kg/s] 

Figure 3-10: TET [K] versus Power output [MW] 
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Figure 3-11: TET [K] versus Thermal efficiency 

Figure 3-12: LPC Map showing Pressure Ratio versus Corrected Mass Flow 
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Figure 3-13: HPC Map showing Pressure Ratio versus Corrected Mass Flow 

3.5.1.3 AD43 baseline fleet composition 

The baseline fleet has a starting number of 25 units of AD43 engines. This 

number was gotten by dividing the fuel availability at the 1st year of the project 

(59.3519Kg/s) by the fuel consumption of the engine at design point 

(2.3958Kg/s). The fuel available at the 1st year can conveniently serve 24 units 

of the engine running at design point while the remaining fuel will be able to serve 

1 more unit of the engine running at a part-load. 

The baseline fleet composition is the fleet composition that would probably give 

the maximum power production from the fleet, based on critical human 

judgement. Using the principle in Figure 3-1, the annual fleet composition for the 

AD43 baseline fleet is given in Table 3-5 below. 
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Table 3-5: Fleet Composition for the Baseline Fleet (AD43 Engine) 

YEAR NUMBER OF AD43 ENGINES RUNNING AT 
DESIGN POINT TET [1550K] 

PART-LOAD 
TET [K] 

1 24 1416.5 

2 21 1354.1 

3 18 1405.5 

4 16 - 

5 14 - 

6 12 - 

7 10 1401.2 

8 9 - 

9 8 - 

10 7 - 

11 6 - 

12 5 - 

13 4 1369 

14 4 - 

15 3 1352 

16 3 - 

17 2 1371.7 

18 2 - 

19 2 - 

20 1 1408.5 

Table 3-5 shows the number of units of engines that were operated at design 

point and the part-load TET for the entire project time. As seen from the table, 

the starting fleet had 25 units of engines, out of which 24 units were operated at 

design point whereas the remaining 1 unit of engine was operated at a part-load 

of 1416.5K. At the 2nd year of the project, there is reduction in the fuel availability, 

21 units of engines were operated at design point, 1 unit of engine was operated 

at a part-load of 1354.1K and 3 redundant units of engines were divested. The 

year, 18 units of engines were operated at design point, 1 unit of engine was 

operated at a part-load of 1405.5K and 3 redundant units of engines were 

divested. Redundant e

project. At the 20th year of the project, only 2 units of engines were left in the fleet, 

out of which 1 was operated at design point while the remaining 1 unit was 

operated at part-load of 1408.5K. These 2 remaining units of engines were also 
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divested at the end of the project. The part-load TET(s) were determined by 

considering the quantity of fuel remaining, and then interpolating from the 

performance simulation results from Turbomatch. The Matlab code used in 

interpolating the performance data gives the TET, power and efficiency values 

corresponding to the quantity of fuel remaining. It should be noted that the fuel 

flow limit for divesting an engine when required to run at part-load is 1.26kg/s. 

This corresponds to an efficiency of about 0.21. This efficiency is already very 

low, an engine with efficiency below this is divested. 

3.5.1.4 Gas turbine divestment sequence and time 

There is a decline in associated gas availability as seen in Figure 3-4. Over time, 

the fuel available for the project will not be sufficient to meet the fuel requirement 

of all the units of engines in the fleet, as a result some units of engines will be left 

redundant. There is therefore need to divest the units of engines that are 

redundant. 

For this baseline fleet, all the units of engines in the fleet were expected to be 

operated at design point using the fuel available for the various years, this is 

because the goal is to maximise power production and economic returns (NPV). 

However, in many of the years of the project, the fuel available could only serve 

some units of engines operated at design point and the remaining 1 unit of engine 

been operated at a part-load condition. When the fuel available cannot serve the 

fuel requirement of the remaining 1 unit of engine even at a part-load condition, 

this engine becomes redundant and the best option would be to divest it. 

Figure 3-14 and Figure 3-15 show the number of units of the baseline fleet 

divested and their respective divestment time. 
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Figure 3-14: Total Number of Baseline Fleet Engine Units Divested (Cumulative) 

Figure 3-15: Number of Baseline Fleet Engine Units Divested Yearly 

3.5.1.5 Total power and energy generated by the baseline fleet 

The annual power and energy generated from the fleet are major elements in this 

economic use of AG model. The annual power and energy generated by the 

baseline fleet for the entire time of the project are shown in Figure 3-16 and Figure 
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3-17.The gradual reduction in the power and energy generated from the fleet is 

as a result of the decline in the fuel available for the project. The data used in 

plotting Figure 3-16 are the sum of the power output values of the units of engines 

corresponding to the baseline fleet composition shown in Table 3-5, with power 

output data from performance simulation of the engine using Turbomatch. 

Figure 3-16: Annual Power Generated by the Baseline (AD43) Fleet 
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Figure 3-17: Annual Energy Generated by the Baseline (AD43) Fleet 

In this research, the engines in the fleet are assumed to be running 24hours on 

a daily basis. The data for the energy generated by the fleet were gotten by 

multiplying the power generated by the fleet (MW) by the hours of engine 

operation, this was done annually for the entire time of the project. 

As seen in Figure 3-17, the energy generated by the baseline fleet at the 1st and 

20th year of the project are 9.4 billion kWh and 0.6 billion kWh respectively.  

3.5.2 Engine emissions module 

Another element of the model for the economic use of AG using gas turbines is 

the emissions generated by the fleet. 

The emission prediction was done using Hephaestus, a FORTRAN-based code 

developed at Cranfield University for gas turbine emissions prediction.  

3.5.2.1 Predicted emissions from the baseline fleet 

The emission indices at design point are 2837.98, 2.028 and 0.08g/kg fuel for 

CO2, NOX and CO respectively. The NOx emission index for this engine when 

using natural gas (at DP) is 25ppm (approximately, 2g/kg fuel) [93]. It is noted 

that the emissions data gotten for the individual units of engines in the fleet at 
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their various operating conditions do not represent the exact emission data for 

the real engines at the same operating cTonditions, due to the assumption of a 

generic combustor in the emission prediction code.

Figure 3-18 and Figure 3-19 show the predicted emissions generated by the 

baseline fleet for the entire duration of the project. 

The gradual fall in the emission generated as seen in Figure 3-18 and Figure 3-19 

is basically as a result of the divestments of units of engines in the fleet. 

Figure 3-18: Emissions Generated by the Baseline Fleet 
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Figure 3-19: CO Emission Generated by the Baseline Fleet 

3.5.3 Creep life/maintenance module 

The creep life of the various engine units in the fleet were estimated at their 

various operating conditions throughout the duration of the project. These 

estimated creep life values were used to calculate the total maintenance cost of 

the fleet. The estimated annual maintenance cost served as a factor in the 

economic analysis of AG utilisation. 

A simple creep life model was used in this research. The creep life values of the 

various engine units were estimated using a simple relationship between the TET 

of the engines and the engine creep life. This approach is taken because the 

creep life has a direct relationship with the TET of the engine [94, p.7]. 

The creep life reduces with increasing operational TETs and increases with 

reducing operational TETs. This simple model assumes that for every 20K rise in 

the TET, the creep life will reduce by 50%, whereas, for every 20K reduction in 

the operational TET, the creep life increases by 50%. The design point TET was 

taken as the reference TET. The results of the work of Gad-Briggs et al., [94, p.7] 

also showed this TET and creep life relationship. 
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It was assumed that at the design point TET, the creep life of the engine is 

25,000hours. It was also assumed that in the case of decreasing operational 

TETs, in which case the creep life is expected to be increasing, the limit is 

50,000hours. 

3.5.3.1 Estimated creep life values for engines in the baseline fleet 

For this baseline fleet, in order to avoid repetition of the same results, the creep 

life values for the various units of engines in the fleet are shown for all TETs 

represented in the fleet. The TETs of the baseline fleet are shown in Table 3-5 

above. All TET values represented in the baseline fleet and their corresponding 

creep life values are shown in Table 3-6. The creep life values for the units of 

engines in the fleet are used in estimating the fleet operations and maintenance 

cost. 

Table 3-6: Estimated Creep Life Values for the Representative Units of Engines in 

the Baseline Fleet 

TET 

(K) 

1550 

DP 

1416.5 1354.1 1405.5 1401.2 1369 1352 1371.7 1408.5 

Creep 

Life 

(Hrs) 

25000 50000 50000 50000 50000 50000 50000 50000 50000 

3.5.4 Economic assessment of the baseline fleet 

In order to have a robust model for the economic utilisation of AG, various factors 

have been identified and integrated into the economic model. 

The cost elements under consideration are capital investment, operations and 

maintenance cost, emission tax, staff salaries and loan repayment. The revenues 

generated from the project are derived from the engine divestment sales and the 

revenue from generated electricity that is sold to the national grid. The economic 

feasibility of the project is then determined by the NPV when considering all of 

these factors. 
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The input data and assumptions for the economic assessment are contained in 

Table 3-7. The data were obtained from the open domain, reasonable estimates 

were made to get data that could not be found in the open domain. 

Table 3-7: Input Data & Assumptions for the Economic Assessment of Associated 

Gas Utilisation [1]; [85]; [95]; [96]; [97]; [98]; [99]; [100]
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It should be noted that while the fixed O & M cost ($/KW-yr) and the variable O & 

M cost ($/KWh) values for the SS296 and RH296 engines should have been 

smaller than that of the IC100 engine. It was observed during the write-up stage 

of the research that these changes were not effected in the model used. However, 

all the assumed data used for the economic assessment are within acceptable 

limit. 

3.5.4.1 Capital investment for the baseline fleet 

It has been assumed that the required starting capital for the project would be 

obtained from a business loan. 

The loans were taken differently for the various units of engines in the fleet, the 

exact amount taken as loan per engine was estimated using the relationship in 

Equation 3-1; 

From Equation 3-1, substituting in values, it implies that $42,130,900 is 

taken as loan for each unit of AD43 engine. Therefore the total starting 

capital (loan amount) required for the 25 units in the baseline fleet is 

$1,053,272,500.  

3-1 

3.5.4.2 Annual operation and maintenance costs for the baseline fleet 

Operations and maintenance costs consists of engine overhauling and 

replacement of engine components [1, p.113]. 

Fixed operations and maintenance costs are expenses in the operation of the 

engine that do not change significantly with the amount of power generated, such 

as routine predictive and preventive maintenance. Whereas, variable operations 

and maintenance costs are those that are directly related with the amount of 

power generation, such as purchase of chemicals, consumables, lubricants, 

spare parts, etc [1, p.113]. 

Major maintenance costs are those incurred as a result of extended outages, 

such as scheduled major overhaul, which in most cases are undertaken once per 

year [1, p.113]. 
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In this study, all costs incurred in the process of getting the associated gas are 

assumed to be embedded in the operations and maintenance cost, including the 

cost of the flare gas recovery system (FGRS). Fuel cost is not considered 

because the AG is assumed to be available free of charge since it is currently 

being wasted to flaring. 

The annual operations and maintenance costs for the fleets of engines are 

estimated using the relationships 3-2 to 3-6; 

3-2 

Where; 

3-3 

3-4 

3-5 

3-6 

The unit expected life of the engine used in Equation 3-6 [85] is the assumed 

creep life of the engine at design point (25,000hrs). All factors used in the above 

equations are all outlined in Table 3-7. 

Figure 3-20 shows the estimated amount for the annual operation and 

maintenance costs for the baseline fleet. The data is calculated using Equation 

3-2 for the various engine units in the fleet on an annual basis. To account for the 

effect of inflation on the cost of engine spare parts, chemicals, consumables, etc., 

an annual escalation of 2% increase was applied to the annual operations and 

maintenance costs. 
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Figure 3-20: Annual Operations & Maintenance Cost for the Baseline (AD43) Fleet 

The gradual decline seen in Figure 3-20 results from the divestment of engine 

units in the fleet and the continual fall in power due to reducing fuel availability. 

The annual operations and maintenance costs of the fleet depends on many 

factors, among which are the power produced and the creep life of the individual 

units of engines in the fleet. 

3.5.4.3 Emission tax from baseline fleet 

For the economic model used in this AG utilisation project to be robust, there is 

the need to include emission tax. As seen in Figure 3-18, emission prediction was 

done for CO, CO2 and NOX emissions. However, for legislative reasons, the 

emission tax was only considered for CO2 emission. At the moment, CO2

emission is not being taxed, but as part of the risk assessment associated with 

this research, a CO2 emission levy of 0.02$/kg has been assumed. 

The annual emission tax was estimated using the relationship below; 

3-7

Figure 3-21 shows the annual emission tax for the baseline fleet, calculated using 

the emissions derived in section 3.5.2.1 and shown in Figure 3-18. 
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Figure 3-21: Annual CO2 Emission Tax for the Baseline Fleet 

An escalation factor increasing by 2% was introduced yearly, this is to account 

for future increase in the charged emission tax. 

3.5.4.4 Number of staff and salaries for baseline fleet 

The number of staff to be involved in this AG utilisation project and their salaries 

are part of the economic model. 

Table 3-8 shows the number of staff involved in the project at the beginning. The 

table also shows their salaries, this is for all the different fleets of the AD43 gas 

turbine. The staff strength and the departments in which the staff are divided into 

are analysed based on information provided by an ex-staff of a Power Generating 

Company. The salary data are taken from the Bureau of Labor Statistics, US 

Department of Labor [101] and a few were gotten from reasonable assumptions. 
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Table 3-8: Number of Staff at the Beginning of the Project & their Salaries (for all 

AD43 Fleets) [101]

Figure 3-22 shows the annual number of staff involved in this project of AG 

utilisation for the entire project time. The number of staff figures seen below are 

the sum of the number of staff for both day and night shifts. The gradual reduction 

of the number of staff involved in the project as seen in Figure 3-22 is as a result 

of the gradual divestment of redundant units of engines. The number of staff 

involved in the project is directly proportional to the number of units of engines in 

the fleet. 

Duty Number in 
the Project 

Annual Salary 
Per Staff [$] 

Total Salary 
[$] 

Administrative Manager 1 94,840.00 94,840.00 

Plants Manager 1 141,650.00 141,650.00 

Finance Manager 1 134,330.00 134,330.00 

Operators 40 58,490.00 2,339,600.00 

Mechanical Department 18 56,390.00 1,015,020.00 

Control and 
Instrumentation 
Department 

15 56,320.00 844,800.00 

Electrical Department 15 61,870.00 928,050.00 

Performance Department 7 56,390.00 394,730.00 

Account/Purchase Dept. 7 75,280.00 526,960.00 

Health and Safety Dept. 7 51,270.00 358,890.00 

Ware House Dept. 15 25,000.00 375,000.00 

Security Department 16 28,460.00 455,360.00 

Fire Service 10 48,030.00 480,300.00 

Transport 13 38,050.00 494,650.00 

Miscellaneous Staff 15 70,000.00 1,050,000.00 
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Figure 3-22: Annual Number of Staff in the Project (AD43 Baseline Fleet) 

Figure 3-23 shows the influence of engine total 

annual staff salaries. As expected, there is a gradual reduction in the total annual 

staff salaries due to the gradual reduction in the number of staff involved in the 

project. As observed in the figure, the total annual staff salaries increased slightly 

in some years, this is because an increment factor of 1.5% was added to the total 

annual staff salaries after every 2 years. 

Figure 3-23: The Influence of Engine Divestment Time on the Annual Staff 

Salaries (AD43 Baseline Fleet) 
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3.5.4.5 Revenue from sold electricity 

The annual revenue from the electricity that is sold to the national grid is the 

primary source of revenue from this project. It is estimated using the relationship 

shown in Equation 3-8; 

3-8 

Where; 

= annual revenue from electricity sold to grid ($) 

= annual energy generated by the fleet (kWh) 

= electricity selling tariff to grid ($/kWh) 

The annual energy generated by the baseline fleet and the electricity selling tariff 

details can be seen in Figure 3-17 and Table 3-7 respectively. Figure 3-24 shows 

the annual revenue from the electricity that was sold to the national grid. 

Figure 3-24: Annual Revenue from Electricity Sold to Grid (Baseline Fleet) 

An escalation factor increasing annually by 2% was applied to get the annual 

revenue, this is to account for future rise in the electricity selling tariff. 
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This revenue is the major source of revenue from this project. As expected, there 

is a constant fall in annual revenue, as a result of the decline in the fuel available 

for the project, which affected the power and energy generated. 

As seen in Figure 3-24, the revenue generated from the sold electricity declines 

from $1.1b to $105.7m. 

3.5.4.6 Gas turbine divestment sales 

The robust model for the economic utilisation of AG has gas turbine divestment 

sales as one of its source of revenue. 

Gas turbine engine salvage value is the estimated resale value of the gas turbine 

engine at the end of its useful life [102], or its estimated resale value at a time 

when the owner wants it sold for economic reasons. It is calculated using the 

relationship in Equations 3-9 and 3-10 below [103];  

3-9 

Where; 

S = salvage value of the gas turbine engine in $/kW 

P = original price of the gas turbine engine (engine capital cost) in $/kW 

i = gas turbine engine depreciation rate 

y = age of gas turbine engine in years 

The gas turbine engine divestment sale is calculated using the expression; 

3-10 

Where; 

DS = divestment sale of the gas turbine engine in $ 

 = shaft power of the gas turbine engine at design point in kW 

All other parameters remain the same as explained in Equation 3-9. In estimating 

the divestment sales, straight line depreciation is assumed, implying that the gas 
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turbine depreciation rate used (i) is constant for all the years of the project as 

shown in Table 3-7. 

Figure 3-25 shows the number of units of engines divested, the divestment 

sequence/time and the divestment sales made from the baseline fleet. The 

divestment sale per unit of engine decreases with increase in the age of the 

engine, this was accounted for by the gas turbine age , y, included in the analysis 

in Equations 3-9 and 3-10. Hence, the reason for the difference in divestment 

sales for the 2 units of engines sold in the 5th year, 6th year and that sold at the 

end of the project. 

Figure 3-25: The Number of Units of Engines Divested, the Divestment 

Sequence/Time & the Divestment Sales 

3.5.4.7 Loan Repayment 

The loan repayments for the various units of engines in the fleet were estimated 

using the relationship shown in Equation 3-11 [104]; 

3-11 

Where; 
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= Loan repayment ($) 

= Loan duration 

The loans were assumed to be taken separately for the different units of engines 

in the fleet, as such, they were also repaid separately. The loan for each unit of 

engine is paid just before it is divested. The agreed loan duration for the entire 

fleet is assumed to be 10 years, the loans for the various units of engines are all 

repaid within this period. Details on the loan interest rates and engine capital cost 

are in Table 3-7 above. 

Figure 3-26 and Figure 3-27 show the estimated loan repayment values for the 

baseline fleet at varying loan interest rates. The loan repayment increases with 

increase in the interest rate. 

Figure 3-26: Total Loan Repayment for the Baseline Fleet at Varying Loan Interest 

Rates 
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Figure 3-27: Annual Loan Repayment at Varying Loan Interest Rates (AD43 

Baseline Fleet) 

As seen in Figure 3-27, the loans for all the units of engines in the fleet were all 

repaid within the 10 years loan duration. 

3.5.4.8 Annual Net Cash Flow of the Project 

The annual net cash flow of the project were calculated as the sum of all cash 

inflows and outflows occurring in the project. In this research, the annual sources 

of cash outflow are the operations and maintenance cost, the salary payment, the 

emission tax and the loan repayment. Whereas, the sources of cash inflow are 

the divestment sales and the annual revenue from the electricity sold to the 

national grid. Figure 3-28 shows the annual net cash flow of the project for the 

baseline fleet. 
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Figure 3-28: Annual Net Cash Flow of the Project at Varying Loan Interest Rates 

3.5.4.9 Net Present Value (NPV) Analysis 

In this research, the NPV is used as the appraisal method used in ascertaining 

the economic viability of the project. It was estimated using the relationship in 

Equation 3-12 below. 

3-12 

Ct is the net cash-flow for the year considered in the project, Co is the initial cost 

of the project which is also the loan taken, r is the discount rate assumed, and t 

is the project year under consideration [76]; [85, p.193]; [86]; [87]. 

Figure 3-29 shows the economic return (NPV) of the project at varying loan 

interest rates. $2.79b is the economic return (NPV) at 2% loan interest rate. The 

project is economically viable, implying that the fleet composition for the baseline 

fleet is good. However, there is the need for an optimiser that will give the fleet 

composition that will give the maximum power production, a better economic 
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return and the best divestment time for the redundant units of engines in the 

fleets. 

Figure 3-29: NPV & Total Loan Repayment for the Project at Varying Interest 

Rates (AD43 Baseline Fleet) 

3.6 Chapter Summary 

Having identified the research aim and objectives in the first chapter of the 

research, this chapter describes in chronological order the steps and tools used 

to achieve the aim and objectives. 

The associated gas availability data used by the fleets is also shown in this 

chapter. A brief and introductory explanation as regards the engine degradation 

aspect of the research was done.  

Applying the TERA framework, the performance module was done first. The 

performance simulations of the different study engines were modelled in 

TURBOMATCH software; a Cranfield University in-house FORTRAN-based code 

for simulating both design point and off-design point engine operating conditions. 
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Engine model specifications at design point were shown for all the study engines 

together with the specifications for the real engines.  

The fleet composition for the baseline fleet is analysed for the entire duration of 

the project and the divestment sequence/time for the units of engines in the fleet 

is also illustrated. 

As part of the TERA module, the emissions generated by the fleet and the creep 

life of the individual units of engines in the fleet were all estimated. The emissions 

were estimated using Hephaestus, a FORTRAN-based code developed in 

Cranfield University for gas turbine emissions prediction. The creep life were 

estimated using a simple model based on a relationship between TET and the 

creep, in Microsoft Excel. 

A robust model is developed for the assessment of the economic utilisation of 

associated gas. The model integrated various technical and economic factors 

such as capital investment, operations and maintenance cost, emission tax, 

number of staff and staff salaries, revenue from sold electricity, gas turbine 

divestment sales and loan repayment. The net present value (NPV) is used as 

the project appraisal method in this research. The model was used in assessing 

the economic utilisation of associated gas by the baseline fleet. The energy 

generated by the baseline fleet for the entire duration of the project is 66.5 billion 

kWh, whereas, the NPV of the economic return at 2% interest rate is $2.79 billion.  
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4.1 Introduction 

Optimisation is the act of making a process or design function as effectively as 

possible, thereby yielding the optimum benefit. In most occasions, optimisation 

has to do with minimising or maximising a function known as the fitness function 

(objective function), subject to some constraints applied on the variables of the 

function [72, p.145]. 

4.2 The advantages of GA over other Optimisers 

There are many optimisers that can be used for the purpose of minimising or 

maximising an objective function. Gradient-based method and Particle Swarm 

optimisation techniques have been used in optimisation. Others include Tabu 

search, Neural network, Simulated Annealing, Hill-climbing technique, etc [105]. 

For the purpose of this research, GA is preferred to other optimisers because of 

its high level of accuracy, its robustness, its flexibility as regards exploring and 

exploitation of the decision variables space, etc. Although, when using very high 

population size, the optimisation time could be very lengthy as compared to other 

optimisers.  

4.3 Genetic Algorithms (GAs) 

GAs are search algorithms prompted by the natural selection and evolution theory 

proposed by Charles Darwin [73, p.102]. The GAs can also be said to be a set of 

search and optimisation methods appropriate in getting the solutions to complex 

problems. They are specifically suited to getting the optimal solutions to non-

deterministic polynomial-time hard problems (complex problems whose solutions 

cannot usually be attained analytically) [74]. 

4.4 The GAs method 

The GAs use a population of potential solutions in which individuals are usually 

designated by chromosome strings. Functions are applied to the population 

which help to mimic the natural evolution principles to evolve the population. In 
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the process of time, the population gets fitter and better adapted to its 

environment. This generates an array of near optimal solutions [74]. 

This section explains the key components which are the functional constituents 

of the GA in seeking the optimal solutions to the optimisation problem in this 

research. It should be noted that sections 4-4 to 4-6 are linked to section 3.1.2 of 

this thesis. 

4.4.1 GA operators 

The GAs have various operators, of which most use the binary string 

(chromosome) coded form of the design parameters [69]. Below are some of the 

operators employed by the GAs and their function in an optimisation process. 

4.4.1.1 Selection (reproduction) operator 

Selection is a process whereby individuals are copied from the supplied data 

based on their fitness function values. This implies that individuals with higher 

values have a better chance of contributing one or more child in the next 

generation [106, p.10-11]. This operator helps the algorithm to achieve more fitted 

individuals in each succeeding generation. Two popular selection methods are 

the Roulette Wheel Selection and the Tournament Selection [74].  

4.4.1.2 Crossover operator 

After selection, crossover could commence in two steps. First, there could be 

random mating of the newly formed chromosomes (offspring) in the mating pool. 

Then in the second step, each pair of chromosomes undergoes crossover [106, 

p.12]. Crossover usually has probability applied, typically 0.7. This implies that it 

is successfully carried out 70% of the time mating takes place, whereas, 30% of 

the time the selected individuals move to the next generation unchanged. 

Crossover operator enables the population of chromosomes to search the 

available search domain to find likely better solutions. If better solutions are 

found, this fitness could be carried to the population in the next generation, thus 

improving the fitness of the new population [74]. 
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4.4.1.3 Mutation operator 

As explained earlier, the crossover operator acts as an enabler in the exchange 

of chromosomes patterns to create new offspring. However, not all permutations 

of the search domain are attainable with crossover alone, mutation makes it 

technically realistic to reach the entire search domain [74].  

4.4.1.4 Elitism operator 

Elitism operator is a genetic algorithm operator that helps in speeding up the 

performance of the algorithm and also helps in preventing the loss of fitted 

solutions. In the process of producing a new generation through crossover and 

mutation, there is the probability that the best chromosome could be lost. The 

nomenclature given to the method that selectively copies the fittest chromosome 

(or a number of the best chromosomes) to the new generation is called Elitism 

[73, p.112]. The most fitted individual is noted as the outcome of the genetic 

algorithm optimisation. 

4.4.2 Handling constraints in optimisation 

An optimisation problem could be with a constraint or without a constraint. 

Constrained optimisation is an optimisation problem having constraint or the 

reverse, which is unconstrained optimisation, this does not have a constraint. 

When constrained optimisation is the case, the constraint is identified by a 

constraint function. 

Ideally, genetic algorithms are made to solve unconstrained problems. However, 

because constrained problems arises naturally and frequently, GAs have been 

adapted to give solutions to optimisation problems with inequalities and/or 

equality constraints [73, p.112].  

4.5 GA code employed in the study 

The optimisation code employed in this study is a GA code written in Matlab 

programming language. In this code, a function handle was passed into the 

fitness function and the number of variables, including their upper and lower 

bounds were specified.  
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4.5.1 The Aim of the optimisation 

The aim of the optimisation is to maximise the fitness function (power produced) 

by determining the best fleet composition, and also to estimate the best 

divestment time for each redundant unit of engine in the fleet subject to the 

constraint of AG availability. From the optimisation results, the effect of various 

levels of gas turbine degradation on divestment time will be ascertained. 

4.5.2 The Optimisation database 

The gas turbine performance simulation results obtained from Turbomatch serve 

as the database and search domain for the optimiser. The database has four 

columns which are sets of TETs and their corresponding power outputs, 

efficiencies and fuel flows. For each engine type, the upper bound is the design 

point TET of the engine, whereas the lower bound varies for the different engines. 

The step size between data points also varies for the different engines with steps 

of 5K, 10K or even more. 

The optimiser searches the database for the fleet composition which will give the 

maximum power production. The optimiser interpolates between steps for values 

that lie between the provided data. 

4.5.2.1 Database for the clean fleet optimisation 

The database (search domain) for the clean fleet optimisation was derived from 

performance simulations for the clean engines at design point ambient 

temperature (288.15K) for the range of TETs as explained above. 

4.5.2.2 Gas turbine degradation and the database for the degraded fleets 

As part of the risk assessment in this project, the effect of different rates of gas 

turbine degradation is also considered. This is necessary because gas turbines 

exhibit the effects of wear and tear over time. The effect of three different rates 

of degradation is considered; designated as optimistic (OPT) (slow), medium 

(MED) and pessimistic (PES) (fast) degradation. 

This research only considered degradation in the compressor of the gas turbine, 

because degradation in the compressor accounts for more than half the 
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degradation that takes place in the gas turbine engine. Compressor fouling is 

assumed to be the cause of the degradation. Degradation in the compressor 

affects the compressor pressure ratio, flow capacity and efficiency [1, p.25]. 

Therefore, in the performance simulation model used for the degraded engines, 

the different rates of degradation were implanted for these parameters; 

compressor pressure ratio, non-dimensional mass flow and efficiency. 

4.5.2.3 Database for the optimistic (OPT) degraded fleets 

The Optimistic (OPT) degraded fleet is assumed to be clean originally, that is, at 

the 1st year of the project. At the 2nd year, degradation is assumed to have 

commenced and the amount is assumed to be 1.333% degradation. At the 3rd 

year the degradation escalates to 2.0%. After partial overhauling, the degradation 

rate reduces to 0.667% at the 4th year of the project. It increases to 1.333% again 

in the 5th year and then to 2% in the 6th. At the end of the 6th year, partial 

overhauling takes place again, making the degradation rate at the 7th year to be 

0.667%. The cycle continuous with partial overhauling taking place after every 3 

years. It implies that for year 1, the units of engines in the OPT degraded fleet 

are assumed clean. For years 2, 5, 8, 11, 14, 17 and 20, the engines have a 

degradation rate of 1.333%. Whereas, for years 3, 6, 9, 12, 15, and 18, the 

engines in the fleet have a degradation rate of 2%. Finally for years 4, 7, 10, 13, 

16 and 19, the engines have a degradation rate of 0.667%. So the units of 

engines in the OPT degraded fleets have degradation rate of a maximum of 2%.  

Partial overhauling (not complete overhauling) was assumed because the major 

aim of this research is to explore the effect of gas turbine degradation on 

divestment time, as such, it was necessary to leave the engines in degraded 

mode. 

Results of Turbomatch performance simulations of the study engines with the 

above rates of degradation implanted formed the database (search domain) used 

by the optimiser for the OPT degraded fleets. 
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4.5.2.4 Database for the medium (MED) degraded fleets 

For the medium (MED) degraded fleets, the rate of degradation is increased, it 

culminates at 4% degradation. Similarly, at the 1st year, the engines in the fleets 

are assumed clean. At the 2nd, 5th, 8th, 11th, 14th, 17th and 20th year of the 

project, the engines have a degradation rate of 2.667%. A degradation rate of 4% 

is assumed for years 3, 6, 9, 12, 15, and 18. Year 4, 7, 10, 13, 16 and 19 have 

degradation rate of 1.333%. Partial overhauling also takes place at the end of 

every 3 years, the degradation gets to its maximum of 4% after every 3 years in 

this scenario. 

Results of Turbomatch performance simulations of the study engines with the 

above rates of degradation implanted formed the database (search domain) used 

by the optimiser for the MED degraded fleets. 

4.5.2.5 Database for the pessimistic (PES) degraded fleets 

The pessimistic (PES) degraded fleets have degradation rates culminating at 6% 

degradation. As the name implies, it is the worst rate of degradation in this 

research. As usual, in the 1st year of the project, the engines in the fleets are 

operated as clean. At the 2nd, 5th, 8th, 11th, 14th, 17th and 20th year of the 

project, the engines have a degradation rate of 4%. A degradation rate of 6% is 

assumed for years 3, 6, 9, 12, 15, and 18. Year 4, 7, 10, 13, 16 and 19 have 2% 

degradation implemented. As in the other scenarios, partial overhauling takes 

place at the end of every 3 years, the degradation gets to its maximum of 6% 

after every 3 years. 

Similarly, results of Turbomatch performance simulations of the study engines 

with the above rates of degradation implanted formed the database used by the 

optimiser for the PES degraded fleets. 

These various study scenarios having the clean fleets and the fleets with different 

rates of degradation were used by the optimiser to show the effect of degradation 

on gas turbine divestment time. 
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The various rates of degradation have been chosen to demonstrate that 

degradation in gas turbines can vary due to the different environmental conditions 

in which the fleets are exposed to. 

Considering these various rates of degradation also account for part of the risk 

assessment in this project of economic use of AG using gas turbines. 

4.5.3 The optimisation settings 

4.5.3.1 The objective (fitness) function 

The fitness function is the function used by the GA code in the various iterations 

of the algorithm to evaluate the level of accuracy of all suggested solutions in the 

search for the optimum value [107]. The fitness functions used in this research 

varies slightly for the various engines, this is because of the difference in the 

number of units of engines in the starting fleets for the various study engines. 

Also, for a particular engine type, the fitness function varies slightly from one year 

to the other depending on the number of undivested units of engines left in the 

fleet.  As an example, as seen in Appendix E, the fitness function for any of the 

IC100 fleets at the first year of the project is as shown in Equation 4-1; 

                                                                                                                     Equation 4-1 

PO  is the optimised power output for the various units of engines in the fleet 

(12units of engines) he total optimised power. 

4.5.3.2 The constraints and constraints equation 

The constraints of the optimisation exercise are the annual fuel availability data 

for the project shown in Figure 3-4. This research seeks to obtain the maximum 

power possible from the various fleets and to ascertain the best divestment time 

for the redundant units of engines subject to the constraint of annual fuel 

availability. 
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Similarly, the constraint equation varies with engine type. Just as in the case of 

the fitness function, for fleets of the same engine type, the constraint equation 

depends on the number of undivested units of engines left in the fleet. It is also 

very important to note that the constraint equation varies yearly, which is also as 

a result of the difference in fuel availability for each year of the project. As an 

example, as seen in Appendix F, the constraint equation for any of the IC100 

fleets at the first year of the project is as shown in Equation 4-2; 

                                                                                                                     Equation 4-2 

in Equation 4-2 is the fuel availability for the first year of the 

project as seen in Figure 3-5. 

 Assuming a unit of 

engine was divested at the end of the first year, the constraint equation for the 

second year becomes; 

                                                                                                                     Equation 4-3 

in Equation 4-3 is the fuel availability for the second year of 

the project. 

4.5.3.3 The variables 

In the optimisation model used for this research, the variables are the TETs. Just 

like the fitness function and constraint equation, the number of variables at the 

beginning of the project differ for the various study engines. The AD43 fleets have 

25 variables, the IC100 fleets have 12, and the SS296 and RH296 fleets have 4 

variables each. The number of variables at the beginning of the project is the 

same as the number of units of engines in the starting fleet. Over the years of the 
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project, the number of variables decreases with decrease in the number of units 

of engines in the fleet due to divestment. 

4.5.3.4 The population size 

A reliable population size can be gotten by a trial method. In this method, several 

trials are made using different values for the population size. The value used 

when the optimal solution is attained is good enough to be used, it is within the 

range of values to be used as the population size in the optimisation code. 

In this research, different values were used for the population size. 10,000 was 

mostly used, lower values were used when the fleet composition became smaller 

as a result of gas turbine units divestment. There was need to reduce the 

population size after the reduction in the number of units of engines in the fleet. 

This is because the optimal solution was now being attained with lower values of 

population size within a shorter optimisation time compared to the optimisation 

time when a higher population size is being used. The optimisation time increases 

with increase in the population size. 

4.5.3.5 Bounds specified 

The Upper and Lower Bounds specified vary for the different engine types. The 

DP TETs of the various engine types were used as the Upper Bounds, thereby 

restricting the optimiser from exploring TETs higher than the DP for the purpose 

of avoiding extra maintenance cost as a result of operating at higher TETs. An 

exception to this was in the 10th year for the clean fleet of the RH296 engine, in 

which a unit of an engine was allowed for operate at 1558K, as against the DP 

TET of 1543K. This was allowed for the purpose of maximally utilising the 

available fuel and optimising the power generated. At the beginning of the 

optimisation exercise, the Lower Bounds were set as zero. Later on, much higher 

values were used as Lower Bounds. TETs corresponding to efficiencies of around 

0.2 were also used as Lower Bounds. 

4.5.3.6 Number of generations 

The maximum number of generations for iteration was specified as 200 in the 

model used. However, because the optimisations were converging at relatively 
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lower number of generations (as an example 13), the maximum number of 

generations was reduced to 50 so that the changes in the total optimised power 

in the various generations could be visible in the results interface.  

Some GA optimisations converge at much higher number of generations. The 

optimisation model used is useful for the purpose of this research. The following 

factors could have resulted to the optimisation converging at the number of 

generations it did; 

' The simplicity of the fitness (objective) function 

' It is a single objective optimisation, not multi-objective 

' The simplicity of the constraint function 

' It is an optimisation with a single constraint 

' The size of the database (search domain) is relatively small 

Finally, it should be noted that when a population size of 10,000 was used, in 

some years of the project the optimisation ran for about 9 hours, thereby doing a 

thorough search of the optimisation domain. 

4.5.3.7 Optimisation convergence criteria 

 by default uses 1.0e-06 for both criteria. At the 

beginning of the optimisation exercise, 1.0e-06 was used for both criteria. 

However, while exploring the possibility of getting higher accuracy, 1.0e-09 was 

later used in most cases. These tolerances are limits which determine 

optimisation convergence.   

4.5.4 The effect of the population size used in the optimisation code 

The population size affects the length of time the optimiser runs and the accuracy 

of the optimisation results. It is therefore necessary to ascertain the population 

size that gives the maximum or minimum of whatever is being optimised. A 

reliable population size can be gotten by a trial method. In this method, several 

trials are made using different values for the population size. The value used 

when the optimal solution is attained is good enough to be used, it is within the 

range of values to be used as the population size in the optimisation code. 
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In this research, different values were used for the population size. 10,000 was 

mostly used, lower values were used when the fleet composition became smaller 

as a result of gas turbine units divestment. There was need to reduce the 

population size after the reduction in the number of units of engines in the fleet. 

This is because the optimal solution was now being attained with lower values of 

population size. The optimisation time increases with increase in the population 

size. 

4.5.4.1 Sensitivity analysis on the effect of changes in population size on 

the results of the model 

Sensitivity analysis was done to ascertain the effect of changes in population size 

on the results of the model. This was done using the SS296 fleet and considering 

the first year, the Upper bound used is the DP TET (1700K), whereas, 1000K was 

used as the Lower bound. Results show that population size in the range of 900 

to 10,000 give higher accuracy than values below this range. 

4.5.5 The effect of mutation function used in the optimisation code 

The mutation function in the optimisation code provides genetic diversity and 

helps the algorithm to search a wider space. As a result, it increases the chances 

of the GA producing individuals with higher fitness values. The mutation function 

achieves this by either substituting for the genes lost from the population during 

the process of selection so that they can be tested in a new contest or by bringing 

the genes that were absent in the initial population [72, p.155-156]; [108]. 

4.6 Integrating GA in Matlab 

Matlab has predefined functions including GA. While the code is written in Matlab, 

the search for the optimum solution is done by the GA tool. The optimisation code 

is written with an instruction for Matlab to call the GA. The optimisation was done 

by developing specific interfaces to connect with the GA in Matlab optimisation 

code, all within an automated design loop. 
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4.7 Recommendation 

Other optimisation techniques such as Gradient-based method, Particle Swarm, 

Tabu search, Neural network, Simulated Annealing, Hill-climbing technique, etc 

could be explored by future researchers. 

4.8 Chapter Summary 

This chapter describes the GA tool and its operators when used for optimisation 

purposes. The aim of the optimisation, the objective function to be maximised 

and the optimisation constraint were also explained in this chapter. This chapter 

also described the GA in Matlab code developed and employed in this study. The 

chapter explained how the database (search domain) for the optimiser were 

generated.  

A brief overview was done on gas turbine degradation, the reason for considering 

degradation of engines in this research was also explained. The effect of different 

rates of degradation on the project is accounted for in the preparation of the 

optimisation database for the degraded scenarios. These different rates of 

degradation are designated as optimistic (slow), medium and pessimistic (fast) 

degradation. The optimisation settings have been well described in this chapter. 

The effect of some GA parameters on the optimisation results were also 

highlighted.  
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5.1 Verification of the optimisation model & results 

A major concern in this research is to optimise power production, best divestment 

time for the units of engines in the fleets and the economic return (NPV) from the 

project. These are major concerns in the mind of governments that want to invest 

in the economic utilisation of AG. 

The baseline fleet is used as the reference fleet because it gives the best fleet 

composition possible without employing the help of an optimiser. The accuracy 

of the optimisation model and its result is verified by comparing the optimised 

power produced and the optimised best divestment time for the optimised AD43 

clean fleet to that of the baseline fleet. Both cases are subject to the same 

constraint of annual fuel availability.

5.1.1 Comparison of the power production by the optimised AD43 

clean and baseline fleets 

Figures 5-1 and 5-2 show the difference in percentage and megawatt respectively 

between the optimised power production for the optimised AD43 clean fleet and 

that of the baseline fleet. 

Figure 5-1: Percentage Difference in Power Production by the Optimised (Clean 

AD43) Fleet & the Baseline Fleet 
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Figure 5-2: Difference in Power Production (MW) Between the Optimised Fleet and 

the Baseline Fleet 

The main reason for the fluctuations observed in Figure 5-1 and 5-2 is the fact 

that various years of the project have varying fuel availability and varying number 

of engines in the fleets, hence, the difference in total optimised power for the 

baseline fleet and the AD43 optimised fleet (clean). Also, in determining the fleet 

composition, in order not to go beyond the design point TET limit to avoid higher 

operations and maintenance costs, very little quantity of fuel were unutilised by 

the baseline fleet in year 4, 5, 6, 8, 12 and 18. This has also contributed to the 

difference observed for just these years specified. As a recommendation, in 

achieving the fleet composition, future researchers could keep an upper bound 

limit greater than the design point TET with about 5K. This would help in full 

utilisation of all fuel, however, it will also increase the operations and maintenance 

cost. A future researcher should explore a better economic option.  

Figure 5-3 shows the optimised power production for the optimised and baseline 

fleets on an annual basis. The annual maximum power from the baseline fleet 

was calculated as the sum of the power values corresponding to the baseline 

fleet composition shown in Table 3-5. Similarly, that of the optimised fleet is the 

sum of the optimised power values for the individual units of engines given by the 

optimiser. These optimised power values for the individual units of engines in the 
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fleet are the power values corresponding to the optimised fleet composition found 

in section 5.2.1.1, Figure 5-8. 

Figure 5-3: Annual Power Production Values for the Baseline and Optimised Fleets 

Appendix G.1.8 and G.1.9 show screenshots of the total optimised power values 

for the clean AD43 optimised fleet for the first and second year of the project 

respectively. 

Figures 5-4 and 5-5 show the sum of optimised power and the energy for the 

clean AD43 optimised fleet and the baseline fleet. 
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Figure 5-4: Sum of Power Produced (MW) in the Project by the Baseline & 

Optimised Fleets 

Figure 5-5: Sum of Energy Produced (Billion kWh) in the Project by the Baseline & 

Optimised Fleets 
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The big difference between the values of the optimised power and the energy for 

the clean AD43 optimised fleet and that of the baseline fleet as seen in Figure 

5-1 to 5-5 justifies the approach of the optimisation model and its results. 

5.1.2 Comparison of the optimised best divestment time for the 

optimised and baseline fleets 

Figure 5-6 shows the optimised best divestment time for the units of engines and 

the total number of engines divested cumulatively, whereas, Figure 5-7 also 

shows same but in this case, the number of engines divested per year is shown. 

As seen from Figure 5-6 and 5-7, the optimiser shifted the divestment time for 

some of the units of the engines forward (rightward) as compared to the case of 

the baseline fleet. As an example, in the 4th, 5th, and 6th year of the project, more 

units of engines were divested in the baseline fleet than in the optimised fleet. 

This allows the units of engines in the optimised fleet to be maximally utilised 

before been divested, thereby leading to better economic utilisation of the fleet. 

Figure 5-6: Optimised Best Divestment Time & the Number of Units of Engines 

Divested (Cumulative) 
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Figure 5-7: Optimised Best Divestment Time & the Number of Units of Engines 

Divested Yearly 

5.2 Optimisation results for all clean & degraded fleets 

The results of the optimisation exercise for the clean and degraded fleets (OPT, 

MED, and PES) for all the study engines  AD43, IC100, SS296 and RH296 gas 

turbine engines all show very high level of accuracy. 

All the results from the optimisation exercise and the baseline scenario were 

integrated into the TERA framework, which then formed the basis for the 

economic analysis (NPV) of this project. 

5.2.1 Optimised fleet composition for the study engines 

Any government that is investing in the economic utilisation of AG for power 

generation using gas turbines wants to ensure that their technical team is 

maximally utilising the units of engines subject to the constraint of depleting fuel 

availability. Hence the need for optimisation of the fleet composition. 

The optimised fleet composition is the fleet with the optimum number of units, 

operating TET, maximum power and efficiency of each unit in the fleet, thereby 

yielding a good NPV. Also, the optimised fleet composition shows the optimum 
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time and number of units to be divested from the fleet. When the optimised fleet 

composition is achieved, the optimiser outputs the performance of the fleet in 

terms of the TET, power, and efficiency, and it also gives the fuel consumed by 

the fleet (fuel flow). 

5.2.1.1 Optimised fleet composition for the AD43 fleets 

Figure 5-8 shows the optimised fleet composition for the AD43 clean fleet for the 

period of the 20 years. The AD43 fleet has a starting number of 25 units of 

engines as explained in section 3.5.1.3. Operating the various units of engines in 

the fleet at the various TETs shown in Figure 5-8, will yield the maximum power 

and efficiencies for the units of engines in the fleet subject to the optimisation 

constraint of annual fuel availability. Also, this fleet composition makes the fleet 

to have an improved economic return, the fleet composition gives the maximum 

possible power that can be achieved by operating this units of engines subject to 

the optimisation constraint. As can be seen from the optimised fleet composition 

(Figure 5-8), divestment of redundant units of engines commenced at the end of 

the 1st year with 3 units of AD43 engines. Divestment continued at most years of 

the project as the fuel availability is not enough to meet the fuel requirement of 

all the engines in the fleet, the final divestment occurred at the end of the project 

with 2 units of AD43 engine. 

Figure 5-9 to Figure 5-11 show the optimised fleet composition for the OPT, MED 

and PES degraded AD43 fleets respectively. At the beginning of the project, that 

is, year 1, all fleets are operated as clean engines, implying that engine 

degradation is assumed to start from the second year. 
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The screenshots showing the optimised fleet composition for the 1st and 2nd year 

of the project for the AD43 clean (optimised) fleet as given by the optimiser are 

shown in Appendix G.1.8 and G.I.9

, their values were exported to excel for clarity. 

5.2.1.2 Optimised Fleet Composition for the IC100 Fleets 

The IC100 fleet has a starting number of 12 units of the engine. This number was 

chosen by dividing the fuel availability at the 1st year of the project (59.3519Kg/s) 

by the fuel consumption requirement of the engine at design point (5.0401Kg/s). 

The fuel available at the 1st year can conveniently serve 11 units of the engine 

running at design point while the remaining fuel can serve 1 more unit of the 

engine running at a part-load. This forms the basis why 12 units of IC100 was 

chosen as the number of units of engine in the starting fleet. 

Figure 5-12 to Figure 5-15 show the optimised fleet compositions for the clean, 

OPT, MED and PES degraded fleets of the IC100 engine respectively. The 

figures show the number of units of engines in the fleets, their operating TETs 

and the divestment sequence (number of units of engines divested and the time). 

In order to maximise the power production subject to the annual fuel availability, 

the units of engines in the fleets have to be operated at the TETs shown in the 

figures. 
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Figure 5-12: Optimised Fleet Composition for IC100 Clean Fleet 

Figure 5-13: Optimised Fleet Composition for IC100 OPT Degraded Fleet 
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Figure 5-14: Optimised Fleet Composition for IC100 MED Degraded Fleet 

Figure 5-15: Optimised Fleet Composition for IC100 PES Degraded Fleet 
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5.2.1.3 Optimised Fleet Composition for the SS296 Fleets 

The SS296 fleet has a starting number of 4 units of the engine. This number was 

gotten by dividing the fuel availability at the 1st year of the project (59.3519Kg/s) 

by the fuel consumption requirement of the engine at design point (16.5794Kg/s). 

The fuel available at the 1st year can conveniently serve 3 units of the engine 

running at design point while the remaining fuel can to serve 1 more unit of the 

engine running at a part-load. This is the reason why 4 was chosen as the number 

of units of engines in the starting fleet. 

Figure 5-16 to Figure 5-19 show the optimised fleet compositions for the clean, 

OPT, MED and PES degraded fleets of the SS296 engine respectively. 

Figure 5-16: Optimised Fleet Composition for SS296 Clean Fleet 



106 

Figure 5-17: Optimised Fleet Composition for SS296 OPT Degraded Fleet 

Figure 5-18: Optimised Fleet Composition for SS296 MED Degraded Fleet 
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Figure 5-19: Optimised Fleet Composition for SS296 PES Degraded Fleet 

5.2.1.4 Optimised Fleet Composition for the RH296 Fleets 

The RH296 fleet has a starting number of 4 units of the engine. This number was 

gotten by dividing the fuel availability at the 1st year of the project (59.3519Kg/s) 

by the fuel consumption requirement of the engine at design point (16.4153Kg/s). 

The fuel available at the 1st year can conveniently serve 3 units of the engine 

running at design point while the remaining fuel can serve 1 more unit of the 

engine running at a part-load. This is the reason why 4 was chosen as the number 

of units of engines in the starting fleet. 

Figure 5-20 to Figure 5-23 show the optimised fleet compositions for the clean, 

OPT, MED and PES degraded fleets of the RH296 engine. 
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Figure 5-20: Optimised Fleet Composition for RH296 Clean Fleet 

Figure 5-21: Optimised Fleet Composition for RH296 OPT Degraded Fleet 
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Figure 5-22: Optimised Fleet Composition for RH296 MED Degraded Fleet 

Figure 5-23: Optimised Fleet Composition for RH296 PES Degraded Fleet 

On comparing the TETs of the units of engines in the clean fleet and those of the 

degraded fleets for the same engine type, it is observed that the units of engines 

in the degraded fleets had to be operated at higher TETs in order to fully utilise 

the available fuel. 

A key observation made is that engine degradation affects the divestment time of 

the units of engines. This is discussed in the next sub-section. 
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5.2.2 Optimised [d]_d[ kd_jir best divestment time for all fleets 

Exploring the impact of gas turbine degradation on the divestment time for the 

redundant units of engines in a fleet is the aim and major contribution to 

knowledge of this research. Knowledge about the impact of degradation on 

divestment time helps guide investors. Governments who want to invest in the 

economic use of AG for power generation using gas turbines would want to know 

the effect of gas turbine degradation on divestment time and on the economic 

use of associated gas. Investors will also be interested in knowing the best 

divestment time for the redundant units of engines, this would help in maximising 

profit and forward planning. 

Figure 5-24 to Figure 5-31 show the optimised best divestment time for the units 

of engines in the various fleets, together with the effect of gas turbine degradation 

on the divestment time of the redundant units of engines. As seen from the 

figures, degradation extends the divestment time, the higher the level of 

degradation, the later the divestment time. Considering the AD43 fleets (Figure 

5-24 and Figure 5-25), it is observed that at the 2nd year of the project, the number 

of units of engines that were divested are 3, 3, 2, 1, 0 for the baseline, clean 

(optimised), OPT degraded, MED degraded and PES degraded fleets 

respectively. At the 3rd year, the total (cumulative) number of units of engines that 

have been divested are 6, 6, 5, 4, 3 for the baseline, clean (optimised), OPT 

degraded, MED degraded and PES degraded fleets respectively. The effect of 

degradation in extending the divestment time for the units of engines continued 

until the 15th year of the project as seen Figure 5-24 and Figure 5-25. Degradation 

has similar effect on the divestment time for the units of engines in the IC100, 

SS296 and RH296 fleets as seen in Figure 5-26 to Figure 5-31.  

One of the technical explanation for this occurrence is that, the fuel requirements 

to operate the degraded units of engines are less, and the divestment was as a 

result of units of engines being redundant due to shortage of fuel availability. It 

therefore implies that the more degraded fleets will have their units of engines 

running for a longer time before being divested. This prolonging of the time of 

usage of the units of engines in the degraded fleet has a positive impact on the 
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economic utilisation of the fleets. It leads to better economic returns from the units 

of engines in the fleet, this is in comparison to a case where these same units of 

engines in these degraded fleets get divested earlier. Divesting a unit of engine 

at its best divestment time causes that unit of engine to be maximally utilised 

before being divested, which tends to increase the economic productivity of the 

fleet. 

Figure 5-24: Optimised Engine Unitsr Best Divestment Time & the Effect of Gas 

Turbine Degradation on Divestment Time [AD43 Fleets] 



112 

Figure 5-25: Number of AD43 Units Divested Yearly 

Figure 5-26: Optimised Engine Unitsr Best Divestment Time & the Effect of Gas 

Turbine Degradation on Divestment Time [IC100 Fleets] 
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Figure 5-27: Number of IC100 Units Divested Yearly 

Figure 5-28: Optimised Engine Units' Best Divestment Time & the Effect of Gas 

Turbine Degradation on Divestment Time [SS296 Fleets] 
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Figure 5-29: Number of SS296 Units Divested Yearly 

Figure 5-30: Optimised Engine Units Best Divestment Time & the Effect of Gas 

Turbine Degradation on Divestment Time [RH296 Fleets] 
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Figure 5-31: Number of RH296 Units Divested Yearly 

5.2.3 Optimised power and the energy from the study engines 

Generating the optimum power and energy from the fleets subject to the 

constraint of depleting fuel availability is one of the primary concern of any 

government that want to invest in the economic utilisation of AG. If the volume of 

AG was not limited, then getting the maximum possible power and energy from 

the fleets becomes easy as all the units of engines in all fleets would have been 

operated at their design point conditions. However, since there is limited fuel 

availability each year of the project, there is therefore need to use an optimiser to 

get the optimum power possible from the fleets. The investor (government) would 

sell the electricity generated to the national grid, this will form a very large source 

of revenue for the nation. 

5.2.3.1 Total optimised power & the energy for all fleets 

Figure 5-32 shows the various fleets of engines and their total optimised power 

in megawatts. This total optimised power is the sum of the optimised power for 

the individual units of engines in the entire project time. The optimised power for 
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the various units of engines are the power values corresponding to the various 

optimised fleet compositions explained earlier in sub-section 5.2.1.  

From the results of Figure 5-32, the engines with higher simulated efficiencies 

have higher total optimised power. As an example, considering just the clean 

fleets of the various study engines, the IC100 fleet has the highest total optimised 

power, followed by the AD43, then the RH296 and the SS296 having the least. 

This trend is not a surprise as their simulated efficiency values also have similar 

trend as seen in Table 3-1 to Table 3-4 and sub-section 5.2.4. The same 

explanation applies for the degraded fleets, their optimised efficiencies can also 

be found in sub-section 5.2.4. 

The total energy data (Figure 5-33) were gotten by multiplying the corresponding 

total optimised power by the hours of operation of the engine in a year (8760hrs). 

The total energy for all the fleets have similar trends as the total optimised power, 

and the same explanation applies. It therefore implies that the more efficient 

engines would be given priority in the decision on which engine type is to be 

recommended to investors of AG utilisation. This recommendation is based on 

the assumption that all other factors that could have influenced this decision are 

assumed constant. 

Figure 5-32: Total Optimised Power for all Fleets 
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Figure 5-33: Total Energy for all Fleets 

5.2.3.2 Annual optimised power & the energy production for the AD43 

fleets 

Figure 5-34 below shows the annual optimised power from the various fleets of 

the AD43 engine. These values are the annual sum, that is, the sum of the 

optimised power for the individual units of engines per year of the project time. 

These annual optimised power values are the maximum that can be obtained 

from the various fleets. All fleets are subject to the same optimisation constraint 

of limited annual fuel availability. At the 1st year of the project, all fleets have the 

same amount of total optimised power (1071.4MW), this is because all the fleets 

were operated as clean engines. From Figure 5-34, it is observed that after every 

3 years of the project, the total optimised power values of the degraded fleets get 

closer to that of the clean fleet, this is as a result of the partial overhauling that 

takes place as explained in sub-sections 4.4.2.3 to 4.4.2.5. Comparing the total 

optimised power values of the clean (optimised), OPT, MED and PES fleets on 

an annual basis, with exception of the 1st year, the clean has the highest values, 

followed by the OPT, then MED and the PES least, although this trend is not so 

visible in some of the years because the difference in the total optimised power 

values are very small compared to the scale of the graph.  
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Figure 5-34: Annual Optimised Power Produced by the AD43 Fleets 

Figure 5-35: Annual Energy Produced by the AD43 Fleets 
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The annual energy data (Figure 5-35) were calculated by multiplying the 

corresponding annual optimised power by the hours of operation of the engine in 

a year (8760hrs). The annual energy for all the fleets have similar trends as the 

annual optimised power, and the same explanation applies. 

Appendix G.1.8 and G.1.9 show screenshots of the total optimised power values 

for the clean AD43 optimised fleet for the first and second year of the project. 

5.2.3.3 Annual optimised power & the energy production for the IC100 

fleets 

Figure 5-36 shows the annual optimised power for the IC100 fleets. Similarly, at 

the 1st year of the project, all the fleets have the same amount of total optimised 

power (1177.9MW). Comparing the total optimised power values of the clean, 

OPT, MED and PES fleets on an annual basis, the resulting trend is similar to 

that of the AD43 fleets and the same explanations applies. 

Figure 5-36: Annual Optimised Power Produced by IC100 Fleets 
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Figure 5-37: Annual Energy Produced by IC100 Fleets 

The annual energy data (Figure 5-37) were calculated by using the same 

approach adopted to get the annual energy for the AD43 fleets. The results seen 

in Figure 5-37 have similar trends as the annual optimised power, and the same 

explanation applies. 

Screenshots of the total optimised power values of the OPT degraded fleet for 

the second and tenth year of the project (arbitrarily chosen) are shown in 

Appendix G.1.10 and G.1.11 respectively. 

5.2.3.4 Annual optimised power & the energy production for the SS296 

Fleets 

Figure 5-38 shows the annual optimised power for the SS296 fleets. As usual, at 

the 1st year of the project, all the fleets have the same amount of total optimised 

power (1052.1MW). The results of the clean, OPT, MED and PES fleets of the 

SS296 engine show similar trends as those of the AD43 and IC100 fleets, and 

the same explanation applies. 
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Figure 5-38: Annual Optimised Power Produced by SS296 Fleets 

Figure 5-39: Annual Energy Produced by SS296 Fleets 
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Figure 5-39 shows the annual energy for the SS296 fleets. To avoid repetition, 

the explanations for the annual energy for the AD43 and IC100 also applies for 

the SS296 fleets. 

The screenshots of the total optimised power values of the OPT and PES 

degraded fleets for the 7th and 13th year of the project respectively are shown in 

Appendix G.1.12 and G.1.13 respectively. 

5.2.3.5 Annual optimised power & the energy production for the RH296 

fleets 

Figure 5-40 shows the annual optimised power for the RH296 fleets. As usual, at 

the 1st year of the project, all the fleets have the same amount of total optimised 

power (1058.6MW). The trend observed in Figure 5-40 is as expected, at the end 

of the 2nd year, divestment of a unit of an engine took place in the clean and OPT 

degraded fleet, making the clean and OPT fleet to have fewer units of engines 

than the MED and PES fleets. As such, the fewer units of engines in the clean 

and OPT fleets were operated at much higher TETs than those in the MED and 

PES fleets, thereby making the optimised power and efficiencies for the units of 

engines in the clean and OPT fleets much higher than those in the MED and PES 

fleets. Similar reason resulted to the trend observed in year 6 and 10. 

Figure 5-40: Annual Optimised Power Produced by RH296 Fleets 
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Figure 5-41: Annual Energy Produced by RH296 Fleets 

Figure 5-41 shows the annual energy for the RH296 fleets. This graph was 

generated using the same approach explained earlier. The explanation for the 

trend is the same as the explanation already done for the annual optimised 

power. 

Screenshots showing the total optimised power and the optimised fleet 

compositions for units of engines in the RH296 fleets can be seen in Appendix 

G. 

5.2.4 Optimised efficiencies of the units of engines in the fleets 

In order to maximally utilise the available AG, so as to have a good economic 

return from the project, the units of engines in the fleets were efficiently utilised. 

Their efficiencies were optimised. The higher the efficiencies of the units of 

engines in the fleet, the higher the total optimised power from that fleet. 

5.2.4.1 Optimised efficiencies of the units of engines in the AD43 fleets 

Figure 5-42 shows the optimised efficiencies of the units of engines in the AD43 

clean fleet. Generally, the efficiencies of the units of engines in the fleet 
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decreases down the years of the project, this is as a result of the gradual decline 

in the optimised power due to the limited fuel availability for the project. 

Figure 5-42: Optimised Efficiencies of the Units of Engines in the AD43 Clean Fleet 

Figure 5-43 to Figure 5-45 show the optimised efficiencies for the units of engines 

in the OPT, MED and PES degraded fleets of the AD43 engine. As seen from the 

figures, the efficiencies of the units of engines reduces with degradation. The 

efficiency of a unit of engine either increases or decreases down the years of the 

project depending on the TET the engine was operated. However, when only 1 

unit of engine is left in the fleet, the efficiency decreases down the years of the 

project, this is as a result of the fall in power due to shortage of fuel availability. 
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Figure 5-43: Optimised Efficiencies of the Units of Engines in the AD43 OPT 

Degraded Fleet 

Figure 5-44: Optimised Efficiencies of the Units of Engines in the AD43 MED 

Degraded Fleet 
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Figure 5-45: Optimised Efficiencies of the Units of Engines in the AD43 PES 

Degraded Fleet 

5.2.4.2 Optimised efficiencies of the units of engines in the IC100 fleets 

Figure 5-46 to Figure 5-49 show the optimised efficiencies for the units of engines 

in the clean, OPT, MED and PES degraded fleets of the IC100 engine 

respectively. The trend for the optimised efficiencies of these fleets are similar to 

that of the AD43 fleets, and the same explanation applies.  



127 

Figure 5-46: Optimised Efficiencies of the Units of Engines in the IC100 Clean Fleet 

Figure 5-47: Optimised Efficiencies of the Units of Engines in the IC100 OPT 

Degraded Fleet 
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Figure 5-48: Optimised Efficiencies of the Units of Engines in the IC100 MED 

Degraded Fleet 

Figure 5-49: Optimised Efficiencies of the Units of Engines in the IC100 PES 

Degraded Fleet 
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5.2.4.3 Optimised efficiencies of the units of engines in the SS296 fleets 

Figure 5-50 to Figure 5-53 show the optimised efficiencies for the units of engines 

in the clean, OPT, MED and PES degraded fleets of the SS296 engine 

respectively. The trend for the optimised efficiencies of these fleets are similar to 

those of the AD43 and IC100 fleets, and the same explanation applies. 

Figure 5-50: Optimised Efficiencies of the Units of Engines in the SS296 Clean 

Fleet 

Figure 5-51: Optimised Efficiencies of the Units of Engines in the SS296 OPT 

Degraded Fleet 
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Figure 5-52: Optimised Efficiencies of the Units of Engines in the SS296 MED 

Degraded Fleet 

Figure 5-53: Optimised Efficiencies of the Units of Engines in the SS296 PES 

Degraded Fleet 
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5.2.4.4 Optimised efficiencies of the units of engines in the RH296 fleets 

Figure 5-54 and Figure 5-55 show the optimised efficiencies for the units of 

engines in the clean and OPT degraded fleets of the RH296 engine respectively. 

Figure 5-54: Optimised Efficiencies of the Units of Engines in the RH296 Clean 

Fleet 

Figure 5-55: Optimised Efficiencies of the Units of Engines in the RH296 OPT 

Degraded Fleet 
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Appendix G.1.6 and G.1.7 show the optimised efficiencies for the units of engines 

in the MED and PES degraded fleets of the RH296 engine.  

5.2.5 Optimised Fuel Utilisation by the Fleets 

Figure 5-56 shows the optimised fuel utilisation by the units of engines in the 

RH296 clean fleet. The fuel available for the project was well economically utilised 

by the fleet to get the maximum power and a good economic return. 

Figure 5-56: Optimised Fuel Utilisation by the RH296 Clean Fleet 

5.3 Creep life/maintenance module for optimised fleets 

The creep life of the units of engines in the optimised fleets were analysed using 

the same simple creep life model used in sub-section 3.5.3. 

5.3.1 Creep life assessment for the optimised fleets 

In evaluating the creep life of the various engines in the degraded fleets, the same 

creep life model was applied, in this case, 6000hrs was taken as the minimum. 

For the following levels of degradation - 0.667%, 1.333%, 2%, 2.667%, 4% and 

6%, it was assumed that the creep life of the degraded engine would be 80%, 

68%, 56%, 49%, 40% and 24% of the creep life of the clean engine respectively, 

for the same TET. 

creep life analysis seen in [109] as seen in Figure 5-57.  
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Figure 5-57: Blade's predicted creep-life for the stipulated engine's-deterioration-

index [109, p.208]

Figure 5-58 and Figure 5-59 show graphs of TET against creep life for the 3rd

units of engines in the clean and OPT degraded fleets of the SS296 engine. 

Figure 5-58: TET against Creep Life of the 3rd Unit of Engine in the SS296 Clean 

Fleet [Divested after the 9th year] 
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Figure 5-59: TET against Creep Life of the 3rd Unit of Engine in the SS296 OPT 

Degraded Fleet [Divested after the 4th year] 

5.4 Emission prediction for the optimised fleets 

Figure 5-60 and Figure 5-61 show the predicted emissions generated by the 

AD43 clean (optimised) fleet for the entire duration of the project. 

The gradual fall in the emission generated as seen in Figure 5-60 and Figure 5-61 

is basically as a result of the divestments of units of engines in the fleet.  
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Figure 5-60: Emissions Generated by the AD43 Clean (Optimised) Fleet 

Figure 5-61: CO Emissions Generated by the AD43 Clean (Optimised Fleet) 
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5.5 Chapter Summary 

This chapter shows the results of the optimisation for the various fleets. 

The fleet composition, power and efficiencies for the various study scenarios 

were optimised. The energy generated by the fleets were also calculated. 

The optimisation model and its results were verified by comparing with the results 

of the baseline fleet. An increase of 1.0% was achieved for the optimised power 

of the clean (43.3MW) aero-derivative fleet as against the baseline fleet.  

Using the results of the optimised power for the clean fleets as an example, the 

(100MW) aero-derivative intercool fleet has the highest total optimised power, 

followed by the (43.3MW) aero-derivative fleet, then the (296MW) reheat fleet 

and the (296MW) single shaft fleet having the least. 

The GA in MATLAB code was used in optimising the divestment time of the 

redundant units of engines in the various fleets. Results of the optimisation show 

that engine degradation extends the divestment time of the redundant units of 

engines in the various fleets. For example, at the 2nd year of the project; 0, 1, 2, 

3, 3 are the respective number of units of engines divested in the PES degraded, 

MED degraded, OPT degraded, clean (optimised) and baseline fleets of the 

(43.3MW) aero-derivative engine. 

As part of the TERA module, the emissions generated by the fleet and the creep 

life of the individual units of engines in the fleet were all estimated.  
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This chapter assesses the impact of the various optimised fleets on the economic 

use of AG. It also analyses the influence of engine degradation on the economic 

utilisation of AG. The model and methodology used will serve as a guide to 

investors who would want to invest in the economic utilisation of AG for power 

generation using gas turbines.  

The approaches adopted in the various sub-sections of this chapter are similar to 

those used in the economic analysis in chapter 3 of this research. The only 

difference is that while chapter 3 dealt with the economics of the baseline fleet, 

this chapter deals with the economics of the optimised fleets of the various 

engines. Therefore, to avoid repetitions, reference will be regularly made to the 

explanations, equations and tables in chapter 3.      

The input data and the assumptions for the economic assessment of the 

optimised fleets are contained in Table 3-7. 

6.1 Capital investment on the fleets 

As noted in sub-section 3.5.4.1, the starting capital for the AD43 fleets was 

obtained by taking business loan. The starting capital for the RH296, IC100 and 

SS296 fleets were also gotten by taking business loan. Using the same approach 

(Equation 3-1) adopted in estimating the starting capital for the AD43 fleets, it 

implies that the starting capital for the RH296, IC100 and SS296 fleets are 

$815,776,000, $1,143,600,000 and $815,776,000 respectively. Fleets of the 

same engine type all have the same starting capital, this is because all fleets 

started as clean at the beginning (1st year) of the project. 

A range of 2 to 8% are used as the loan interest rate, the loan repayment holiday 

is taken as 1 year, whereas, the loan duration is 10 years.   
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6.2 Operation & maintenance cost of the optimised fleets 

6.2.1 Annual fleet operations & maintenance cost 

The annual operations and maintenance costs for the optimised fleets were 

estimated using the relationships in Equations 3-2 to 3-6 and the factors outlined 

in Table 3-7. To account for the effect of inflation on the cost of engine spare 

parts, chemicals, consumables, etc., an annual escalation of 2% increase was 

applied to the annual operations and maintenance cost. 

The annual operations and maintenance costs of the fleets depend on many 

factors, among which are the power produced, the creep life of the individual units 

of engines in the fleet and how frequent engine overhauling takes place for the 

degraded fleets. Figure 6-1 shows the annual operations and maintenance costs 

for the AD43 fleets. The combined effect of power produced, creep life and engine 

overhauling gives rise to the trend seen in Figure 6-1. For the degraded fleets, 

the creep life gets worse every 3 years and engine overhauling also takes place 

at the same period, hence, the rise observed in the annual operations and 

maintenance cost of the PES and MED fleets as seen in some of the years of the 

project.   

Figure 6-1: Annual Operations & Maintenance Costs for the AD43 Fleets 
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6.2.2 Total operations & maintenance cost of all fleets 

Figure 6-2 shows the total operations and maintenance costs for all the fleets in 

this research. The data used in plotting this figure are obtained by summing up 

the annual operations and maintenance costs of all the fleets for the entire project 

time. The combined effect of the power produced, creep life and engine 

overhauling of the units of engines in the various fleets resulted in the trend 

observed in Figure 6-2. The more power a fleet produces, the higher its 

operations and maintenance cost. However, with the influence of the lower creep 

life and the overhauling that takes place for the degraded fleets, the PES 

degraded fleet of the IC100 engine has the highest total operations and 

maintenance cost, followed by the MED and OPT degraded fleets of the same 

engine type.  

Figure 6-2: Total Operations & Maintenance Costs for all Fleets 
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6.3 Emission tax from the optimised fleets 

The model for the economic use of AG would not be robust enough without 

considering the effect of emission tax. As explained in sub-section 3.5.4.3, only 

CO2 emission is taxed. 0.02$/kg is the assumed emission tax.  

To account for the effect of future increase in the assumed emission tax, an 

annual escalation of 2% increase was applied to the annual emission tax. Using 

the relationship shown in Equation 3-7 and the CO2 emission data shown in 

Figure 5-60, the annual emission tax for the optimised fleet of the clean AD43 

engine are estimated as shown in Figure 6-3, both figures (5-60 and 6-3) have 

the same reason for the trend observed. 

Figure 6-3: Annual CO2 Emission Tax for the Clean AD43 (Optimised) Fleet 
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6.4 Number of staff in the project and staff salaries 

Another two essential parts of the economic model for the profitable utilisation of 

associated gas are the annual number of staff to be involved in the project and 

their annual salaries. 

6.4.1 Number of staff for the various fleets 

The number of staff varies for the different fleets. Fleets with more units of 

engines have more staff than fleets with less units. All fleets of the same engine 

type have the same number of staff at the beginning of the project, this is because 

they all have the same number of units of engines at the beginning of the project. 

However, over the years of the project, due to engine  divestment, the staff 

strength of the various fleets would differ because the annual staff strength is 

dependent on the number of units of engines in the fleet. 

Table 3-8 shows the initial number of staff involved in the project and their salaries 

for all AD43 fleets. Table 6-1 shows the initial number of staff involved in the 

project and their salaries for all SS296 and RH296 fleets.  
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Table 6-1: Number of Staff at the Beginning of the Project & their Salaries (for all 

SS296 & RH296 Fleets) [92]

Duty Number in 
the Project 

Annual Salary 
per Staff [$] 

Total Salary 
[$] 

Administrative Manager 1 94,840.00 94,840.00 

Plants Manager 1 141,650.00 141,650.00 

Finance Manager 1 134,330.00 134,330.00 

Operators 10 58,490.00 584,900.00 

Mechanical Department 10 56,390.00 563,900.00 

Control and 
Instrumentation 
Department 

10 56,320.00 563,200.00 

Electrical Department 10 61,870.00 618,700.00 

Performance Department 10 56,390.00 563,900.00 

Account/Purchase 
Department 

2 75,280.00 150,560.00 

Health and Safety 
Department 

4 51,270.00 205,080.00 

Ware House Department 4 25,000.00 100,000.00 

Security Department 4 28,460.00 113,840.00 

Fire Service 4 48,030.00 192,120.00 

Transport Department 4 38,050.00 152,200.00 

Miscellaneous Staff 4 70,000.00 280,000.00 
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6.4.1.1 Number of staff at the beginning of the project 

Figure 6-4 shows the number of staff at the beginning of the project for all the 

different engine types used in the research. The fleets with more units of engines 

have a higher number of staff. 

Figure 6-4: Number of Staff at the Beginning of the Project for all the Engine Types 

6.4.1.2 Annual number of staff for the fleets 

Figure 6-5 shows the time on the annual 

number of staff in the project for all RH296 fleets. The number of staff in each 

fleet reduces with engine un  degraded fleet has more 

staff at the 2nd and 5th years of the project, because it has one more unit of engine 

at these years compared with the clean, OPT and MED degraded fleets (see 

Figure 5-30). 



144 

Figure 6-5: The Effect of Engine Units' Divestment Time on the Annual Number of 

Staff in the Project (RH296 Fleets) 

6.4.2 Staff salaries for the various fleets 

6.4.2.1 Annual staff salaries 

The annual staff salaries are estimated based on the number of staff involved in 

each year of the project and the staff salaries data seen in Table 6-1. An 

incremental factor of 1.5% was added to the total annual staff salaries after every 

2 years of the project.  

Figure 6-6 

staff salaries for the RH296 fleets. The explanation for the trend observed in 

Figure 6-5 also applies for Figure 6-6, while the increase observed in the annual 

staff salaries for some years of the project is as a result of the 1.5% incremental 

factor applied.  
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Figure 6-6: The Influence of Engine Units' Divestment Time on the Annual Staff 

Salaries (RH296 Fleets) 

6.4.2.2 Total staff salaries for the entire project time (all fleets) 

Figure 6-7 shows the total staff salaries for all the fleets in this research. The 

fleets with more staff have higher staff salaries. Considering the total staff salaries 

for the fleets of the same engine type, it is observed that the higher degraded 

fleets have higher total staff salaries. The reason for this trend is because the 

units of engines in the higher degraded fleets lasts longer before being divested, 

and the number of staff in each year of the project is dependent on the number 

of units of engines in the fleet. Therefore, the PES degraded fleet will have higher 

total staff salaries than other fleets of the same engine type as observed in the 

Figure 6-7.  
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Figure 6-7: Total Staff Salaries for all Fleets 

6.5 Gas turbine engines divestment sales and loan repayment 

analysis 

As a result of the need to have a robust model for the economic utilisation of AG 

using gas turbines, gas turbine divestment sales and loan repayment are also 

included in the economic model. 

6.5.1 Gas turbine divestment sales 

Gas turbine divestment sales is one of the sources of revenue in this proposed 

economic model for AG utilisation. The divested units of engines are sold and the 

money is added up as part of the revenue made from the project. 

The divestment time of a unit of an engine influences its divestment sale. 

Therefore, a unit of an engine in a fleet will have different divestment sales 

depending on the time of its divestment. The same explanations, assumptions 

and equations used in estimating the divestment sales for the units of engines in 

the baseline fleet are also applied for all the other fleets in this study (see sub-

section 3.5.4.6). The gas turbine engine depreciation rate was taken to be 

0.0516/annum for the clean fleets [86] as seen in Table 3-7. The assumed gas 

turbine depreciation rates for the OPT, MED and PES degraded units of engines 
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are 0.0616, 0.0716 and 0.0816/annum respectively. Figure 3-25 shows the 

annual divestment sales for the baseline fleet, Figure 6-8 shows the total 

divestment sales for all the fleets in the study. As seen in Equation 3-10, the 

combined effect of the original price, depreciation rate, age and the shaft power 

of the engine at design point resulted in Figure 6-8.  

Figure 6-8: Total Divestment Sales for the Various Fleets 

6.5.2 Loan repayment for all fleets 

The loan repayments for the various units of engines in the different fleets were 

estimated using Equation 3-11. To avoid repetition, all explanations and 

assumptions made in estimating the loan repayment for the baseline fleet also 

applies to all other fleets in the study (see sub-section 3.5.4.7). 

6.5.2.1 Annual loan repayment for the fleets 

Figure 6-9 shows the annual loan repayments for the AD43 fleets at a loan 

interest rate of 2%. The loans were assumed to be taken separately for the 

different units of engines in the fleet, as such, they were also repaid separately. 

The loan for each unit of engine is paid just before the engine is divested and the 

different units of engines in the AD43 fleets have their different divestment times. 

This is the reason for the slight difference observed in the annual loan repayment 

values for the different AD43 fleets as seen in Figure 6-9. 



148 

Figure 6-9: Annual Loan Repayment for the AD43 Fleets (2% Interest Rate) 

6.5.2.2 Total loan repayment for all fleets 

Figure 6-10 shows the total loan repayment for all the fleets at 2% interest rate. 

As seen from Equation 3-11, apart from the interest rate used which is the same 

for all fleets, the two variables that determine the loan repayment are the engine 

capital cost and the loan duration. The loan duration for each unit of engine is 

dependent on the divestment time, as the loan is paid just before the unit of 

engine is divested. The loan repayment values seen in Figure 6-10 are as a result 

of the combined effect of the engine capital costs, the loan durations and the total 

number of units of engines in the fleets. From Figure 6-10, considering fleets of 

the same engine type, the pessimistic degraded fleets have the highest total loan 

repayment values, followed by the medium, then optimistic, and the clean is least. 

The reason for this trend is because the units of engines in the higher degraded 

fleets have longer divestment time, as a result, their loan duration is longer, which 

impacts on the loan repayment. The longer the loan duration, the higher the loan 

repayment. 
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Figure 6-10: Total Loan Repayment for all Fleets (2% Interest Rate) 

6.6 Revenue from sold electricity 

The major revenue from this project of AG utilisation comes from selling of the 

electricity that is generated by the various fleets. The electricity obtained from the 

various optimised fleets is sold to the national grid of which ever country the 

project is applied to. For the purpose of this research, the assumed electricity 

selling tariff to the national grid is 0.12$/kWh. 

6.6.1 Annual revenue from sold electricity 

As seen in Equation 3-8, the revenue from the sold electricity ($) is obtained by 

multiplying the energy generated in kWh by the electricity selling tariff to grid in 

$/kWh. 

Figure 6-11 to Figure 6-14 show the annual revenue from the electricity sold to 

the national grid for the different fleets. The same assumptions made in 

estimating the annual revenue from the sold electricity for the baseline fleet also 

applies for all the other fleets (see sub-section 3.5.4.5). 
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Figure 6-11: Annual Revenue from Electricity Sold to Grid (AD43 Fleets) 

Figure 6-12: Annual Revenue from Electricity Sold to Grid (IC100 Fleets) 
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Figure 6-13: Annual Revenue from Electricity Sold to Grid (SS296 Fleets) 

Figure 6-14: Annual Revenue from Electricity Sold to Grid (RH296 Fleets) 
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Comparing the annual revenue from the sold electricity for the different fleets as 

seen in Figure 6-11 to Figure 6-14 with their corresponding annual optimised 

power and annual energy as seen in sub-section 5.2.3. From the comparison, it 

is seen that the same trends also applies for the annual revenue from the sold 

electricity, and the reason for the trends remain the same as explained for the 

annual optimised power and the annual energy. 

As seen in Figure 6-11 to Figure 6-14, at the first year of the project, the revenue 

generated from each of the AD43, IC100, SS296 and RH296 fleets are $1.13b, 

$1.24b, $1.11b and $1.11b respectively, with exception of the baseline fleet 

(AD43 baseline) which is $1.12b.  

6.6.2 Total revenue from sold electricity 

Figure 6-15 shows the total revenue generated from the sold electricity for all the 

fleets in this research. From the results of Figure 6-15, the engines with higher 

simulated efficiencies generated higher revenue. As an example, considering just 

the clean fleets of the various study engines, the IC100 fleet generated the 

highest revenue, followed by the AD43, then the RH296 and the SS296 fleet has 

the least. This trend is not a surprise as their simulated efficiency values also 

have similar trend as seen in Table 3-1 to Table 3-4 and sub-section 5.2.4. The 

same explanation applies for the degraded fleets, their optimised efficiencies can 

also be found in sub-section 5.2.4. 

It therefore implies that the engines with higher efficiencies would be given priority 

in the decision on which engine type is to be recommended to AG usage 

investors. This recommendation is based on the assumption that all other factors 

that could have influenced this decision are assumed constant. 
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Figure 6-15: Total Revenue Generated from Sold Electricity 

6.7 Net present value (NPV) analysis 

The robust model developed for the economic use of AG integrated several 

technical and economic factors as seen in this chapter of the research. Figure 

6-16 shows the economic return (NPV) from the project for the various fleets 

considered. Figure 6-16 shows the combined effects of the various technical and 

economic factors considered such as capital investment, operations and 

maintenance cost, emission tax, staff salaries, gas turbine divestment sales, loan 

repayment and revenue from sold electricity.  

Considering only the clean fleets of Figure 6-16, IC100 fleet whose unit of engine 

at design point has the highest efficiency, this fleet also emerged with the highest 

NPV of $3.24b. This is because of the domineering effect of the revenue from the 

sold electricity. This was not the case for the AD43 optimised fleet, although its 

unit engine has efficiency that is slightly higher than that of the RH296 and SS296 

engines at design point, and consequently, its fleet generated more energy and 

electricity revenue than the RH296 and SS296 fleets. However, the combined 

effect of the operations and maintenance costs, loan repayments and staff 

salaries of the AD43 fleet reduced the effect of its generated revenue. These 

negative cash flows were higher in the AD43 fleet as compared with those of the 
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RH296 and SS296 fleets, this is because of the higher cost of running of the 

25units of engines in the AD43 fleet as compared with the 4units in the RH296 

and SS296 fleets.     

It is worth noting that the gas turbine divestment sales were also a good source 

of revenue as seen in Figure 6-8. 

While the various factors had effect on the economic return (NPV) of this project, 

the revenue from the sold electricity had domineering effect, hence, the reason 

for the very high NPV of the various fleets. It therefore implies, that investing in 

the economic use of AG for power generation using gas turbines would be a very 

promising business for any country currently flaring this huge source of energy. 

As a recommendation to governments who want to invest in the economic 

utilisation of AG using gas turbines, a good blend of high efficiency and power 

output should be key factors in the choice of the fleet of engines to purchase. 

Figure 6-16: Economic Return from the Optimised Fleets (NPV) at 2% Loan Interest 

Rate 
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6.7.1 The effect of the various levels of gas turbine degradation on 

the NPV of the project 

Figure 6-17 shows the results of the assessment of the impact of gas turbine 

degradation on the economic use of AG. For the AD43 fleets, the baseline, clean 

(optimised), the OPT, the MED and the PES degraded fleets generated $2.79b, 

$2.84b, $2.73b, $2.58b and $2.39b respectively as seen in Figure 6-16. It implies 

that compressor degradation as a result of fouling reduced the NPV of the project 

by 4.0%, 9.1% and 15.8% for the OPT, MED and PES degraded fleets of the 

AD43 engine respectively as seen in Figure 6-17, this is in comparison with the 

NPV for the clean fleet. Comparing the NPV for the baseline fleet and the 

optimised (clean) fleet of the AD43 engine, the improvement of the economic 

performance of the clean fleet resulted in a 1.6% increase in the NPV. 

Figure 6-17: Assessment on the Impact of Gas Turbine Degradation on the 

Economic Use of AG 

6.7.2 The effect of the optimised best divestment time on the NPV of 

the project 

Optimisation of the best divestment time for the units of engines in all the fleets 

used in the research resulted to increased economic return (NPV) from the fleets. 

Comparing the NPV for the baseline fleet and the optimised (clean) fleet of the 
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AD43 engine (Figure 6-16), optimisation of the best divestment time for the units 

of engines in the optimised (clean) fleet resulted to a 1.6% increase in the NPV. 

As seen from Figure 6-15, the revenue from the sold electricity is the domineering 

source of revenue from this AG use project. Optimising the best divestment time 

for the units of engines in the fleets obviously led to maximal use of the engines 

before been divested, thereby generating more energy and more revenue from 

the electricity sold to the national grid. The impact of the optimised best 

divestment time are the economic return (NPV) results shown in Figure 6-16.  

6.7.3 Sensitivity analysis on the effects of various variables on the 

NPV of the project 

Sensitivity analysis is the study of the influence of various input factors on the 

model output [110, p.6]. The effect of various factors on the economic utilisation 

of AG is examined, this together with the effect of the various levels of gas turbine 

degradation account for the risk assessment analysis done for the project. 

6.7.3.1 The effect of varying loan interest rate on the NPV 

The loan interest rate used in the economic model is 2% as seen in Figure 6-16. 

There could be the possibility of the loan interest rate being higher, to account for 

this, the effect of increase in the loan interest rate is examined. 

6.7.3.1.1 The effect of 5% loan interest rate 

Figure 6-18 shows the economic return (NPV) from the optimised fleets when the 

loan was taken at an interest rate of 5%. From Figure 6-18, the IC100 clean fleet 

has the highest NPV whereas the AD43 PES fleet has the least, and the values 

are $3.16b and $2.32b respectively. When compared with their corresponding 

values for 2% interest rate, the decrease was 2.3% and 3.0% respectively (Figure 

6-19). Figure 6-19 shows the percentage decrease in the NPV for the various 

fleets when a 5% loan interest rate is applied as against the 2% applied in the 

economic model. As seen in Figure 6-10, the total loan repayment for the more 

degraded fleets are higher, it implies that the increase in the loan interest rate 

would have more negative impact on the NPV of the more degraded fleets as 

seen in Figure 6-19. 
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Figure 6-18: Economic Return from the Optimised Fleets (NPV) with 5% Loan 

Interest Rate Applied 

Figure 6-19: Percentage Decrease in the NPV with 5% Loan Interest Rate Applied 
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6.7.3.1.2 The effect of 8% loan interest rate 

Figure 6-20 shows the economic return from the optimised fleets when an 8% 

loan interest rate was applied. Figure 6-21 shows the percentage decrease in the 

NPV when an 8% loan interest rate is applied as against the 2% applied in the 

economic model. The same explanations for the trend observed in Figure 6-19 

also applies for Figure 6-21. 

Figure 6-20: Economic Return from the Optimised Fleets (NPV) with 8% Loan 

Interest Rate Applied 

Figure 6-21: Percentage Decrease in the NPV with 8% Loan Interest Rate Applied 
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6.7.3.2 The effect of varying emission tax on the NPV of the project 

Emission tax of 0.02 was used in the economic model. As explained earlier, due 

to legislative concerns, this research only considered emission tax as a result of 

CO2 emissions from the fleets. But CO2 emission is not currently being taxed. 

Therefore, the effect of applying zero emission tax on the economic return from 

the fleet is assessed. 

6.7.3.2.1 The effect of zero emission tax 

Figure 6-22 and Figure 6-23 show the economic return from the optimised fleets 

(NPV) and the percentage increase in the NPV when zero emission tax is applied. 

The IC100 clean fleet has the highest NPV and AD43 PES fleet has the least, 

and the values are $3.37b and $2.53b respectively as seen in Figure 6-22. 

As seen in Figure 6-23, the decrease in emission tax from 0.02 used in the 

economic model to zero resulted in increased NPV. Comparing the percentage 

increase in NPV for the fleets of any of the study engines, it is observed that the 

higher degraded fleets have higher percentage increase as seen in Figure 6-23. 

This is because the less degraded fleets have NPV values much higher than the 

additional amount as compared to the higher degraded fleets, therefore the effect 

of this additional amount is better appreciated in the higher degraded fleets. 

Figure 6-22: Economic Return from the Optimised Fleets (NPV) (Zero Emission Tax 

Assumed) 
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Figure 6-23: Percentage Increase in the NPV with Zero Emission Tax Applied 

6.7.3.3 The effect of varying engine capital cost on the NPV 

The engine capital cost greatly affects the economic return of the fleet. Table 3-7 

shows the assumed engine capital costs data for the various engines used in the 

for a particular engine in the study. 

The effect of varying each of the engine capital costs by using (Y±20) is assessed. 

6.7.3.3.1 Effect of reduced engine capital cost 

Figure 6-24 and Figure 6-25 show the economic return from the optimised fleets 

(NPV) and the percentage increase in the NPV when (Y 20) is used as the engine 

capital cost. The IC100 clean fleet has the highest NPV and AD43 PES fleet has 

the least, and the values are $3.27b and $2.42b respectively as seen in Figure 

6-24. 

From Figure 6-25, comparing the percentage increase in the NPV for a particular 

engine type, it is observed that the higher the level of degradation, the higher the 

percentage increase in the NPV. In order to understand the reason for this trend, 

it should be noted that the engine capital cost directly affects the loan repayment 

and the divestment sales. The loan repayment and divestment sales reduce with 

reduction in the engine capital cost (see Equations 3-10 and 3-11). Loan 

repayment and divestment sales also affect the NPV. From Figure 6-8 and Figure 

6-10, the divestment sales generated decreases with increasing level of 
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degradation while the loan repayment increases with increasing level of 

degradation. The combined effect of loan repayment and divestment sales gives 

a decreasing NPV as the level of degradation increases. It therefore implies that 

a reduction in engine capital cost will have a higher positive impact on the NPV 

for the fleet with higher level of degradation as seen in Figure 6-25. 

Figure 6-24: Economic Return from the Optimised Fleets (NPV) using (Y~20) as 

Engine Capital Cost 

Figure 6-25: Percentage Increase in the NPV when (Y~20) is applied as the Engine 

Capital Cost 
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6.7.3.3.2 Effect of increased engine capital cost 

Figure 6-26 and Figure 6-27 show the economic return from the optimised fleets 

(NPV) and the percentage decrease in the NPV when (Y+20) is used as the 

engine capital cost. The IC100 clean fleet has the highest NPV and AD43 PES 

fleet has the least, and the values are $3.21b and $2.36b respectively as seen in 

Figure 6-26. For the same reason as explained in sub-section 6.7.3.3.1, an 

increase in engine capital cost will have a higher negative impact on the NPV for 

the fleet with higher level of degradation as seen in Figure 6-27. 

Figure 6-26: Economic Return from the Optimised Fleets (NPV) using (Y+20) as 

Engine Capital Cost 

Figure 6-27: Percentage Decrease in the NPV when (Y+20) is Applied as the Engine 

Capital Cost 
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6.8 Chapter Summary 

This chapter contains the economic evaluation of the various optimised fleets. In 

this chapter, the robust model developed for the economic use of AG was used 

in the evaluation of the profitable economic performance of the various fleets of 

gas turbines. An increase of 1.6% in the NPV of the optimised clean (43.3MW) 

aero-derivative fleet as against the baseline was achieved. 

Comparing all the fleets, the optimised fleet (clean) of the (100MW) aero-

derivative intercooled engine has the highest NPV of $3.24b and the PES 

degraded fleet of the (43.3MW) aero-derivative engine has the least NPV of 

$2.39b. 

The robust economic model was also used in the assessment of the impact of 

gas turbine degradation on the economic use of AG. Gas turbine degradation had 

a significant impact on the economic utilisation of AG. For example, for the 

(43.3MW) aero-derivative fleets, compressor degradation reduced the NPV of the 

project by 4.0%, 9.1% and 15.8% for the OPT, MED and PES degraded fleets 

respectively. 

Results of sensitivity analysis showing the effect of some technical and economic 

factors on the economic return (NPV) of the project are also highlighted in this 

chapter. 
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7.1 Conclusions 

AG is being wasted to flaring in Nigeria and some other countries. This wastage 

has led to great economic loss and life-threatening environmental impact. AG are 

hydrocarbon rich and as such can be harnessed as fuel for combustion in gas 

turbines. Using this fuel for power generation has been attracting an increasing 

interest due to the energy, economic and environmental benefits. At some point 

in the life span of an AG utilisation project, some units of engines in the fleet will 

become redundant due to the decline in AG availability. Investing in the economic 

use of AG for power generation using gas turbines would require a model for 

evaluating the effect of gas turbine degradation on the divestment time of the 

redundant units of engines. Therefore, the aim of this research is to explore the 

effect of gas turbine degradation on the divestment time for redundant units of 

engines in a fleet. 

The conclusions drawn from this research are hinged on the research aim and 

objectives. They are outlined as shown below; 

7.1.1 Development of gas turbine engine performance model 

By employing TURBOMATCH software; a Cranfield University in-house 

FORTRAN-based code, gas turbine performance simulation models were 

successfully generated for the different study engines. These models were used 

in simulating both design point and off-design point engine operating conditions. 

The results of the engine performance simulation for the various engines were 

verified by comparing the design point simulated data with the performance data 

of the real engines as given in the public domain. 

The simulated engine performance results were the database (search domain) 

used by the optimiser in evaluating the optimised fleet composition and power. 

The simulated engine performance results were also the basis for the Techno-
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Economic and Environmental Risk Assessment (TERA) of this AG utilisation 

project. 

7.1.2 Evaluation of the baseline fleet composition 

The baseline fleet composition was successfully achieved. In order to get the 

maximum power possible from the fleet, all the units of engines in the fleet were 

operated at design point condition using the annual associated gas available. 

When the fuel availability cannot serve all the units of engines when they are all 

operated at design point, the last unit of engine in the fleet is operated at a part-

load. If the fuel available is too small for the last unit of engine to be operated at 

a part-load, then this unit of engine becomes redundant and is divested. This was 

done for the entire time of the project. 

7.1.3 Optimising the fleet composition, power and efficiencies for 

the various study scenarios 

The fleet composition, power and efficiencies for the various study scenarios 

were optimised. The search domain (database) used by the optimiser are data 

obtained from TURBOMATCH performance simulation of the various study 

engines at both clean and degraded modes. The optimisation was done by 

developing specific interfaces to connect with a GA in MATLAB optimisation 

code, all within an automated design loop.  This process was done annually, till 

the project duration was completed. 

The optimisation model and its results were verified by comparing with the results 

of the baseline fleet. An increase of 1.0% was achieved for the optimised power 

of the clean (43.3MW) aero-derivative fleet as against the baseline fleet.  

7.1.4 Fleet emission and creep life estimation 

Emission formation estimation was done for the entire duration of the project and 

for each of the various study scenarios, this was done using Hephaestus, a 

FORTRAN-based emission prediction code developed in Cranfield University. 

The creep life estimation for the various fleets were done using a simple creep 

life model developed in Microsoft Excel. 
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7.1.5 Assessment on the impact of gas turbine degradation on the 

divestment time and on the economic utilisation of AG 

A GA in MATLAB code has been successfully developed which was used in 

optimising the best divestment time of the redundant units of engines in the 

various fleets. Results of the optimisation show that engine degradation extends 

the divestment time of the redundant units of engines in the various fleets. For 

example, at the 2nd year of the project; 0, 1, 2, 3, 3 are the respective number of 

units of engines divested in the PES degraded, MED degraded, OPT degraded, 

clean (optimised) and baseline fleets of the (43.3MW) aero-derivative engine. 

Gas turbine degradation had a significant impact on the economic utilisation of 

AG. For example, for the (43.3MW) aero-derivative fleets, compressor 

degradation reduced the NPV of the project by 4.0%, 9.1% and 15.8% for the 

OPT, MED and PES degraded fleets respectively. 

7.1.6 Improving the economic performance of the various fleets of 

gas turbines for power generation 

The robust model developed for the economic utilisation of AG integrated several 

technical and economic factors. The economic performance show an increase of 

1.6% in the NPV of the optimised clean (43.3MW) aero-derivative fleet as against 

the baseline fleet. 

Comparing all the fleets, the clean fleet of the (100MW) aero-derivative 

intercooled engine has the highest NPV of $3.24b and the PES degraded fleet of 

the (43.3MW) aero-derivative engine having the least NPV of $2.39b. 

This research shows that investing in the economic use of AG for power 

generation as against the current practice of flaring will be of high economic and 

environmental benefit. The research has proposed a model that can be used for 

the profitable economic utilisation of AG.  
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7.2 Significant Contributions to Knowledge 

7.2.1 Development of a model for evaluating the effect of engine 

degradation on the divestment time for redundant units of 

engine 

After doing a detailed literature review on the economic utilisation of AG using 

gas turbines, the research gap as evident in public domain is the lack of literature 

that show the effect of gas turbine degradation on the divestment time for 

redundant units of engines in a fleet.  

This research has successfully developed a model for evaluating the effect of gas 

turbine degradation on the divestment time for redundant units of engines. This 

model serves as a guide for investors who would want to invest in the economic 

utilisation of AG using gas turbines. 

7.2.2 Development of a model and methodology for investing in AG 

utilisation 

AG is being wasted to flaring in many countries. A robust model and methodology 

has been developed in this research which would serve as a guide for investing 

in AG utilisation. 

7.2.2.1 Development of a model for the assessment of the impact of 

engine degradation on the economic use of AG 

As seen in the public domain, the models already provided for the economic 

utilisation of AG lack robustness due to the absence of the effect of degradation 

on the divestment time for redundant units of engines, which is a key element. 

The effect of engine degradation on divestment time and cost have been 

integrated into the model presented in this research. The robustness of the 

economic model proposed by this research makes it useful as a guide for 

investing in AG utilisation. 

7.2.2.2 Development of a model for the improvement of the economic 

performance of a fleet of gas turbines for power generation 

As a result of the depletion of natural gas, AG which is a form of natural gas is 

also gradually depleting. Investing in the economic utilisation of AG will require a 
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model for optimising the fleet composition, the power and economic return (NPV) 

from the fleets subject to the constraint of depleting AG availability. 

This research has successfully produced a GA model for the optimisation of gas 

turbine fleet composition, power and improvement of the economic return from 

the fleet (NPV) given the constraint of limited AG availability. 

7.2.3 Reliable results for AG investment planning 

The results of the optimised divestment times for the degraded fleets are a novel 

contribution to knowledge. The optimised divestment times, fleet compositions, 

power and the improved economic returns from the project are also a big 

contribution to knowledge. These results can be used as estimates of expected 

returns on investing in AG utilisation. 

7.3 Recommendations for Future Work 

7.3.1 Mixed fleet composition 

It will be great to see the outcome of the optimisation of a fleet comprising of the 

four engine types studied. Future researchers will have to give diligent attention 

to the fact that an engine may have higher power output than another engine, 

and their efficiencies may be the reverse. Therefore, the optimisation of both 

power output and efficiency at the same time becomes more complicated. 

7.3.2 Effect of degradation of more engine components 

This research considered the effect of compressor degradation on the divestment 

time and on the economic utilisation of AG. The effect of degradation of more 

engine components should also be explored. 

7.3.3 Impact of changes in the ambient temperature on the 

optimisation results 

In this research, the performance simulations were done at design point ambient 

temperature (288.15K). Future researchers could investigate the impact of 

changes in the ambient temperature on the optimisation results and on the 

economic returns. 
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7.3.4 The effect of operating the engines at temperatures higher than 

the design point TET 

In this research, because of the need to improve the economic returns, the TETs 

in the search domain were restricted to temperatures not higher than the design 

point TET. This was done to avoid incurring huge cost of maintenance of the 

engines. However, research can be done to see the economic returns when the 

engines in the fleet are operated beyond the design point TET, the trade-off 

between getting more power and incurring much higher maintenance cost should 

be analysed. 

7.3.5 The impact of a detailed creep life analysis 

A detailed creep life analysis should be done for the various units of engines in 

the various fleets, after which operations and maintenance cost analysis should 

be estimated using the creep life results. 

7.3.6 Emission comparison   

The emissions generated when AG is used as gas turbine fuel is worth comparing 

with the emissions generated when the AG is just flared. This will show in detail 

the environmental benefit of harnessing AG as gas turbine fuel instead of flaring 

it. 

7.3.7 Industrial gas turbine emission prediction tool 

The tool utilised in this research is limited in the sense that it was used on the 

assumption of a generic combustor. A better tool could be used for a detailed gas 

turbine emission prediction when using AG. 

7.3.8 More detailed gas turbine simulation models 

The gas turbine performance models used in this research are simple models, 

more detailed models could be used. 
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Appendix A : AG (Fuel) Availability for the Project 

A.1 AG availability 

The data underneath is the AG available for the different years of the project. It 

also served as the optimisation constraint. 

Year Fuel availability (m3/day) Fuel availability 
(kg/s) 

1 40,000 59.3519 

2 34,800 51.6361 

3 30,276 44.9234 

4 26,340 39.0832 

5 22,916 34.0027 

6 19,937 29.5824 

7 17,345 25.7364 

8 15,090 22.3905 

9 13,128 19.4793 

10 11,421 16.9464 

11 9936 14.743 

12 8645 12.8274 

13 7521 11.1596 

14 6543 9.70848 

15 5692 8.44577 

16 4952 7.34776 

17 4309 6.39368 

18 3749 5.56275 

19 3261 4.83866 

20 2837 4.20953 

Source of AG availability data (m3/day) : [1, p.94-95] 
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A.2 Conversion of AG data from m3/day to kg/s 

Assuming that the AG is compressed natural gas, this assumption was made 

because it is the closest fuel to AG in the Aqua-calc conversion tool [105, 106, 

107]. Using this tool, 40,000m3 equals 5128000kg of the fuel. Therefore, 

40,000m3/day of AG would be equivalent to 59.3519kg/s of the same fuel. This is 

for the 1st year, this conversion process is applied to get the fuel availability in 

kg/s as seen in Appendix A.1. 
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Appendix B : TURBOMATCH Input and Output Files 

Below are some of the input files for the FORTRAN programmed instructions for 

TURBOMATCH which were used in simulating the design and off-design 

performance of the clean and degraded study engines. 

B.1 Input and output file for RH296 

B.1.1 One of the input file used for simulating clean RH296 engine 
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B.1.2 One of the output file for the simulated clean RH296 engine 
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B.2 Input file for AD43 engine 

B.2.1 One of the input file used for simulating clean AD43 engine 
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B.3 Design point input file for clean SS296 engine 
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B.4 Design point input file for clean IC100 engine 
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Appendix C : Levels of Degradation Implemented in the 

Study and their Turbomatch Input / Output Files  

C.1 Levels of degradation implemented for the study scenarios 

Year OPT (%) MED (%) PES (%) Description 

1 0 0 0 All engines are 
clean at the 1st

year of the 
project, 

therefore level 
of degradation 

is 0 

2 1.333 2.666 4.0 Degradation 
has 

commenced 

3 2.0 4.0 6.0 Partial 
overhauling 

takes place at 
the end of 

every 3 years 

4 0.667 1.333 2.0 Reduced level 
of degradation 
as a result of 

the partial 
overhauling 

5 1.333 2.666 4.0 

6 2.0 4.0 6.0 

7 0.667 1.333 2.0 

8 1.333 2.666 4.0 

9 2.0 4.0 6.0 

10 0.667 1.333 2.0 

11 1.333 2.666 4.0 

12 2.0 4.0 6.0 

13 0.667 1.333 2.0 

14 1.333 2.666 4.0 

15 2.0 4.0 6.0 

16 0.667 1.333 2.0 

17 1.333 2.666 4.0 

18 2.0 4.0 6.0 

19 0.667 1.333 2.0 

20 1.333 2.666 4.0 
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C.2 Turbomatch input and output files for the degraded engines 

C.2.1 One of the input file for the PES degraded RH296 engine, 3rd

year of the project 
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C.3 One of the of the output file for the PES degraded RH296 

engine, 3rd year of the project 
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Appendix D : MATLAB and GA Script used in 

Optimising Best Divestment Time, Fleet Composition 

and Economic Returns 
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Appendix E : MATLAB and Genetic Algorithms Script 

for Optimisation Fitness (Objective) Function 
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Appendix F : MATLAB and Genetic Algorithms Script 

for Optimisation Constraint Function 
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Appendix G : Screenshots of the Optimised Fleet 

Composition, Power Production, Efficiency and Fuel 

Usage 

G.1 Optimised fleet composition, power production, efficiency 

and fuel utilisation of the optimistic degraded RH296 

fleet, year 2 

G.1.1 Screenshot of optimised fleet composition and power 

production 
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G.1.2 Screenshot of optimised fleet composition in MATLAB Excel 

G.1.3 Screenshot of the optimised power in MATLAB Excel 
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G.1.4 Screenshot of the optimised efficiencies in MATLAB Excel 

G.1.5 Screenshot of the optimised fuel utilisation in MATLAB Excel 
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G.1.6 Optimised efficiencies for the Medium degraded RH296 fleet 

G.1.7 Optimised efficiencies for the Pessimistic degraded RH296 

fleet 
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G.1.8 Screenshot of the optimised fleet composition and power 

production, AD43 Clean, Year 1 

G.1.9 Screenshot of the optimised fleet composition and power 

production, AD43 Clean, Year 2 
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G.1.10 Screenshot of the optimised fleet composition and power 

production, IC100 OPT, Year 2 

G.1.11 Screenshot of the optimised fleet composition and power 

production, IC100 OPT, Year 10 
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G.1.12 Screenshot of the optimised fleet composition and power 

production, SS296 OPT, Year 7 

G.1.13 Screenshot of the optimised fleet composition and power 

production, SS296 PES, Year 13 
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G.1.14 Screenshot of the optimised fleet composition and power 

production, RH296 Clean, Year 1 

G.1.15 Screenshot of the optimised fleet composition and power 

production, RH296 Clean, Year 2 
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Appendix H : Input and Output Files of Emission 

Prediction using Hephaestus 

H.1 Input file used for predicting CO2 emissions (Baseline fleet) 
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H.2 Output file for predicted CO2 emissions (Baseline fleet) 
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H.3 Output file for predicted NOX and CO emissions (Baseline 

fleet) 
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Appendix I : Off-design performance of the study 

engines 

I.1 RH296 Engine 

I.1.1 TET (K) versus Fuel flow (Kg/s) 

I.1.2 TET (K) versus Power output (MW) 
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I.1.3 TET (K) versus Thermal efficiency 

I.1.4 RH296 Compressor Map 
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I.2 IC100 Engine 

I.2.1 TET (K) versus Fuel flow (Kg/s) 

I.2.2 TET (K) versus Power output (MW) 
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I.2.3 TET (K) versus Thermal efficiency 

I.2.4 Low Pressure Compressor (LPC) Map 
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I.2.5 High Pressure Compressor (HPC) Map 

I.3 SS296 Engine 

I.3.1 TET (K) versus Fuel flow (Kg/s) 
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I.3.2 TET (K) versus Power output (MW) 

I.3.3 TET (K) versus Thermal efficiency 
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I.3.4 SS296 Compressor Map 
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