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ABSTRACT 

Gas compression through pipelines is a capital intensive project. Therefore, it is 

imperative to investigate the viability of investing in such a project. Thus, the techno-

economic and environmental risk assessment (TERA) tool to rapidly evaluate the entire 

natural gas pipeline project becomes vital. This research has investigated the impacts of 

gas turbine (GT) degradation in the application of TERA for a natural gas pipeline, taking 

into account the equipment selection, ambient conditions and periodic engine overhaul. 

Three scenarios (optimistic, medium and pessimistic) defining different levels of 

deterioration of the GT in comparison with the clean condition were examined in each 

season of the years (rainy, dry and hot season) based on the location of Trans-Saharan 

gas pipeline with 18 compression stations. The developed TERA model considered 

different modules such as the pipeline/gas compressor, performance, emission, a 

simplified lifing and economic module.  

The pipeline/gas compressor module evaluated the performance of the 4180km pipeline 

and gas compressor power across all compression stations in both isothermal and non-

isothermal conditions. Aspen-Hysys/micro-soft excel and MATLAB were used to develop 

the model. The result showed that for every 1% increase in pipe exit pressure resulted 

in a 1.8% increase in the volume of the gas flow in the pipeline. Having evaluated the 

gas compressor (GC) power across the 18 compressor station, the investigation also 

revealed that for every 1% rise in the gas temperature resulted in a 3.4% rise in the 

power required by the gas compressor to move the gas. The GT performance was 

modelled using TURBOAMATCH at fixed power of the engine with respect to the 

different scenarios under investigation. The performance result was linked with the 

developed emission, lifing and economic model in MATLAB. The result revealed that for 

every 1% degradation (reduction in flow capacity and isentropic efficiency) at a constant 

power of engine operation, between an ambient temperature of 16.20C and 290C, CO2 

emission increases between 0.71% and 0.78% when compared with the clean condition. 

Also, at the same operating condition, the NOx emission increases between 1.66% and 

1.8%. However, NOx emission at different compressor station varies from one station to 

another due to the influence of different ambient conditions, engine power settings and 

number of engines used. Lifing result showed that as the engine degrades, its creep life 

reduces at high TET to deliver the same power at a fixed number of engines 

Net present value (NPV) at different discount rates (DR) (0%, 5%, 10% and 15%) were 

used to evaluate the economic viability of the project, taking into account engine 
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divestment and leasing for the redundant fleets after overhaul. The study further 

investigated how Rescheduling of GT Overhaul (ROH) from the baseline condition 

affects the economic viability of the pipeline project. The result showed that implementing 

the ROH reduces the number of GT used for the optimistic, medium and pessimistic 

scenarios by 8%, 2% and 4% respectively, for the same number of the compressor 

station and at the same operating conditions when compared with the baseline condition. 

The result also showed that running the engine on degraded mode increases the life 

cycle cost while the NPV reduces as the degradation increases. For instance, at 10% 

DR, the baseline NPV for the clean, optimistic, medium, and pessimistic scenarios were 

$21.5, $19.6, $18.4 and $17.1 billion, respectively showing that the NPV decreases with 

increase in degradation, unlike other studies that analysed the NPV on clean engine 

operation only. Remarkably, the NPV for engine divestment was 0.2% to 20.3% lower 

than the NPV for leasing depending on the different scenarios and DR, indicating that 

NPV leasing gives better benefits than that of engine divestment. 

Furthermore, the implementation of on-line compressor washing to investigate the 

impacts on the pipeline project and emission reduction using TURBOMATCH and 

MATLAB for the developed model revealed that the CO2 emission and cost of CO2 for 

the optimistic, medium and pessimistic scenarios had a reduction of 5.8%, 6.1% and 

6.5% respectively when compared with the baseline condition. Also, at 5% DR, the NPV 

for the three scenarios after compressor washing increase by 6%, 5.2% and 4.8%, 

respectively when compared with the baseline case. The proposed methods and result 

in this research will offer a useful decision-making guide for all pipeline investors to invest 

in a natural gas pipeline business, taking into account different operating conditions and 

the impacts of engine degradation. 

Keywords: Performance, MATLAB, lifecycle cost, gas compressor, ambient 

temperature, TURBOMATCH, TERA. Emission 
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1 INTRODUCTION 

1.1 Background of Study  

The rise in world population and the increase in industrialisation has led to an 

increase in demand for energy to be used in various sectors of life. The population 

of the world is projected to reach 9.8 billion by the year 2050, which is about a 28% 

increase from the current global population[1]. The present growth in industrialisation 

in addition to this world population increase and the projected upsurge in the 

standard of living have been predicted to have a significant consequence on the 

world’s energy demand. It is obvious that part of this demand for energy will be met 

from the use of natural gas. Again, the yearning desire globally to reduce or eliminate 

global warming associated with the release of greenhouse gases has been a great 

concern to both the government and industries. This emission has constrained the 

use of fossil fuel to satisfy the increasing demand for energy. In the way of exploring 

for clean energy, natural gas was found to be a less polluting energy resource to coal 

and oil. It is known that more than 24% of the primary global energy supply is 

provided by natural gas[3]; [4]. From research, it is projected that world consumption 

of gas will double by 2030[5]. Based on these facts, natural gas has become an 

essential fuel for heating, electrical generation and mechanical drive due to its 

domestic abundance, low environmental emission, and high energy content. 

Figure 1-1 shows the natural gas demand and supply of some of the projected 

European countries between 2005 and 2030. If no medium projects are put in place, 

the difference between the natural gas demand and supply within Europe is most 

likely to reach up 36 to 113 Bcm by the year 2020. Nevertheless, Trans-Saharan gas 
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pipeline (TSGP) is an ongoing planned gas supply projects which, aimed at filling 

this future demand 

 

Figure 1-1 Natural Gas Demand and Supply for EU [6] 

Transportation is required for active movement of this gas from the treatment plant 

to consumer. Presently, the easiest way of moving this gas through a long-distance 

is by the use of pipeline network systems. Gas transmission network comprises of 

large numbers of pipes, regulators, and valves with injection and delivery points and 

compressor stations [3]; [7]. A pipeline carrying natural gas which may span several 

kilometres needs compressor stations which are placed at a strategic point along the 

pipeline. This help to minimise pressure loss along the pipelines by boosting the 

reducing gas pressure. These compression systems must be supervised to ensure 

a high level of operational reliability. The compression system accommodates gas 

compressor which may be either of the reciprocating or centrifugal types. This gas 

compressor is solely responsible for the pressure boost as the gas flow to each of 

the station along the pipeline. Most of the gas compression system makes use of 

centrifugal compressor driven by either electric motor or gas turbine. [8] 

Centrifugal compressor (GC) is a fluid handling mechanical device capable of 

transferring energy to the fluid medium. The fluid is delivered in a large volume at 

high delivery pressure. 

It has much application, which ranges from process industries, aircraft and to 

household appliances such as refrigerators and air conditioners. Depending on a 
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specific application and how pressure energy is imparted to the air, Figure 1-2 

illustrates the gas transmission process along a pipeline. 

 

Figure 1-2 Layout of Pipeline with Compressor stations[9] 

The centrifugal compressor must have a reliable and efficient prime mover to have 

effective and steady gas transmission from one compressor station to another. Gas 

turbine (GT) engine becomes the favoured prime mover along the natural gas 

pipeline because of the remote location of the compressor that is impoverished of 

electricity. Also, GT serviced by natural gas is reliable and efficient in terms of the 

energy source as it uses the gas from the pipeline[10]; [11]; [12] Compressor station 

for a gas transmission includes GT, GC, pipeline and all necessary accessories. 

The major issue with gas turbine operation besides its advantages is the effect of the 

changes in ambient temperature. A typical example is in the dry and hot region like 

Nigeria, where the ambient condition is considered in this research. Also, all prime 

mover, including GT engines degrades with time. The degradation, in addition to 

ambient temperature, affects the overall performance of the engines[13]; [14]; [15]. 

These significantly affect the engine performance and causes changes in the 

component maps and reduces the efficiencies. Also, due to the economic benefits of 

the compressor station, the engines are always allowed to run continuously for an 

extended period [14]. Application of gas turbine, as part of this project, requires 

investigation in terms of the cycle architecture and its performance analysis.  

Economically, this is a capital-intensive project because the equipment, such as GT 

and GC operates under diverse local conditions, including all the pipeline 

accessories. The costs of these components form an integral part of the pipeline 

project.  The operation of these machines in the compression station involves the 

interaction of several components that leads to degradation over time, as earlier 
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mentioned. The degradation can occur in the form of fouling, wear and tears etc. 

Also, different types of emissions are generated when the gas turbine operates. The 

techno-economic success of any compression station operation is hinged on the 

involvement of the compressor[16]. The reason is that the pressure loss minimisation 

and GT selection depends on the capacity of the gas compressor.  

1.1.1 Identification of Research Gap and Contribution to Knowledge  

The techno-economic assessment of the natural gas pipeline transportation system 

involves many variables. The variables include the various compressor station 

machinery/accessories, the ambient operating conditions and the economic viability 

of the project. A tool or technique that captures the entire system’s evaluation is 

needed. Therefore, this research employs the techno-economic and environmental 

risk assessment (TERA) framework, which is the core of this research 

Relative to previous studies, this research has proposed a methodology which; 

(i) accounts for the effects of flow capacity and isentropic efficiency 

degradation of the turbomachinery component of the GT on the 

performance and economic viability of the pipeline project. 

Much research has not been explored in applying the TERA tool on natural gas 

pipeline transportation system. The only two known work on TERA application on 

natural gas pipeline transportation as at the time of this research was the research 

work of Nasir[17] and Tukur[18]. Both authors assumed that the gas turbine engine 

operation was clean throughout the project life. To author’s best knowledge, previous 

TERA studies on a natural gas pipeline as stated above has not considered this 

aspect. Therefore gap in knowledge exists which this research tries to cover.  

(ii) account for the impacts of degradation on the cost of CO2 to form an 

integral part of the life cycle cost of the pipeline project due to increased 

fuel consumption.  

To the author’s best knowledge, no previous work has looked into the influence of 

degradation on the cost of CO2 generated from a natural gas pipeline application. 
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(iii) captured the effects of variation in ambient condition (time-based 

temperature and altitude) and desired volume flow on gas compressor 

power evaluation and pipeline performance 

To author’s best knowledge, previous work on gas compressor and pipeline such as 

reported in Campbell[19], Kurz et al. [20], Lars et al. [21] and Menon [22] have not 

considered this aspect which this research tries to cover 

(iv) applied compressor washing for gas turbine NOx and CO2 emission 

reduction. 

Also, to author’s best knowledge, previous work on compressor washing such as 

reported in Musa [23], Leusden et al. [24] and Abdelrazik et al. [25] have not 

considered this aspect. Therefore gap in knowledge exists which this research tries 

to cover. 

1.2 Motivation and Problem Statement 

The Trans-Saharan Gas Pipeline (TSGP) is a conceivable natural gas pipeline 

project by the Nigerian government which can aid the economic development of the 

country. This project is expected to transport natural gas from Nigeria to Europe 

through Niger, Algeria to Spain[26]. The TSGP forms the basis of this thesis. The 

motivation for the present study is hinged on the problem this research aims to solve. 

The motivation includes but not limited to i). The challenge of the increase in the 

demand for natural gas all over the globe. ii). The need and urgency to resume the 

abandoned TSGP project by the federal republic of Nigerian. iii). To explore the 

opportunities in natural gas pipeline business with particular attention of evaluating 

the economic implication of running the GT engines in a degraded mode, and iv) to 

implement the pipeline group at the centre for power and propulsion in Cranfield 

University amongst others. 

The high demand in the world today for energy specifically those of Europe and 

America as a result of economic growth and the concern for environmental 

protection, geared up the need to have an environmentally fuel-friendly. Since natural 

gas has been earmarked to serve this need, it becomes imperative to have a well-

arranged booster stations and equipment’s selection to enhance a better technical 

and economic evaluation of the natural gas transmission system. Adequate selection 
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of the prime mover and the various compressors to be used is a thing of concern in 

this project. More importantly, keeping the engine in operation without downtime 

amid a degradable mechanism before and after the overhaul is a thing of concern 

also. In practical term, degradation of the turbomachinery is a crucial ingredient to 

be a concern with both in performance and the economic implication in terms of cost 

and benefits. To meet up these challenges and to have uninterrupted gas delivery, 

the following conditions have to be attended to: 

 A pipeline system with compressor stations at a strategic position has to 

be in place 

 The required number and size of GT engines that can meet the power 

requirement of GC in each CS especially at high ambient temperature and 

GT degradation must be in place 

 The total capital cost of transporting the required volume of gas has to be 

accommodated when compared with the benefits of investment. 

 To have an efficient maintenance plan for the project facilities, especially 

on the GTs for continuous gas delivery. 

 Operating and integrated logistics system cost has to be minimum  

As the research progresses and to address the conditions outlined above, specific 

logical and hypothetical questions that this research will answer need to be reasoned 

with. The questions are itemised below: 

 Considering the impacts of varying operational condition at different seasons 

of the year and also with engine degradation, what size and number of GT 

engines needed at each compressor stations to meet up the power 

requirement of the GCs at each station especially at the pessimistic condition 

(worst case scenario) of the engine degradation? 

 How does engine degradation affect operation and maintenance cost (O&M), 

fuel, life cycle cost (LCC) and the Net present value (NPV) of the project? 

 How will the baseline case be technically improved upon to have a lower LCC 

and high NPV 

 Which maintenance action technique could be adopted on the engine in order 

to keep a constant gas transport without any downtime due to degradation? 
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1.3 Aim of Research 

The aim of this research is to investigate the impact of gas turbine degradation on 

the TERA of natural gas pipeline investment. 

1.4 Research Objectives 

The objectives are 

 Evaluation of gas compressor (GC) power across 18 compression station 

based on Trans-Saharan Gas Pipeline (TSGP) report data and the pipeline 

network in a non-isothermal condition 

 Selection, modelling & performance evaluation at design point (DP), off-

design (OD) and degraded conditions of the GTs based on the GC power 

requirement 

 To evaluate the influence of GT degradation for a given pipeline application, 

taking into account the time-based ambient temperature of the project site. 

The three degraded scenarios (reduction in flow capacity and isentropic 

efficiency) and their ranges include: 

 Optimistic scenario----(0.25 -3.15%) 

 Medium scenario-------(1.25- 4.15%) 

 Pessimistic scenario---(2.25-5.51%) 

 To quantify the total NOx and CO2 emissions generated throughout the 

project life  

 To evaluate the economic viability of investing in the natural gas pipeline 

project using NPV approach: The NPV appraisal method include 

 NPV with engine divestment  

 NPV with engine leasing 

 To evaluate the impact of GT ‘’re-scheduled-overhaul’’ on  

 the engine performance with respect to fuel consumption and TET, 

 engine creep life  

 CO2 emission 

 the project life cycle cost also accounting for CO2 emission tax 

 economic benefit of the project relative to the investment cost  
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 To evaluate the impacts of compressor washing on  

 GT performance with respect to TET, mass flow, PR and fuel flow  

 NOx and CO2 Emission 

 the economic enhancement of the pipeline project accounting for the 

washing cost and the overall benefit using the NPV method.  

 To evaluate the impact of GT ‘’re-scheduled-overhaul’’ on the Techno-

economic of the pipeline network.  

 To evaluate the impact of compressor washing on GT performance, economic 

benefit and emission reduction on pipeline investment  

(The non-isothermal condition means varying the ambient temperature) 

1.5 Research Contribution 

To address the need of this research for the Nigerian Government and by extension 

to enhance efficient operation in the pipeline industry the following has been 

contributed to the knowledge 

1.5.1 The results on the impact of engine degradation on the techno-

economic assessment of pipeline investment  

Many successes have been achieved in the process of this research. These results 

are a novel contribution to knowledge. These are itemised below: 

 For the first time research to show not just how degradation affects engine 

performance but how it influenced the number of engine usage on pipeline 

application at a controlled TET 

 Varying yearly O&M and fuel cost of GT for pipeline application in a time-

based system has been investigated amid engine degradation  

 The result showed that GT Rescheduled Overhaul has an influence on the 

techno-economics performance of natural gas pipeline investment by 

reducing the NGT, fuel flow and CO2 emission cost 

 The combined effect of timed-based ambient temperature and degradation 

on GT emissions operating on natural gas pipeline transportation is 
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investigated. In this regard, the influence of degraded GT part-load operation 

on reducing NOx emission was investigated 

 A study of the effect of degraded GT emissions operating in a timed-based 

ambient temperature on the economics of natural gas pipeline transportation 

has been conducted 

 Compressor washing reduces the TET, fuel flow, improves the economics of 

NG pipeline transportation network and reduces GT emission and cost at 

fixed shaft power operation. 

 The economic investigation of the influence of engine divestment and leasing 

on redundant fleets of engines after overhaul shows that engine leasing has 

better NPV than engine divestment.  

 A well-detailed impact of GTs degradation on LCC and NPV of natural gas 

pipeline investment has also been investigated for the first time.  

The results here can be used as estimates of expected benefits and relevant 

information on investing in natural gas pipeline transportation business. 

1.5.2 Development of a model and methodology to evaluate the 

economic implication of using a degraded gas turbine in a time-

based ambient temperature for natural gas pipeline investment  

Having done a detailed review of literature on the techno-economics assessment of 

a natural gas pipeline, the research gap as identified in public domain is the lack of 

literature to show the economic impact of engine degradation for the entire project 

life since the engine must degrade with time. This research has successfully 

developed a model to evaluate the O&M cost, fuel cost and the benefits of investing 

into natural gas pipeline taken into account the impact of timed-based ambient 

temperature and engine degradation in each season of the year, throughout the 

project life. 

This developed model was used to evaluate the economics of investing in a gas 

pipeline using the data from the TSGP report of Nigeria and can be applied to similar 

work anywhere in the world. The robustness of the economic model proposed by this 

research makes it useful as a guide for investing in the pipeline business. 
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1.5.3 Development of an emission model and methodology to quantify gas 

turbine emission and cost of CO2 in a timed-based system  

The production of emission from GT operation has geared up the need to quantify 

the emission that will be generated from the operation of these GTs on the pipeline 

network. Exploring the literature, empirical equations on the considered emission 

which are duly referenced in the relevant section of this work were used to develop 

a model to quantify these emissions for the entire project life. The model takes into 

account the impact of GT degradation and time based-ambient temperature at 

different scenarios in each season of the year. Also, the model was used to evaluate 

CO2 tax for all the 18 CS at different scenarios throughout the project life.  

The developed emission model will help investors and relevant government agencies 

to evaluate the precise operational amount of emission from GT operation, taking 

into account the potential influence of timed-based ambient temperature and engine 

degradation during operation. 

1.6 Scope of Research and Limitation 

To streamline the research and to ensure the accomplishment of the research within 

the time frame as required, it is essential to define some boundaries to support the 

aim and objectives as stated above. Similarly, some limitations of the research are 

outlined. The boundaries are thus stated:  

 The gas turbine operation is mainly for mechanical drive not for power 

generation hence alternator’s application becomes inconsequential 

 There are several mechanisms accountable for gas turbine degradation; 

nevertheless, only fouling will be considered in this research. The reason is 

that fouling is very common in the area where the engine will be operated.  

 Among the three crucial turbomachinery components of the gas turbine, only 

Combustor degradation will not be looked into. Hence, degradation of both 

‘’compressor, compressor turbine and power Turbine’’ as one type of 

degradation will be considered for this research. 

 Whenever the word ‘’ degradation’’ is used anywhere in this work, it refers to 

only fouling. 
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 The word ‘’winter’’ and ‘’rainy’’ season means the same season as it may be 

used interchangeably at different occasions. The reason is that the region 

(Nigeria) where this research is focussed on observed the rainy season as 

their winter period. 

 Among all engine emissions, only NOX and CO2 are being investigated. Also, 

the CO2 cost only was used in economic analysis.  

 Empirical emission model was chosen because most of the successful model 

equation today is derived from empirical analysis. Also, the empirical equation 

has been seen as been accurate in some investigative study. 

 Engine divestment and leasing approach was applied to address the issue of 

redundant fleets after an engine overhaul 

 Only online-compressor washing is analysed in this research. The reason is 

that downtime is not an encourageable practice on natural gas transportation. 

 Only the NPV as an appraisal method shall be considered to evaluate the 

economic benefits of the pipeline project. 

Some of the research limitations are thus stated: 

 Modelling uncertainties and their implications were not incorporated into the 

GT modelling process. 

 None-inclusion of residence time in emission evaluation.  

Conclusively, The TSGP is seen as a strategic project because when constructed, 

will generate substantial revenue to the economy and open opportunities to Nigerian 

gas sector. The developed economic model and methodology will provide useful 

decision making for the Nigerian government for investing in the TSGP. The achieved 

results will also help in the financial budget of the Nigerian government towards 

investing in the TSGP and by extension, serve as useful information for pipeline 

investors. 
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http://iaeme.com/MasterAdmin/UploadFolder/IJMET_10_11_012/IJMET_10
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1.7.2 Conferences 

 M. Obhuo; D.S. Aziaka, & P. Pilidis (2018) ‘’ The Delaying Influence of 

Degradation on the Divestment of Gas Turbines for Associated Gas 

Utilisation.: Presented at the 22nd International Conference on Modern Gas 

Turbine Systems, London (13th & 14th February 2020), (ICMGTS 2020) 

 D.S. Aziaka, U.; Nasir. A.; Igie U.; & P. Pilidis: Gas turbine Emission 

Reduction through Compressor Washing on Natural gas Pipeline Application: 

Presented at the 3rd International Conference & Expo On Aerospace and 

Unmanned Aerial Systems (Aero-Events-2020) in Philadelphia, USA. 

(February 17-18, 2020). 
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https://urldefense.proofpoint.com/v2/url?u=http-3A__iaeme.com_MasterAdmin_UploadFolder_IJMET-5F10-5F11-5F010-2D2_IJMET-5F10-5F11-5F010-2D2.pdf&d=DwMFaQ&c=KveGjKEXiH4bMFgGs-LRbCbewnnyGW6-rJ0JK7ViA_E&r=Te0qO-jclv1hv95wHK8UvJYveKR1yIFkucUtv3PBQU8&m=QjDIFeSHQHm7G6MzcKvsGT96KVKOPsbu8jyez9nDEb4&s=NZJm5w6EzXsMq3uT8BSnv6bqVbuJKTCoXOKUOYhad0w&e=
https://urldefense.proofpoint.com/v2/url?u=http-3A__iaeme.com_MasterAdmin_UploadFolder_IJMET-5F10-5F11-5F011_IJMET-5F10-5F11-5F011.pdf&d=DwMFaQ&c=KveGjKEXiH4bMFgGs-LRbCbewnnyGW6-rJ0JK7ViA_E&r=Te0qO-jclv1hv95wHK8UvJYveKR1yIFkucUtv3PBQU8&m=QjDIFeSHQHm7G6MzcKvsGT96KVKOPsbu8jyez9nDEb4&s=acBQxkG1utSoaJFFqNp-dzcBt0uXHioa6-_nyOHcY0o&e=
https://urldefense.proofpoint.com/v2/url?u=http-3A__iaeme.com_MasterAdmin_UploadFolder_IJMET-5F10-5F11-5F011_IJMET-5F10-5F11-5F011.pdf&d=DwMFaQ&c=KveGjKEXiH4bMFgGs-LRbCbewnnyGW6-rJ0JK7ViA_E&r=Te0qO-jclv1hv95wHK8UvJYveKR1yIFkucUtv3PBQU8&m=QjDIFeSHQHm7G6MzcKvsGT96KVKOPsbu8jyez9nDEb4&s=acBQxkG1utSoaJFFqNp-dzcBt0uXHioa6-_nyOHcY0o&e=
https://urldefense.proofpoint.com/v2/url?u=http-3A__iaeme.com_MasterAdmin_UploadFolder_IJMET-5F10-5F11-5F012_IJMET-5F10-5F11-5F012.pdf&d=DwMFaQ&c=KveGjKEXiH4bMFgGs-LRbCbewnnyGW6-rJ0JK7ViA_E&r=Te0qO-jclv1hv95wHK8UvJYveKR1yIFkucUtv3PBQU8&m=QjDIFeSHQHm7G6MzcKvsGT96KVKOPsbu8jyez9nDEb4&s=e5MIF3A_3oyagOGY69yv1TTIw3SST1CH8TePsfqsR3E&e=
https://urldefense.proofpoint.com/v2/url?u=http-3A__iaeme.com_MasterAdmin_UploadFolder_IJMET-5F10-5F11-5F012_IJMET-5F10-5F11-5F012.pdf&d=DwMFaQ&c=KveGjKEXiH4bMFgGs-LRbCbewnnyGW6-rJ0JK7ViA_E&r=Te0qO-jclv1hv95wHK8UvJYveKR1yIFkucUtv3PBQU8&m=QjDIFeSHQHm7G6MzcKvsGT96KVKOPsbu8jyez9nDEb4&s=e5MIF3A_3oyagOGY69yv1TTIw3SST1CH8TePsfqsR3E&e=
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 D.S. Aziaka, U. Igie, & P. Pilidis (2018) ‘’The Influence of Time-based Gas 

turbine Degradation on Life Cycle Cost of Pipeline Investment’’: Poster 

Presentation at the 2nd Annual Cranfield Aerospace Research Students 

Conference ---2018 

 D.S. Aziaka, U. Igie, & P. Pilidis ‘’ The Influence of Rescheduled-Overhaul 

and Degradation of Gas turbine in Determining the Number of Gas turbine 

Usage in Natural Gas Pipeline Transportation Network: presented at the 10th 

international conference and EXPO on Oil and Gas, London. September 2019 

 D.S Aziaka, A.Le-Ol, T.Tamuno & P.Pilidis: The Impacts of Component 

Degradation on the Overall Performance of Gas turbine used on Natural Gas 

Pipeline Network: Presented at Center for African Development Studies, 

University of Ibadan, Ibadan, Oyo State, Nigeria. March 2019 

1.8 Thesis Structure 

The thesis comprises of eight chapters. The description of each of these chapters 

summarises the contents of what is involves in those chapters. The chapters are 

found to be interdependent on one another. These chapters are briefly discussed 

below 

Chapter 1: This is an introductory chapter that explained the context of the research 

and relevant sections that are vital to this research. The background of the research 

that emphasised the real heart of this research is discussed. The aim and objectives 

of the research are outlined alongside the boundaries of this research. The problem 

statement which outlined some hypothetical questions this research must answer, 

followed by the research contribution to knowledge and relevant conferences 

attended, including publications achieved during the research period are all 

discussed in this chapter.  

Chapter 2 presents the literature reviews of related studies for an integrated pipeline 

system. The reviews covered natural gas reserves by countries, and the mode of 

transportation, pipeline design consideration, its accessories, and compressor 

station. Prime mover selection for gas transportation and relevant maintenance 

action plan are also reviewed. The TSGP project, TERA Application and progress 

beyond state-of-the-art are reviewed in this chapter. It also highlights some of the 

gaps the research has identified 
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Chapter 3 presents the methodology and tools adopted in this research. The pipeline 

performance and gas compressor power evaluation are presented. Several 

operational conditions of the pipeline and gas compressor are discussed. The 

obtained results are presented and discussed.  

The developed TERA framework for the different modules considered in this 

research is presented. All the modules that this research aims to consider are 

discussed. TURBOMATCH software is also discussed.  

Chapter 4 presents the gas turbine selection, modelling and performance evaluation. 

The significance of this chapter is that the developed model was validated at their 

design point, which is the baseline model. The off-design simulation using different 

operating condition were done to validate the model at OD condition. It also explains 

how the performance parameters deviate from their DP due to degradation 

Chapter 5: This chapter is divided into two sections. Section one detailed the 

influence of time-based ambient temperature and degradation in determining the 

number of engine usage in each compressor station. Section two presents the 

development of the emission model using some empirical model equation. The 

model was developed in MATLAB. The various emissions under consideration and 

the corresponding cost of CO2 emission based on the influence of the time-based 

ambient temperature and degradation were also analysed and presented 

Chapter 6 presents the development of the economic model of the natural gas 

pipeline network in MATLAB. The different scenarios under investigation (clean, 

optimistic, medium, and pessimistic) were contained in the developed model. The 

results obtained from this model served as the research baseline case. The 

composition of the compressor station was identified and analysed in the developed 

model. The developed method to evaluate the capital expenditure of the project was 

explained. In this chapter also, the economic decisions were made based on the data 

received from the GT, GC, pipeline and its accessories. The developed model 

evaluated the fuel and maintenance cost in a time-based system in three seasons of 

the year for thirty years of project life. The life cycle cost, in addition to sensitivity 

analysis in terms of economic inflation, was presented. NPV as an appraisal method 

to evaluate the economic viability of the project in addition to engine divestment and 

leasing was analysed in this chapter.  
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Chapter 7 considers the maintenance action adopted on the GT engines for the 

pipeline operation. This chapter is divided into two sections. Section one deals with 

the impacts of a re-schedule overhaul, on the techno-economics of the natural gas 

pipeline system. Section two deals with the influence of compressor washing on GT 

performance, economic improvement and emission reduction for a natural gas 

pipeline application 

Chapter 8 provides a summary of the entire research already conducted. It also 

recommends areas of further improvement in line with this field of research.  

1.9 Summary of Chapter 

In this chapter. The background and overview of research which encapsulates all 

relevant areas of natural gas transportation system have been explained and 

justified. Also, the research gap and needs that will be addressed have been 

described, including the scope of this research. In addition to the needs or problem 

statement. The technical and hypothetical questions this research tends to 

addressed are clarified. Furthermore, the main reason for undertaking this research, 

which is the main aim is clearly defined. The different objectives and tasks that will 

foster the achievement of the main aim and answer the hypothetical questions of this 

research have been defined and highlighted. Several contributions, publications and 

conferences attended on the bases of this research and in line with the research gab 

are also outlined. All chapters of this research are hereby summarised and 

presented.  
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2  LITERATURE REVIEW 

2.1 Background 

To address the theme of this research, various component areas of literature that 

form an integral part of this research has been addressed. The theme of this research 

function with many bodies and the collective entity is a phenomenon of interest. 

These areas of different components form the basis of this research. This include: 

(i) Natural gas and means of transportation 

(ii) Gas compressors 

(iii) Gas turbine engines 

(iv) Engine maintenance action 

(v) TERA framework 

These five aspects/areas of the literature have been reviewed to provide a theoretical 

and analytical framework for the investigation concerning the specific logical and 

hypothetical question of this research. Understanding the various components will 

enable a clearer view of the focus of this research. 

2.1.1 Natural Gas Reserve and Productions by Countries 

It is known that some countries that have the highest consumption rate of natural gas 

do not have enough reserve like Europe, North America etc. [27]. It is also clear that 

80% of the world proven natural gas reserve is found in ten countries with Russia 

topping the list with one-fourth (¼) of world’s total gas reserves followed by Iran and 

Qatar in the Middle East. It is worth noting that Nigeria, where this research is 

focussed, is among the ten countries in the world with the highest natural gas reserve 

as represented in Figure 2-1 [28]. It therefore implies that for this need to be met, 

natural gas must be transported from place or country with large reserve to a region 

where the gas reserve is limited.  
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Figure 2-1 Natural gas reserve by countries[28] 

2.2 Natural Gas Transportation System 

Several countries of the world and industries make use of natural gas in both heating 

and cooking their food at home. It is also useful as fuel for cars and power generation 

due to its numerous advantages. Such advantages include i) It burns cleaner than 

other fossil fuels. Hence, it is an environmentally friendly gas ii) It is easier to save 

and store when compared to other fossil fuels, iii) It is less expensive when compared 

to other fossil fuels. The challenge in natural gas is in transportation and storage as 

a result of its low density.  

There exist a long distance to cover between the production and end-users. For this 

reason, a cost-effective means of transporting this gas becomes vital. Having this 

means of transportation will tie the gap between the producer and the end-user. 

Some methods employed for gas transportation was analysed by Rajnauth et al. [29] 

and was reviewed by Thomas and Dawe[30]. These include Pipeline Natural Gas 

(PNG), Liquefied Natural Gas (LNG), and Gas to wire (GTW), Gas to liquid (GTL), 

Natural Gas Hydrate, and Compressed Natural Gas (CNG). However, only pipeline 

natural gas shall be discussed. 

2.2.1 Natural Gas Pipeline Transportation System  

All modern nations rely almost exclusively on pipelines to transport gas, water, crude 

oil, sewage and products that are refined from a refinery to other cities over several 

kilometres [31]. Transportation of natural gas through a pipeline has proved efficient 

over the years. It has also enhanced the availability of natural gas in regions where 

natural gas is not produced, especially a long-distance region.  
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To have efficient transportation of natural gas from production to consumers, pipeline 

net network, compressor stations, city gate station and storage facilities have to be 

in place. The heart of the transmission system of natural gas is the compressor 

station. The reason is that it enables the gas to flow at a continuous rate and 

pressure; hence, it is also called a booster station. Trunk or gathering, transmission 

or transportation and distribution pipelines are the three types of gas transmission 

system for onshore or offshore pipelines. However, many factors such as gas 

reserve, distance to the consumer, time frame to monetise the gas, available 

infrastructure, investment and gas processing affects the types of a gas 

transportation system to be adopted [29]. The demand for transporting natural gas 

over a long distance through pipelines is on the increase as investigated by Rajnauth 

et al.[29]. However, Pipeline transportation is more efficient and suitable for short-

distance less than 3000km. Transportation efficiency for various gas transportation 

methods is represented in Figure 2-2 [29]. It shows that pipeline transportation 

method has the highest efficiency for a pipeline length of less than 100km. It can also 

be used for a distance less than 5000km beside gas hydrate and LNG. 

 

Figure 2-2 Transportation efficiency for various transportation mode [29] 

Pipelines primarily serve as a means of moving the natural gas from the production 

site to the consumers [29]. Usually, the construction of pipelines could either be 

underground, above the ground or subsea in the case of offshore arrangement and 

they are constructed in a mode that the gas reaches its predetermined point in a fast 

and effective way [32]. Wang and Economides [33] presented that pipeline accounts 

for about 70% of global natural gas transport. 
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The mechanical integrity of the pipes are firm and are generally constructed of carbon 

steel and with various sizes ranging from 2 inches (0.051m) to 56 inches (1.4m) in 

diameter depending on the type of pipeline network and its application [29] 

The pipeline system which conveys the gas from gas fields either onshore or offshore 

facilities through gathering systems to residential, industrial, commercial and utility 

companies, could be inter or intrastate. The pipeline system has the inlet point, which 

could either be offshore or onshore compressor station. Also, the outlet point, which 

could also be another platform or an onshore receiving station. Another type of 

pipeline system can be the one from gas treatment plant which passes through 

scrubbers, liquid removal tank, compressor stations, valves, intercooler, and the city 

gate into the distribution line and finally to the consumers. A typical pipeline layout is 

shown in Figure 2-3, which are classified into three categories:  

 

Figure 2-3 Pipeline layout[32] 

The three set classifications are: 

 Gas gathering pipeline: These are short distance with small diameter 

pipeline used to convey natural gas from the production well to another facility 

for further refinement or send to the transmission line. 

 Gas transmission line: These are the natural gas pipeline used for long-

distance with a big diameter for gas transportation within or outside the 

country. These types of pipeline network need compressor station placed at 

a convenient position along the pipeline to avoid pressure loss  

 Gas distribution pipeline: These are the set of pipeline used for delivering 

natural gas to consumers at low pressure. The difference between the 
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distribution pipeline and the transmission line is seen in their diameter, 

simplicity of design due to absent of valves, compressors or nozzle and their 

operation at low and medium pressure.[32] 

Rajnauth et al., [29] explained that the available natural gas volume could determine 

the gas transportation mode to be implemented. Every efficient pipeline network has 

different types of equipment included in the network which are gathered together to 

move the gas from one point to another. Lun and Xie [34] noted that gas flow along 

the pipeline encounters pressure and energy losses due to the friction between the 

gas and the inner walls of gas ducts. They presented that a known factor that causes 

the pressure and energy losses include the heat transfer between gas and the 

environment. They further explained that pressure drop along the pipeline could be 

restored by installing a compressor station on the pipeline network. It was concluded 

that in the sixties (60s), the pressure of natural gas pipelines was only 2.5 mPa before 

it rose to 6 mPa, but currently, the pressure of the pipeline is about 10mPa. The need 

to restore pressure drop along a pipeline is a concern to researchers in this field of 

study. This concern centres on the way to deliver the gas with a specified pressure 

without dropping.  

Having reviewed the importance of pipeline flow, this research considers only single-

phase flow compressible flow that transport natural gas through the pipeline. Also, 

the impacts of the pressure and gas temperature on the gas flow rate shall be looked 

into. 

2.3  Pipeline Design Consideration 

Gas pipeline design requires an in-depth knowledge of head loss brought about by 

fluid friction, wall friction, bends, and necessary pipe parameters such as length, 

diameters, topography and the amount of gas being transported. Consideration of 

pressure loss along the pipeline, especially when the pipe length is very long is very 

crucial. Nasir [17] explained that changes in pressure are always present if the 

distance of the pipe is far. Therefore, it becomes essential to apply the concepts of 

compressible fluid flow. 

The throughput (flow rate) of the system depends on the pipe length, diameter, gas 

properties, initial gas pressure and temperature and the pressure drop due to friction. 
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In this case, commonly used model equations will be considered. Montoya [35] 

presented that optimisation of the system topology (geometry), size and operational 

conditions to minimise investment and maintenance cost will be required when 

designing a new gas pipeline transmission system or the expansion of any existing 

one. The crucial steps in the pipeline system design comprise the establishment of 

critical pipeline performance objectives and critical engineering design parameters 

such as: 

 The required volume of gas per unit time (throughput)  

 Source and terminating point of gas movement 

 The topography of the pipeline route 

 Thickness, diameter and required yield strengths 

 Hydraulic calculations to determine losses 

 Number of the compressor station and the distance between them or station 

 The power requirement of the compressor station power 

Menon [22] made some simplification by assuming a uniform gas temperature with 

no heat transfer between the gas and the surrounding soil in a buried pipeline in 

order to espouse pipeline model equations for a manual calculation. However, in 

reality, maintaining the gas temperature constant is virtually impossible. Subero et 

al.,[36]  investigated that pipeline for gas transportation system produced a better 

return on investment( ROI) when compared with other means of transportation. 

Watanabe [32] analysed in his work that gas transportation system is affected by 

distance to the consumer. Hence, the need to have a well-designed compressor 

station along the pipeline. The ability to choose the correct model for pipeline 

simulation depends on the network structure and network complexity. Ouyang and 

Aziz. [37] investigated that oversimplification by assumptions, approximations and 

addition of inaccurate friction factor correlation in some equations of flow presented 

in literature has led to nontrivial errors in natural gas pipeline calculation with respect 

to flowrate and pipeline hydraulic evaluation.  

2.3.1 Analysis of Gas Flow 

The total energy of the gas at various points consists of energy due to pressure, 

velocity, and position or elevation above an established datum[22]. As the gas flows 

through the pipeline, Bernoulli’s equation is applied to connect the components of 
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the energy of the flowing fluid to form energy conservation. Equation (2-1) shows the 

Bernoulli’s equation considering two points as indicated in Figure 2-4 

𝑍𝐴
𝑃𝐴
𝛾
+
𝑉𝐴
2

2𝑔
+ 𝐻𝑃 = 𝑍𝐵 +

𝑃𝐵
𝛾
+
𝑉𝐵
2

2𝑔
+ ℎ𝑓 

(2-1) 

 

Figure 2-4 Energy of flowing fluid[38] 

Hp represents the equivalent head added to the fluid by a compressor at A, hf shows 

the total frictional pressure loss between points A and B while ZA and ZB represent 

the elevation at A and B 

The basic equation for flow has been developed for many years now. Considering 

the energy Equation (2-1) and in addition to gas laws, the performance of a pipeline 

conveying gas can be predicted. Adequate design of a gas transmission pipeline 

requires methods for predicting pressure drop for a given flow rate or predicting flow 

rate for a specified pressure drop in combination with installed compression power 

and energy requirement. Conversely, there is a need for practical methods to relate 

the flow of gas through a pipeline to the properties of both the pipeline and gas and 

to the operating conditions, such as temperature and pressure. For a single-phase, 

dry gas pipeline, the isothermal steady-state pressure drop calculation approach is 

commonly utilised and are the primary link in the gas delivery system[39]; [40]; [41]. 

However, the present study used non-uniform gas temperature with respect to time 

of the day for the pipeline investigation.  

There are several commonly used model equations to predict the performance of a 

pipeline transporting gas. These include  

 General Flow equation 

 Colebrook-White equation 
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 Modified Colebrook-White equation 

 AGA equation 

 Weymouth equation   

These equations show the relationship among the gas properties, such as 

compressibility factor, gravity, flow rate, pipe length, diameter, and pressures along 

the pipeline[22]; [42]. The general flow equation shall be discussed in relating to 

Weighmouth equation 

2.3.1.1 General flow equation 

The basic equation for connecting the pressure drop with flow rate is the general flow 

equation for the single-phase steady-state isothermal flow in a gas pipeline. It is also 

regarded as the fundamental flow equation, for a steady-state isothermal flow in a 

gas pipeline.  

Figure 2-5 represents a typical pipeline showing a steady flow. In analysing the flow 

in the pipeline, Figure 2-5 in S.I unit is given concerning pipe diameter, temperatures, 

pressures, gas properties and flow rate in Equation (2-2) [48] 

𝑄 = 1.1494𝑋10−3 (
𝑇𝑏
𝑃𝑏
) [[

(𝑃1
2 − 𝑃2

2)

𝑓𝐺𝑇𝑓𝐿𝑍
)]]

0.5

  𝐷2.5 

 (2-2) 

 

Figure 2-5 Steady flow in gas pipeline 

Where, 

Q = gas flow rate, measured at standard conditions, m3/day 

f=friction factor, dimensionless 

Pb=base pressure, kPa 
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Tb=base temperature, K (273 

P1=upstream pressure, kPa 

P2=downstream pressure, kPa 

G=gas gravity (air=1.00) 

Tf=average gas flowing temperature, K (273+°C) 

L=pipe segment length (horizontal pipe), km 

Z=gas compressibility factor at the flowing temperature, dimensionless 

D=pipe inside diameter, mm 

From Figure 2-5, point 1 to 2 on the pipe segment Tf is assumed to be constant that 

is, Isothermal condition. In looking into the general flow Equation (2-2), it becomes 

clear that the pipe segment of length L, Gas flow rate Q, at standard condition, and 

diameter, D depends on many factors. Q depends on gas properties represented by 

the gravity G, and the compressibility factor Z increase in the gas gravity (heavier 

gas), resulting in a decrease in the flow rate. Likewise, as the compressibility factor 

Z rises, the flow rate will decrease. 

It is evident here that the influence of inside diameter and pipe length is apparent. As 

the pipe segment length increases for a given pressure P1 and P2, it results to 

decrease in the flow rate. Conversely, as the diameter becomes bigger, the flow rate 

increases also. The term 𝑃1
2 − 𝑃2

2 denotes the driving force that affects the flow rate 

from the upstream end to the downstream end. Keeping the upstream pressure P1 

constant as the downstream pressure P2 increases, the flow rate will increase. When 

there is friction between the gas and pipe walls, pressure drop (P1–P2) is bound to 

occur from the upstream point 1 to downstream point 2. The friction factor f is a 

function of the internal condition of the pipe as well as the type of flow (laminar or 

turbulent). Equation (2-2) was established with the assumption that the gas pipeline 

is horizontal; this is commonly not entirely so. Therefore, Equation (2-2) is not 

suitable for this research because: 

(i) It was developed for Isothermal condition 

(ii) It was established with the assumption that the gas pipeline is 

horizontal; hence, it does not take pipeline elevation into consideration. 
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2.3.1.2 Weymouth Equation  

This equation is useful for a large diameter pipe with high pressure and high flow 

rate. For a given value of gas gravity, inlet and outlet pressures, compressibility and 

length of pipe, the Weighmouth equation directly calculate the flow rate through a 

pipeline. The formula is represented in Equation (2-3) 

𝑄 = 3.7435 ∗ 10−3𝐸 (
𝑇𝑏
𝑃𝑏
) [
𝑃1
2 − 𝑒𝑠𝑃2

2

𝐺𝑇𝑓𝐿𝑒𝑍
]

0.5

𝐷2.667 
(2-3) 

Where Q-the gas mass flow (m3/day), E- pipeline efficiency (%) a decimal value 

less than or equal to 1.0. (P1 & P2),- Inlet and outlet pressure of the pipeline (kPa), 

𝒆𝒔,-elevation adjustment parameters Le- equivalent length of pipe segment 

involving slope(Km), and other parameters as defined in Equation (2-2). The 

Weymouth equation was adopted for the pipeline analysis in this research. The 

reason is that the pipeline under investigation falls into the class of large 

diameter pipeline, high flow rate and high pressure. Again, Weighmouth equation 

compensates for the pipeline elevation and uses pipeline efficiency factor to 

avoid the iterative process as seen in other flow equation like Colebrook-White 

equation that uses trial-and-error approach and ends up an iterative process[42]. 

Also, the Weighmouth equation is being utilised in Aspen-Hysis, been the 

software for GC power evaluation.  

 

 

 

 

 

 

 

 

Table 2-1 briefly summarises the application of the various flow equation and their 

corresponding application. 
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Table 2-1 Summarised Gas flow equation [17] 

 

Menon [42] presented that in a long gas pipeline, the temperature of the gas 

ultimately is equal to the surrounding soil temperature. This assumption was also 
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used by Tukur[18] in his research work. Therefore, the present study assumed that 

the gas temperature is the same as the ambient temperature. 

2.4 Pipeline Components/Accessories 

The natural gas pipeline has several components or accessories to enable smooth 

gas transportation. These components range from electronics to mechanical 

devices, pipeline management and contingency system. All for accurate and smooth 

gas transportation investment. Interestingly, these components contribute to the 

initial capital cost of the natural gas pipeline business. These components include: 

2.4.1 Meter Stations and Regulators (MSR) 

Meter station are installed along the pipeline system to measure the gas flow rate 

and to monitor the pipeline system performance, especially at areas where the 

transfer of custody takes place. The metering method may differ concerning the 

accuracy required, either for performance or gas sales [42]. The cost estimate for 

meter stations are generally estimated as a fixed price also with labour and materials 

per site while that of the regulating stations are also estimated as a lump sum for 

each station and these are added to the cost of the pipeline. 

2.4.2 Mainline Valve Stations 

The mainline valve equipment cost at an indicated interval along the pipelines can 

be estimated as a lump sum value that includes, mainline valves and operator 

blowdown valves and piping. Menon [42]. presented that the mainline valve is 

installed every 20 miles on the pipeline, and the cost of it be added to the pipeline 

capital cost. 

2.4.3 Supervisory Control and Data Acquisition (SCADA) and 

Telecommunication System 

The term SCADA and telecommunication system is an important electronic system 

used on a pipeline carrying natural gas to remotely, operate, monitor and control a 

natural gas pipeline network from a central control centre. Menon [42] analysed the 

cost of SCADA and presented that it ranges from $2 million to $5 million or more 

depending on the length of the pipeline, mainline valve station and a number of a 

compressor station. However, this may not be the exact cost of SCADA for an 
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integrated pipeline system which consists of both prime movers, the driven, pipeline 

and all operational accessories. Menon [42] further stated that sometimes, SCADA 

equipment cost is assessed as a percentage of the initial total project cost. The later 

on SCADA cost estimation was adopted in this research. 

2.4.4 Environmental and Permitting Cost  

These are the costs that are related with the pipeline amendments, compressor 

stations, and valve including meter stations to guarantee that these facilities do not 

contaminate the atmosphere, rivers and streams, or destroy the ecosystems 

including the flora and fauna, fish and game, and endangered species. Permitting 

costs has to do with those costs related with changes needed to compression 

equipment, pipeline alignment such that toxic emissions from pipeline facilities do 

not endanger the environment, humans, including plant and animal life. On a gas 

pipeline project, the environmental and permitting costs may range between 10 and 

15% of the initial project costs. 

2.4.5 Right of Way (ROW) Acquisition 

The ROW for a pipeline is gotten from private parties, federal agencies, state and 

local government for a fee. This fee might be a lump sum of money paid during the 

acquisition period with additional annual fees to be paid for a specified period. Menon 

[42] presented that most gas pipelines project, the initial costs of ROW is in the range 

of 6 to 10% of the initial project costs. 

2.4.6 Engineering and Construction Management (ECM) 

ECM is related to the design and preparation of drawings for the entire pipeline 

system, which includes, pipeline, compressor stations, and other facilities. These 

components will take account of both preliminary and detailed engineering design 

costs, which includes the development of specifications, purchase documents, 

manuals, equipment inspection, and other costs associated with materials and 

equipment acquisition for the project. The ECM costs range from 15 to 20% of the 

initial pipeline project cost.[42] 
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2.5 Trans-Saharan Gas Pipeline(TSGP) Project  

The Tran-Saharan Gas Pipeline (TSGP) project was proposed to be built through the 

partnership between the Nigerian National Petroleum Corporation (NNPC) and 

Algeria’s Sonatrach. The purpose of this project is to convey natural gas from Nigeria 

to the consumer market in Europe through Niger and Algeria. The proposed route of 

the TSGP would commence from the Niger Delta region in South-South Geopolitical 

zone of Nigeria where most of the natural gas reserves of Nigeria are located. After 

that, it would then pass through the Northern part of Nigeria running through Zinder 

town to Algeria and be connected to the Trans-Mediterranean. It is interesting to note 

that Nigeria is among the first ten countries in the world with highest gas reserve with 

an unexploited natural gas of about 5.153Tcm. It is anticipated that the planned 

TSGP will help enhance the gas deficit in northern Nigeria[26].  

The project will ensure closer co-operation and integration between neighbouring 

countries, and will eventually permit for the diversification and marketing of Nigeria’s 

natural gas export route[6]. 

 

Figure 2-6 Trans-Saharan Gas Pipeline route[26] 

The total pipeline distance to cover the estimated area was measured to be 4,180km. 

The pipe thickness is 56 inches with a constant output compressor station pressure 

of 95bar. TSGP was also estimated to have an annual capacity of 30billion cubic 

litres of natural gas.  
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2.6 Compressor Stations 

The pipeline carries natural gas under pressure from the area of supply to consumers 

point and is expected to work continuously. Pressure loss occurs as the gas moves 

in the pipeline. In order to overcome this pressure loss and to have a consistent gas 

delivery at the desired rate, the compressor station needs to be strategically located 

along the pipeline. The planned location of the pipeline will help boost the pressure 

along the pipeline by providing the required gas pressure. The compressor stations 

are constructed at an interval of 50 to 100 miles along the gas pipeline and consume 

about 3 to 5% of the total natural gas transported [43]; [44]. This help to minimise 

pressure loss along the pipelines by boosting the reducing gas pressure. However, 

Tukur [45]  presented that the effective operation and location of the compressor 

station depends on the MAOP, topography and flow rate.  

Compressor stations (CS) are gas pressure pipelines reloading point, and it 

accommodates suitable sized gas compressors for the transportation of gases. 

Flows and pressures are related in any given application that employs gas 

compressors as well as some other factors. This influences the compressors stations 

arrangement, as well as the type of equipment, used[46]. The impact of distance 

between compressor stations on availability, fuel consumption at compressor 

stations along a pipeline and the gas flow rate was carried out by Kurz & Lubomirsky 

[16]; [46]. It was concluded in their work that the more the compressor stations 

installed along the pipeline, the lesser the resistance offered by the pipeline, and vice 

versa. However, designing the required GC with appropriate prime mover can help 

in minimising the pressure loss without multiplying numbers of CS.  

There are different types of equipment that forms an integral part of the compressor 

station. This equipment includes but not limited to compressor units with its driver, 

cooling facilities, scrubber/filters, emergency shutdown system, onsite computerised 

flow control and dispatch system and SCADA [44]. These equipment uphold the 

operational integrity of the compressor stations. Other components of compression 

station include mufflers fuel; lube oil system, backup generators, and gas system. All 

these equipment have various responsibilities for the smooth operation of the 

compressor station. For instance, Figure 2-7 shows the schematic of the major 
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hardware of the compressor station indicating the driver, driven and the accessories 

drive.  

 

Figure 2-7 Schematics of GT compressor station[47] 

Figure 2-8 showing the streamline of gas entering the compression at point C, first 

of all, passed through the scrubbers and filters at point D. the primary function of the 

scrubber and filter is to remove both solid and liquid contaminations and permits 

clean gas to pass through the smaller piping assigned each compressor located point 

E. The gas volume is re-pressurised by the compressor units to gas cooling facilities 

at point H. The temperature and pressure increase as a result of gas compression. 

In order to protect the inner coating of the pipeline and to increase the efficiency of 

transmission, the gas is allowed to cool at the cooler unit before returning to the 

mainline pipeline. 
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Figure 2-8 Generalised compressor station schematic[44] 

Figure 2-9 also shows another generalised schematic diagram of a compressor 

station where the gas passes through all relevant section such as valves, scrubber, 

etc and finally leaves the cooling system into the main pipeline for gas transportation. 

Figure 2-9 equally shows another schematic diagram where an anti-surge controller 

is incorporated in the compressor station 

 

Figure 2-9 Schematic diagram of a Compressor Station [48] 

2.6.1 Arrangement of Compressor unit on Natural Gas Pipeline  

Arrangement of the compressor on a long-distance pipeline is very important in 

natural gas transportation on a pipeline system. Santos [49] presented that the 

arrangement could be either a series or parallel connection. These are two possible 

configurations acceptable in the oil and gas industry. Santos [49] and Kurz et al., [50] 

addressed the advantages and disadvantages of adopting a particular type of 

arrangement, whether series or parallel arrangement with a conclusion that was not 

comprehensive. These configurations usually are executed based on economics and 

simulation of failure analysis[49]. It is mostly assumed that a parallel arrangement of 

compressor yields a good flow if one unit fails. Nevertheless, Ohanian and Kurz [51] 

analysed two identical compressors in series and presented that series configuration 

produces a better flow compression than that of the parallel arrangement. The series 

arrangement was disputably admitted since the relationship between flow in pipeline 

and pressure ratio at the compressor station is dictated by pipeline hydraulic 

(pressure). In parallel compressors configuration, if one compressor fails, it forces 

the remaining compressors to operates at or near choke with very low-efficiency 
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due to flow limitation range[20]; [52]. Figure 2-10 shows the parallel arrangement 

of compressors. Furthermore, the compression ratios of a parallel arrangement 

of compressor units are usually the same; the better thing here is that it can 

handle a massive volume of gas. Unlike the series configuration, the temperature 

of the gas discharged from the parallel arrangement will not be high since it does 

not undergo multiple compression stages. In parallel configuration also, the 

discharge gas temperature of the individual compressor is the same as that of a 

single compressor with the same compression ratio.  

The compressor operates within the limit of the temperatures not exceeding that of 

the pipe coating material. Gas temperature not exceeding 60/650C is generally 

required of the pipe coating materials [42]. There is a considerable increase in 

discharge gas temperature with increase in compression ratio. In order to actualise 

an elevated compression ratio, it is very vital to have multi-compression stages, and 

this will ensure that each stage of compression does not exceed the acceptable 

range of compression ratio. Generally, if some number of compressors are installed 

in series to get requisite compression ratio r, each of the compressor stages will 

operate at a compression ratio of 

𝑟 =  (𝑟𝑖)
1
𝑁𝑐 

(2-4) 

Where r, stand for compression ratio, 𝑟𝑖 – Overall compression ratio; Nc – number of 

compressors in series. Reduction in power requirement is achieved by using identical 

compressors in series to deliver the overall pressure. 
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Figure 2-10 Parallel Configuration of Compressors[10] 

 Series Arrangement 

In a series arrangement, the operation is usually with high efficiency as the operation 

is far from the choke region. In series arrangement also, the failure of one 

compressor does not affect the performance of the other as the remaining 

compressor operates with better compression and efficiency to supplement the failed 

one when compared with the parallel configuration[51]. Figure 2-11 shows a series 

connection of three compressors. In this arrangement, each unit compression has 

an equal amount of gas but may have different pressure ratio. It is during stages of 

compression that the overall pressure ratio is achieved. 

 

Figure 2-11 Compressors in Series[10] 

It is interesting to note that in some cases, intercoolers are incorporated between two 

stages, this is because of the compressed gas as represented in Equation (2-5)  

𝑇2 = 𝑇1  (
𝑃2
𝑃1
)

𝑛−1
𝑛

 

(2-5) 

In a multi-stage gas compression system, the intercoolers serve two functions: 

i. It reduces the temperature of the gas at the inlet to the next stage. If the 

temperature were not reduced between stages, the compressed gas would 

exceed the temperature limits of the compressor equipment, resulting in 

mechanical damage. 
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ii. To allow the condensation and separation of any heavy gas components and 

water vapour in the gas stream. Gas routed through an intercooler partially 

condenses to a liquid that is then separated by gravity. This reduces the 

workload on 

Since the throughput of the gas reduces with flow temperature, elevated temperature 

of the gas is not desirable. During the early stage of pipeline design, gas compressor 

arrangement and its frequency along the pipeline is always a concern[16]. As earlier 

stated, gas compressor and prime mover which have a simple control system is an 

integral part of the high-pressure natural gas transmission system. The centrality of 

pipeline performance is hinged on the loading requirement in term of station 

frequency with consideration on the performance of their layout arrangement. 

Lubomirsky et al. [53], presented in their work that in each compressor station, the 

number of compressors mounted along a pipeline network has a substantial impact 

on, fuel consumption, the capacity of the network and availability. 

Conclusively, In deducing the answer and conclusion from the questions that which 

configuration is better than the other, several researchers like Kurz,[14], 

dosSantos[110] and Santos[125] analyses the pros and cons of series and parallel 

configuration in a compressor station. Their analysis was centred on the economic 

analysis of the two configurations. They presented that the series arrangement of the 

compressors enhanced a better result than the parallel arrangement when there is 

no concern for standby units. However, parallel units give better results than the 

series configuration when there are the need and a condition for a standby unit. It is 

also reported that parallel units are better when more flexibility is desirable and can 

move a large volume of gas. Based on the above reasons and the nature of the 

TSGP project, the parallel configuration was adopted in this research.  

There are various classes of compressors used in the industry.which is represented 

in Figure 2-12. They are the rotary, positive displacement and dynamic compressors. 

All types of gas compressors belong to these classes of compressors. Most 

compression systems make use of the centrifugal compressor, which belongs to the 

dynamic class than others, and the centrifugal compressor was adopted in this 

research for the CS. However, the flow required to be compressed, the density of the 

gas in conjunction with the total head and the duty which has to be performed will 
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determine the choice of the compressor to be employed for the compression 

process[56].  

 

Figure 2-12 Types of compressors [57] 

When comparing the centrifugal compressor with other types of gas compressor, the 

centrifugal compressor has a wider operating range with good operating pressure 

ratio (PR). In facts, Boyce [58] affirmed that centrifugal compressors are better used 

in gas pipeline transportation and process plant because of their extensive operating 

range and an appropriate PR as represented in Figure 2-13  

 

Figure 2-13 Range of application of different types of compressor[58] 

When considering the performance of the GC in a CS, Bloch [59] developed a curve to 

deduce the head coefficient and the polytropic efficiency as a function of inlet volume 

flow or flow coefficient. A value of flow coefficient within a range of 0.01 to 0.14 is usually 

assumed to estimate the value of polytropic efficiency and head coefficient [60] 



 

38 

2.6.2 Thermodynamics of Gas Compression 

Through mechanical work, the natural gas is moved from a suction pressure to higher 

discharge pressure. There are three ideal processes used to describe the movement 

of gas in a system. This includes isothermal, isentropic and polytropic 

compression[61]. When the temperature is kept constant during the compression 

process, then the process is regarded as isothermal compression. If no addition or 

subtraction of heat from the system, then the process is regarded as an isentropic or 

adiabatic reversible process. Also, it is a process in which the entropy of the system 

remains the same throughout the compression process. However, from a practical 

point of view, this is not feasible. Again, any reversible process on any open or closed 

system of gas which involves both heat and work transfer, such that a specified 

combination of properties was continuously maintained throughout the process is 

used to describe the polytropic process. In summary, the polytropic process is a non-

adiabatic reversible isentropic cycle [62] 

Although for Isothermal process, there is a constant temperature, however, the 

pressure and volume of the compressed gas vary from inlet to outlet as represented 

in the ideal gas equation (2-6) 

𝑃1𝑉1 = 𝑃2𝑉2 (2-6) 

Where 𝑃1𝑎𝑛𝑑 𝑃2 are the respective inlet and outlet pressure while 𝑉1𝑎𝑛𝑑 𝑉2 are inlet 

and outlet volume, respectively. In the case of isentropic compression, the discharge 

temperature is determined by the pressure ratio as represented in equation (2-7)  

𝑇2
𝑇1
= (

𝑃2
𝑃1
)

𝛶−1
ɣ

 

(2-7) 

Where 𝑇1𝑎𝑛𝑑 𝑇2   depicts the inlet and outlet temperature conditions respectively and 

ɣ stand for the ratio of specific heats  
𝐶𝑃

𝐶𝑉
. 

Polytropic compression is represented in equation (2-8) which is related to adiabatic 

compression of the discharge temperature. This process satisfied the real process 

of compression. 
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𝑇2
𝑇1
= (

𝑃2
𝑃1
)

𝑛−1
𝑛

 

(2-8) 

 Where n represents the polytropic factor 

2.6.3 Compressor Station’s Economics 

The economics of compressor station evaluation depends on some vital constituents 

like capital cost, emission tax, operating cost, and fuel cost, which result in the LCC. 

The types of gas compressor and the driver has a significant impact on the overall 

cost and fuel consumption[20]. Kurz et al. [63] established that gas compressor 

operating range and efficiency in addition to its drive are known to be the essential 

performance indices for the evaluation of the economic assessment of the 

compressor station. Fuel consumption during the compression stage to move gas 

from suction pressure to discharge pressure is hinged on the efficiency while the 

operating range has to do with the range of possible operating conditions in terms of 

flow and head at an acceptable efficiency within the deliverable power of the 

driver[52]. Higher revenue with lower fuel consumption on the compressor stations 

results from the higher operating range with higher efficiency. The economics and 

environmental aspect of the compressor station also comprises of the cost of 

emission consequence of methane and the exhaust of the turbine driver. Kurz et al. 

[52] presented that, methane is usually measured about 20 times potent greenhouse 

gas as CO2. Hence, 1Kg of methane correspond to 20kg of CO2. They also explained 

that the station availability to operate the required hours per year and the entire life 

of the project play a significant role in the compressor station economic evaluation. 

The cost related to availability analysis is the failure of the compressor’s station to 

operate for some specific period and as a consequence, not earning money. The 

loss of income can be as a result of reduction in pipeline throughput, transportation 

tariffs, higher operating cost or consequences of not meeting up contractual 

agreement.  

In order to achieve the cost of GT engines for any capacity, Gas turbine world 

handbook [64] presented the trend for a simple cycle gas turbine. The trend shows 

the relationship between the price ($/kW) and shaft power (MW). According to the 

handbook, it was an intention to make the analysis a helpful guide for project planning 
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and cost estimation. In facts, based on this report, Person Brinckherhoff[65] 

expressed that using this relation correctly and for a basic application, its accuracy 

can reach ± 10%. Also, in order to achieve the cost of the pipeline accessories, 

Menon [22], stated that the costs of the pipeline accessories are a function of the 

pipeline initial project cost (PIPC). In this research, the PIPC costs include the costs 

of pipelines, GCs and GTs.  

The O&M costs usually consist of two components, such as fixed costs and variable 

costs[66]; [67]. However, this research shall include a major maintenance cost (TET 

based costs) as the third components of O&M cost. As used by Obhuo [68] in his 

PhD work to analyse the maintenance costs of GT engines. Meanwhile, the fuel cost 

was not added with the O&M costs. It was considered independently. It is important 

to state that the fuel cost and O&M cost is attributed to only the GT operation.  

Many practical conditions where the knowledge of fuel consumption on the pipeline 

network is important was seen in the work of Sekirnjak[69], Wu et al[70] and 

Krishnaswami[71] where they modelled the fuel consumption of centrifugal 

compressors to apply in a pipeline model. Again, Santos et al. [72] analysed the issue 

of fuel consumption from the perspective of economic investigation of the pipeline 

network. All the above researchers confirm the fact that an accurate fuel consumption 

model plays a significant role in simulating natural gas pipeline performance. The 

same viewpoint was verified by the research of Kurz and Ohanian [73]. In fact, Fabio 

et al [74] developed a model to estimate fuel consumption in a compressor station 

using the life data at the pipeline control room. Their model was based on a two-shaft 

engine and utilised the correlation that exists between fuel flow rate and air inlet 

temperature and the speed of the axial compressor of the turbine. Again, kurz and 

Bruns [75][17] showed in their work that fuel cost constitute more than 50% of GT 

operational life cost. In this research, a thermodynamic model was developed to 

quantify the fuel generated to assess the cost.  

2.7 Prime Mover Option for Compressor Station 

There are many prime movers or drivers used in the pipeline system. These include; 

steam turbine, motor, gas turbine and reciprocating engines.[76]. Wash and 

Fletcher[77] explained that the selections of these drivers depend on some 

consideration which includes; fuel or energy cost, life cycle cost, reliability, excellent 
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thermal efficiency, availability, low weight, and realistic part power torque. Kurz, R., 

Mokhatab[78] also explained that in terms of installed cost, the gas engine driver is 

not competitive at the power level demanded by high-pressure pipeline transmission 

network. Smalley et al. [11] finalised that gas turbine engines are widely used in gas 

pipeline transmission since they are suitable for driving centrifugal compressors, 

especially in terms of reliability and availability. Also, the gas turbine operating range 

matches that of the centrifugal compressor, which is between 50 -105% of the 

compressor rated speed [79]. To affirm the suitability of GT engine with centrifugal 

compressor, Horowitz[80] investigated the operating comparison between steam 

turbine, gas turbine and electric motor. He confirmed that gas turbine has a wide 

operating range as compared to other drivers which make it suitable to drive 

centrifugal compressors 

Gas turbine and electric motor are the two main competitors in the prime movers' 

application for pipeline compression today[10]. The considering factor which is 

economic-based in selecting between the prime mover is the available energy to 

power the installation. The condition that needs the building of long-distance of 

electric line to the site of the project must involve a thorough economic analysis. This 

will enable the project owner to either use the electric motor or not. From the reasons 

above, an electric motor cannot be a feasible choice for a system characterised by 

electric outages. Taking into account of all the factors mentioned above and based 

on the work of Horowitz[80], the gas turbine engine fit into the criteria for this 

research. Therefore, the present study will consider only the gas turbine engine for 

the pipeline compression of natural gas. 

2.8 Gas Turbine 

A gas turbine engine is indisputably one of the most significant intervention in the 

20th century and has improved the wellbeing of the society ranging from industries to 

homes in the world today. Because of the gas turbine usefulness and a further 

improvement in its application, gas turbine engines are utilised in aircraft propulsion, 

off-shore application and land-based [81]; [82]. In this research, it is used for 

mechanical drive application. When used in a pipeline for compressor drive there are 

certain conditions such as the power requirement of the compress that must be met.  
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Lubomirsky et al [53], presented that gas turbine drivers are selected based on the 

maximum power requirement at the highest ambient temperature. A margin will then 

be applied to provide for the entire pipeline operation and variations. Usually, gas 

turbine engines are selected based on ambient locations. The condition of selection 

is very significant because the efficiency, power output, and the fuel consumption at 

the designed point will vary based on the operating condition. Therefore, it is vital to 

select a gas turbine that will provide the power requirement of the gas compressor. 

The present study utilised a time-based ambient temperature variation for the GT 

operation at each compressor station. This temperature corresponded to the time of 

day. 

In the gas turbine operation, the critical turbomachinery component is the high-

pressure turbine (HPT).[83]. The HPT is critical because it operates at high shaft 

speed with a correspondingly high temperature. This operation increases stress 

acting on the turbine blades and disc. Clara [84] explained that the hot section is 

prone to creep deformation, mechanical and thermal fatigue when operated at 

elevated temperature. This occurrence can lead to a reduction in life expectancy rate 

and component failure [85]. Gas turbine blades failure affects other components of 

the engine, which can lead to complete failure of the engine if any preventive 

measure is not taken. Therefore, careful operation, proper evaluation of engine life 

and application of life extension technologies for safely extracting maximum usage 

of the engines can help reduce unsafe incidents and early failure in the engine 

operations[86]. 

2.8.1 Gas Turbine Degradation  

Wear and tear that are generally associated with all prime movers working overtime 

are equally applied to a gas turbine operation. The gas turbine, as a modular design 

engine functions with the aid of the co-operation between different components of 

the system. The combination of the various turbomachinery components makes up 

the entire gas turbine system instead of the individual component. Treating the gas 

turbine as a system reveals the effects of degradation on the match of the 

components. The entire system contributes awareness to the problem of GT 

degradation. It is difficult to ascertain the exact amount of performance degradation 

in the field.  
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Kurz [87] investigated the mechanism and causes of degradation and its impact on 

GT performance in natural gas transportation. Their main aim was to look at the 

factors that influence the degradation and how component degradation can affect 

the general performance of the engine. They concluded that the individual GT 

turbomachinery components affect the overall performance of the GT. Kurz and 

Bruns [88] also analysed some mechanism of degradation and adopted a method to 

simulate the effects of engine and driven equipment. It goes with a relatively simple 

set of equations that describe the engine behaviour and a number of linear deviation 

factor that can easily be obtained from the maps or test data. Igie et al. [89] used 

machine-generated data to quantify the level of degradation that is mostly related to 

compressor fouling. They proposed the concept of using handles and filters which 

demonstrate the level of insight to the data and forms the basis of the outcome. The 

work further revealed that the engine deteriorates during operation at a varying 

degree. 

Meher-homji and Bromley[90] classified performance deterioration into recoverable, 

non-recoverable and permanent degradation as represented in Figure 2-14. The 

aftermath effect of this degradation affects the industry in terms of profit maximisation 

in gas turbine operation. 
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Figure 2-14 Mechanism of Degradation and their effects 

2.8.1.1 Fouling and Dirts Deposit 

Fouling is seen as the reduction in component efficiency and flow capacity caused 

by adherence of particular contaminants to the gas turbine engine airfoil and annulus 

surface[91]. When fouling occur, there will be material built up, which changes the 

airfoil shape, the inlet angle airfoil is changed, surface roughness increases, and 

reduces airfoil throat opening. The resultant effect is to reduce component 

performance.  

The particles that cause fouling are usually between 0.1µm to 10µm and degrade 

the engine by changing the geometry of the airfoil [92]; [93]; [94]; [95]; [96]. It 

progresses to a worse condition as the operating time continues if no maintenance 

action is applied. However, most of the compressor fouling are recoverable, and 

these particles are removed by suitable compressor washing  

Noticeably, this fouling which can be eradicated by washing occurs both in the 

compressor and turbine. The most common one is the compressor fouling, which 

has a severe effect on engine performance. Usually, during operation, 70-85% of all 
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GT engine performance loss is credited to compressor fouling because the 

contaminated air first passes through the compressor [97]. While those that caused 

the turbine fouling passed to the turbine with the inlet air, cooling air, fuel, fuel 

additives, and water/steam used for NOx control[91]. Meher-Homji and Bromley 

[98]presented that fouling result in a possible increase in blade natural frequency due 

to an increase in the mass of blade caused by particle buildup. This leads to an 

imbalance that can be accompanied by vibrations. Also, fouling causes the blockage 

of the turbine stator blade cooling passages since the compressor bleed air is 

utilised. This is usually caused by small foulants less than 5µm[98]. A typical fouled 

blade is shown in Figure 2-15 and the work of Meher-hormji and Bromley [98] 

 

Figure 2-15 Degraded GT air inlet Bellmouth and blading[98] 

When the first stage of the compressor is fouled, it reduces the amount of airflow that 

enters the engine, which subsequently affects later stages performance. The fouled 

stage has a different operating point from the clean one [99]. The range of the gas 

turbine power output loss due to fouling is from 2% under favourable conditions, 15-

20% under adversarial condition[100].  

2.8.2 Degradation of Turbine Blades 

Generally, blade material and vane in gas turbine applications are subject to 

degradation during service by the combined effects of the condition of the 

environment, mechanical stresses and temperature[101] 

Figure 2-16 shows the macroscopic features of a damaged in the as-received 

condition. It is observed here that the airfoil was severely distorted and that fracture 
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occurred along the section of the blade normal to the direction of maximum tensile 

stress. Meanwhile, Part ‘’a’’ shows the view of the airfoil showing the macroscopic 

distortion while part ‘’b’’ indicates the view of the lower section of the fracture surface 

signifying the cooling air channels. Generally, corrosion, High-temperature oxidation, 

Erosion, foreign object damage, and abrasive are mechanisms that cause 

degradation in GT engines. [102]. 

 

Figure 2-16 Photographs showing the fractured blade[103] 

From the review of the previous study, different mechanisms of GT degradation has 

been identified. However, the present study considers fouling as the mechanism of 

degradation to be considered in this research. Usually, both the compressor and 

turbine component experience fouling[104]. The most common one is the 

compressor fouling, which has a more severe effect on engine performance. 

Furthermore, Fouling and erosion have been studied to show their effects on thermal 

efficiency and the power of the engine. It involves the accumulation of dust, which 

reduces the tip clearance and increases the surface roughness of the blade[88]. 

Those that cause the turbine fouling passed to the turbine with the inlet air, cooling 

air, fuel, fuel additives, and water/steam used for NOx control[91]. Fouling decrease 

the compressor isentropic efficiency and the flow capacity[105].  
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2.8.3 Gas turbine Degradation and Evaluation Methods 

Fault and degradation in GT is an ancient and modern problem, and the quest to 

evaluate and solve this problem has been a concern to researchers. In the early time, 

to better identify a fault in the engine during operation, Aker [106] used a trend plot 

to map the deviation of engine parameters from the manufacturer’s specified 

baseline. However, this type of study generally did not offer sufficient information to 

specify what composed the fault. Also, Urban [107] recommended a linear based 

method where the changes in the performance characteristic of the engine 

component were associated with the measurement parameters changes using vital 

thermodynamic performance equation specific to a particular engine. Observing the 

drawback in the use of trend line plotting and linear analysis approaches, 

Saravanamuttoo [108] adopted a nonlinear approach hinged on cycle deck analysis 

to be used with trend line analysis. Saravanamuttoo et al. [107]; [108] analysis show 

changes in critical parameters of the engine through a relationship with changes in 

measurement parameters. Notably, Saravanamuttoo[108] adopted the use of engine 

models as a predictive instead of being a sole diagnostics tool using models of faults 

constructed as combinations of efficiency and flow capacity changes. The same 

method was adopted by Lukachko & Waitz [109] where cycle deck calculation with 

generic component maps was utilised, and the degradation of the engine was 

modelled through changes in component efficiencies and flow capacity. In the quest 

to mitigate the lack of rigorous connection with actual deterioration circumstances, 

current efforts have geared on developing models of particular fault that can be 

verified, primarily for the case of compressor fouling. Although Lukachko & Waitz 

[109] provided only a representative analysis of the impacts of components 

degradation on NOx emission, 

Garcia and Brun [110] Developed a computational pipeline model that was used to 

simulate a two-loop pipeline system of a distance 218 miles of rippling terrain. The 

aim of the investigation was to maximise gas flow while energy usage is minimised. 

The author analysed five separate cases that centre on the number of units and 

compression power and concluded that among the five cases, two were optimum. In 

their analysis, they were silenced on how the machines degradation could affect their 

decision.  
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Similar approach but different application was used in this research where a 

thermodynamic model was created using TURBOMATCH. ‘’Compressor and 

Turbine’’ were degraded as a single type of degradation were some percentage of 

reduction in the flow capacity and component efficiency of the turbomachinery 

(compressor and turbine) were implanted in the engine model for each year 

throughout the project life (thirty years). Its overall effect on the engine is presented 

and interestingly, how this overall effect could be used to investigate the techno-

economic of the natural gas transportation at a controlled TET is investigated. 

2.9 Engine Maintenance Action: Compressor Washing 

GT engine is expected to get rid of any interference that impedes on the performance 

to achieve the desired output performance at constant engine operation. Hence, the 

need for compressor washing as one of the maintenance action for GT engines. 

Compressor cleaning was adopted to wash away the deposited particles to recover 

the performance loss due to fouling as shown in Figure 2-17 

 

Figure 2-17 Effects of compressor washing [111] 

Over the years, different methods of washing have been adopted to clean the 

degraded compressor due to fouling with their respective pros and cons. These 

methods include:  

2.9.1 Manual Procedure 

Manual method is one of the approaches of compressor washing that has proved 

potent. The engine has to be disassembled and cleaned manually with brushes and 

detergent. The method is effectively executed by cleaning the IGV by hand, which 

bring benefits to the industry, but the limitation here is that it involves lots of labour, 

downtime, and cooling of the engine, which is rarely needed, especially for oil and 
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gas application[112]. However, Abdelrazik and Cheny [24] and Luesden et al[25] 

further analysed that the level of power recovered during manual methods cannot be 

achieved with any other methods. The manual cleaning procedure is shown in Figure 

2-18  

 

Figure 2-18 Manual cleaning of the compressor [113] 

2.9.2 Abrasive of Grit-blasting methods 

An abrasive method known as a grit-blasting method is used in the industry today. In 

this method, the particles were get rid of by injecting rice, charcoal, nutshells, or 

synthetic resin particles into the air-steam of the operating engine. Since high-speed 

air was needed to move the particles in order to achieve the necessary impact, the 

process has to be undertaken during engine operation[114]. The disadvantages for 

this approach is that the last stages remain contaminated, and is necessary to 

remove the contamination so that the seal and the internal passage of the secondary 

air system of the engine can remain uncontaminated. It means that the removal of 

oily deposit was not entirely satisfactorily done[115]. Brittain [116], concluded that 

despite the demerits, the methods were widely used for an aero engine. However, 

Godon [117] presented that this method was discouraged, as the new turbine blades 

in the late 70s/early 80s came with a series of holes for cooling. Also, Boyce and 

Gonzalez [118] also explained that some of the abrasive also tend to shatter and get 

into the seals, bearing, and lubrication system 

2.9.3 Off-line and On-line Compressor Washing 

A better and effective method to clean the deposits than the abrasive cleaning 

methods is the liquid injection in the form of demineralised water with or without the 
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mixing of detergents[119]. This method has proven to be the leading applied method. 

In this method, two processes are involved: on-line and off-line application. 

Off-line compressor washing some time called soak or crank wash involves a 

shutdown of the engine and executed unfired, with the engine been turned by the 

starter motor[120]. The gas turbine rotational speed is on the order of 20%[121]; 

[122]; [123] to a limit of 30%[25] of the usual operational speed, resulting in a reduced 

flow of air into the engine. For a more massive engine, the downtime increases[95] 

Even if it is a preferred method now for the aero engine, early concerns take in to 

account the dispersive characteristics of the injected fluid concerning the component 

to be washed[121]; [123]. Liquid solvents that chemically attack not only the 

aluminium contaminants but also the parts of the engine that made up the same 

materials, causing chemical erosion should be taken into consideration while 

applying washing fluid. This method (crank washes) is very efficient, and the recovery 

of lost power is close to the first level or the level reached after overhaul[119]. 

Nonetheless, in term of techno-economic of the system, the downtime results in loss 

of revenue for the business owner.  

On-line washing: Further to the idea of implementing compressor washing using 

liquid injection, on-line washing, also called fired washing, is embraced. Since on-

line washing is performed fired, generally under full load with no or little reduction of 

the unit’s capacity and speed, it is considered to be the most advanced method [124]; 

[125] 

Online washing could best be defined officially in the instruction sheet of the 

Association of Power and Heat Generating Utilities (APHGU)[126]. Although the 

benefits are not as efficient as the off-line method, it is recommended that the 

frequency of daily to once in a month and durations should be between 5 and 30 min. 

This process necessitates a permanently installed washing device (which indicates 

both off-line and on-line processes) as shown in Figure 2-19. It also accommodates 

the opportunity of a more frequent washing arrangement when the engine is in 

operation. Demineralised water, surfactants, and solvent are most customarily 

utilised when cleaning with fluids for the injection from a spray ring upstream of the 

compressor[123]. Some cleaning agent can be seen in the work of Lambert et al. 
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[127]. Meanwhile, the OEM provides the washing device and can be installed or 

replaced by a retrofit washing device from a supplier. 

 

Figure 2-19 Description of online and off-line washing device[128] 

It is worthy of note that online washing has substantial economic benefit than the off-

line (crank) washing when considering the downtime loss associated with the off-line 

method on natural gas application. The reason is that the engine does not need to 

shut down before applying the method. For this reason, it can conveniently be applied 

in the oils and gas industry where the operation is not allowed to shut down due to 

the economic benefits associated with oil and gas business. However, online 

washing can be counterproductive as some contaminant can move downstream of 

the compressor, causing more fouling to the engine. Also, an excessive volume of 

water can result in erosion, thereby causing more harm to the engine. However, 

frequent online washing with detergent is allowed to achieve the washing away of 

any portion of insoluble compounds at any given time[98]; [129] 

In order to investigate how much power that could be recovered after compressor 

washing, Igie et al. [130] demonstrated the blade aerodynamic effects of fouling 

through experimental compressor cascade test and also implemented on-line 

compressor washing. The implemented on-line compressor washing was to 

ascertain the level of recovery of lost power. In their analysis, they applied 

demineralised water for 10minutes, 0.2% liquid-to-air ratio. 30% recovery of the lost 

power due to washing was achieved from the simulation of the degraded and washed 

engine. Again, Leusden et al. [24] investigated both on-line and off-line compressor 

washing on the performance of a power plant and implemented 80% recovery of lost 

power. The same 80% recovery of lost power was adopted by Musa [23] who 
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investigated the economic benefits of applying both on-line and off-line methods and 

concluded that both methods yield a better ROI than a single method. Further reading 

on the application of compressor washing for lost power recovery can be viewed from 

the work of Aretakis et al.[131]. Figure 2-20 shows a water cleaning device. However, 

Kacprzynski et al. [132] concluded that whenever compressor performance drops by 

3-4%, offline crank wash should be executed 

 

Figure 2-20 Water cleaner example [133] 

It is interesting to conclude here that for better performance loss recovery on gas 

turbine operation, both on-line and off-line compressor washing method should be 

indispensably complimentary, especially for power production as shown in Figure 

2-21. Nevertheless, the gas turbine for the mechanical drive in the oil and gas needs 

online compressor washing to help continue production. It is on this note that the 

present study considers fixing the shaft power of the GT engines irrespective of the 

condition of operation.  

 

Figure 2-21 Types of Degradation Rate[132] 
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From the review of literature, most of the application of gas turbine (GT) compressor 

washing is mostly seen in power generation. Power recovery has been the focus of 

applying the compressor washing over the years. 

Application of compressor washing for a mechanical drive on pipeline application is 

scarcely seen in the literature, especially an operation when the engine power is fixed 

throughout the operation. Applying the methods as reviewed above, the present 

study considers only on-line compressor washing as one of the maintenance action 

adopted. On-line was adopted to avoid economic loss due to downtime. The 

uniqueness of adapting online compressor washing to the present research is such 

that, instead of power recovery after compressor washing, what is recovered is the 

TET, fuel flow and the improvement in the thermal efficiency as the engine operate 

on constant power throughout the operation. The present study also intends to 

investigate the impacts of compressor washing on emission reduction.  

2.10 Gas turbine (GT) Engine Overhaul  

A gas-fired turbine in natural gas transmission service is much smaller than a “typical” 

unit employ in the power sector. The unit size in gas transmission service makes the 

engine amenable to an overhauled approach that may not be possible for other 

application[47].To enhance a reliable and safe service, the gas turbine engine, like 

all mechanical equipment, need a planned maintenance program that is dependable 

with the operating environment. Such plans generally consist of frequent inspections, 

routine servicing, and component replacement. Engine overhaul is performed as a 

result of routine inspections that revealed operational or mechanical deficiencies 

such as high equipment vibration levels, abnormal oil temperatures, or visible 

damage and the deterioration of subcomponents. Anyone of these inspection results 

could trigger routine maintenance activities that range from minor repairs to 

overhauling [75].  

The compressor is vulnerable to dust and particles which generally affect GT 

operation. Also, compressor turbine and power turbine portions of the gas-fired 

turbine are exposed to high-temperature combustion gases, along with vibration and 

thermal cycling, which result to mechanical stresses, thermal stresses, and corrosion 

in these sections of the turbine. Hence the need to employ engine overhaul 

periodically to maintain the engine from breakdown. 
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Beal [47] explained that inspection, disassembly, repair and or replacement of 

subcomponents, assembly, and test of the gas generator and power turbine 

component is an integral part of the overhaul process. 

NSPS [134] presented that most GT engines are designed for 20,000 to 40,000 

operating hours between overhaul. Also, most of the OEM such as GE, Solar, and 

Rolls Royce jointly represent about 87% of GT in the natural gas pipeline industry, 

and all three manufacturers recommend scheduled GT engine overhauls at 

approximately 30,000 hours of service[134]. However, the time interval varies with 

make, model and engine condition of operation which may extend or reduce to longer 

or shorter service intervals.  

Given the above explanation, NSPS [134] finalised that most GT engines in natural 

gas pipeline transportation network are subject to overhaul at an interval of every 

three to five years of operation. In some cases, overhaul can take place more often, 

subject to operational performance and the results of inspections. Based on the 

above explanation, the present study implemented three years interval at baseline 

case. Again, since the time interval varies with engine condition of operation, the 

present study also implemented two years overhaul interval different from the 

baseline cases as one of the maintenance action for the project to compare their 

effects on the gas pipeline investment. According to Wulf [135], GT engines returns 

to operation with some level of degradation after each maintenance cycle. The 

returned percentage of degradation increases as the operation continues with time. 

This implies that as the engine continues operation after each segment of the 

overhaul, the unrecovered degradation increases with additional maintenance 

cycles[42]. However, the specific value of degradation that returns to operation after 

each maintenance cycle was not mentioned by the two authors work. This 

phenomenon was adopted in this research and also some specific values of 

degradation that returns to service after each maintenance cycle was assumed in 

this research. To understand the costs associated with this approach of engine 

overhaul, EPA [136] assembled eighteen compressor stations on five gas pipeline 

system which compared the costs for different maintenance activities to the cost to 

replace the entire combustion turbine process unit and concluded that overhaul costs 

increases between 3% to 17% of the process unit cost. Based on this report, the 

present study assumed that the initial cost of the overhaul (maintenance cost) was 
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10% less when compared with the cost of the rest maintenance schedule. 

Meanwhile, a specific assumption in term of performance has to be made to 

compensate for the effects of increasing degradation after each maintenance cycle.  

2.11  Gas Turbine Emission 

Carbon monoxide (CO), Oxides of nitrogen (NOx), and other combustion byproducts 

of GT engines have been acknowledged as dangerous atmospheric pollutants to 

both human being and the environment. Nasir et al.,[137] presented that emissions 

are among the fundamental challenges in the development of the gas turbine to meet 

environmental regulations.  

Carbon dioxide (CO2) and water vapour (H2O) has been recognised as the primary 

products of complete combustion of air and hydrocarbon fuels. Even though these 

two by-products are not categorised as pollutants, there are environmental and 

health implications that are associated with this by-product. In addition to these by-

products, Lefebvre [138] presented that nitrogen oxide (NOx), carbon monoxide 

(CO), sulphur dioxide (SO2), unburned hydrocarbons (UHC) particulate matter 

(PM10), volatile organic compounds (VOCs), soot and smoke are generated at 

varying levels subject to fuel type, engine operating and combustion conditions. All 

these gases are produced at the exit of the GT through the exhaust gas of the engine 

and could contaminate the environment when produced outside the acceptable 

quantity. Usually, high efficiency with corresponding high pollution is a product of 

high combustion temperature of GT operation. [139].  

Due to the impacts of emission on the environment and human health, countries 

have set strict limits for emissions in new and existing power plants. For instance, 

the power plants in the United States are said to be the largest contributor to GHG 

emissions with values accounting for nearly 40% of the country’s total emissions with 

CO2 emissions accounted for 82% among all the pollutants from engine operation as 

represented in [140]. 
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Figure 2-22 Source of greenhouse gas emission[140]. 

Likewise, in the United Kingdom, power stations have been seen to be a major 

contributor to SO2, NOx, PM10, VOCs, and CO. BEIS, UK[141] reported that the 

provisional GHGs emissions figures rely on provisional estimates of CO2 emissions. 

Statistically, based on new technology in engine operation, it was observed that 

emission production in 2018 was 2.4% lower than the 2017 figure. The report further 

affirmed that Carbon dioxide (CO2) is the main greenhouse gas, accounting for 81% 

of total UK greenhouse gas emissions. Many developing countries, including Nigeria, 

are making frantic effort to curb this emission challenge. However, the concern to 

quantify these emissions during operation on the proposed gas pipeline is the main 

focus of this chapter.  

2.11.1 Correlation and empirical modelling of emission 

Many empirical and semi-empirical models are currently used for the correlation of 

experimental data on pollutant emissions in terms of all the relevant parameters. 

These include design features, combustor dimensions, and operating conditions, as 

well as fuel spray characteristics and fuel type. Although the focus of this research is 

not on combustor design, this empirical model has been seen to play an essential 

role in the development and design of low emission combustor. They also help in 

permitting more accurate correlation of emission for anyone combustor than can be 

achieved by more comprehensive numerical models. Furthermore, the chemical 

reaction governing the formation of some pollutants such as UHC, smoke, etc., are 

highly complex. The majority of the empirical models developed so far had been 
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confined to CO and NOx[138]. Based on this viewpoint, the development of the 

empirical expression of CO and NOx has been achieved by many researchers.  

Rokke et al., [142], investigated five different gas-fired industrial engines operating 

between the power range of 1.5MW to 34MW at 35-100% load and derived an 

empirical equation to evaluate NOx emission which was also acknowledged and 

used by Lefebvre[138]. In the derived equation as represented in Equation(2-9) 

combustion temperature was conspicuously absent. They further, established that 

the influence of combustion temperature on NOx emission is acknowledged by the 

inclusion of fuel/air ratio (Fa). This empirical equation was adopted in this research 

and used in the developed model to evaluate NOx since the GT engines under 

consideration fall within the class and power range of the experimental engines.  

𝑁𝑂𝑋 = 1.46 (
𝑃2

𝑃1
)
1.42

∗ 𝑀𝑎𝑖𝑟
0.72 ∗ 𝐹𝑎0.72  ( gNOx/kgfuel)      

(2-9) 

It is worthy of note that some of the numerical methods are derivable from empirical 

analysis; hence, the use of the empirical method has been found efficacious in many 

engineering application, including emission prediction. Also, the general chemical 

equation for the complete combustion of a hydrocarbon fuel of the alkane group was 

used in the developed model to calculate the CO2 emission[17]; [143]. 

2.11.2 Considered Emission for the Present Study and the 

Correlation between the Emission 

CO2, H2O, SO2, NOX, CO, PM10, and UHC, VOCs, soot, and smoke are the 

fundamental emission leaving the exhaust of a typical gas turbine engines as earlier 

mentioned. This research, however, focused primarily on the emissions of NOx and 

CO2 only. These emissions were selected based on current research focus and the 

proficiency of the intended emission model to be developed to quantify these 

emissions on pipeline application. Presently, CO2 and NOx are the significant 

pollutants (greenhouse gases) receiving research focus due to their contributory 

effects on global warming. Based on this reason, CO2  is regarded as a pollutant. 

NOx is also a precursor of photochemical smog and contributes to acidification and 

PM10 emissions. Figure 2-23 showed the relationship between CO and NOx 

emission with respect to combustion temperature. When the gas turbine combustion 

temperature is low, it results in slow oxidation. This makes the formation of NOx and 

CO have an inverse relationship. The emission of thermal NOx increases as the 
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combustion temperature increases while CO emission decreases with increasing 

combustion temperature. This relationship implies that the concentration of CO 

increases at a lower power setting and become lower as the power increases. 

Accordingly, NOx emission attains maximum when the power setting is high and 

reduces with power reduction [138] as represented in Figure 2-24 [138]. These 

emissions are related to combustor inlet temperature, and pressure, primary zone 

equivalent ratio, condition of operation of the engine, residence time and also vary 

with the type of combustor.  

 

Figure 2-23 NOx and CO relationship with combustion temperature [142]  

 

Figure 2-24 NOx, smoke, CO and UHC emission with power setting[138] 

Conclusively, the present study makes use of the developed thermodynamic model 

of the investigative engines, and the performance result from the model was 

connected to the developed emission model to calculate the annual emissions from 

the operation of the engines. 
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2.12 TERA Tool 

The awareness, development and use of Techno-economic and Environmental Risk 

Analysis (TERA) tool were revealed by Ogaji et al. [144] at Cranfield University in the 

united kingdom. TERA was implemented as a result of research work carried out in 

areas of multi-disciplinary optimisation and management of power plant; and the 

environmental impact on the plant at both design stage and in operation. In their 

work, the TERA framework was employed in aero-engine management and 

modelling by integrating a commercial optimiser tool called iSIGHT, a product of 

Engineous Software Ltd. Its philosophy as illustrated in aircraft optimisation is shown 

in Figure Figure 2-25 [144] 

 

Figure 2-25 TERA philosophy and framework for aircraft optimisation [144] 

TERA is an investment decision tool that looks into the excellent available option for 

engine performance, the impact of the environment and its associated emissions, 

cost and the engine availability and reliability[145]. 

The multi-discipline modules of TERA framework focus on performance modelling, 

cost, noise, the environmental impact of gas turbine and aircraft weight. In its holistic 

form, TERA modules comprise performance, economics, environmental, emission, 

weight, noise, and lifing modules. Each of these modules solves different problems, 

and the result is condensed into the TERA framework. The performance module 

occupies the central point of this tool. The reason is that it explains the 

thermodynamics of the component parameters and simulating the design point, off-

design point, and performance degradation of the gas turbine engines. It implies that 
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result from these modules is fed by another module, which includes the emission, 

economics, risk and environmental. These are all analysed from the performance 

module. In fact, according to Ogaji et al. [144], TERA is a veritable tool to select and 

rank the excellent options for investment and to identify any risk involve and 

efficiently manage the resources allocation. 

2.12.1 TERA Application and progress beyond state-of-the-art 

Di Lorenzo et al.[146] applied the TERA concept for the European project for 

aeronautics research as part of the effort to meet the advisory council for aeronautics 

research in Europe. The aim was to investigate advanced aircraft engine concept for 

an environmentally friendly aero engine and their economic implication. Quintero et 

al. [147] applied TERA concept to illustrate the trade-off between the operating cost 

and the environmental impacts of future aero engines for short-range aircraft. All 

researchers found TERA a veritable tool for effective project implementation in terms 

of techno-economic analysis. 

TERA has been explored both for marine and industrial application[146]. Gayraud 

[148]; [149]; [150] investigated industrial gas turbine for power application and used 

TERA to establish the basis for a decision support system for combined cycle 

systems. Maccapani et al. [151] detailed their investigations into TERA where they 

created a TERA based tool to help the choice of suitable driver for LNG. They 

concluded that among the four GT engines considered in the analysis, the one with 

the highest power rating serves as the best solution while the lifing and risk issue 

depends on the firing temperature. However, the cost of operating the engine on 

degraded mode with time was not considered. Nkoi[152] applied the TERA technique 

for GT engines for a petrochemical industry for 25 years of operation. In all the TERA 

application above, the annual engine degradation was not considered. EL-Suleiman 

[153] explored the use of TERA on CO2 compression power equipment where he 

developed and implemented variflow to an existing GT simulation tool in order to 

improve the off-design performance. He analysed the economic viability of the 

project using the NPV approach with the aid of a developed model for 25 years. 

Again, engine degradation was not also considered in his analysis as he considered 

a project life of 25 years. However, GT engines degrade with time for real engine 

operation.  
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Relative to previous studies on the application of TERA, much research has not been 

explored in applying the TERA tool on natural gas pipeline transportation system. 

The only two known work on TERA application on natural gas pipeline transportation 

as at the time of this research was the research work of Nasir[17] and Tukur[18]. 

Nasir[17] examined the application of GT and electric motor as a prime mover on the 

techno-economics assessment of the natural gas pipeline under the influence of 

ambient temperature. The investigation presented that for an interstate pipeline, the 

use of electric motor is not the best option in areas where electricity supply is not 

available. The study further analysed the economic capability of using the gas turbine 

as a prime mover for 20 years. However, for the annual operation of the GT engine 

for project life, the influence of degradation of the engines on the project was not 

considered in his analysis. The study assumed that the operation of the engines was 

clean throughout the project life. Also, the ambient temperature used in his studies 

was not time-based.  

Tukur[18] also investigated the application of TERA on a natural gas pipeline. In his 

analysis, he took account of the compression station (CS) location, power matching 

based on the ambient temperature variation between the GT and GC while optimising 

the life cycle cost. In his analysis, he assumed that maintenance and fuel cost in 

each year for the entire project life (30 years) remain the same. Which implies that 

he assumed the engine operation was clean throughout project life (30 years). Also, 

in his TERA application, he did not consider the cost associated with the production 

of CO2 emission, which is an integral part of the TERA framework due to its 

environmental effects and also an important cost element in determining the life cycle 

cost of the pipeline project  

These studies omitted the fact that all turbomachinery equipment especially gas 

turbine engine degrades with time and this degradation has significant effects on not 

only the engine performance but also on the entire project investment and benefits. 

Also, an in-depth analysis of the fuel and maintenance cost based on the combined 

effects of time-based ambient temperature and degradation in each season of the 

year was not considered by these researchers. In fact, those authors used only the 

effect of ambient temperature, which was not time-based on the GT for their analysis 
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and assumed that the engines remain clean for the entire project life. Therefore gap 

in knowledge exists which this research tries to cover. 

Furthermore, to explore the entire natural gas transportation system in terms of 

pipeline performance, Menon [22] analysed the flow in a gas pipeline using pipeline 

model equation and assumed a uniform gas temperature with no heat transfer 

between the gas and the surrounding soil in a buried pipeline. Also, Rajnauth et al. 

[29] and Watanabe [32] analysed pipeline flow using the same concept. However, in 

reality, maintaining the gas temperature constant (isothermal) is practically 

impossible for gas flow in a pipeline system. Hence the need to investigate the non-

isothermal condition in a time-based system which the present study tries to cover 

this limitation. 

Again, the performance analysis of the centrifugal compressor can be seen in the 

work of Campbel[19], Kurz et al. [20] and Lars et al. [21] where the effects of wet gas 

and mechanical performance of the centrifugal compressor were evaluated including 

the method of evaluating the efficiency. However, the research work was silence on 

the evaluation of centrifugal compressor power in a time-based non-isothermal 

condition, taking into account the combined effects of pipeline elevation, mechanical 

losses, and the desired volumetric flow of the compressor. Also, the evaluation of 

gas compressor performance, taking into account the synchronisation of the pipeline 

and gas compressor performance is uncommon in the literature, which this study 

tries to cover. 

Summarily, it implies that a new TERA framework that will be adapted to natural 

pipeline investment will be developed in this research taking into account, the various 

compressor station machinery/accessories, the ambient operating conditions, 

engine divestment, leasing and the economic viability of the project. 

2.13 Economic Appraisal Methods  

Economic appraisal or evaluation is the comparative analysis of two or many 

interventions in terms of their cost and consequences. It also serves as the 

assessment of a project based on their given input and the generated outcome. The 

most fundamental concept of this evaluation is the analysis of the costs and benefits 

of all the available options in the project [154]. The technique is indeed a vital process 
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for accomplishing and satisfying requirements for decision accountability. In 

summary, it is a systematic process for investigating alternative uses of resources, 

focusing on assessment of needs, options, funding, objectives, costs, risks, benefits, 

affordability and other factors relevant to decisions. 

Natural gas pipeline investment needs an appraisal method to evaluate the viability 

of the project. The following are some of the different appraisal methods  

(i) Net Present Value (NPV)  

(ii) Internal Rate of Return (IRR) 

(iii) Discounted Payback Period(DPP) 

2.13.1 Net Present Value (NPV) 

The basic economic principle on investment is that a dollar today is worth more than 

a dollar tomorrow. The reason is that a dollar today can be invested to start earning 

interest immediately. The phenomenon is referred to as ’’time value of money’’[155]. 

It means that the value of money for many years ahead can be brought to the present, 

and this is referred to as the present value (PV) of money, taking into account the 

discount rate. Because of this, the NPV of a project is the difference between the 

cash inflow and cash outflow happening for some time of the project. The cash inflow 

is referred to as the project benefits, while the cash outflow is referred to as cost cash 

flow streams. The cost stream comprises of the capital cost, annual maintenance 

and operation costs. The cash inflow or benefits are the cash received from the sales 

of goods or services rendered. The difference between the inflow stream and the 

outflow stream is the ‘’cash flow’’ which is sometimes regarded as the ‘’net benefit 

stream as shown in Figure 2-26.’’ The NPV calculation is done by dividing the 

expected yearly income (net cash flow) of a project by a term which is equal to 1 plus 

the discount rate raised to a power equal to the project’s year minus the investment 

cost. This is represented in Equation (2-10). The calculated method implies that the 

NPV takes into account the time value of money[156]; [157]; [158]. 

𝑵𝑷𝑽 =∑
𝑪𝒕

(𝟏 + 𝒓)𝒕

𝒏

𝒕=𝟏

 −  𝑪𝒐  
(2-10) 

Where Ct-the net cash-flow for the project year under consideration. r- the discount 

rate. Co is the initial cost of the project. While t and n is the year considered in the 
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project. Generally, the higher the NPV, the higher the benefits and the more feasible 

the project becomes[159]. However, there are three possibilities form NPV analysis, 

these are 

 NPV > 0         Economically viable for a specified condition of the project 

 NPV = 0       Economically feasible but the ROI equals the discount rate 

 NPV < 0       Investment not viable economically for a specified condition 

NPV is mostly utilised in many commercial and industrial sectors and is regarded as 

more complete techniques in evaluating economic investment viability of the project. 

It is worthy of note that the cash flow in NPV analysis is discounted based on the 

following two main reasons;  

(i) To adjust for the risk of an investment opportunity 

(ii) To account for the time value of money 

Based on this, the NPV was adopted as the appraisal method in this research for 

exploring the economic viability of investing in Trans-Saharan gas pipeline for natural 

gas transportation. Furthermore, the present study also introduces additional terms 

such as ‘’ divestment cost’’ and ‘’leasing cost’’ in calculating the NPV. The addition 

of these terms will compensate for the redundant fleets of the engine after overhaul. 

It should be noted that the salvage value of the engine is known to be an estimated 

resale value of the engine at the end of its useful life[160]. It implies that the salvage 

value will be the resale value at a time the owner intends to sell it for economic 

reason. The approach was considered in this research since there must be some 

redundant fleets of engines after overhaul. 

 

Figure 2-26 Cash flow activities  
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2.14 Summary of Chapter 

The review shows that among all the means of natural gas transportation, pipeline 

accounts for about 70% of global natural gas transportation[16] and the present 

research considers only single-phase flow compressible flow that transports natural 

gas in a pipeline.’.Among the various pipeline flow equation, Weighmouth equation 

was adopted in this research. it was reviewed that pipeline elevation, and the 

capacity of the equipment should be a contributory factor to be considered when 

locating the compressor station on the pipeline network. Among the various gas 

compressors used in the oil and gas industry, the centrifugal compressor was chosen 

because of its versatility, compactness, a high degree of reliability and availability 

and are also useful owing to their high efficiency, good economy, and low 

maintenance [108]. It was concluded that among all the degradation mechanism, GT 

engines are vulnerable to fouling and fouling was adopted as the engine degradation 

to be considered in this research. It was also discovered that the failure of many 

researchers in implementing engine degradation in the economic analysis of GT 

engines for compressor station operation become a gap in this research. The 

implementation of the annual degradation of engine operation in a broader range is 

to investigate how this practice could affect the entire techno-economics of the gas 

transportation system. The review also presented various methods of compressor 

washing. However, the on-line method was adopted in this research to avoid 

economic loss due to downtime. 

Finally, different economic appraisal techniques were outlined to ascertain the 

economic viability of a natural gas transportation network and any investment project. 

The NPV was adopted in this research as the appraisal method. The principle of 

TERA was presented as the technique that will take into account all the multi-

disciplinary variables that are involved in the present research.  
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3 RESEARCH METHODOLOGY 

3.1  Overview 

This chapter presents the relevant approaches and tools used for the pipeline 

transportation network. Such an approach and tools include an overview of the 

compressor and pipeline modules, which is one of the components of this research. 

Also, the application of techno-economic and environmental risk assessment (TERA) 

developed towards this research is also explained. The TERA framework in this 

research consists of several modules which comprise of pipeline/gas compressor, 

performance, lifing, emission, and economic module. All these modules are 

connected to evaluate both the technical and economic viability of the natural gas 

pipeline network. The performance module plays a significant role in the use of TERA 

tool. Therefore, TURBOMATCH, which is very significant in analysing the 

performance of gas turbine engines, is also discussed in this chapter. Considering 

the complexity (multi-system) of this research, and the discussion of the various 

approaches and tools adopted for this research in this chapter, it is important to state 

that, the analysis of the subsequent chapters shall elaborate and substantiate the 

methods adopted. The evaluation will give a clearer view of the obtained result from 

each of the relevant section of this research. 

3.2  Pipeline and Gas Compressor (GC) Module 

3.2.1 Introduction 

This module presents the investigation of the proposed 4,180km TSGP to analyse 

the pipeline performance and to evaluate the power requirement of the gas 

compressor across the entire 18 compression station. The analysis involves both 

isothermal and non-isothermal condition of the pipeline and the gas compressor in a 

time-based system. 

The objective of the first section of this module was to evaluate the pipeline outlet 

pressure since a fixed inlet pressure was given and to authenticate the correlation 

between the performance parameters of gas compressor and pipeline. The 

investigation further looked into the effect of varying gas temperature with their 

corresponding pipeline exit pressure on the rate of throughput delivery at constant 

pipe diameter and how these parameters relate together on the overall performance 
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of the pipeline network and gas compressor (centrifugal compressor). Also, the latter 

part of the module evaluates the power and performance characteristics of 

centrifugal compressors using the available thermodynamic gas equations. The 

effect of the suction pressure of the GCs on the power requirement was also 

investigated.  

Before the gas compressor power can be evaluated, the various discharge pressure 

of the pipeline after the first compressor station needs to be calculated. The reason 

is that the GC needs an inlet pressure from the pipeline. This inlet pressure which is 

the pipeline discharge pressure is unknown and need to be calculated.  

Achieving the pipe exit pressure in each of the compressor stations help to evaluate 

the PR and subsequently, the power of the gas compressor across the entire 

compression station. The analysis was done for three seasons of the year under a 

time-based ambient temperature.  

It is worthy of note that pipeline analysis becomes very important in calculating the 

GC power requirement after the first CS. The reason is that it was assumed in this 

research that the outlet condition of the pipeline becomes the inlet condition of the 

gas compressor and vice versa. Utilising this phenomenal assumption will 

authenticate the correlation between the GC and pipeline. With this assumption in 

mind, since the inlet pressure of the GC apart from the first compressor station was 

unknown, the discharge pressure of the pipeline after calculation becomes the inlet 

of the GC. Also, the ambient temperature becomes the inlet temperature of the 

pipeline [18]. So, as the time of day changes, the ambient temperature changes also, 

hence the “non-isothermal condition’’. On this basis, the pipeline and the gas 

compressor was analysed. With the help of the available data from the TSGP, Aspen-

hysis/Microsoft-excel was used for the evaluation of the gas compressor power while 

the pipeline model was developed in MATLAB 

Gas component and properties obtained from the Trans-Saharan Gas Pipeline 

(TSGP) report were used for the evaluation of gas compressor and pipeline analysis. 

The equations involve the use of available gas compressor inlet parameter and gas 

property calculation for the evaluation of the required power by the centrifugal 

compressor.  
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However, Tukur[18] explores the available TSGP data and evaluated the elevation 

and distances between the compression stations. Based on this analysis, the present 

study further analysed the TSGP and investigated the discharge pressure of the pipe 

and the corresponding gas compressor power in all the CS. 

3.3 Pipeline performance Calculation 

Table 3-1shows the necessary data given from the TSGP report. From the report, as 

stated on the table, all GCs to be installed in each compression station along the 

pipeline are expected to have a pressure ratio (PR) between 1.4 and 1.66.  

Table 3-1 TSGP design data  

 

  

 

 

Since the ambient temperature varies according to the time of the day, so also the 

various parameters that will be calculated vary in each season of the years.   

There are several commonly used model equations to predict the performance of a 

pipeline transporting gas, as presented in chapter 2. These equations show the 

relationship between the pipe and the gas properties, such as compressibility factor, 

gravity, flow rate, pipe length, diameter and pressures along the pipeline[22]; [42]. 

Weymouth equation was adopted for this analysis because the pipeline under 

investigation falls into the class of large diameter pipeline, high flow rate and high 

pressure. Again, Weymouth equation compensates for the pipeline elevation and 

uses pipeline efficiency factor to avoid the iterative process as seen in other flow 

equation like Colebrook-White equation that uses trial-and-error approach and ends 

up in iterative process[42]. Also, the Weymouth equation is being utilised in Aspen-

Hysis, been the software for GC power evaluation.  

Parameters Values Unit 

Total Pipeline distance  4180 km 
Number of CS 18  
Pipe diameter 1.4224 m 
Delivery of gas/year 30billon m3/year 
PR of first CS 1.4  
MAOP 95 bar 
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3.3.1 Methodology 

3.3.2 Local Condition 

The average ambient temperature profile with respect to time of day of the area 

where the natural gas pipeline and the engines are operated is shown in Figure 3-1.to 

Figure 3-3. The temperature profile shows the average temperature profile for the 

three seasons of the year, (rainy, dry and hot seasons) across the 18 compression 

stations. Since the pipeline has a different compressor station, each station has its 

different ambient temperature that varies from each other and from season to 

season. It is worthy of note that the rainy season was the season with lower 

temperature with respect to time of day, the dry season’s temperature was 

intermediary between the rainy and hot while the hot season was the season with 

the highest temperature  

Based on these ambient conditions, the pipeline and gas compressor analysis were 

carried out. It is interesting to note that three hours interval was chosen to ascertain 

the ambient temperature, and these temperatures are the cumulative three-hourly- 

temperature with respect to time of day for each month. This research uses the 

average temperature of each season with the assumption of four months for each 

season. In all the seasons, it was observed that at 15:00 time of day, the ambient 

temperature was the highest while at 6:00, the ambient temperature recorded the 

lowest value.  

 

Figure 3-1 Time-based ambient temperature (rainy Season)[26] 
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Figure 3-2 Time-based ambient temperature  (dry season)[26] 

 

Figure 3-3 Time-based ambient temperature (Hot season)[26] 

3.3.3 Pipeline analysis 

Figure 3-4 shows the methodology and calculation method adopted for pipeline 

performance. The gas component and properties obtained from TSGP aided the 

evaluation of the pipeline and gas compressor analysis. The vital gas properties used 

were the molecular weight (MWg), gas gravity (G) and gas temperature. These helped 

in evaluating the relevant parameters for the pipeline analysis. The basic parameters 

required for the pipeline module as indicated in Equation (3-1) are the gas mass flow 

(Q), pipe efficiency (E), base temperature and pressure (Tb & Pb), Inlet and outlet 

pressure of the pipeline (P1 & P2), elevation adjustment parameters (𝑒𝑠), gas gravity 

(G), gas temperature (𝑇𝑓), length of the pipeline(Le), compressibility factor(Z) and the 

pipe diameter (D)[22]; [60]. Figure 3-4 also represents these parameters.  
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Figure 3-4 Methodology for pipeline module 

Having known the discharge pressure of the gas compressor which is fixed at 95 bar 

which also is the inlet of the pipeline, the various distances (L) between each pipeline 

segment and elevation, then the pipeline discharge pressure can be calculated by 

rearranging equation (3-1). Therefore, the pipe outlet pressure (P2) is made the 

subject of the formulae as represented in the derived Equation (3-2).  

𝑄 = 3.7435 ∗ 10−3𝐸 (
𝑇𝑏
𝑃𝑏
) [
𝑃1
2 − 𝑒𝑠𝑃2

2

𝐺𝑇𝑓𝐿𝑒𝑍
]

0.5

𝐷2.667 
(3-1) 

𝑃2 =

{
 

 
𝑃1
2 −

[𝐺𝑇𝑓𝐿𝑒𝑍 (
𝑄 ∗ 𝑃𝑏

3.7435 ∗ 10−3𝐸 ∗ 𝑇𝑏 ∗ 𝐷
2.667)

2

]

𝑒𝑠

}
 

 
0.5

 

(3-2) 
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Where, elevation adjustment parameter (s) is given in equation (3-3) This depends on 

gas gravity (G), gas temperature (Tf), elevation (H1 and H2) upstream and downstream 

elevations respectively, e is the base of the logarithm (e = 2.718)  

𝑠 = 0.0684𝐺
𝐻2 − 𝐻1
𝑇𝑓𝑍

 
(3-3) 

However, in some cases, to achieve a more realistic value of the pipeline discharge 

pressure if there are many unknown parameters on the pipeline module, sequence 

of iteration is done in the system. In Equation (3-2) P2  and Z are unknown and we 

need to get Z so that P2 can be evaluated.  Because of the above expression, a flow 

compressibility factor (Z) of 0.95 was assumed for the initial iteration for the 

calculation of P2. The already known inlet pressure and the calculated discharged 

pressure for the initial value of Z is used to calculate the average pressure using 

equations(3-4). This is necessary because equation (3-4) is generally accepted to be 

a more precise method for calculating the average pressure of the gas in a particular 

pipeline segment [42]. With this initial result, a new compressibility factor can be 

calculated using the California Natural gas association method (CNGA) as shown in 

Equation(3-5). The result will be compared with the preliminary used value until the 

convergence level. In this case, the discharge pressure will achieve its confident 

value. This is illustrated in Figure 3-4. 

𝑃𝑎𝑣𝑔 =
2

3
(𝑃1 + 𝑃2 −

𝑃1 ∗ 𝑃2
𝑃1 + 𝑃2

) 
(3-4) 

𝑍 =
1

[1 +
344400𝑃𝑎𝑣𝑔𝑥10

1.785𝐺

𝑇𝑓
3.825 ]

 
(3-5) 

Equation (3-4) is valid when the average gas pressure (𝑃𝑎𝑣𝑔), is more than 6.9 bar. 

For pressure less than 6.9 bar, Z is approximately equal to 1.00. Hence, equation 

(3-4) is valid for this analysis because 𝑃𝑎𝑣𝑔 is above 6.9bar. Specific gas gravity (G) 

tells how heavy the gas (Molecular weight, 𝑀𝑤𝑔) is in comparison to air (𝑀𝑎𝑖𝑟) at a 

certain temperature and pressure. This was calculated thus:  

𝐺 =
𝑀𝑤𝑔

𝑀𝑎𝑖𝑟

=
𝑀𝑤𝑔

28.95
 

(3-6)   
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Generally, according to Figure 3-4, the P2 at the various CS was achieved with the 

initial given value of the gas volume flow (Q) and pipe diameter (D). This is referred 

to as output 1. After that, varying values of T2 with their corresponding values of P2 

were used to evaluate the different Q and D. This is also referred to as output 2. The 

model was explored under the isothermal and non-isothermal condition 

Table 3-2. shows the pipeline route indicating the elevation with respect to the 

eighteen compressor station and the various distances between each compression 

station which sum up to a total distance of 4,180 km pipeline as analysed and 

presented by Tukur [18]. These values were used for the various distances and 

elevation between each pipe segment in calculating the pipe exit pressure.  

Table 3-2 Distance and Elevation between pipe segment[18] 

CS 
Number 

Distance 
(km) 

Elevation  
(m) 

1 240 100 

2 240 200 

3 240 600 

4 240 402 

5 240 400 

6 240 400 

7 230 480 

8 250 600 

9 230 800 

10 230 1050 

11 230 400 

12 230 400 

13 230 560 

14 230 480 

15 230 600 

16 230 900 

17 230 700 

18 190 240 

Having known both the inlet (P2) and discharge (P1) pressures of the pipeline which 

becomes the outlet (P2) and inlet (P1) pressures of the gas compressor respectively, 

the pressure ratio (PR) of the gas compressor can be calculated.  

Table 3-3. shows the data of the pipe segment for the first compressor station at 

design point obtained from TSGP. All compression stations analysis was done based 

on the first station. The First station was assumed to operate at ISA condition.  
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Table 3-3 First Compressor station design point[161] 

Parameters Values Unit 

Pipeline Inlet Pressure P1 95 bar 
Pipe Discharge pressure P2 67.85 bar 
Pipe nominal diameter 1.4224 m 

Pipe internal diameter 1.3812 m 
Pipe outer diameter 1.4224 m 

Wall thickness 0.0206 m 
Gas gravity (G) 0.6048 - 
Base temperature  288.15 K 
Gas temperature 288.15 K 

Base pressure Pb 101 bar 
MAOP 95 barg 

Elevation 100 m 
Equivalent length Le 242.1 km 
Efficiency E 91.8 % 

Mass flow Q 82000000 m3/day 
   

3.4 Result and discussion 

Figure 3-5 shows the pipeline discharge pressure across the 18 compression 

stations. This is the discharge pressure entering the GC in each of the compression 

stations according to the time of day. From Figure 3-5, the pipeline discharge 

pressure at 15:00 time of day was the lowest while 6:00 time of day had the highest 

discharge pressure across the entire 18 CS. It was also observed that at 15:00 time 

of day the inlet (ambient) temperature across the entire CS was higher while at 6:00 

the ambient temperature recorded the lowest value as shown in Figure 3-1 to Figure 

3-3. The discharge pressure of the pipeline at each of the compressor station was 

assumed to be the inlet pressure of the gas compressor as earlier stated. This shows 

the correlation between the pipeline and the gas compressor during the operation. It 

is important to state also that the gas compressor discharge pressure became the 

pipe inlet pressure. This pressure was fixed at 9500kPa throughout the entire CS. 

It is worth noting that only the hot season was used for this evaluation because the 

hot season gives the highest ambient temperature for the discharge pressure 

evaluation. It was also assumed that no deterioration was found with the pipeline 

under consideration.  



 

76 

 

Figure 3-5 The pipe discharge & GC inlet pressure at the various CS 

3.4.1 Effects of Pipe Exit Pressure on Volume of Gas flow at different 

gas Temperature 

Although the amount of gas to be transported through the pipeline yearly was given 

in the TSGP data, with the aid of the developed model, Figure 3-6 shows the 

relationship between the gas flow (Q), discharge pressure (P2) and gas temperature 

(Tf) in the pipeline system. It revealed the variability of the pipe discharge pressure 

with respect to the volume of gas flow at a different gas temperature in the pipeline 

all at constant pipe diameter. From the result; the flow of gas expected at a particular 

pipe exit pressure can be predicted. For instance, from the curve, it was observed 

that an increase in the exit pressure of the pipeline resulted in a corresponding 

increase in the amount of gas flow. It was further revealed that for every 1% increase 

in exit pressure resulted in a 1.8% increase in the volume of gas flow. Again, an 

increase in gas temperature results in a corresponding decrease in both pipe exit 

pressure and the volume of gas to be transported into another CS, hence the need 

to have many booster stations along the pipeline. However, the non-linearity of the 

curve, as shown in Figure 3-6, indicated that the gas temperature changes with 

respect to time of day. 
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Figure 3-6 Relationship between gas flows, Exit pressure and gas temperature in 

the pipeline 

Figure 3-7 and Figure 3-8 shows the relationship between the volume of gas flows 

both at different pipe exit pressure with a corresponding gas temperature and at 

constant pipe exit pressure and gas temperature, respectively. Figure 3-7 represents 

the non-isothermal condition of the gas flow in a pipeline. The result shows that as 

the gas temperature increases, the exit pressure reduces, which directly affects the 

flow rate. It was observed that the exit pressure of 2400.83kPa has the highest gas 

temperature with 302.84K. This implies that the gas temperature has a great 

influence on the gas exit pressure of the pipeline flows. At this pressure and 

temperature, the highest flow rate was recorded. From this curve, one can predict an 

economic pipe size suitable for a corresponding flow at any desired pipe exit 

pressure and gas temperature. For instance, it was observed that 1550mm pipe 

diameter can conveniently deliver 30.2bcm/year within an exit pressure of 2400kpa 

and 4800kpa when the gas temperature is between 295.61K and 302.84K. However, 

if the pipeline operates at an environment below this temperature, the pipe exit 

pressure will be higher. Figure 3-8 also represents a pipeline operating in an 

isothermal condition where it was assumed that the gas temperature remained the 

same throughout the compression process. Also, the exit pressure was assumed to 

be the same throughout the compression process. The value used for both gas 

temperature and exit pressure for the isothermal condition was 302.84K and 

6440.69kPa respectively, from the result, one can predict a particular pipe diameter 

with respect to the desired gas flow. However, a condition when gas temperature is 

not steady, the use of an isothermal model leads to significant errors. Therefore, a 
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real pipeline system does not operate on isothermal condition as there will be friction 

and other conditions that can vary the performance during operation. 

 

Figure 3-7 Effects of varying exit pressure and gas temperature on gas flow in a 

pipeline 

 

Figure 3-8 Effects of constant exit pressure and gas temperature on gas flow in a 

pipeline 

3.5 Evaluation of Gas compressor 

3.5.1 Overview 

The main focus of this section is to determine the power requirement of the gas 

compressor (GC) across the 18 compression station in a non-isothermal condition 

with the available data from the TSGP report and the pipeline performance at a 

different operating condition. The evaluation was done in a time-based system. The 
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effect of the suction pressure of the GCs on the power requirement was investigated. 

Aspen-Hysis was used to validate the gas compressor power evaluation. Finally, the 

newly developed gas compressor map to monitor the performance of the gas 

compressor on the pipeline compression system is also presented. 

3.5.2 Evaluation of Gas compressor Pressure Ratio at Various 

Compression stations 

The discharge pressure (P2), of the GC, was fixed at 95bar. The pipeline discharge 

pressure becomes the suction pressure (P1) of the GC after station one. The 

elevation and distances between each CS, as shown in Table 3-2 have a significant 

role in evaluating the gas compressor powers. This is because the elevation and 

distances between each CS were taken into consideration when evaluating the 

discharge pressure of the pipeline, which became the inlet pressure of the GC. The 

desired range of PR of the GC in the entire CS was determined by dividing the 

discharge pressure (P2) by the suction pressure (P1) which thus, enhanced the 

accurate evaluation of gas compressor power. Equation (3-7) shows the PR 

calculation 

𝑃𝑅 =
𝑃2
𝑃1

 
(3-7) 

Figure 3-9 shows the result for the gas compressor PR, across the 18 CS with 

respect to time of day. The PR shows the ratio of the GC outlet to the inlet pressure. 

The pipeline discharge pressure becomes the GC inlet pressure as presented in 

Figure 3-5. Since the GC discharge pressure was already given, with this pipeline 

discharge pressure, the PR was calculated. The result of the gas compressor PR 

shows the correlation between the pressure of the pipeline and the GC. The gas 

compressor power was calculated based on these PRs, as shown in the polytropic 

head calculation.  

It is worth noting that only the hot season was analysed because the hot season will 

give the highest power of the gas compressor upon which the prime mover of the 

various stations can be selected. The evaluated power within this PR will be capable 

of delivering the desired amount of gas in each CS irrespective of the varying ambient 

temperature and elevation. Also, since the GC is a pressure booster, the calculated 

pressure ratio falls within the range of PR as recommended in the TSGP report. The 
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result obtained shows that for every 10C rise in gas temperature result in a 0.2% rise 

in GC PR. This shows the effects of increasing gas temperature on the PR of the GC 

 

Figure 3-9 Gas compressor PR at varying ambient temperature 

3.5.3 Gas Properties and GC power evaluation using Aspen-Hysis 

Figure 3-10, shows the method introduced in achieving the gas compressor power 

using Aspen-Hysis. Aspen-Hysis is a complete thermodynamic process modelling 

tools used to optimise process design and general operation of the pipeline 

transportation system. Aspen-Hysis was used to determine the power of the gas 

compressor that is capable of maintaining the discharge pressure of 95bar. It is also 

useful in calculating temperatures and pressures on pipeline design module, also 

polytropic head and efficiency, which help to achieve the gas compressor power. 

Aspen-Hysis use a method of software calculation, which is based on numerical 

integration. 

The fluid components (gas mixtures) which are solely the hydrocarbon series such 

as methane, ethane, propane etc (methane having the highest volume fraction of 

92.18% from the available data) with their respective composition are selected and 

the fluid package (See TableA-1 and A-2 of Appendix A). Peng-Robinson was 

chosen as the fluid package in Aspen-Hysis because it is better used for hydrocarbon 

and accommodate a high temperature and pressure range.  

Having ascertained the fluid composition and package, the temperatures (T), PR and 

the volume flow (Q) were inputted into the Aspen-hysis, and all necessary 

parameters such as molecular weight, molar density, compressibility, etc will be 
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calculated. These parameters defined the polytropic head and efficiency. After that, 

the gas compressor power is then calculated. It is interesting to note here that as the 

temperature, PR and volume flow are inputted, the gas compressor power will also 

be calculated. This makes the software an easy tool in evaluating the GC power in a  

process pipeline.  

 

Figure 3-10 Steps in achieving the gas compressor power using Aspen-Hysis 

3.5.4 GC power calculation 

The gas mixture analysis is been evaluated using the basic thermodynamic equation, 

as presented below. The gas mixture properties were calculated from the individual 

gas property from the following basic thermodynamic equation: These equations are 

also used in Aspen-Hysis 

𝑀𝑊𝑚 =∑𝑉𝑖

𝑖=𝑛

𝑖=1

𝑀𝑊𝑖 

(3-8) 

𝐶𝑝𝑚 =∑𝑉𝑖

𝑖=𝑛

𝑖=1

𝐶𝑃𝑖 
(3-9) 
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𝑃𝑐𝑚 =∑𝑉𝑖

𝑖=𝑛

𝑖=1

𝑃𝐶𝑖  
(3-10) 

𝑇𝑐𝑚 =∑𝑉𝑖

𝑖=𝑛

𝑖=1

𝑇𝑐𝑖 
(3-11) 

Where 𝑀𝑊𝑚-the molecular weight of gas mixture; 𝐶𝑃𝑚-Molar specific heat; Pcm, -  

critical pressure of the gas mixture; Tcm  = critical temperature of the gas mixture; 

𝑀𝑊𝑖-The molecular weight of individual gases; 𝐶𝑃𝑖- specific heat of the individual 

𝑃𝐶𝑖-Molar specific heat of the individual gas; 𝑇𝑐𝑖- the critical temperature of the gas 

mixture 

The reduced temperature (𝑇𝑟𝑚  ) and reduced pressure (𝑃𝑟𝑚) of the gas mixture were 

calculated using the inlet temperature (Tm ) and pressure (Pm)  with the critical 

temperature(𝑇𝑐𝑚) and pressure (𝑃𝑐𝑚) of the gas mixture, as shown in Equation 

(3-12) [162]; [163]. The inlet temperature was the ambient temperature while the inlet 

pressure after CS 1 was the discharge pressure of the pipeline of the various CS.  

𝑇𝑟𝑚 =
𝑇𝑚

𝑇𝑐𝑚
                   𝑃𝑟𝑚 =

𝑃𝑚

𝑃𝑐𝑚
 (3-12) 

Having achieved 𝑃𝑟𝑚 and 𝑇𝑟𝑚 of the gas mixture, Z was evaluated using the 

generalised Nelson-Obert chart, in which compressibility factor is plotted as a 

function of reduced temperature (Tr) and reduced pressure (Pr). This chart has been 

shown that it gives a satisfactory value of several gases and gas mixture[163]  

 

Figure 3-11 Nelson-Obert compressibility chart [163] 
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To calculate the polytropic exponent (n), and the polytropic efficiency ( ɳ 𝑷), the ratio of 

specific heat (k) has to be known. However, k =1.296 as stated on the table in Appendix 

A1. It can also be calculated using Equation (3-13). 

𝐾 =
𝐶𝑃𝑚

𝐶𝑃𝑚 − 𝑅0
 

(3-13) 

Where R0 is the gas constant. From the polytropic exponent, the Polytropic efficiency 

is calculated thus: The polytropic efficiency of the compressor at DP was estimated 

using polytropic efficiency & Head coefficient vs flow coefficient chart, as shown in 

Error! Reference source not found. [164]. 0.13 of the flow coefficient was 

assumed[165] 

 

Figure 3-12 Polytropic efficiency & Head coefficient vs flow coefficient 

𝑛 − 1

𝑛
=
𝑘 − 1

𝐾ɳ 𝑃
 

(3-14) 

𝑛 =
𝐾ɳ 𝑃

𝐾ɳ 𝑃 − (𝐾 − 1)
 

(3-15) 

Where K is the ratio of specific heats and n is the polytropic exponent. The discharge 

temperature of the gas compressor is one of the factors that limit the stage 

compression ratio. Based on this reason, it was kept within a reasonable value. 

Meanwhile, the discharge temperature depends on pressure ratio, process exponent 

and inlet temperature and it is calculated using equation (3-16) 

𝑇2 = 𝑇1 + 𝑇𝑎𝑐𝑡𝑢𝑎𝑙 (3-16) 
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𝑇𝑎𝑐𝑡𝑢𝑎𝑙 =
𝑇1 [𝑃𝑅

𝑛−1
𝑛 − 1]

ɳ𝑃
 

(3-17) 

The compressibility factor, specific gravity, polytropic exponent etc. are essential 

parameters in the analysis of gas flow which affects the energy required to compress 

certain volume of the gas and also affects the pressure drop in pipeline.  These are 

also useful in calculating gas power. 

3.5.5 Polytropic Head Calculation 

The polytropic head is calculated using Equation (3-18) having known the pressure 

ratio, molecular weight, and all necessary gas properties from the pipeline 

calculation, 

 𝐻𝑃 =
8314

𝑀𝑊
𝑍𝑎𝑇1

𝑛

𝑛 − 1
[(
𝑃2
𝑃1
)

𝑛−1
𝑛
− 1] 

(3-18) 

The gas power is computed from the polytropic head equation in equation (3-18). In 

general design consideration, compressor designer has to select the gas compressor 

for multiple operating conditions.  

3.5.6 Evaluation of Volumetric Flow 

The compressor inlet gas volumetric flow rate was calculated using equation (3-19) 

and (3-20) 

𝑝 =  
𝑃𝑆

𝑍𝑠𝑅𝑇𝑠
 

(3-19) 

𝑄1 = 
𝑚

𝘱
  (3-20) 

Where- 𝑄1 stand for volume flow rate at inlet (m3/h), m-mass flow rate (kg/h), p-

density of gas ((kg/m3), 𝑃𝑆-suction pressure (bara), 𝑍𝑠- compressibility factor, 𝑇𝑠-

Suction temperature (K) and R-universal gas constant. However, the mass flow rate 

has been given in the TSGP report. Based on this analysis,  

The DP gas power can be calculated, having ascertained all the necessary 

parameters using  
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𝑃 =
𝑊∗𝐻𝑝

3,600ὴ𝑝
   (3-21) 

Mechanical losses like bearing losses (Leakage losses, coupling losses) including 

friction between air and impeller, turbulent in fluid flow and shock at entry need to be 

accounted for to actualise the gas compressor shaft power. 2% of the gas power was 

used for bearing and other mechanical losses. Also, if a step-up gearbox is used, 

then gearbox efficiency need to be accounted for, typically, a range of 97% to 99% 

is been used in the industry[166]. However, the step-up gearbox was not considered 

in this research. 

Summarily, Gas compressor shaft power = Gas Power (P) + Mechanical losses (ML). 

Having analysed the gas power calculation, Table 3-4 shows the GC power for CS 2 

in comparison with the calculated values. Where, RS, DS and HS represent the rainy 

season, dry season and hot season respectively. 

 

 

 

Table 3-4 Aspen Hysis and calculated result 

GC power Evaluation for CS 2 (kW)  
Aspen-Hysis Result Calculated Result 

Time RS DS HS RS DS HS 

0:00 10291.01 10719.2 11092.03 10292.01 10721.5 11095.53 

3:00 10139.82 10596.12 10904.94 10141.32 10598.12 10907.94 

6:00 10169.98 10596.12 10780.96 10171.08 10599.12 10784.46 

9:00 10873.89 11123.34 11060.75 10875.19 11125.34 11063.85 

12:00 11564.88 11629.62 12015.89 11566.28 11632.12 12019.39 

15:00 11725.65 11854.25 12606.11 11727.65 11858.25 12610.11 

18:00 11501.52 11438.31 12113.35 11503.02 11440.31 12116.95 

21:00 10596.12 10936.02 11406.76 10597.21 10938.42 11410.26 

3.5.7  Gas Compressor Operating Characteristics  

Compressor characteristic curve defines the behaviour of the compressor at the 

varying operating condition. On the curve, ‘’polytropic efficiency vs volume flow rate’’ 

and ‘’polytropic head vs volume flow’’. Such a curve is developed by the OEM’s by 
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testing the compressor on the testbed. In order to understand the behaviour of the 

centrifugal compressor at different operating conditions, a map needs to be 

developed. In this research, the new compressor map was produced by scaling the 

default map with respect to the operating conditions of the new gas compressor. The 

OEM map is shown in Figure B- 1 and Figure B- 2 of Appendix B. The newly 

developed map will best describe the operation of the newly designed gas 

compressor. The scaling factors are given thus: 

𝑃𝑅𝑆𝐹 =
𝑃𝑅𝐷𝑃−1

𝑃𝑅𝐷𝑃 𝑀𝑎𝑝−1
  (3-22) 

𝑃𝑅𝑁𝑒𝑤 = 𝑃𝑅𝑆𝐹 ∗ (𝑃𝑅𝑀𝑎𝑝 − 1) + 1  (3-23) 

𝐸𝑇𝐴𝑆𝐹 =
ɳ𝐷𝑃

ɳ𝐷𝑃 𝑀𝑎𝑝
  (3-24) 

ɳ𝐷𝑃 = 𝐸𝑇𝐴𝑆𝐹 ∗ ɳ𝐷𝑃 𝑀𝑎𝑝  (3-25) 

WASF =
 𝑊𝐴𝐶𝐷𝑃

𝑊𝐴𝐶𝐷𝑃 𝑀𝑎𝑝
     (3-26) 

𝑊𝐴𝐶𝐷𝑃 = 𝑊𝐴𝑆𝐹 ∗ 𝑊𝐴𝐶𝐷𝑃 𝑀𝑎𝑝 (3-27) 

Where,  

PRSF-Pressure ratio scaling factor 

PR-pressure ratio  

ETASF-polytropic efficiency scaling factor 

WASF-mass flow scaling 

Other parameters as defined in nomenclature.  

Parameters with subscript DP and DPMap indicate design point for new maps and 

the existing (OEM) map, respectively. So the values of scaling factors of each of the 

performance parameters are derived using the design point calculated value of the 

gas compressor at each compressor station with the values from the existing map 

after correction. 

In order to produce a compressor map in terms of corrected rotational speed and 

flow rate, the corrected rotational speed can be derived by maintaining a fixed tip 

Mach number alongside the gas properties variation. This enables the equivalent 
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speed at various off-design conditions in addition to suction parameters and gas 

properties to be determined[167]. This is represented in Equation (3-28).  

This equation takes into consideration the influence of gas properties on the 

performance,  

𝑁𝑐 = 𝑁𝑎𝑐𝑡√
𝑘𝑅𝑒𝑓

𝑘𝑎𝑐𝑡
  √
𝑍𝑅𝑒𝑓

𝑍𝑎𝑐𝑡
 √
𝑅𝑅𝑒𝑓

𝑅𝑎𝑐𝑡
 √
𝑇𝑅𝑒𝑓

𝑇𝑎𝑐𝑡
 

(3-28) 

Accordingly, the corrected mass flow as represented in Equation (3-29) was derived 

based on Buckingham Pi Theorem and was used for the present research.  

𝑤̇𝑐 = 𝑤̇𝑎𝑐𝑡
𝑃𝑅𝑒𝑓

𝑃𝑎𝑐𝑡
√
𝑘𝑅𝑒𝑓

𝑘𝑎𝑐𝑡
  √
𝑍𝑎𝑐𝑡
𝑍𝑅𝑒𝑓

 √
𝑅𝑎𝑐𝑡
𝑅𝑅𝑒𝑓

√
𝑇𝑎𝑐𝑡
𝑇𝑅𝑒𝑓

 

(3-29) 

The effects of humidity factor were negligible because of its insignificant effect on 

this correction as proposed by Berdanier[168] 

Where,  

𝑁𝑐=Corrected rotational speed  

𝑤̇𝑐- corrected mass flow 

𝑘𝑅𝑒𝑓-Reference specific heats ratio (1.4) 

𝑍𝑅𝑒𝑓- Reference Compressibility factor(1.0) 

𝑇𝑅𝑒𝑓 − Reference Suction Temperature; (288.15K) 

𝑃𝑅𝑒𝑓 – Reference Suction Pressure(101.325kpa) 

𝑅𝑅𝑒𝑓 – Reference gas constant (287.058J/(kg.K) 

All parameters with subscript act indicate the actual values for the map. 

3.5.8 Discussion 

Figure 3-13 to Figure 3-16 shows the gas compressor power at various ambient 

temperature across the 18 compressor station with respect to the ambient 

temperature for the three seasons according to time of day.  

It was observed that while each station shows the power with respect to time of day, 

the highest power of the gas compressor was shown at 15:00 across the 18 CS 

where the ambient temperature was high indicating that, as the ambient temperature 
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increases, the power of the compressor increases also. While at 6:00, the least 

power was calculated. The result also revealed the correlation between ambient 

temperatures and GC power. As the temperature was low at this time of day, the GC 

power was low also. The hot season has the highest power of the GC. Significantly, 

the investigation revealed that the power required by the gas compressor to move 

the gas under varying gas temperature increases by 3.4% for every 1% rise in the 

gas temperature. It implies that a gas temperature of 17.220C with a corresponding 

gas compressor power of 10291.01kW will have a corresponding increase of 17.390C 

and 10651.19kw respectively, when the gas temperature increased by 1%. 

 

Figure 3-13 Gas compressor power at varying ambient temperature (RS) 

 

Figure 3-14 Gas compressor power in a varying ambient condition (DS) 
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Figure 3-15 Gas compressor power at varying ambient condition (HS) 

3.5.9 Effects of Suction Pressure and Ambient condition on Gas 

compressor Power  

Significantly, gas compressor power varies in each of the stations as a result of the 

variation in ambient temperature. Using station two as a case study, Figure 3-16 to 

Figure 3-18 shows the effects of variation in Inlet temperature on gas compressor 

power. It was observed that as the inlet temperature increases, the gas compressor 

power increases also. This is because of the increase in the polytropic head as a 

result of the increase in the ambient temperature, though, the increase is not linear 

because of the non-linearity in the ambient temperature measurement with the time 

of day. The highest power of the gas compressor was seen at 15:00 producing 11723 

kW and the least power was seen at 6:00 producing 10169kw for winter season while 

dry season as shown in Figure 3-17 has the highest and least power at 15:00 and 

6:00 hour at 11854 kW and 10596 kW respectively. The hot season has 12,606 kW 

and 10596 kW for 15:00 and 6:00 hours respectively as represented in Figure 3-18, 

indicating that the hot season has the highest power requirement of the gas 

compressor as previously explained. 
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Figure 3-16 Effect of ambient temperature on GC power (WS) 

 

Figure 3-17 Effects of ambient temperature on GC power (DS) 

 

Figure 3-18 Effects of ambient temperature on GC power (HS) 

Figure 3-19 to Figure 3-21 showed the effects of variation in Inlet pressure on gas 

compressor power in all the seasons. As the inlet pressure increases, the gas 

compressor power decreases, the reason is that the polytropic head decreases with 
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a decrease in inlet pressure of the gas compressor. Also, it affirmed the fact that an 

increase in ambient temperature results to increase in GCs power and a 

corresponding decrease in inlet pressure of the pipeline in real operation. 

 

Figure 3-19 Variation in inlet pressure with GC power (WS) 

 

Figure 3-20 Variation in inlet pressure with GC power (DS) 

 

Figure 3-21 Variation in inlet pressure with GC power (HS) 
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Figure 3-22 showed the variation in the inlet pressure at constant discharge pressure 

(9500kPa) with respect to time of day. This is the MAOP required to deliver the 

required volume of gas through the pipeline. It is worthy of note that the least suction 

pressure was seen at 15:00 in all the seasons with a value of 6453.83kPa, 

6440.69kPa and 6364.97 kPa for rainy, dry and hot season respectively. These 

correspond to the temperature values of 28.690C, 29.690C, and 35.410C, 

respectively. It implies that the gas compressor is required to do more work at this 

time in order to deliver the required volume of gas. RS, DS, HS and AS on the curve 

represents ‘’rainy season’’, ‘’ dry season’’, ‘’hot season’’ and ‘’all season 

respectively.’’ 

 

Figure 3-22 Variation in inlet pressure with constant discharge pressure 

3.5.10 Gas Compressor Highest Power for 18 Compressor Station 

Figure 3-23 shows the highest gas compressor power for the three seasons under 

investigation for all the eighteen compression station. Hot season shows the highest 

power requirement of the Gas compressor at 15:00 time of day. It was based on this 

highest power at 15:00 for each season of the years that the prime mover was 

selected. Considering the high volume of gas to be delivered per annum and the low 

compression ratio of the gas compressor, 4 GC is recommended to be placed in each 

of the compression stations across the entire pipeline. This will enhance adequate 

delivery of the gas.because of the little value of PR of the individual GC  
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Figure 3-23 Gas compressor power for three seasons of the year 

3.5.11 Centrifugal Compressor map on Pipeline Compression 

System 

In order to keep constant gas transportation along with the pipeline network, booster 

stations are needed. The main equipment used in the booster station is the gas 

compressor.  The result hereunder shows the dimensional operational characteristic 

curves of the gas compressor used on the pipeline network. 

Based on the methodology on how to develop the characteristic curve, Figure 3-24 

to Figure 3-26 shows the typical performance characteristics of the centrifugal 

compressor. All the important parameters used to define the performance of a gas 

compressor and its selection are represented on the characteristics curve. The map 

was scaled from the default OEM map. The map shows the plot in a variation of the 

pressure ratio (PR), polytropic efficiency and discharge temperature at various 

constant rpm with respect to the actual volume flow rate.  

Figure 3-24 illustrates the newly scaled map that shows the relationship between the 

PR and the actual inlet volume flow. The map shows that an increase in the rotor 

speed gives a correspondence increase in the actual flow rate of the compressor.  

An increase in flow rate at constant rpm occurs when there is a decrease in the 

resistance at the compressor exit. An improvement of compressor flowrate at 

constant delivery pressure is also possible. This requirement, however, can be met 

by not only changing exit throttle but also increasing the compressor rpm. Also, it 

was observed from the map that as the actual volume flow increases, the PR also 
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increases up to the point of maximum efficiency where it reaches its highest value. 

At this point, if the flow goes further can result in a fall in pressure ratio.  The surge 

line which traces all the constant speed line is shown on the map in addition with the 

compressor operating point. It is important to state that the surge line of the 

compressor indicates the minimum flow allowance during operation to avoid 

compressor damage as a result of vibration. 

Figure 3-25 shows the polytropic efficiency with the actual flow. It was observed here 

also,  that at a given speed, the polytropic efficiency varies with the actual flow. 

However, at all speed, the maximum efficiency value tends to be approximately the 

same when all the speed lines are represented on the map. In the same approach, 

Figure 3-26 also illustrates that as the speed increases, so also the actual flow which 

must correspond to their discharge temperature, respectively. 

 

Figure 3-24 Pressure ratio-volume flow curve 

 

Figure 3-25 Polytropic efficiency-volume flow curve 
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Figure 3-26 Discharge temperature-volume flow curve 

3.5.12 Effects of molecular weight and Gas temperatures on Gas 

compressor performance 

The various curves illustrated above expressed the gas flow under constant 

operating point with the assumption that the molecular weight of the gas remains 

unchanged, Figure 3-27 shows the conditions were different gas molecular weights 

were used for the analysis. From the curve, the various molecular weight values of 

15.55, 17.54 and 19.57 were used to investigate its impacts on the polytropic head 

of the GC with respect to gas flow. The result showed that natural gas with higher 

molecular weight exhibits lower polytropic head when compared with the gas with 

lower molecular weight. This validated the fact that the polytropic head has an 

inverse relationship with molecular weight. So, as the gas molecular weight 

increases, the polytropic head reduces, this gives a different surge line and 

operational point as shown on the curve. Again, the higher polytropic head moves 

the operating point on the higher speed line.  This implies that the power required of 

the GC to transport the gas will fall at an increasing gas molecular weight when 

compared with the lower molecular weight of the gas. 
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Figure 3-27 Effects of gas molecular weight on the polytropic head 

In the oil and gas industry, the operation of gas compressors (centrifugal 

compressor) is within a specified envelope, which comprises of many operating 

points. The difference in the operating point is due to the changes in process 

conditions. One of the process conditions is the variation in gas temperature or 

ambient temperature. In view of this, three conditions of operation were examined in 

the flow through the GC. Condition one (SC.1 OPT) examined an Isothermal 

condition with a gas temperature of 293.87K. Condition two (SC.2 OPT) examined 

the average of all the gas temperatures between the isothermal and non-isothermal 

condition, this having an average value of 307.93K. While condition three (SC.3 OPT) 

examined the average of the non-isothermal gas temperatures having an average 

value of 321.98ok all at the same gas composition. These conditions were used to 

investigate their effects on the polytropic head of the GC. These conditions of 

operation were chosen because it captures the entire time-based gas temperature 

of the pipeline. Only compressor station two was used as a reference station for this 

analysis. The approach can be replicated to all the CS.  

The effects of the variation in these gas temperatures on the polytropic head of the 

GC was evaluated, and the result is represented in Figure 3-28. The result revealed 

that the polytropic head increases with an increase in gas temperature. This makes 

the operating point of the three conditions to change. This analysis is important 

because the gas temperature is a strong factor that influences the performance of 

the centrifugal compressor and the gas turbine shaft power. The result shows that 

for every 1% increase in the gas temperature, the polytropic head increases by 
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0.15% in all the conditions. This result authenticated the facts that increase in the 

gas temperature result in an increase in polytropic head and decrease in prime mover 

power. Figure 3-29 showed the effects of different gas temperature on the gas 

compressor power at constant volume flow. The result showed that the gas 

compressor power experienced a proportional increase with the increases in the 

polytropic head. From the result, the SC.1 OPT, SC.2 OPT and SC.3 OPT had 

different operating points, which are 9287.9kW, 9732.16kW and 10176.4kW, 

respectively with a constant volume flow of 10510 m3/hr. The result further affirmed 

the fact that gas compressor power increases with an increase in gas temperature, 

hence the different operating point. The result of the analysis revealed that the 

designed gas compressor is capable of operating within the given condition of 

operation.  

It is recommended that the variation in the power for both the driver and the driven 

has to be balanced so that a steady flow across the pipeline can be maintained. This 

is because gas temperature variation in pipeline flow through GC is a natural 

phenomenon that will happen during the gas compression process. 

 

Figure 3-28 Effects of varying gas temperature on the polytropic head 
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Figure 3-29 Effects of varying gas temperature on GC power at a constant 

volume flow 

3.6 TERA framework for the natural gas pipeline application 

Considering the operation of the eighteen compressor station amid harsh ambient 

temperature and engine degradation in quantifying the overall investment cost of this 

project, an approach that can compress all variables becomes very important.  

TERA concept, as mentioned in Chapter 2 of this thesis, become useful in addressing 

the aim of this research. Figure 3-30 presents the pipeline techno-economic and 

environmental risk assessment framework produced for the present study to 

evaluate the investment cost (life cycle costs (LCC)) and further evaluate the net 

present value (NPV) of the natural gas pipeline project using the TERA approach. 

Various modules such as pipeline, gas compressor, engine performance, emission, 

lifing, and the economic module are been utilised by the developed TERA framework. 

The framework also illustrates the various performance parameters that are required 

by the economic model in order to calculate the LCC and NPV. The investment cost 

for the natural gas pipeline investigation was achieved under the influence of 

degraded gas turbines. The degraded mode of the engines was divided into three 

scenarios. The scenarios include optimistic (opt), medium (med) and pessimistic 

(pess). These scenarios define the stages or levels of annual engine degradation. 

That is, from bad to worst case of engine degradation during operation. 
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Figure 3-30 TERA framework for pipeline natural gas investment 

Based on the developed TERA framework as shown Figure 3-30, each of the module 

as identified in the framework are discussed below 

3.6.1 Engine Performance Module 

The performance module serves as the fundamental of TERA framework. 

TURBOMATCH simulation software was used to simulate the engine thermodynamic 

behaviour at both design point (DP) and off-design (OD) conditions. The software 

was developed in FORTRAN language for several years ago and has continuously 

been improved upon over the years[169]. One of the significant merits of the code is 

in its modularity which enables any engine configuration to be simulated. It also 

analyses the performance degradation (fouling) of the gas turbine, which was useful 

in this research. 
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The result of the performance model was linked with other modules such as 

emission, lifing and pipeline/compressor station module. Based on this linkage, the 

performance module becomes the key element in the TERA concept. During the 

simulation process, both the compressor and turbine map of the input file is been 

scaled by TURBOMATCH while the OD points are been calculated based on the 

environmental conditions. In this research, the effects of time-based ambient 

temperature and degradation on the engines are been simulated. The present study 

also categorised the engine degradation into three scenarios (optimistic, medium and 

pessimistic scenarios) as indicated in Figure 3-30 The impacts of these scenarios 

are discussed in chapter 5. The performance module supplies the result of the 

different scenarios under investigations and links them to the economic module. The 

performance parameters include the TET based on the different number of GT 

engines used at different scenarios (conjugate map), the time-based fuel 

consumption in each of the compressor stations, the number of GT engines used in 

each compressor station etc,  

Project life was thirty years. The performance result of each season of the year with 

respect to time of day is fed into the economic model where sequential calculations 

per seasons are been done by the developed economic model. The model was 

developed in MATLAB based on the result from the performance module, necessary 

data from gas compressor module, pipeline and the various accessories of the 

pipeline. 

3.6.2 Lifing Module 

The factors that limit the working cycle of an engine are the disks and high-pressure 

turbine and are been influenced by the operating TET. Because of this, the stress on 

the turbine blade and disk are been impacted as the operating TET varies. The 

operation affects the engine’s creep life. Therefore, evaluating the remaining life of 

the engine will be reliant on the operating TET. 

In this research, a simple creep life model was developed. This model uses a simple 

relationship between the engine creep life and the TET. This relationship was used 

to produce trend line polynomial function with an RMS value of 0.998. The trend line 

was further used to develop the lifing model in MATLAB to estimate the creep life of 

the engines in a time-based system at various seasons of the year throughout the 
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project life of thirty years. This technique was adopted because the creep life has a 

direct relationship with the engine TET[170]. It is essential to state that as the engine 

operational TETs increases, the creep life reduces, vice-versa. The simple 

developed model assumed that for every 20K rise in the operational TET, the engine 

life reduces by 50% and uses the DP TET as the reference TET with the 

corresponding assumed creep life. The assumption used to develop the creep life 

model was based on the research work of Gad-Briggs et al. [170] which investigated 

the relationship between the TET and creep life of the engine and presented that for 

every 20K increase in TET the HPT blades lifetime decreases by half. Also, 

researchers like Obhuo[68] have used this principle for a simple lifing mode. This 

justifies the selection of the model. However, the implications associated with the 

simplified assumption could be that the exact creep life of the engine may not be 

accurate but approximately reasonable as Miner’s law/ Larson miller parameters 

were not taken into consideration. Hence, lifing model that will take into account the 

Miner’s law/ Larson miller parameter has been recommended 

Furthermore, 25000 hours was also assumed to be the DP creep life that 

corresponds with the DP TET of the selected mixed fleet engines. Finally, the model 

established that the maximum operational engine creep life should not exceed 

25,000 hours. Although, there was no possibility of decreasing TET due to 

degradation and harsh ambient temperature at fixed power output. This is because 

The TET increases to maintain the power output as the engine degrades with time. 

However, increasing the number of engines whenever the limit set on the TET was 

exceeded will enable the engine to operate on part load, thereby allowing the engine 

to run on a lower TET. This technique will increase the creep life of the engine. 

Therefore keeping the creep life within the engine DP will enhance engine availability 

and also avoid unnecessary upsurge of creep life at some points during the 

calculation process. This will enhance uniformity during the model calculation. Also, 

the least creep life was kept at the least limit set on the operational TETs. 

Creep life of the engines was estimated based on the scenarios under investigation 

(level of degradation) throughout the project life. The estimated creep life at different 

scenarios was used to calculate the major maintenance cost of the mixed fleets of 

engines at various seasons of the year throughout the project life and at all 
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compressor stations. The annual maintenance cost serves as one of the key factors 

in the economic investigation of the natural gas pipeline investment. 

3.6.3  Economic Module (EM) 

EM is another core module of the TERA framework that accommodates all other 

modules. This module handles the calculation of the entire project life cycle cost, 

simulate the cash flow and finally evaluate the benefits of investing in the project. In 

this research, the economic module evaluates the results from the various module 

based on the variation of the ambient temperature with respect to time of day (time-

based system) and the impacts of GT degradation on the investment cost at different 

seasons (rainy, dry and hot season) of the year. This ambient temperature for the 

entire 18CS was segmented based on three-hours different in each season of the 

year. The impacts of TET on the overall maintenance cost and the corresponding 

cost of fuel consumption were also evaluated in the module. It also calculates the 

economic sensitivity analysis of the pipeline investment with respect to fuel and O&M 

cost.  

Finally, the effects of engine divestment and leasing due to redundant fleets of 

engines after overhaul are been evaluated by the economic module. It implies that 

after overhaul, the total number of engines used as a result of degradation in the 

various booster stations were reduced. The redundant fleets after overhaul were 

divested through sales or leased. The developed economic model evaluates the 

influence of engine divestment in one case and leasing in another case on NPV. The 

case of divestment and leasing makes the research to have two baseline result The 

economic model was developed in MATLAB based on the result from the 

performance module, necessary data from gas compressor module, pipeline and the 

various pipeline accessories. 

On the economic model capability, the developed model was able to select the 

number of GT in each CS and their corresponding power as it continues to change 

with time due to degradation. This analysis was done in each scenario and each 

season of the year in all the CS for thirty years of operation. Also, the economic 

model was linked with the TURBOMATCH result to evaluate the investment cost 

using the performance result obtained from the TM code 
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3.7 Conclusion 

The fundamental approach in evaluating the pipeline performance and to calculate 

the power of GC for natural gas pipeline export service has been presented. With the 

available data from the TSGP report, the inlet and the outlet condition of the pipeline 

have been analysed, taking into account the distances and elevation between each 

compression station. More importantly, the pipe exit pressure has been evaluated for 

all compression stations taking into account all necessary parameters to be 

considered. Knowing the exit and inlet pressure of the pipeline can enhance pressure 

loss evaluation in the pipeline system. The correlation between the pipeline and gas 

compressor shows that the outlet condition of the gas compressor (compressor 

station) becomes the inlet condition of the pipeline, while the outlet condition of the 

pipeline during process compression becomes the inlet condition of the gas 

compressor (compressor station). Based on this condition, the pipe inlet pressure 

was constant throughout the pipeline compression process at 9500kpa. This is 

because the discharge pressure of the gas compressor was fixed at 9500kpa. It was 

also assumed in this research that the gas composition remains constant, taking into 

account that the pressure drop within each of the pipe segment depends largely on 

the pipe length, elevation and site temperature, However, the effect of varying the 

gas molecular weight was evaluated on the GC map. The result authenticated the 

facts that as the molecular weight of gas increases, the polytropic head reduces 

which has impacts on the gas flow through the pipeline and the power required of 

the GC. Furthermore, other operational maps for the newly designed GC were 

developed and presented for both single and different operating points. The effects 

of varying the gas temperature on the polytropic head and GC power have been 

analysed and presented, which leads to a different operating point on the GC map. 

Also, The various modules of the developed TERA framework have been discussed, 

and the core module has been identified as the performance module. The analysis 

also shows the significant of TURBOMATCH software in this investigation. Due to 

the involvement of the multi-variables in this research and the number of years of 

project life, a code that can connect the performance results have also been 

developed in MATLAB. The details are discussed in the subsequent chapters. 
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4 Gas turbine Selection, Modelling and Performance 

Simulation 

4.1 Overview 

This chapter presents the selection and modelling of the gas turbine engines based 

on the calculated gas compressor power. Also, assessment and validation of the 

model were carried out. For instance, subjecting the model at various operating 

conditions such as ambient temperature and altitude. Also, the impacts of 

degradation at the preliminary stage on the engines was looked into and presented. 

The selected engines models were developed based on public domain specification, 

using TURBOMATCH. At the preliminary evaluation of the developed model, 3% 

reduction in flow capacity and isentropic efficiency was implanted on the 

turbomachinery component of the engine model at different operating conditions to 

evaluates the overall engine performance. Also, 1% to 5% reduction in flow capacity 

and isentropic efficiency were implanted on the engine when investigating the engine 

parameter deviation from their DP at a specific ambient temperature and TET. Three 

cases of the investigation were examined on the engine. Case 1 examined when 

‘’only compressor’’ was degraded, case 2 investigated when ‘’the turbine only’’ was 

degraded and case 3 examined when ‘’both compressor and turbine‘’ was degraded 

to evaluate their impacts on engine parameters to see how they deviated from their 

DP.  

4.2 Introduction 

Selection of appropriate prime mover for a particular project taking in to account the 

environmental conditions and the nature of projects is very important for smooth 

operation. In this research, GT engines are used as the prime mover. The 

configuration of GT engines ranges from single shaft to multi-shaft engines, as 

discussed in chapter 2. Kurz et al. [171] presented that two-shaft configuration of a 

gas turbine is better in an application for pipeline compression due to its flexibility in 

speed during operation.  

GT efficiency, fuel flow, and shaft power of any installation are cardinal performance 

parameters, which directly or indirectly affects the techno-economic of a compressor 
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station project utilising GTs engines. The industrial GT utilised for pipeline 

compressor station comprises an air compressor, combustor, gas generator turbine, 

and power turbine. The combustor, which serves as the combustion chamber, 

receives high-pressure air generated by the compressor mix with fuel and burn in the 

combustor. The compressor turbine receives hot gases from the combustor. The 

high temperature, high-pressure combustion products expand in the gas generator 

turbine; the primary purpose is to provide the power required to turn the pipeline 

compressor. Then the power turbine receives the hot gases from the gas generator 

for further expansion. During the operation, the speed of the pipeline compressor 

and the power turbine are the same, independent of the gas generator turbine. 

Generally, the TET and gas turbine speed increases with an increase in the fuel flow, 

until one of these parameters reach its operating limit. Accordingly, this will provide 

the power turbine with gas at higher temperature, pressure and mass flow and this 

help the power turbine to produce more power. Again, the high temperature and high-

pressure gasses from the combustion chamber are then expanded in a gas turbine 

generator to extract useful power. The compressor absorbed part of the turbine 

power out to provide power for the compression process through the shaft connecting 

the compressor and turbine. The remaining power out from the turbine is used to 

drive the pipeline centrifugal compressor. The pipeline compressor and the power 

turbine run at the same speed, independent of the gas turbine generator. 

4.3 Gas turbine Selection 

The gas turbine engines are selected based on the power of the gas compressor. 

After the engine selection, the thermodynamic model was produced. The modelled 

engine will be simulated and validated. The off-design analysis was carried out on 

the engines at the different operating conditions. The OD simulation will form the 

preliminary result of the developed model. The following criteria determine the gas 

turbine selection: 

(i) Adequate power to meet up the gas compressor DP power requirement 

after de-rating to the three seasons ambient condition 

(ii) Engine configuration was considered as each configuration has different 

part-load performance,  

(iii) Sufficient data available in the public domain 
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Four GTs that are inspired by SGT-400, SGT-500, GT35 and LM1600, referred to as 

IGTA, IGTB, IGTC and IGTD respectively was selected based on the above criteria 

as represented in Figure 4-1. The engines were modelled and built based on the 

information gathered from the public domain of the inspired engines. It is worthy of 

note that a 10% margin on the power of the gas turbine selected for the compressor 

drive as required by API 616 was considered[172]; [173]. Meanwhile, all GTs 

selected are multiple shaft engines consisting of a gas generator and a free power 

turbine. Studies have shown that multiple shaft machines like the ones selected are 

better than single shaft engines for mechanical drive applications. The primary 

reason is that the gas generator speed of two or three shaft engines, when compared 

with a single shaft, is not tied to that of the driven load. Therefore, it is more 

appropriate to handle power demand fluctuation and speed variability.  

 

Figure 4-1 DP power of the selected engines 

4.4 Performance Modelling 

The engines under investigation were modelled and simulated using the simulation 

software. The design point (DP) simulation was achieved by varying the TET, 

component efficiencies and mass flow in order to arrive at the values similar to the 

one in the public domain. The off-design performance of the engine was considered 

as any deviation from the main DP as a result of any internal alteration of the engine 

components which could cause by degradation or the alteration that occur externally 

such as changes in altitude and ambient temperature[174]. The present study has 

selected some engines of different power output, configuration, and with good 
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thermal efficiency to meet up the power required by the gas compressor. These 

engines are considered below. It is important to state that when modelling the off-

design condition of the engines, it is necessary to select an engine variable as the 

‘’handle’’. The handle will help to determine the matching conditions of the engine. 

The possible variables are rotational speed, TET, fuel flow and exhaust gas 

temperature (EGT). However, in this chapter and for the preliminary result of the 

modelled engines, TET was chosen as the handle with different operating conditions 

like changes in ambient temperature and altitude.  

4.4.1 Component Map 

The gas turbine engine is a modular designed engine. The most crucial 

turbomachinery component of the GT is the compressor, combustor and the turbine. 

These components are inter-related for the adequate performance of the gas turbine. 

In this research, the compressor maps are presented from the simulation result. The 

performance of the compressor was evaluated based on the dependence of pressure 

ratio and isentropic efficiency on the non-dimensional mass flow at different 

operating speed. 

The following are the governing equation for the performance parameters 

PR =
 𝑝𝑟2
𝑝𝑟1

 
(4-1) 

Where, 

PR=  Pressure ratio; pr2= Compressor Output Pressure; pr1= Compressor Inlet 

Pressure. 

𝐶𝑀𝐹 =
𝑊√

𝑇𝐴
𝑇𝐴𝐼𝑆𝐴

 

𝑃𝐴
𝑃𝐴𝐼𝑆𝐴

 

 (4-2) 

Where, 

CMF – Corrected mass flow;  

W- Inlet mass flow 

TA- Compressor inlet Temperature 
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TAISA- Compressor Inlet Temperature at ISA condition 

PA- Compressor Inlet Pressure 

PAISA- Compressor Inlet Pressure at ISA Condition 

PCN =
𝑁√

𝑇𝐼𝑆𝐴 𝑆𝐿𝑆
𝑇𝐴

 

𝑁𝐷𝑃√
𝑇𝐼𝑆𝐴 𝑆𝐿𝐴
𝑇𝐴𝐷𝑃

 

(4-3) 

Where, PCN- Non-dimensional Speed line 

4.4.2 Map scaling and Deteriorated mode of the engines 

The component maps are scaled in order to relate to a certain size of the component. 

Scaling of the components takes place during design point calculation that is, the first 

run. The calculated scaling factors are stored and applied to all subsequent off-

design point calculations.  

As explained in chapter 2, degradation in the gas turbine is natural during operation. 

Degradation occurs in the Compressor, Combustor and the turbine. Physical 

degradation is openly related to the deterioration of performance. When the engine 

begins to work for the first time, degradation starts from that time, which implies that 

degradation is a function of time. 

When degradation occurs, the component maps are changed completely. The effect 

of this degradation is felt on the reduction of isentropic efficiency and flow capacity 

in components, mainly the compressor and turbine. In TURBOMATCH application, 

isentropic efficiency and flow capacity vary in order to simulate the degraded 

component performance. Map scaling factors applicable in TURBOMATCH enable 

maps of degraded components to be simulated. In both the compressor and turbine, 

it is possible to change the pressure ratio, isentropic efficiency and mass flow. Rate 

of enthalpy change (DH/T) can still occur, though only for the turbine. The effects of 

these changes generally affect the overall performance of the engine like the shaft 

power output, thermal efficiency, fuel flow. Deterioration is introduced by reducing 

the scaling factors calculated in the design point. On the TURBOMATCH code, for 

1% deterioration, a factor of 0.99 is been introduced, hence subsequent reduction in 
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deteriorated value for a specific component follow the same trend. The engine model 

is shown in Appendix C.  

4.5 IGTA Performance Specification  

Having ascertained the criteria by which the gas turbine can be selected, it becomes 

crucial to select IGTA, which was inspired by the SGT 400 engine. Moreover, it is a 

two-spool engine with a useful output power of 13.4 MW for a mechanical drive. The 

system has an efficiency of 35.4% for operation in a simple gas-fired power. It also 

has a great power-to-weight ratio. The two-spool structure delivers excellent Speed 

and loads turndown characteristics to permit maximum flexibility of operation. When 

using for mechanical application, it drives the gas compressor directly. Gearbox 

connection is not necessary since the turbine speed ranges from 4800 rpm to 10000 

rpm. Figure 4-2 shows the schematic diagram of the IGTA 2-spool engine with a free 

power turbine. While Table 4-2 shows the performance specification of IGTA 

 

Figure 4-2 Schematic diagram of the IGTA 2-spool engine 

Table 4-1 shows the specified parameters of the modelled engines at ISA condition, 

while Table 4-2 shows the engine model accuracy at design point when compared 

with the OEM data. The design point result of the key performance parameters is 

shown on the table. With this result, the model is validated at DP.,The OD 

performance analysis can be carried out. 
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Table 4-1 Design point parameters of IGTA engine at ISA condition 

Parameters  Parameters Values 

1 Inlet mass flow (kg/s) 38.64 

2 Pressure ratio 16.8 

3 Shaft power (MW) 13.4 

4 Compressor efficiency (%) 87 

5 TET (K) 1440 

6 Combustor efficiency (%) 99.9 

7 Compressor turbine efficiency (%) 88 

8 Power turbine efficiency (%) 88 

Table 4-2 Performance validation of IGTA 

No Parameters Reference 
Website 

TURBOMATCH 
Result 

% 
Difference 

2 Thermal efficiency (%) 36.4 37 1.6 
4 Inlet mass flow (kg/S) 38.6 38.64 0.1 
5 Fuel flow (kg/S) 0.7653 0.7941 -3.8 
6 TET (K) - 1440 - 

At DP, the drawing of the compressor map was achieved using the variation in the 

corrected mass flow and pressure ratio The fort-3 result from TURBOMATCH 

simulation was used to plot the map as represented in Figure 4-3. A 3% reduction in 

flow capacity and isentropic efficiency was used to degrade the compressor. 
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Figure 4-3 IGTA Compressor map (PR vs CM) 

4.6 IGTA OD Simulation Result 

IGTA engine of 13.4 MW was subjected to various operating conditions such as 

variation in ambient temperature and altitude. Both operating conditions were 

investigated with the degraded conditions. The engine was modelled in a degraded 

mode with a 3% reduction in flow capacity and isentropic efficiency on the 

compressor component only. Again, different TETs as handle were examined during 

both the clean and degraded engine simulation. The TETs taken were between 

‘’1350K to 1500K’’ with an interval of 50K. Meanwhile, the DP TET for the IGTA 

engine is 14400C. The preliminary results are presented below. 

4.6.1 Effect of Ambient Temperature and Degradation 

The result of the clean engine was shown alongside with the degraded engine. The 

engine was subjected to a range of ambient temperature between ‘’100C to 400C’’. 

These range of temperature for the preliminary analysis were chosen because it 

covers the ambient temperature where the pipeline project is located. 

Figure 4-4 represents the impacts of ambient temperature and degradation on the 

shaft power of the engine at different fixed TET. The result shows that shaft power 

decreases with increase in ambient temperature. The reason is that the compressor 

does much work to compress hot air, which contributed to the overall shaft power 

reduction. Also, the density of the air reduces as temperature increases, which 

consequently reduced the air mass flow rate. In a precise term, the decrease in the 



 

113 

inlet air density as a result of elevated temperature means a decrease of mass flow 

into the turbine. Hence the reason for the reduction in power output. 

Also, from the result, the power of the engine increases with increasing TET. As 

degradation occurred, the power at a particular TET reduces. This is because of the 

reduced mass flow and component efficiency as a result of fouling. It is important to 

note that reduction in shaft power is as a result of fouling and variation in ambient 

temperature.  

It was observed that for the clean engine operating at different TETs (for example 

1400K) under varying ambient temperature that for every increase in 10C above the 

ISA, the engine shaft power reduced by 2.5%. However, when the engine was 

degraded (3% reduction in flow capacity and isentropic efficiency of the compressor) 

at the same operating condition, the shaft power reduced by 3.2%. The result further 

clarified the fact that even without degradation in the gas turbine engine, the shaft 

power of the engine can reduce at an elevated ambient temperature. The analysis 

also shows that the shaft power increases with increasing TET. Meanwhile, engine 

degradation reduces the engine power at various TETs as represented in Figure 4-4. 

Conclusively, the decrease in shaft power in a fouled engine is higher than the clean 

engines during operation.  

Figure 4-5 shows the effects of ambient temperature and degradation on the engine 

thermal efficiency. In this case, as the ambient temperature increases, the thermal 

efficiency reduces, this is because the temperature ratio is reduced as a result of the 

high compression work on the high-temperature day. It is noticed here that the 

thermal efficiency increases as the TET increases and the temperature ratio and the 

pressure ratio decrease further. Furthermore, due to the reduction in flow capacity 

and isentropic efficiency due to fouling, there was a further reduction in the thermal 

efficiency of the engine. The thermal efficiency decreases with decreasing TET. 

The result obtained also showed that the efficiency of the clean engine reduced by 

2% for 10C increase in the ambient temperature while the degraded condition 

reduced by 2.5% at the same operating condition. The result also clarified the fact 

that even without degradation in the gas turbine engine, the thermal efficiency of the 

engine can reduce at an elevated ambient temperature. The analysis also shows that 

the thermal efficiency increases with increasing TET. Meanwhile, engine degradation 
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reduces the engine thermal efficiency at the various TETs. Conclusively, the 

decrease in the thermal efficiency in a fouled engine is higher than the clean engines 

during operation.  

Figure 4-6 also indicates the effects of ambient temperature and degradation on fuel 

flow of the engine at different fixed TETs. The result shows that fuel flow reduces as 

the ambient temperature increases. At lower temperature, the engine was able to 

reach higher power output. Based on this reason, the fuel flow was higher at a lower 

temperature than in elevated temperature. Also, the fuel flow decreases because of 

the increase in the compressor outlet temperature as a result of the increase at inlet 

temperature. The fuel expected to heat the air to the required TET is reduced due to 

the increase in outlet temperature. The fuel flow becomes more reduced in the 

degraded engine than in the clean engine as shown in Figure 4-6. However, for the 

engine to maintain a required TET, the fuel consumption will be high at the expense 

of the engine life. 

The result obtained also showed that the fuel flow of the clean engine reduced by 

0.6% for 10C increase in the ambient temperature while the degraded condition 

reduced by 0.9% at the same operating condition. The result also affirmed the fact 

that even without degradation, the fuel flow of the engine can reduce at an elevated 

ambient temperature. However, the fuel flow increases with increasing TET while 

engine degradation reduces the fuel flow at the various fixed TET. It can also be 

concluded here that the decrease in the fuel flow in a fouled engine at a fixed TET is 

higher than the clean engines during operation. 

 

Figure 4-4 Effect of ambient temperature and degradation on shaft power 
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Figure 4-5 Effect of ambient temperature and degradation on thermal Efficiency 

 

Figure 4-6 Effect of ambient temperature and degradation on fuel flow 

4.6.1.1 Effect of Altitude and degradation on IGTA 

The effects of altitude on the gas turbine performance is represented in Figure 4-7 to 

Figure 4-9. 0m to 2000m was used in the model to investigate the effects of different 

altitude on the performance of the GT. Also, a 3% reduction in flow capacity and 

isentropic efficiency was implanted on the compressor component only.  

Figure 4-7 shows the influence of altitude and degradation on the engine shaft power 

at different TET. The result shows that power reduces as the altitude increases. Even 

if the temperature decreases as the altitude increases, it is evident that the power 

reduces at increasing altitude. The reason is that the ambient pressure decreases 

as the altitude increases, the drop in the inlet pressure results to the reduction in the 

mass flow, hence the reduction in shaft power as the altitude increases.  



 

116 

The result obtained showed that at a particular TET (e.g. 1400K) the shaft power 

decreases by 17.1% for the clean engine for every 500m elevation while the 

degraded condition reduced by 24.8% at the same operating condition. The result 

also affirmed the fact that even without degradation, the shaft power of the engine 

also reduces at high altitude. However, shaft power increases with increasing TET 

while engine degradation reduces the shaft power at the various TETs. On the other 

hand, due to the increasing overall pressure ratio, the combustor pressure does not 

experience much decrease like the mass flow. Therefore, the TET increases a little 

to maintain constant non-dimensional mass flow. It can also be concluded here that 

the decrease in the shaft power of a fouled engine at a fixed TET and high altitude is 

higher than the clean engines during operation. 

Figure 4-8 represents how the engine thermal efficiency behaves under different 

altitude and engine degradation. For gas turbine engine, thermal efficiency is a 

function of the pressure ratio and the temperature ratio, the trend increases as the 

altitude increases, the reason is that at a higher altitude, the temperature decreases 

which result to higher efficiency as the air gets colder. The result agreed with Pilidis 

[175] that says; gas turbine performs better in cold regions when compared with a 

hotter region. Meanwhile, the thermal efficiency increases as the TET increases. This 

happened because the temperature ratio and the pressure ratio increases further at 

an elevated TET. Although the thermal efficiency increases at increasing altitude, 

especially with increasing TET, yet, it reduces in the degraded condition. The 

reduction in the degraded condition indicates the lack of mass flow and a slight 

increase in temperature when the engine degrades. Based on this condition, the 

efficiency reduces when compared with the clean engine. 

Figure 4-9 shows the result of the fuel flow when operating under varying altitude. 

The fuel flow reduces as the altitude increases. The result is expected because of 

the reduction in shaft power as a result of the decrease in mass flow of the engine 

as the altitude increases. The fuel flow increases more at higher TET  

The result obtained also showed that the fuel flow of the clean engine reduced by 

4.1% for every 500m increase in elevation above the ISA condition while the 

degraded condition reduced by 7.4% at the same operating condition. The result also 

affirmed the fact that even without degradation, the fuel flow of the engine can reduce 
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at a high altitude of engine operation. However, the fuel flow increases with 

increasing TET while engine degradation reduces the fuel flow at the various TETs. 

It can also be concluded here that the decrease in the fuel flow in a fouled engine at 

a fixed TET and high altitude is higher than the clean engines during operation. 

 

Figure 4-7 Effects of Altitude on shaft power 

 

Figure 4-8 Effect of Altitude on thermal efficiency 
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Figure 4-9 Effects of Altitude on fuel flow 

4.6.1.2 Effect of Degradation on Engine Component Parameters 

In this section, analysing the off-design performance of the model, three conditions 

are been investigated,  

(i) Degradation of compressor only 

(ii) Degradation of the turbine only  

(iii) Degradation of both compressor and Turbine 

In these three conditions, the reduction in both the flow capacity and isentropic 

efficiency of the components are taken into consideration. Meanwhile, the analysis 

was investigated at constant TET of 1440K and ISA condition.  

In a way to investigate the potential impact and the various ways degradation can 

affect the operation of GT engines, various engine parameters like, shaft power, 

mass flow, efficiency, fuel flow and pressure ratio were investigated to the see the 

extent at which degradation can cause these parameters deviates from there DP. 

When Gas turbine engine is degraded, it is evident that these parameters will be 

affected.  

In all the three cases outlined above, 1-5% reduction in flow capacity and isentropic 

efficiency was implanted on the engine model in each case. Figure 4-10 represents 

the fouling of the compressor only. The result shows that for every 1% reduction in 

the flow capacity and isentropic efficiency, the shaft power reduces by 2.85%, fuel 
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flow reduces by 0.7%, pressure ratio reduces by 0.3%, efficiency and mass flow 

reduces by 2.2% and 0.33% respectively when compared with their DP values. 

Again, Figure 4-11 represents the degradation of the turbine only, and the result 

shows that for every 1% reduction in flow capacity and isentropic efficiency, the shaft 

power reduces by 3.7%, Fuel flow reduces by 0.95%, efficiency and mass flow 

reduces by 2.75%, and 0.89% respectively. It was observed that when only the 

turbine was degraded, the PR was 0.04 less than when only the compressor was 

degraded 

Accordingly, Figure 4-12 represents the degradation of both compressor and turbine. 

The result obtained revealed that the shaft power decreases by 6.45%, Fuel flow 

reduces by 1.7%, PR, Efficiency and mass flow reduces by 0.43%, 4.8% and 1.3% 

respectively. 

It can be concluded here that the degradation of the turbine has more effect on the 

engine than the compressor. However, when both compressor and turbine degrade, 

a significant reduction in the performance parameters is felt than when either the 

compressor or turbine degraded. 

 

Figure 4-10 Effects of compressor degradation on performance parameters 
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Figure 4-11 Effects of turbine degradation on performance parameters 

 

Figure 4-12 Effect of ‘’compressor and turbine’’ degradation on performance 

parameters 

4.7 IGTB Performance Specification 

IGTB was inspired by SGT-500 triple-shaft Industrial gas turbine based on the criteria 

on GT selection. This engine is a lightweight, rugged machine that produces high 

efficiency and has been in existence for many years now. The engine was designed 

for heavy oil operation under harsh conditions. SGT-500 is extensively used in power 

generation, marine as well as oil and gas industry, it could either be an offshore or 

onshore environment, floating or fixed. Because of its large capacious combustors 

and low firing temperature, the engine has the capacity to perform on a wide range 
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of fuels (gas and heavy fuel oils) particularly gases with a high content of hydrogen 

sulphide. 

Concerning its world-class start-up outstanding operational reliability, the engine is 

an excellent solution for emergency power application. Its low firing temperature 

enables the maintenance programme to be impressive. The engine is capable of 

delivering the required power for the gas compressor. The engine Schematic 

diagram is represented in  

Figure 4-13, while Table 4-3 shows the specified parameters of the modelled engines 

at ISA condition. Also,  

Table 4-4 shows the performance specification and validation for IGTB at DP. 

 

Figure 4-13 Schematic diagram of IGTB 3-spool engine 

Table 4-3 Design point parameters of the IGTB model at ISA condition 

Parameters  Parameters Values 

1 Inlet mass flow (kg/s) 96.75 

2 Pressure ratio 13 

3 TET 1300 

4 Shaft Power (MW) 19.3 

5 Combustor efficiency  0.999 

6 Compressor turbine efficiency  0.88 
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7 Power turbine efficiency  0.88 

 

Table 4-4 IGTB Model Validation at DP  

No Parameters Reference 
Website 

TURBOMATCH 
Result 

% Difference 

2 Thermal efficiency (%) 34.2 34.3 0.29 
5 Fuel flow (kg/S) 1.1521 1.1345 1.53 
 Mass flow (kg/S) 96.73 96.75 0.02 
6 TET(K) - 1300 - 

4.7.1 IGTB Compressor Map  

Figure 4-14 and Figure 4-15 shows the compressor map for IGTB inspired from SGT 

500 engine, indicating the clean and the degraded engine during operation. It is 

important to note that IGTB is a triple shaft with a free power turbine. With this 

configuration, it has both low pressure (LP) and high pressure (HP) compressor as 

indicated in Figure 4-14 and Figure 4-15, respectively. 

The results indicate the map for the LP and HP compressor with the running line, 

surge line and various engine rotational speeds. Meanwhile, a 3% reduction in flow 

capacity and efficiency was used to degrade the compressor. The key performance 

parameters that are plotted against each other is the pressure ratio and isentropic 

efficiency against the corrected mass flow (CMF) of the component showing a range 

of non-dimensional speeds. (In some cases, it is represented as a fraction of the 

highest non-dimensional speed, PCN).  

From the simulation result, it was obvious that as the compressor speed increases, 

the mass flow increases accordingly as well as the pressure ratio. As the pressure 

ratio continues to increase at each of the non-dimensional speed, the engine will 

experience a geometry change. A point will reach when the mass flow will fall slightly 

and eventually reach a point where the blade of the compressor cannot produce 

more pressure ratio without stalling. The compressor will then ‘’surge’’ as shown in 

Figure 4-14 and Figure 4-15. The compressor cannot perform its operation at a 

pressure ratio above this point. Generally, as indicated on the curve, as the non-

dimensional speed increases, the curves become steeper and ultimately vertical.  
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Conclusively, compressor degradation causes a shift in operating point on the 

characteristic map. It is seen that the corrected mass flow and pressure ratio of the 

degraded compressor is lower in comparison with the clean engine. Generally and 

more importantly, from Figure 4-14 and Figure 4-15, at a particular non-dimensional 

rotational speed and pressure ratio, the corresponding CMF can be deduced. Also, 

with a given PCN and CMF, the corresponding pressure ratio can be deduced from 

the map. Having a good knowledge of component map of GT engines will help 

operators and the industry in general to know the actual behaviour of the engine at 

various operating conditions taking into account the potential impact of engine 

degradation on the engine surge line 

 

Figure 4-14 IGTB LP Compressor map (PR vs CMF) 

l  

Figure 4-15 IGTB HP Compressor map (PR vs CMF) 
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4.7.2 The Impact of Degradation on the Deviation of engine 

Parameters from their DP 

Figure 4-16, Figure 4-17 and Figure 4-18 show when the engine parameters by the 

degradation of ‘’Compressor’’, ‘’Turbine’’ and both ‘’Compressor and turbine at 

constant TET in an ISA condition deviates from their DP. It should be noted here that 

in all the three cases, 1-5% reduction in flow capacity and isentropic efficiency was 

implanted on the engine model. Figure 4-16 represents the fouling of the compressor 

(LPC and HPC). The result shows that for every 1% reduction in the above 

degradation indices, the shaft power reduces by 3.6%, fuel flow reduces by 2.1%, 

pressure ratio reduces by 2.25%, efficiency and mass flow reduces on the engine 

characteristic curve by 1.4% and 2.1% respectively when compared with their DP 

values. 

In addition, Figure 4-17 represents the degradation of the turbine (LPT and HPT) 

only and the result shows that for every 1% reduction in flow capacity and isentropic 

efficiency implanted on the model, the shaft power reduces by 4.1 %, Fuel flow 

reduces by 1.54%, pressure ratio, mass flow and efficiency reduces by 1.6%, 2.18% 

and 1.9% respectively. 

Accordingly, Figure 4-18 represents the degradation of both compressor and turbine. 

(LPC, HPC, LPT and HPT) The result here indicates that the shaft power decreases 

by 7.35%, Fuel flow reduces by 3.71%, Pressure ratio, Efficiency and mass flow 

reduces by 4.2%, 4% and 4.7% respectively. 

It can be concluded here that the degradation of the turbine has more effect on the 

engine than the compressor. However, when both compressor and turbine degrade, 

a significant reduction in the performance parameters is felt than when either the 

compressor or turbine degrade. 
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Figure 4-16 Effects of Compressor degradation on engine parameters 

 

Figure 4-17 Effects of turbine degradation on engine parameters 

 

Figure 4-18 Effects of both ‘’compressor and turbine’’ degradation on engine 

parameters 
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4.8 IGTD Performance Specification 

IGTD was inspired by GE LM 1600. The General Electric for Land and Marine (LM 

1600) is a simple cycle three-shaft high-performance industrial gas turbine engine, a 

derivative of the F404 aircraft engine series. The three-shaft Industrial gas turbine 

was selected based on the outlined criteria. This engine is characterised with 

lightweight and low fuel consumption over a wide-ranging operation. Beside its 

marine application capability, its usefulness is also seen in the area of power 

generation, offshore platform power and pipeline compression system. The engine 

also operates in the steam injected configuration or the simple cycle. IGTD gas 

turbine consists of a double rotor generator and coupled with a power turbine 

aerodynamically. The engine has three-stage low-pressure compressor, seven 

stages high-pressure compressor, a combustor, single-stage high and low-pressure 

turbines and a power turbine configuration. The gas generator is attached with the 

power turbine through a transmitting duct while the double concentric gas generator 

shafts connect the low and high-pressure compressor and turbine rotors.  

Table 4-5 shows the specified parameters of the modelled engines at ISA condition, 

while  Figure 4-19 shows a schematic diagram of IGTD. Also,  

Table 4-6 indicates the design point simulation result in comparison with the reference 

public domain values from the OEM. 

 

Figure 4-19 Schematic diagram of IGTD 3-spool 

Table 4-5 Design point parameters of IGTD engine model at ISA condition 

Parameters  Parameters Values 

1 Inlet mass flow (kg/s) 45.86 
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2 Pressure ratio (PR) 22 

3 Compressor efficiency 0.87 

4 Compressor efficiency 0.87 

5 Shaft power (MW) 15.2 

6 TET (K) 1550 

7 Combustor efficiency  99 

8 Compressor turbine efficiency  0.88 

9 Power turbine efficiency 0.89 

 

Table 4-6 Performance validation of IGTD 

No Parameters Reference 
Website 

TURBOMATCH 
Result 

% Difference 

2 Thermal efficiency 38 38.1 0.263157895 

4 Inlet mass flow (Kg/S) 45.86 46 0.30527693 

5 Fuel flow 0.8501 0.8751 2.940830491 

6 TET - 1550 - 

     

IGTD LP and HP compressor map are represented in Figure 4-20 and Figure 4-21, 

respectively. The compressor maps were drawn using the variation in mass flow, PR, 

and efficiency also with constant rotational speed. The same operational principle as 

explained for other engines above 
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Figure 4-20 IGTD LP compressor map 

 

Figure 4-21 IGTD HP Compressor map 

4.9 Conclusion 

The selection and modelling of the gas turbine have been carried out in comparison 

with the OEM reference site. Twin shaft IGTA, three-shaft IGTB  twin shaft IGTC and 

three shafts IGTD aero-derivative engines have been analysed and validated for the 

gas transportation. The thermodynamic models of the selected engines were 

developed based on the inspired engine DP data available at the public domain. The 

effects of varying ambient temperature and altitude on the performance of the 

engines have been analysed and presented. 

The simulation of both the clean and degraded engine was carried out using different 

operating conditions. The analysis helps to investigate the effect of degradation on 

the overall performance of the engine. Investigation of both the clean and degraded 

engine on their performance parameters at variable TETs when 3% reduction in flow 

capacity and isentropic efficiency was implanted into the model has been presented. 

Again, making the TET as handle at various ambient temperatures with 3% reduction 

in flow capacity and isentropic efficiency has been analysed and presented in this 

chapter. Also, the compressor map has been produced in order to understand the 

operation of the engine. Furthermore, 1-5% reduction in flow capacity and isentropic 

efficiency was implanted into the model at constant TET and ISA condition. The result 

of how the performance parameters (shaft power, efficiency, fuel flow, PR.) deviated 

from their DP at each of the percentage drops is presented. In this preliminary 
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analysis, three conditions of engine operation were analysed:(i) How much the 

performance parameters deviated from their DP when only the compressor was 

degraded (ii) how much deviation occurs when turbine alone was degraded and (iii) 

How much deviation occurs when both ‘’Compressor and Turbine’’ was degraded 

together. It is important to have adequate knowledge on the selection and operation 

of GT for a specific application. Taking into account the potential impacts of 

components degradation during operation will help safeguard the industry on the 

engine limit of operation. Some OD performance result is shown in Appendix D 

Meanwhile, in the subsequent chapter, the timed-based ambient temperature profile 

and the annual degradation in a broader range will be used to analyse the operation 

of the engines in the area where the natural gas pipeline is located. 
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5 Influence of Degradation on GT usage and emission 

evaluation  

5.1 Overview 

This chapter is divided into two sections. Section one presents the influence of time-

based ambient temperature and degradation in determining the number of engine 

usage in each compressor station at a controlled TET. Section two presents the 

evaluation of GT emission using some empirical model equation. It also discussed 

and presented the emission tax based on the influence of the time-based ambient 

temperature and degradation. 

5.2 The Influence of Degradation in determining the number of 

Gas Turbine usage on the Pipeline application 

5.3 Introduction 

How long the GT engines can be kept in service safely during the project life amid 

harsh ambient temperatures and degradation without losing its salvage value has 

become a growing concern with the compressor station operators. The reason is that 

GT engines for natural gas transportation are always allowed to run for an extended 

period due to its economic benefits., 

The major issue with GT turbine operation besides its advantages is usually the effect 

of the changes in ambient temperature and degradation, particularly in a dry and hot 

region like Nigeria where the ambient condition has been considered in this research 

on the overall performance of the engine[96]; [176].  

Replacing a deteriorated engine is indeed a huge loss to the industry economically. 

One solution to solve this problem is to apply a life extension strategy for safely 

extracting maximum usage of the procured engines on the natural gas pipeline by 

investing or predicting the actual number of GTs that can serve the entire project life 

without altering the initial pipeline design. This implies that the initial number of the 

gas compressor (GC) for a particular compressor station remains unchanged from 

the initial design while taking the ambient condition and degradation of the prime 

mover into account.  
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The predicted number of engines will serve the entire period of the project. Therefore, 

this section of the research considers how the impacts of degradation and time-

based ambient condition will affect the selected engine performance as well as its 

influence on the number of the GT engines to be used in a compressor’s station over 

the entire life of the project. 

Therefore, this section considers how the impacts of timed-based ambient condition 

and degradation (fouling) will not only affect the engine performance but how it can 

influence the number of the gas turbine to be used in a compressor’s station over the 

entire life of the project at a controlled turbine entry temperature (TET). This section 

also addressed the condition where engine overhaul is implemented after three years 

interval and since the overhaul cannot restore the engine to 100% clean condition, 

the accumulation of the unrestored degraded condition after each maintenance cycle 

affected the limit set on the TET of the engine hence the need to acquire more 

engines which certainly will run on part load to cushion the effect of accumulated 

unrecovered degradation after routine overhaul. This will enable the engine to meet 

up the project life, and the set limit on the TET is not exceeded. 

It is interesting to note that after the project life, these GT engines can still be divested 

through sales, unlike the case where the engine will be allowed to deteriorate 

ultimately, and the operator will go for for a replacement.  

5.3.1 Implementation of Routine Overhaul on the GT Engine 

Three years overhaul interval is applied in this section of the research, and this forms 

the baseline case of this research. With time as the recovery process continues the 

engine life may be in danger based on a fixed TET of the engine. Hence the need to 

acquire additional engine that will run on part load to cushion the effect of 

accumulated unrecovered degradation due to time of operation. With this approach, 

the engine can meet up the project life while keeping the TET within its set limit with 

the mind that time-developing engine operation is characterised by engine 

performance deterioration 

Based on the literature, the implemented overhaul cannot restore the engine to 100% 

clean condition. Therefore, the accumulation of the unrestored degraded condition 
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after each maintenance cycle affected the limit set on the turbine entry temperature 

(TET). This was accounted for in this chapter.  

5.4 Methodology 

The methodology and the flow of the framework as applied in this section are 

presented in Figure 5-1. From the flow of the framework, the capacity and the 

number of GT engines were selected and modelled in TURBOMATCH based on the 

highest power of the gas compressor in each compressor station for the different 

season  

 

Figure 5-1 Methodology to determine the number of GT at various CS 

Three seasons (rainy, dry and hot season) of the region (Nigeria) where the project 

was investigated was considered in this research. The average ambient temperature 

profile of the 18 compressor stations of the natural gas pipeline was obtained with 

respect to the threes seasons of the year, as presented in Figure 3-1 to Figure 3-3 

in chapter 3. These ambient temperatures represent the average temperature for 

each season with respect to time of day. 
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The modelling and performance simulation, including the degradation (fouling) of the 

mixed fleet’s industrial gas turbine, was carried out using TURBOMATCH with shaft 

power as the handle. The developed code for each season up to 30 years has 

different levels of degradation implanted for each season of the year. The code also 

has the implementation of overhaul at three years interval as presented in Appendix 

E. The code was modelled with respect to three scenarios (optimistic, medium and 

pessimistic) including the clean condition as represented in Figure 5-1. These 

scenarios define the level of degradation of the engines, which are discussed in 

section 5.4.2 of this chapter.  

5.4.1 Estimation of Number of GTs to be used for each CS 

The engine is expected to run on higher TET due to high ambient temperature and 

degradation with fixed shaft power. The effect of higher TET as the engine would 

continue to run on constant power was a concern in this research. To help the engine 

work to its efficient capability and to ensure that the life of the project is maintained, 

increasing the number of the gas turbine in each station due to the impact of the 

ambient condition and degradation with the existing pipeline design become very 

imperative with a fixed GT shaft power. The engine TET was set not to exceed 60K 

above the DP value during operation. The TET was so fixed such that irrespective of 

the adverse effect of engine degradation in addition with the harsh ambient 

temperature, at least one-eighth of the entire life of the engine can still be available 

for the engine based on the study of Gad-Briggs et al. [170] 

Figure 5-2 illustrates the modelled engined at constant shaft power. The TET 

increases as degradation increases with time of engine operation. The choice of 

fixing the 60K above the DP was reasonable but was chosen arbitrarily. Besides the 

reason stated above, putting the TET limit below this value may not enable the 

engine to work for the required period, taking into account the worst degraded 

condition (pessimistic scenario) of the engine operation. However, a different value 

of TET constraint can easily be accommodated by the model considering the 

condition of the engine operation. 
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.  

Figure 5-2 Constant GT power with increasing degradation with time 

From the illustration in Figure 5-1, If the engine operates for a particular time, and 

the 60k of the TET above the DP is exceeded, it means that another engine of the 

same fleet needs to be added. The additional engine will enable all the engine fleet 

to operate on a lower shaft power. Operating the engine on lower power settings will 

help to reduce the TET, thereby maintaining the engine within the specified TET. 

Equation (5-1) gives the developed formula that can evaluate the actual power of the 

GT engine during the successive engine addition and the corresponding number of 

the engine that can conveniently serve the gas compressor power requirement for 

each CS throughout the project life. It should be noted in this equation that the 

required GT power for operation is inversely proportional to the number of GT per 

station. This implies that as the number of GT increases, the shaft power of the 

individual GT reduces and the summation of the reduced shaft power of the GT 

based on the actual number in each compressor station will serve the power 

requirement of the GC. Meanwhile, the original pipeline design remains the same 

even at the case of additional GT engine. 

  𝐺𝑇𝑝 =
𝑁𝐺𝐶 ∗ 𝐺𝐶ℎ𝑝

𝑁𝐺𝑇
 

(5-1) 

Where, 

            𝐺𝑇𝑝 = 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐺𝑇 𝑃𝑜𝑤𝑒𝑟 operational for each CS 

            𝑁𝐺𝐶 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝑎𝑠 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑝𝑒𝑟 𝑆𝑡𝑎𝑡𝑖𝑜𝑛 

𝐺𝐶ℎ𝑝 = 𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝐺𝐶 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑠𝑒𝑎𝑠𝑜𝑛 𝑎𝑛𝑑 time of the day in each CS  

             𝑁𝐺𝑇 = Number of GT per station 
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Having achieved the power and the number of GT engine to be used for the CS, at 

a particular year with the continual operation, the engine TET increases above the 

limit due to elevated temperature and degradation, thus, resulting to the addition of 

an extra engine with the achievement of resultant new engine power. This new power 

of the engine will be used to produce another engine model for a new simulation. 

The TET may still go higher after some time of operation due to the effect of elevated 

temperature and the unrecovered degradation at constant power operation until a 

stable point where the operational TET cannot be 60K above the DP TET.  

This engine addition becomes necessary as it enhances continues operation and 

serves as a palliative measure to improve the life and performance of the GT for 

uninterrupted gas supply to the consumer and also to preserve the salvage value of 

the engines amid harsh ambient temperature and degradation. 

For instance, in station 2, the highest power of the GC is 12,606kW, and all the 

compressor stations were assumed to have 4 GT per station on the bases of parallel 

connection with each GT engine having a DP power and TET of 15,200kw and 1550K 

respectively. Running four (4) GT connected to the 4GC for the hot season with the 

implanted degradation as represented in Equation (5-2), the TET limit of 60K was 

exceeded when the operational TET reached up to 18760k when compared with the 

DP TET. It therefore, means that additional engine will be needed as shown in 

Equation (5-3).  

Power of GT to be used  (𝐺𝑇𝑝)  = 
4∗12606

4   
= 

50424

4
= 12.606 𝑀𝑊 (5-2) 

Power of GT to be used = 
𝐺𝐶𝑃

𝑁𝐺𝑇   
= 

50424

5
 = 10.085MW  (5-3) 

Therefore, 10.085 MW becomes the new power requirement that five gas turbine will 

be operating on for the very compressor station. If the engine continues operation 

and at a particular year the engine TET increases above the limit, an additional 

engine will be added, and the new power of the engine will be achieved. This new 

power of the engine will be used to produce another engine model for a new 

simulation. With this procedure, the stability of TET can be reached until the engine 

is overhauled where the engine will be assumed almost clean. 
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5.4.2 Engine Degraded Scenarios under Investigation 

It is already established that the GT engine degrades with time. These degradations 

are mostly intensified with high ambient temperature. Different seasons of the year 

produces various ambient temperatures that differ from one another. The 

temperatures of the different seasons as already shown in Figure 3-1 to Figure 3-3 

and different levels of degradation are taken into consideration in this research. 

These are considered not just for the performance investigation of the engines only 

but also to investigate the impacts of engine degradation on emission generation as 

well as the economic investigation of the combined effects of time-based ambient 

temperature and degradation on the economics of natural gas pipeline investment.  

There are four scenarios to be examined in each season of the year in this research. 

These scenarios define the level of engine degradation besides the clean engine 

condition. The different levels of degradation in each season of the year are referred 

to as optimistic (opt), medium (med) and pessimistic (pess) in comparison with the 

clean condition. These are explained below 

Clean Scenario 

The clean scenario of this research is the condition where the engine was assumed 

to work throughout the project life without degradation. This condition assumes that 

both the fuel consumption and maintenance cost of the engine is equal in each 

season of the year and throughout the operation time. Only the effect of ambient 

temperature was felt in the analysis. Many researchers based their economic 

investigation on this scenario.[18]; [152].  

Optimistic Scenario 

These were the lower range of degradation implanted on the engine model in each 

season of the year when compared with other degraded scenarios. This implanted 

degradation covers the entire project life. As earlier explained, these scenarios take 

into account the various seasons of the year. The assumption here was that the 

engine performance, especially on the fuel consumptions and maintenance, are not 

the same in each season of each year. It varies from one year to another. This 

phenomenon was applied to all degraded scenarios.  
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Medium Scenario 

These are also a range of degradation that is higher than the optimistic scenario 

implanted on the engine model. These ranges were implanted in various seasons of 

the year throughout the project life. 

Pessimistic Scenario 

These were the highest values of degradation (worst case) implanted on the engine 

model in each season of the year compared to all other scenarios. In all the 

scenarios, their impacts on both the technical and economic investigation of the 

pipeline project were carried out. 

5.4.3 Consideration and Summary of Implanted degradation in each 

Season 

Three degraded scenarios were implanted on the engines model, and three of the 

degraded scenarios were examined for each season (winter, dry and hot season) of 

the year for thirty years. Since the project life was thirty years, a routine overhaul was 

considered after three years interval as represented in Figure 5-3 to Figure 5-5. 

Meanwhile, the various years of engine operation have different values of 

degradation with respect to industrial practice and literature for thirty years. 

Figure 5-3 to Figure 5-5 showed the percentage values of degradation implanted for 

each scenario for the different seasons of the entire project life. In the winter season, 

optimistic ranges from 0.25% to 2.65%, medium ranges from 1.25% to 3.65% and 

Pessimistic ranges from 2.25% to 5.01%. Also, in the dry season, the implanted 

degradation for optimistic ranges from 0.5% to 2.9%, Medium ranges from 1.5% to 

3.9% while Pessimistic ranges from 2.5% to 5.26%. Finally, in the hot season, 

optimistic ranges between 0.75% and 3.15%, the medium is between 1.75% and 

4.15% while pessimistic ranges between 2.75% and 5.51%. An interval of 0.75% 

between each year of the season before and after overhaul was assumed until thirty 

years of project life. Also, an interval of 1% between each scenario per season was 

assumed. These values were used to reduce the flow capacity and isentropic 

efficiency of both the compressors and the turbines. This assumption was made 

based on literature and industrial practices. Meanwhile, the values of the yearly 

implanted degradation are shown in the appendix E. The result from these implanted 
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degradation based on the scenarios under investigation will form the baseline data 

for the pipeline economic investigation. 

 

Figure 5-3 Implanted level of degradation for the winter season 

 

Figure 5-4 Implanted level of degradation for dry season 

 

Figure 5-5 Implanted level of degradation for the hot season 

Engine overhaul was considered for every three years to maintain the engine for 

project life. Considering the implanted overhaul in Figure 5-3 to Figure 5-5, as the 

engine continues operation after each segment of an overhaul, the unrecovered 
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degradation increases as the year increases also, showing that there are 

unrecovered degradations which increases with additional maintenance cycle. The 

implanted overhaul with the trend of unrecovered degradation is showing in year 4, 

7, 10, 13, 16, 19, 22, 25 and 28. It also affects other years. This agrees with Beal 

[47], which stated that ‘’only part out of the total degradation is reinstated in the 

maintenance process resulting in an engine returned to service with a reduced level 

of performance’’. However, the percentage of unrecovered degradation was not 

mentioned. In this research, unrecovered degradation after each maintenance cycle 

(overhaul) for the winter season was assumed to increase between 0.035% to 

0.39%. The dry season was between 0.05% to 0.415%, while the hot season 

increases between 0.053% to 0.433%. The percentage of unrecovered degradation 

for each season stated above covers for all the scenarios under investigation. As the 

engine continues operation after each segment of an overhaul, these unrecovered 

degradation increases with additional maintenance cycles until all the assumed un-

recovered values are utilised. It was also assumed that each season has an equal 

length of time.  

The assumption for the optimistic, medium and pessimistic was based on literature 

and industrial practices as seen in gas turbine handbook[177], Naeem at.el [86], 

Rainer et al.,[178], and Meher-Homji et.al.,[179] 

5.4.4  Gas turbine placement to each Compressor station 

Table 5-1 Showed the various engines distributed to all the eighteen compressor 

stations based on the GC power requirement as represented in each season of the 

year after the simulation of the engine at the clean condition. Each of the GT engines 

has its different power settings. All their respective shaft power and the number of 

the engines in each station for the various seasons of the year are clean conditions 

only, as shown on the table.  

The variation in the different settings of the GT is due to the different power 

requirement of the GC because of the difference in ambient temperature. From the 

table, IGTA1 and IGTA2 are the same two-shaft engine that was attached to 

compressor station 1 and 18, respectively. IGTB1 and IGTB2 are the same three-

shaft engine that was attached to compressor station 2 and 14. Also, IGTC1, IGTC2, 

IGTC3, IGTC4, IGTC5, IGTC6, IGTC7, IGTC8, and IGTC9 are the same three-shaft 
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engines attached to station 3, 4, 5, 6, 7, 11, 12, 13 and 15 respectively. Finally, 

IGTD1, IGTD2, IGTD3, IGTD4, and IGTD5 are also the same three-shaft engines 

attached to station 8, 9, 10, 16 and 17 respectively. 
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Table 5-1 Gas turbine engines attached to each compressor station 

 

It is imperative to state that the matching mode of the GT engine is such that, at the same time interval, the engine TET for a particular 

scenario is constant to give the power requirement of the GC. However, The TET for a scenario with less number of the engine will 

be higher than the scenario with a higher number of the engine. This is because, as the number of the engines increases, the shaft 

power of the engine for a particular station decreases and the combination of this engine power will serve the power requirement of 

the gas compressor.  
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It is imperative to state that the matching mode of the GT engine is such that, at the 

same time interval, the engine TET for a particular scenario is constant to give the 

power requirement of the GC. However, The TET for a scenario with less number of 

the engine will be higher than the scenario with a higher number of the engine. This 

is because, as the number of the engines increases, the shaft power of the engine 

for a particular station decreases and the combination of this engine power will serve 

the power requirement of the gas compressor.  

5.5 Result and Discussion 

5.5.1 Turbine Entry Temperature (TET) Profile Map (Conjugate Map) 

Since the creep life and risk issue of the engine is hinged on the Turbine Entry 

Temperature (TET), the TET profile conjugate map that matched with the number of 

gas turbine engine used for the project life was produced. The TET conjugate map 

is the time-based TET profile result from the different number of engines after 

simulation. The results helped to ascertain the number of GT to be used for each 

season of the year and with respect to each scenario under consideration. The map 

was produced such that, if the engine is running in each season of the year with 

respect to the time of day and the set limit of 60K TET above DP is exceeded, another 

engine of the same fleet but with lower power setting will be added. The previous 

and the additional engines will be allowed to run on part load thereby making the 

engines to run on a lower TET. The new TET that the engine is operating on will be 

lower than the previous one. If it continues again in the subsequent years after 

overhaul, and the fixed operational TET is exceeded, another engine of the same 

fleet with lower power setting will be added. This exercise will continue until a stable 

TET value for a particular number of the engine is maintained for the project life. The 

achieved number of engines that satisfies the condition of operation will serve the 

entire life of the project. So, the variation of TETs as a result of the different number 

of engines used for the entire period was mapped together (TET conjugate map) to 

show the different number of engines used for each year with respect to time of day. 

So the result was obtained with different power settings based on the fixed operating 

conditions. This is evidently shown in Figure 5-6 to Figure 5-15.  
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Figure 5-6 shows the simulation result for IGTD illustrating when the TET limit was 

exceeded in all the years for using 4GTs throughout the operation for the pessimistic 

scenario. The engine DP TET was 1550K, and with this value; the operational TET 

was not supposed to exceed 1610K. However, after the simulation with 4GTs, none 

of the values of TET can be used for further analysis as almost all the TET exceeds 

the limits of 60K above the engine DP. The TET reached up to 1878K from the DP 

value of 1550K. This implies that this engine cannot survive until the end of project 

life. Hence the need for additional engines. This illustration is made in order to get 

an insight into how the TET could be high in a degraded condition and also strike a 

balance on how a conjugate TET map is produced. It is important to state that this 

evaluation applied to all the engines used in each CS and all engines exhibit the 

same result. 

 

Figure 5-6 TET Profile for the pessimistic scenario without TET limit 

5.5.2 Analysis of the Compressor Station TET profile based on 

Season’s of the Year 

Only station two TET profile map for all the seasons was analysed and presented in 

this chapter. The reason is that the methods and results of other compressor stations 

follow the same pattern. It is important to state that all the three degraded scenarios 

(opt, med, and pess) including the clean condition was analysed in each season of 

the years for thirty years of project life. Meanwhile, TET profile map for the various 

CS, which help in determining the actual number of GT in each CS was evaluated 

and the results for all stations and their respective seasons are presented in this 

chapter.  
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5.5.2.1  TET Profile Map for Rainy Season 

From Table 5-1, CS 2 has the engine TET and shaft power DP to be 1550k and 

15.2MW, respectively. This implies that the operational TET cannot exceed 1610K 

based on the operational constraint as represented in Figure 5-1. Again, every 

change in shaft power as a result of an increase or decrease in the number of engines 

result to TET increase or decrease, and this power setting must be fixed in the 

modelling or re-modelling process. This will enhance accurate conjugate map and in 

turn, produce the required number of engines in a particular station after satisfying 

the condition. The map shows the various TETs of different engine power settings 

with respect to time of day.  

Figure 5-7 to Figure 5-15 showed the TET profile map from 5, 6 and 7GTs used for 

both the optimistic, medium and pessimistic scenarios with the clean condition in the 

rainy season. Figure 5-7 shows the time-based TET profile map for the optimistic 

scenario in the rainy season. The result showed that from year 1 to year 30, five GTs 

were used for the compression station since the TET limit was exceeded when 4GTs 

were used. For this season, an overhaul was implemented after three years 

periodically for the thirty years of project life as shown in year 4, 7, 10, 13, 16, 19, 

22, 25, and 28. So it was observed here that as the year increases, the TET increases 

also, but the TET limit was not exceeded. The curve also indicated that at fixed 

power, as degradation increases with time, there is a corresponding increase in TET.  

Figure 5-8 represents the Timed-based TET profile map for the medium scenario in 

the rainy season. The result showed that with respect to time of day, five GTs were 

used from year 1 to year 29 while year 30 used six GTs as the TET was exceeded. 

As it is seen on the curve, the TET for year 30 dropped because of the use of six GT. 

Again, Figure 5-9 shows the TET profile conjugate map for the pessimistic scenario 

in the rainy season. It was observed here that year 1,2, 4, 5, 7, 8, 10, 11, 13, 14, 16, 

19, 22, 25 and 28 used five GTs while the rest of the years used 6 GTs for the project 

life. It should be noted that it was based on the fact that the operational constraint 

was exceeded at a particular period of the season (Time of the day) that gave 

allowance to the use of additional GTs. The arrows in Figure 5-7 and Figure 5-8 

indicates reduced and increasing TET due to increasing and reducing numbers of 
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GT respectively, including the effect of engine overhaul. This applies to all the TET 

profile map 

Summarily, for fixed power operation, within an ambient temperature of 17.450C to 

19.950C, and with 2.65% degradation (reduction in flow capacity and isentropic 

efficiency of the turbomachinery), the result shows that the TET increases by 6.04% 

when compared with the clean condition. This highlights the need for performance 

augmentation to improve the life of the engine by reducing the TET and 

consequently, fuel flow.  

 

 

Figure 5-7 TET Profile map for optimistic scenario (Rainy season) 

 

 

TET lines of increasing 
degradation as the year 
increases 

 

TET lines for the clean 
and years of overhaul 
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Figure 5-8 TET Profile map for medium scenario (Rainy season) 

 

 

Figure 5-9 TET Profile map for pessimistic scenario (Rainy Season) 

 

 

 

It was also shown that overhaul was implemented in year 4, 7, 10, 13, 16, 19, 22, 25, 

and 28 for the scenarios under consideration. This was applied to all the scenarios, 

as explained above. 

5.5.2.2 TET Profile Map for Dry Season 

Figure 5-10 showed the timed-based TET profile for an optimistic scenario in the dry 

season. The result showed that 5 GTs were used from year 1 to year 30. Overhaul 

implementation was done in year 4, 7, 10, 13, 16, 19, 22, 25, and 28. The result also 

indicated that at fixed power, as the engine degradation increases with time, there 

was a corresponding increase in TET also.  

Figure 5-11 shows a time-based TET profile map for the medium scenario in the dry 

season. The result showed that at year 18, 21, 24, 27 and 30, six GTs were used 

while the rest years used five GTs as shown on the curve. Again, an overhaul was 

implemented in year 4, 7, 10, 13, 16, 19, 22, 25, and 28. So, the TET drop on the 

curve indicates where the power settings were low as a result of additional engines. 

This is because, as the number of GT increases, the TET reduces due to part-load 

Reduced TET due to part-load 

operation as a result of 
increasing number of GT 

TET lines for the clean 
and years of overhaul 



 

148 

operation in accordance with equation (5-1). This is applicable to all the scenarios 

where the TET limit exceeded the condition of operation. Figure 5-12 also shows the 

TET profile for the pessimistic scenario in the dry season. The result indicated that 

year 3, 6, 8, 9, 11, 12, 14, 15, 17, 18, 20, 21, 23, 24, 26, 27, 29 and 30 used TET 

values from six GTs while year 27 and 30 used seven GTs as shown on the curve. 

The rest year used five GTs. Implementation of the overhaul was also done in year 

4, 7, 10, 13, 16, 19, 22, 25, and 28. 

 

Figure 5-10 TET Profile map for optimistic scenario (dry season) 

 

Figure 5-11 TET Profile map for medium scenario (Dry season) 
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Figure 5-12 TET Profile map for pessimistic scenario (dry season) 

5.5.2.3 TET Profile Map for Hot Season 

This season shows the highest temperature values with a corresponding high 

degradation. The reason is that the ambient temperature and engine degradation 

increases from rainy to the hot season.  

Figure 5-13 showed the timed-based TET Profile map for the optimistic scenario in 

the hot season. The result showed that all the years used the TET values from five 

GTs except at year 30 that six GT was used. So the engine will be saved to use 6 

GTs at year 30. Figure 5-14 shows the time-based TET profile map for the medium 

scenario in the hot season. The result showed that year 3, 5, 6, 9, 12, 15, 18, 20, 21, 

23, 24, 26, 27, 29 and 30 used the TET from six gas turbine. As indicated on the 

curve, this scenario used a mixture of 5, 6 and 7 GTs throughout the project life. 

Figure 5-15 shows the TET profile map for pessimistic scenarios in the hot season. 

Year 2, 3, 5, 6, 8, 9, 11,12 , 14, 15, 17, 18, 19, 21, 23, 24, 27, 29 and 30 uses both 

mixture of six and seven GT. Particular, year 15, 18, 21, 24 , 27, 29 and 30 used 

seven gas turbine. Year 4, 7, 10, 13, 16, 19, 22, 25, and 28 is the year of engine 

overhaul where both the clean, optimistic, medium and pessimistic scenarios used 

5GTs throughout the project life of this season.  
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Figure 5-13 TET Profile map for optimistic scenario (Hot season) 

 

Figure 5-14 TET Profile map for medium scenario (Hot season) 

 

Figure 5-15 TET Profile map for pessimistic scenario (Hot season) 
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It is interesting to note that this investigation was done in all the eighteen 

compression stations taken in to account the three seasons of the year with the 

scenarios under investigation.  

It is important to state that the matching mode of the GT with the GC is such that, at 

the same time interval, the engine TET for a particular scenario is constant to give 

the power requirement of the GC. However, The TET for a scenario with less number 

of the engine will be higher than the scenario with a higher number of the engine. 

The reason is that, as the number of the engines increases, the shaft power of the 

engine reduces for a particular station and the combination of this engine power will 

serve the power requirement of the gas compressor.  

5.5.3 Number of GT used Per Station with respect to Different 

Season of the Year 

It is now clear from the map that different numbers of GT are been used at different 

seasons of the year. Also, the three scenarios (opt, medium and pess) including the 

clean condition are clearly shown for each season for the entire life of the project. 

Arising from the analysis of the TET profile for each CS, Table 5-2 shows the number 

of GTs used for all the scenarios in each season of the years throughout the project 

life. The result shows how degradation influences the number of GT to be used in 

each season of the year, especially the pessimistic scenarios.  

The results showed that clean condition used five GTs in all the seasons and 

throughout the entire period of the project for the degraded condition, the number of 

GT used changes in some years. For instances, In the dry season, the med scenario 

used 6 GTs at year 18, 21, 24, 27 and 30 while the pessimistic scenario used six 

GTs from year 3, 6, 8, 9, 11, 12, 14, 15, 17,18, 20, 21, 23, 24, 26,27 and 29 while 

year 30 used 7 GTs. The same analysis was applicable to the hot season as shown 

in Table 5-2. The same approach was applied in all the 18 CS and for each season 

of the year.  
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Table 5-2 Number of GTs used for different season and scenarios for CS-2 

 
Rainy Season Dry Season Hot season 

Yea
r 

Clean Op
t 

Me
d 

Pess Clean Op
t 

Me
d 

Pess Clean Op
t 

Me
d 

Pess 

1 5 5 5 5 5 5 5 5 5 5 5 5 

2 5 5 5 5 5 5 5 5 5 5 5 6 

3 5 5 5 6 5 5 5 6 5 5 6 6 

4 5 5 5 5 5 5 5 5 5 5 5 5 

5 5 5 5 5 5 5 5 5 5 5 5 6 

6 5 5 5 6 5 5 5 6 5 5 6 6 

7 5 5 5 5 5 5 5 5 5 5 5 5 

8 5 5 5 5 5 5 5 6 5 5 5 6 

9 5 5 5 6 5 5 5 6 5 5 6 6 

10 5 5 5 5 5 5 5 5 5 5 5 5 

11 5 5 5 5 5 5 5 6 5 5 5 6 

12 5 5 5 6 5 5 5 6 5 5 6 6 

13 5 5 5 5 5 5 5 5 5 5 5 5 

14 5 5 5 6 5 5 5 6 5 5 5 6 

15 5 5 5 6 5 5 5 6 5 5 6 7 

16 5 5 5 5 5 5 5 5 5 5 5 5 

17 5 5 5 6 5 5 5 6 5 5 6 6 

18 5 5 5 6 5 5 6 6 5 5 6 7 

19 5 5 5 5 5 5 5 5 5 5 5 5 

20 5 5 5 6 5 5 5 6 5 5 6 6 

21 5 5 5 6 5 5 6 6 5 5 6 7 

22 5 5 5 5 5 5 5 5 5 5 5 5 

23 5 5 5 6 5 5 5 6 5 5 6 6 

24 5 5 5 6 5 5 6 6 5 5 6 7 

25 5 5 5 5 5 5 5 5 5 5 5 5 

26 5 5 5 6 5 5 5 6 5 5 6 6 

27 5 5 5 6 5 5 6 6 5 5 6 7 

28 5 5 5 5 5 5 5 5 5 5 5 5 

29 5 5 5 6 5 5 5 6 5 5 6 7 

30 5 5 6 6 5 5 6 7 5 6 6 7 

Now, the number of engines used for each season with respect to all the scenarios 

under investigation for all the compressor stations as a result of the TET profile 

analysis has been achieved. There is a need to combine all CS result to see the 

number of GTs used in each CS 
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5.5.4 Number of Engine investment for Project Life due to 

Degradation 

The process on TET profile analysis in Figure 5-6 to Figure 5-15 and the summary 

of the number of engines used for each season with respect to the various scenarios 

under investigation in Table 5-2 were examined on all the 18 compressor stations 

(CS). Combining the investigation of all the 18 CS gives the result in Figure 5-16 to 

Figure 5-19. Figure 5-16 shows the number of GT used for the entire project life in 

each of the scenarios.  

For the technical and economic reason, only the most pessimistic case/operation 

(hot season) was presented. The reason was that it would be the best determinant 

factor for the number of engines to be procured since both the ambient temperature 

and degradation are high at this season. The result was obtained by combining all 

the results from each CS together. The result showed that the clean condition used 

90 GTs all through the project life while the opt, med and pess alternates depending 

on the level of engine degradation and the ambient temperature of the day. From the 

result, opt scenario used between 90, 91, 94 and 99 GTs. The med scenarios, used 

between 90, 91, 92, 95, 100, 102, 104, and 106 GTs, while the pess., scenario used 

between 90, 91, 102, 103, 105, 107, 110, 111, 113, 116, 118 and 120 GTs 

Figure 5-17 represents the number of engines used for each compression station at 

different scenarios throughout the project life. From the result, station 1 and 18 used 

5 GT throughout the period of project life. All the compressor stations used 5 GTs for 

the clean condition throughout the project life. Station 2 used 5 GTs for optimistic 

while medium and pessimistic used 6 and 7 GTs respectively. Station 3, 4, 5 and 6 

used 6 GTs for optimistic and medium while 7 GTs for pessimistic scenarios.  Station 

7 used 5 GTs for optimistic, 6 GTs for medium and 7 GTs for the pessimistic scenario.  

Station 8 used 6 GTs for optimistic and medium while pessimistic used 7 GTs. Station 

9 used 5 GTs for optimistic while medium and pessimistic used 6 GTs. Station 10 

used 5 GTs for optimistic and medium while pessimistic used 6 GTs. Station 11 used 

6 GTs for optimistic and medium while 7 GTs for the pessimistic scenario. Station 11 

and 12 used 6 GTs for optimistic and medium while pessimistic used 7 GTs. Station 

13 used 6, 7 and 8 GTs for the optimistic, medium and pessimistic scenario. Station 

14 used 5, 6 and 7 GTs for optimistic, medium and pessimistic scenario respectively. 
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Station 15 used 6 GTS for both optimistic and medium while pessimistic used 7 GTs. 

Station 16 used 5, 6, 7 GTs for optimistic, medium and pessimistic respectively. 

Finally, station 17 used 5 GTs for optimistic while medium and pessimistic used 6 

GTs. This happens because of the difference in ambient condition, mixed fleet of 

engines used and levels of degradation for each year. Figure 5-18 summarised the 

highest number of GTs used in different scenarios. It is also presented here that, 

clean condition for the entire 18 compressor station for the 30 years of project life 

used 90 GTs, optimistic used 99 GTs, the medium used 106 while pessimistic used 

120. Finally, Figure 5-19 shows the number in the mixed fleets of each engine used 

at different scenarios. The summation of each of these different fleets gives the total 

number of engines used in each scenario as represented in Figure 5-18 

 

Figure 5-16 Number of GTs used for project life at different scenarios 

 

Figure 5-17 Number of GTs used for 18 CS at various scenarios 
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Figure 5-18 Number of GTs used at various scenarios for project life 

 

Figure 5-19 Number of different mixed fleets used at various scenarios 

5.6 Conclusion 

Focusing on the gas turbine engine as an approved prime mover for the pipeline 

business becomes an important adventure.  

The engine TET conjugate profile map for different seasons of the year that help to 

determine the number of GT to be used per station for the four scenarios under 

investigation has been analysed and presented. How the impacts of ambient 

temperature and degradation influenced the number of GT to be used in a particular 

compressor station throughout the life of the project at a controlled TET without 

altering the initial pipeline design was also analysed and presented. The result 

showed that even if the original design of the compressor station was to use 4GTs 

to 4GCs per station, the impacts of degradation and ambient temperature when the 

control system set out a limit on the TET, in this case not exceeding an increase in 
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60K above DP during operation has greatly influenced the use of additional GTs. 

This help to preserve the engine salvage value for the entire project life. The total 

number of GT used for the clean, optimistic, medium and pessimistic condition are 

90, 100, 106 and 120 respectively for the entire 18 compressor station for 30 years 

of operation as represented in Figure 5-18. Interestingly, the research was also able 

to deduce the actual number of the individual GT in the mixed fleets that can 

conveniently serve for the entire project life, as shown in Figure 5-19. The result of 

the number of engines is useful in today’s industry, especially when the pipeline 

design and the number of the compressor station for the gas transportation are not 

expected to change throughout the project life. 

Improving the availability of the GT units on each of the compressor station is as 

important as improving the reliability expectancy of units during the planning phase. 

Prime mover availability and the causes of unavailability constitute essential 

performance indicator for assessing service delivery by the gas turbine for pipeline 

operation; this will help the investor plan ahead of time to ensure uninterrupted 

delivery of gas to the consumer 

5.7 Gas turbine Emission Evaluation on Natural Gas Pipeline 

5.7.1 Introduction 

The effects of pollutant emission on human health, nature, and materials have 

become of great public concern. In the past and recent years, rapid changes have 

been observed both in the regulations for controlling gas turbine emissions and in 

the technology used to meet this regulation. Introducing some stringent 

environmental regulations has led to gas turbine dealers to change their focus 

towards the design of gas turbine with low emissions to meet these regulations. 

Emissions are among the fundamental challenges in the development of the gas 

turbine to meet environmental regulations. There are various types of emission 

generated from the GT engine operation. In this section, CO2 and NOX are the two 

types of emission that are considered in this research.  

CO2 and water vapour (H2O) has been recognised as the primary products of 

complete combustion of air and hydrocarbon fuels. Even though these two by-

products are not categorised as pollutants, there are environmental and health 

implications that are associated with this by-product. Also, the emission of NOX and 
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CO from the power plant has been a great concern in recent years. The reason is 

because of the direct impact of exhaust emissions on the quality of air and their 

inherent potential to cause environmental degradation and deterioration of human 

health. There are strong indications that the greenhouse gases (GHGs) emitted from 

industrial power plants are contributing to the increase in ambient temperatures 

across the globe, a phenomenon referred to as climate change.  

Following the impacts of time-based ambient temperature and degradation on the 

performance and the determination of the number of GT engines used for each 

scenario under investigation in the first section of this chapter, this section looks into 

quantifying the amount of emissions (CO2, and NOX)  that could be generated during 

operation of these engines on the entire 18 compressor stations (CS) and to 

investigate the influence of part-load GT operation on the emission of NOX. 

5.8 Methodology 

The only emissions to be considered in this research are NOx and CO2. Considering 

the vast performance data from different power settings of the engines in all 18 

compression stations from TURBOMATCH simulation, it becomes imperative to 

develop an emission model that would quantify the emission generated in a time-

based ambient condition and degradation.  

Based on this need, an emission model was developed in MATLAB based on the 

empirical equations found in the literature, and the necessary thermodynamic 

equation as explained in this section. The relevant equations, in addition to the 

programming syntaxes, were applied with respect to the various scenarios under 

investigation in each season. Figure 5-20 illustrates step by step calculation methods 

adopted to evaluate the total emissions at the various scenarios under investigation 

and in each season of the year for the 18 CS 
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Figure 5-20 Emission calculation method 

Considering the emission evaluation procedure proposed in this research, the 

number of engines to be used in each compressor station must be ascertained based 

on the TET constraint, as explained in the previous section. The time-based ambient 

temperature and the implanted degradation in each season were inputted into the 

TURBOMATCH model, and the economic performance parameters were obtained. 

The parameters were obtained based on the fact that the engine operational TET 

must not be 60K above the DP. These performance parameters were further used in 

the emission MODEL. The main aim of the model was to calculate the mass of NOx 

and CO2, in each of the seasons of the year with respect to the four scenarios under 

investigation and subsequently produce the total emission throughout the life of the 

project. The model also aimed to evaluate the total emission for each compression 

station throughout the life of the project.  

The calculation was done with respect to the segmented three-hourly temperature of 

the day in addition to the impact of degradation of the engines. The model added the 

impact of the time-based emission in each season together. The calculation was 

repeated for all seasons of the year. After that, the summation of emissions for the 
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three seasons to achieve the annual emission produced during the operation. For 

the thirty years of project life, the total emission for the clean, optimistic, medium and 

pessimistic scenario was calculated.  

5.8.1 NOx Emission Calculation  

The empirical equation, as produced by Rokke et al. [142] and also used by  

Lefebvre[138] is represented in Equation (5-4)  

𝑀𝑁𝑂𝑋 = 1.46 (
𝑃2

𝑃1
)
1.42

∗ 𝑀𝑎𝑖𝑟
0.3 ∗ 𝐹𝑎0.72 𝑁𝐺𝑇 ∗ 𝑓𝑓 ∗ 𝑡𝑖𝑚𝑒 (𝑠)                                                                                                                                                                                          

The actual NOx in kg can be deduced using Equation(5-4) 

(5-4) 

Where,  

𝑀𝑁𝑂𝑋
-Mass of Nitrogen oxide (kg) 

P2/P1 - pressure ratio 

Mair- combustor airflow 

Fa-fuel/air ratio 

ff-fuel flow (kg/s); NGT- Number of GT engines 

The proposed equation gives a good agreement with measured NOx value for the 

range of machine in this research. As earlier identified in the literature, the 

combustion temperature is noticeably absent in the equations, its influence on NOx 

emission is compensated by the inclusion of fuel/air ratio term[180]. This empirical 

correlation for calculating NOx emission is within the range of this research. Also, the 

modelled engines are within the range of the shaft power accommodated by this 

correlation; hence, the strong reason for using the equation in developing the code 

in MATLAB to quantify the amount of NOx. 

5.8.2 CO2 Emission Calculation  

CO2 Emission calculation was hinged on the natural assumption that complete 

combustion of the fuel injected into the engine occurs in the presence of excess air. 

Natural gas belongs to the alkane group of hydrocarbon, which is predominantly 

methane. Equation (5-5) shows the general chemical equation for the complete 

combustion of a hydrocarbon fuel of the alkane group. 
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2𝐶𝑛𝐻2𝑛+2 + [3𝑛 + 1]02 → 2𝑛𝐶02 + [2𝑛𝐶02] + [2𝑛 + 2]𝐻20 + 𝐻𝑒𝑎𝑡 (5-5) 

In generic form, the equation for combustion for all hydrocarbon fuel is represented 

thus: 

𝐶𝑥𝐻𝑦 + 𝑛02 → 𝑛1𝐶02 + 𝑛2𝐻20 + 𝐻𝑒𝑎𝑡  (5-6) 

Considering a molar balance of Equation (5-6), at 𝑛1 = 𝑥,    𝑛2 = 0.5𝑦, and 𝑛 = 𝑛1 +

0.5𝑛2 

The equation for the complete combustion of methane is given thus: 

𝐶𝐻4 + 202+3.76𝑁2 → 𝐶02 + 2𝐻20 + 3.76𝑁2 (5-7) 

The reaction of 1 mole of methane with 2 moles of oxygen produces 1 mole of carbon 

iv oxide. 

Hydrogen has 1.00794 g/mol, while Carbon has 12.0107 g/mol. This implies that 1 

mole of methane weighs:  

[12.0107 ∗ 1] + [4 ∗ 1.00794] = 16.04
𝑔

𝑚𝑜𝑙
  (5-8) 

1 mole of 𝐶𝑂2 weighs: 

[12.0107 ∗ 1] + [15.9994 ∗ 2] = 44.01
𝑔

𝑚𝑜𝑙
 

(5-9) 

This is the CO2 produced for 1 mole of fuel, of course, the molecular weight of the 

fuel (gas) was also established. The mass of fuel consumed by the gas turbine over 

the operating condition and with respect to the various scenarios (clean, opt, med 

and pess) were obtained from the gas turbine simulation result. The amount of fuel 

flow results from the engine model was further used in the developed MATLAB code 

to calculate the amount of CO2 produced for the entire project life.  

Given the analysis from Equation (5-5) to (5-9) with the assumption of no Nitrogen, 

the amount of CO2 produced in kg can be deduced from equation (5-10). Meanwhile, 

it was assumed that 99.9% of the fuel was fully combusted and 0.02 $/kg was used 

for CO2 emission tax[68]. Also, each season was assumed to have an equal number 

of days. 
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𝐶02(𝑘𝑔) = 𝑋 ∗ {𝐹𝐹 ∗ 𝑂𝑃𝑇(𝑠) ∗ 𝑁𝐺𝑇 ∗
44.01

16.04
∗ 10−3} 

(5-10) 

Where  

X= Percentage of fuel burn 

FF= Fuel flow (kg/s) 

OPT = Operating Time (second) 

Furthermore, having established the mass of CO2 in kg, the cost of CO2 emission 

was calculated using Equation (5-11) 

𝐶02𝐶𝑜𝑠𝑡 = 𝐶02(𝑘𝑔) ∗ 𝐶02𝑡𝑎𝑥 ∗ 𝑁𝐺𝑇 (5-11) 

The CO2 cost was calculated in each season of engine operation and further sum up 

to an annual cost of CO2 emission. This is necessary because engine degradation 

increases with time. The emission cost goes into the economic module as discussed 

in the subsequent chapter where its impacts on the life cycle cost of the natural gas 

pipeline were calculated  

5.9 Result and Discussion 

Figure 5-21) and Figure 5-22) shows the emission of CO2 and NOx for the winter 

season of compressor station 18. The curves show the various scenarios of each 

emission under investigation (clean, opt. med and pess). Figure 5-21 shows the CO2 

emission at constant power, indicating an equal number of GT engines used at this 

compressor station throughout the project life in all the four scenarios under 

investigation. The result showed that as engine degradation increases, the CO2 

emission produced increases also. This is represented when the pessimistic 

scenarios were higher than the medium and the medium higher than the optimistic 

while the clean engine has the lowest constant emission.  

It should be recalled that the engine overhaul was implemented after three years 

interval (at year 4, 7, 10, 13, 16, 19, 22, 25, and 28), this implies that the emission 

produced at the years of engine overhaul was almost the same with the clean 

condition. The reason was that, after engine overhaul, the engine was assumed to 

operate almost like the clean engine. The emission produced at the clean condition 
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was constant throughout the project life because there was no degradation at the 

clean condition. More importantly, the result revealed that for every 1% degradation 

(reduction in flow capacity and isentropic efficiency) at a constant power of engine 

operation, between an ambient temperature of 16.20C and 290C, CO2 emission 

increases between 0.71% and 0.78% when compared with the clean condition. It 

was also observed that the amount of CO2 emitted by the engine was much higher 

than all the emission considered in this research. This is because the gas turbine 

engine is believed to have complete combustion. As an air-breathing machine, it 

operates under the presence of sufficient or excess air capable of burning the fuel 

injected into the combustor, hence the reason for having higher CO2. Finally, the 

increasing trend of the CO2 emission in each scenario as the years of operation 

increases shows the effects of the unrecovered degradation after each maintenance 

cycle. This implies that as the engine continues operation after each segment of an 

overhaul, the unrecovered degradation increases as the year increases also. The 

increase in the unrecovered degradation results in the increasing amount of fuel 

burns, hence the reason for the increasing trend in each scenario. The trend applied 

to NOx emission also. 

The NOx emission is presented in Figure 5-22 where the NOx emission increases 

with increases in engine degradation at constant shaft power operation. It was also 

noticed here that for every 1% engine degradation (reduction in flow capacity and 

isentropic efficiency), within an operational ambient temperature of 16.20C and 290C, 

the NOx emission increases between 1.66% and 1.8%. However, NOx emission at 

different compressor station varies from one station to another due to different 

ambient conditions and different engine power settings 

Conversely, the result of NOx emitted in some of the CS, for instance, CS 4 for the 

winter season shows that the NOx emission was high at the clean condition of the 

engine different from station 18 that used constant power throughout the operation. 

This happened because the power setting as a result of using a fewer number of 

engines at the clean condition was higher compared to other scenarios. At the 

optimistic, medium and pessimistic scenario, the engine was meant to run on path 

load (lower power setting) as a result of an increasing number of GT used in the 

various compression station, this makes the individual engine operational power 

produced to be low due to gas compressor power requirement.  This implies that 
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increasing the number of GT used in each CS, enabled the use of the engine lower 

power settings. This affirmed the fact that NOx increases with increasing power 

settings and reduces with reducing power settings.  

It is important to state that this analysis was done for all seasons and in all the 18 

CS. The result showed that as degradation increases with respect to the ambient 

temperature in each season of the year, so also the emission produced at constant 

engine power operation increases. However, this condition was altered when the 

power settings of the engine reduce (part-load operation). The summation of the 

emission from the three seasons of the year gives the annual emission. 

 

Figure 5-21 Annual CO2 emission for the winter season 

 

Figure 5-22 Annual NOx emission for the winter season 

The above result shows the emissions for the winter season of compressor station 

(CS) 18 that used the same number of GT with increasing TET. All the CS except 

CS 1 and 18 alternate the number of GT usage due to increasing degradation. This 

implies that, as the number of GT increases, so also the TET reduces due to part-

load operation of the engine, as shown in Figure 5-23. The curve shows that as the 
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engine power setting reduces, so also the TET produced reduces. The lower TET 

produced at the degraded condition has some influence on emission generation.  

 

Figure 5-23 The effect of lower power settings on TET 

The results from each season throughout the entire CS were evaluated. The addition 

of the three season’s result gives the annual emission produced at the various CS, 

including the emission tax. Figure 5-24 and Figure 5-25 show the annual CO2 and 

NOx emission, respectively for all the 18 CS throughout the project life. This result 

was achieved by adding the emissions of the three seasons together. Furthermore, 

the result shows that the CO2 emission at the clean condition for the mixed fleets of 

engine maintained an annual value of 2.46 billion (kg) of CO2 throughout the project 

life while the optimistic, medium and pessimistic increases as the year of operation 

increases, indicating that degradation increases with time. The NOx emission, as 

represented in Figure 5-25, maintained an annual value of 19.9 million kg at clean 

condition throughout the project life all at baseline condition.  

Generally, CO2 emission shows an increasing trend as the engine degradation 

increases and reduces after overhaul. However, the NOx emission at the clean 

condition as represented in Figure 5-25 was higher. The reason is that most of the 

compression station operate the engine on lower power settings at degraded 

condition (opt, med and pessi), thereby enabling the engine to produce a lower TET 

at the degraded scenario than the clean condition. So, the TET produced at the clean 

engine operation was higher than the degraded condition as represented in Figure 

Figure 5-23. The result of Figure 5-25 established the fact that NOx decreases with 

decreasing power settings, vice-versa. 
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It is crucial to state that, the clean condition having a higher NOx does not mean that 

some of the compressor stations did not have higher NOx at the degraded condition. 

The effect of the higher NOx achieved at the clean condition was the influence of the 

NOx generated at compressor station 3, 8, 9, 10, 15, 16 and 17 as represented in 

Figure 5-27. The result of Figure 5-25 showed the total NOx generated from all the 

18 CS annually. Because of this reason, the impacts of the higher TET in producing 

NOx from the clean engine outweighs that of the higher number of engine operating 

at lower power settings (lower TET) in the degraded condition. However, the variation 

was felt mostly when the number of engines utilised by the clean condition was not 

much higher than the degraded condition.  

It is worthy of note that emission evaluation was done with different mixed fleets of 

the engine with various engine capacity and configuration. This implies that each 

compressor station has different GT engines, and the ambient temperature varies 

from one compressor station to another. So the NOx reduces as the TET decreases 

due to part-load operation and increases as the TET increases. The result of NOx 

emissions also varies from one compressor station to another and from season to 

season 

 

Figure 5-24 Annual CO2 for all CS and seasons of project life 
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Figure 5-25 Annual NOx for all CS and seasons of project life 

5.9.1 Emissions produced at Each Compressor Station 

Having known the total annual emission produced by the engine throughout the 

project life, also, since the number of engines used at the various CS was not 

uniform,  it becomes crucial to evaluate actual values of emissions coming from each 

CS. This analysis is also necessary because the time-based ambient temperatures 

that can affect the engine operation vary from one CS to another. Figure 5-26, and 

Figure 5-27 show the 30 years CO2, and NOX emission, respectively, for the 

individual CS when all the three seasons were added together. It is essential to state 

here that the variation in emission produced in the various compressor station is as 

a result of the different number of mixed fleets of engines used in each CS due to 

the impacts of ambient temperature and degradation  

Various scenarios under investigation (clean, opt, med and pess.) are also presented 

in each compressor station. The results show that the emissions produced with 

respect to the various scenarios in each CS are not linear. For instance, in station 9, 

10, 16 and 17 of Figure 5-26 for CO2, the clean condition was higher than the 

optimistic and medium scenario. The result indicates that the fuel flow at the clean 

condition was high due to higher operational TET as a result of using a lower number 

of GT, though the influence of the higher percentage of degradation in the pessimistic 

scenario makes the emission at this scenario to be higher than the clean condition. 

Generally, the degraded condition releases more emissions than the clean engine 

operation. This is because as the operation continues, the fuel flow increases as a 

result of increasing TET. This happened because the engine power for the gas 
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compressor drive was fixed throughout the life of the operation. However, the result 

for NOx in Figure 5-27 shows that the NOx emission of the clean condition from most 

of the compressor stations was higher than the degraded condition. This is because 

the majority of the CS used a higher number of GT. The condition makes the power 

settings of those stations to be lower, thereby enabling the engines to run on lower 

TET as earlier explained. This also affirmed the fact that NOx increases with 

increasing power settings and reduces with reducing power settings.  

It should be noted that as the year of operation increases, the number of gas turbine 

utilised increases also. This means that a higher number of GT used in each CS 

implies less value of engine TET as a result of lower power settings with a less fuel 

burn per engine. Hence the reason for lower NOx emission at the degraded 

scenarios. 

 

Figure 5-26 Annual CO2 emission for each CS throughout the project life 

 

Figure 5-27 Annual NOx emission for each CS throughout the project life 
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Having known the values of emissions produced at each CS, Figure 5-28, and, 

Figure 5-29 shows the total mass of CO2 and NOx emission produced from the 18 

CS throughout the project life. This is the total mass of emission produced throughout 

the project life with respect to the various scenarios under investigation. The result 

of the CO2 emission in Figure 5-28 revealed that the clean condition produced 73.4 

billion kg of CO2. However, the optimistic, medium and pessimistic scenarios produce 

1.8%, 3.5% and 7.1%, respectively higher, when compared with the clean condition. 

This clearly shows the impact of gas turbine degradation on emission production. 

Figure 5-29 indicates the total NOx emission produced throughout the project life at 

the various scenarios. Unlike the CO2 emissions, the clean condition was found 

higher than the degraded conditions. In this case, the optimistic, medium and 

pessimistic scenarios were 7.4%, 7.9%, and 9.2% respectively lower than the clean 

condition. This happened because the power setting at the clean condition of all the 

compressor stations was higher than all the CS except compressor station 1and 18 

that used an equal number of GT throughout the operation.  

 

Figure 5-28 Integrated CO2 generated for project life 
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Figure 5-29 Integrated NOx for Project life 

5.9.2 Evaluation of emission Tax 

Figure 5-30 shows the emission tax for the various scenarios in the winter season 

of compressor station (CS) 18. It should be recalled that CS 18 used an equal 

number of GT throughout the operation. This implies that the power settings do not 

change despite engine degradation. Based on this operational condition, the result 

shows that CO2 emission tax increases with increasing degradation. However, the 

compressor stations that use a higher number of GT has lower values of emission 

with respect to a particular scenario. The result further revealed that within an 

operational ambient temperature of 16.20C and 290C and for every 1% engine 

degradation (reduction in flow capacity and isentropic efficiency), the CO2
 tax 

increases between 0.71% and 0.78% when compared with the clean condition for a 

13.4 MW engine. It was also observed that the emission tax increases from winter 

season with lower ambient temperature to the hot season with the higher ambient 

temperature in addition with increasing engine degradation at different seasons of 

the year as represented in Figure 5-30, Figure 5-31 and Figure 5-32, for winter, dry 

and hot season respectively 
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Figure 5-30 Annual emission tax for the winter season 

 

Figure 5-31 Annual emission tax for dry season 

 

Figure 5-32 Annual emission tax for the hot season 

The analysis above was repeated for all the compressor stations in all the seasons 

of the year with respect to the various scenarios under investigation. The summation 

of the three seasons per CS in each year throughout the project life is shown in 

Figure 5-33. The result showed that the emission tax for the clean engine remains 

the same in all the years of operation with a constant annual tax of $49.26 million. 
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The reason has been that it was assumed the engines remain clean throughout the 

operation of project life. The result also shows that emission tax increases with 

increasing degradation. Meanwhile, the increasing trend in each scenario indicates 

the effects of unrecovered degradation on the emission tax after each maintenance 

cycle. However, emission produced at the years of engine overhaul was almost like 

the clean conditions.  

 

Figure 5-33 Annual cost of CO2 emission for the project life 

The result for the emission tax produced at the various compressor station is 

presented in Figure 5-34. The result revealed the impacts of different power setting 

of the mixed fleets engines and the variable number of engines used at the different 

compressor station 

 

Figure 5-34 Annual cost of CO2 emission for each CS for the project life 
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Figure 5-35 shows the total CO2 emission cost produced from the 18 CS throughout 

the project life. The result shows the total emission cost for various scenarios under 

investigation. From the result, the effect of degradation in addition to the higher 

number of GT at different compressor station makes the emission tax for the 

degraded scenarios to be higher than the clean condition. The result further revealed 

that the CO2 tax for the clean condition was $1.46 billion USD while the optimistic, 

medium and pessimistic scenario was 2.7%, 4.8% %, and 8.2%, respectively higher 

when compared with the emission tax of the clean condition. This also affirmed the 

facts that running the gas turbine on degraded mode increases the CO2 tax. It should 

be noted here that wide margin was not felt between the various scenarios because 

the engine was not allowed to run more than 60K above the DP, thereby making the 

degraded condItions to run on part load most time of the operation 

 

Figure 5-35 Total costs of CO2 emission for the project life 

5.9.3 Conclusion 

Having identified and analysed 18 compressor stations used as booster station and 

the required number of GT engines at each CS for the natural gas transportation, 

this chapter evaluated CO2 and NOx emission including the CO2, emission tax on the 

pipeline operation. This chapter has also described in sequential order the approach 

used to achieve the objective of emission evaluation in all the CS from the review of 

relevant literature using relevant correlation, and empirical modelling equations of 

emission to develop a model in MATLAB.  
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The developed model was connected with the TURBOMATC performance result. 

The model produces both technical and economic result such as the emission result 

(CO2, and NOx) and CO2 emission cost. The result of the emission in each season 

of the operation with respect to the individual CS has been presented. The total result 

of emission generated in each compressor station throughout the project life has also 

been presented. (Both clean and degraded scenarios). The economic implication 

shows that emission tax increases with increasing engine degradation. The specific 

result revealed that within an operational ambient temperature of 16.2OC and 29OC 

and for every 1% engine degradation, the CO2
 tax increases between 0.71% and 

0.78% when compared with the clean condition. 
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6 Development of Economic Model of the Gas Pipeline  

The natural gas pipeline business is adjudged to be a capital intensive investment. 

The main cost associated with pipeline transportation investments is the capital and 

operating cost. The operating cost consists of the yearly maintenance and fuel cost 

of the pipeline network. In general terms, the natural gas price comprises of the 

actual price of the gas commodity and the cost associated with the transportation 

and distribution of the gas. Bejan et al. [181] presented that economic analysis of a 

project after some relevant assumptions and predictions covers some major costs 

such as the  

(i) Total capital expenditure for the project (CAPEX) 

(ii) The operating and maintenance costs (O&M) and  

(iii) Fuel costs 

However, the cost elements considered in this research consist of the above-

itemised costs and also includes the cost of CO2 emission and costs related to non-

operating activities such as the expenses paid on interest regarding loan repayment. 

Interestingly, this research produces a method of estimating the capital cost of the 

various components of natural gas pipeline transportation system based on 

literature. Also, the O&M costs and fuel costs were investigated in a time-based 

system under the influence of engine degradation. The generated revenues from the 

research are derived from the sales of natural gas, engine divestment, and leasing. 

The engine divestment and leasing came into the analysis as a result of redundant 

fleets after overhaul. Then the feasibility of the economic investigation was 

determined by the NPV, and it will be evaluated with respect to the various scenarios 

under investigation using a developed model in MATLAB. 

Various components and accessories constitute the capital cost of pipeline 

investment. Generally, in the pipeline transportation system, the cost of pipe and 

compressor stations dominates the initial capital cost. Menon [42] stated that the gas 

compressor and pipeline takes about 96 percent of the construction materials. 

Similarly, the major operating cost for pipeline investment is the fuel cost that system 

utilised both yearly and throughout the project life.  
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It is very significant to state that without the accuracy of the technical content of the 

various module of the pipeline investigation, the economic analysis cannot be 

actualised. Hence, the need to incorporate the TERA framework that will encapsulate 

the various modules in order to actualise the economic result of the natural gas 

pipeline investment. Again, looking at the impact of engine degradation for the 

different scenarios as explained in the previous chapter on the economics implies 

that each season of the year will have different costs of fuel and maintenance due to 

a different level of degradation and in addition with the impact of ambient temperature 

in all the 18 CS.  

Having a project life of thirty years with each season of the year having four scenarios 

needs a tool that could be able to calculate the yearly O&M cost and fuel cost for 18 

CS and to evaluate the benefits on investment. Therefore, this chapter presents the 

development of an economic model in MATLAB to determine the economics of yearly 

fuel consumption and maintenance cost for the entire 18 CS of the TSGP and 

subsequently calculate the benefits on investment. The developed model takes into 

account the time-based ambient temperature and yearly degradation of the GT 

engines throughout the project life. Most importantly, the impacts of the GT 

degradation on the economics of natural gas pipeline is been analysed with the 

model. Also, the various costs of equipment, Life Cycle Cost (LCC) and the net 

present value on investing in the project are investigated and presented. Having 

known that the life cycle (LC) of the project will take thirty years, this study annualises 

the fuel and O&M costs and also determines the revenue stream necessary to 

remunerate the total investment in the natural gas pipeline project 

6.1 Cost Components of the compressor stations under 

consideration 

The compressor station under consideration comprises of several components that 

aid gas transportation which also constitute the capital cost. These components 

include the pipeline, gas compressors, gas turbines, all pipeline accessories such as 

SCADA and telecommunication, mainline valves (MLV), meter station and regulators 

(MSR), environmental and permitting (E&P), right of ways (ROW) engineering and 

construction (E&C) and Contingencies. All these components have been discussed 

in chapter two. The technical, as well as the economic analysis of these components, 
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elucidates the awareness for investing in a natural gas pipeline. The costs of each of 

these components constitute the CAPEX of the pipeline project.  

O&M cost is one of the significant costs element when analysing the economics of 

investing in a natural gas pipeline project. In this case, the O&M cost was based on 

the costs of labour and the costs of keeping the GT working at the desired power 

setting so as to keep the gas pipeline in an excellent operating condition. The O&M 

cost consists of fixed, variable and major maintenance cost (TET-based 

maintenance) while the fuel cost is very important in analysing the economics of 

pipeline transportation. The advantage of fuel cost on pipeline operation to the 

operator is that gas used in GT is gas not purchase from an external seller. This is 

advantageous to the pipeline operators as the GT uses the gas within the pipeline 

system.  

6.1.1 Economic Sensitivity Analysis 

Sensitivity analysis here referred to the effect of inflation (escalation rate) on the 

annual O&M cost and fuel cost. For instance, to account for the inflation of relevant 

engine parts such as spare parts, consumables, chemicals, etc., an annual 

escalation rate needs to be implemented. Implementation of escalation rate implies 

that a certain assumption has to be made for the inflation rate on the fuel and the 

O&M cost in order to investigate their impacts on the life cycle cost of the project  

6.2 Methodology 

The methods adopted to achieve the various cost of the project are hereby 

presented. The adopted method evaluates the cost of pipeline investment for natural 

gas transportation network using a concept that can capture all variables involved in 

the overall cost. Figure 6-1 shows the economic module of the project. 

As earlier discussed in chapter three, the economic module is the core module of the 

TERA framework that accommodates all other modules. It does the calculation of the 

entire project life cycle cost, simulates the cash flow and finally evaluates the 

economic viability of the project. All these are analysed and presented below. From 

the flow chart,  

i. the number of engines that satisfy the condition of operation in each 

compressor station must be ascertained.  
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ii. The number of engines divested or leased after overhaul must be known.  

iii. The performance parameters from the different number of engines from 

TURBOMATCH simulation are connected with the economic model to 

calculate the fuel cost, O&M cost, cost of CO2 and LCC  

iv. The developed model will simulate the cash flow ( revenue and CAPEX) 

v. finally evaluates the economic viability of the project for the various 

scenarios under investigation using the NPV approach. 

 

Figure 6-1 Economic Model for pipeline investment 

Where, PR-pressure ratio; MF-mass flow (kg/s); T-time of operation (s); L- length of 

pipe (km); d-diameter (m); GC- gas compressor; PLaccess- Pipeline accessories 
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6.3 Component Cost 

Methods and equations used to calculate the various costs element of the pipeline 

investment at baseline condition are hereby presented below. 

6.3.1 Capital Expenditure (CAPEX) Calculation Method 

The pipeline data is shown in Table 6-1. To evaluate the capital expenditure of this 

project, Figure 6-2 shows the flow framework instituted in this research in order to 

calculate the capital cost of GT engine, gas compressors, pipelines and all 

accessories. Meanwhile, the pipeline data is shown in Table 6-1 

 

Figure 6-2 Calculation of the capital expenditure (CAPEX) 
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Table 6-1 Pipeline data[6] 

 

Based on Figure 6-2, there are several components that comprise of the capital cost. 

These components are divided into two parts. One part is the pipeline initial project 

cost (PIPC) and the second part is the dependent components cost. The PIPC 

involves the costs of pipelines, GCs and GTs while the dependent cost involves the 

cost of all the pipeline accessories such as SCADA & telecommunication, ROW, 

MLV, ECM, E&P and CT. The costs are regarded as a dependent cost because their 

actual costs are hinged on the costs of the initial project cost as expressed in Figure 

6-2. The various components costs are discussed below: 

6.3.1.1 Pipeline Cost 

The pipeline costs comprise of the cost of material, cost of installation, and insulation. 

Also, cost evaluation for pipe generally depends on the material used, the diameter 

of the pipe, wall thickness and the pipe length. Having known the length of the 

pipeline and all necessary parameters related to the TSGP, the material cost was 

calculated using  

𝑃𝑀𝐶 =
10.68(𝐷 − 𝑇)𝑇𝐿𝐶 𝑋 5280

2000
 

(6-1) 

Where, PMC-Pipe material cost, D T, L, and C represent pipe diameter(in), 

thickness(in), pipe length (mi) and cost of material ($/ton).The categorisation of 

welded and seamless pipeline used for gas pipeline and petroleum industries is given 

by the American petroleum institute (API). This research used AP1 51 and X70 steel 

grade, which is appropriate for transporting natural gas. The steel material cost was 

gotten from the pipeline manufacturer’s website.[182] 
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It is important to state that the actual cost of the pipeline is the combination of the 

cost of pipe material, installation and insulation. In order to achieve the installation 

cost for a given diameter and length, the equation was obtained from a wealth of 

historical data offered for the construction of different sizes of pipe from the Institute 

of transportation study as seen in equation (6-2) and was also used by Tukur[18] in 

his research work 

𝑌 = 343.21𝑋2 + 2073.9𝑋 + 170013 (6-2) 

Where Y and X represent the cost in ($/mile) and the (diameter/inches) respectively. 

Also, the cost for insulation was valued in ($/foot). Therefore in this work, $5/foot was 

utilised[22]. Hence, the actual capital cost for the pipeline is given as 

𝑃𝐿𝑐 = 𝑃𝑀𝐶 + 𝑃𝐼𝑁𝑆𝑇𝐶 + 𝐶𝐶𝐼 (6-3) 

Where 𝑃𝐿𝑐,- pipeline cost; 𝑃𝑀𝐶 -pipe material cost; 𝑃𝐼𝑁𝑆𝑇𝐶,- pipe installation cost and 

𝐶𝐶𝐼
-cost of coating and insulation. 

6.3.1.2 Compressor Station (CS) 

It was assumed that each compressor station accommodates four GC and the 

required number of GTs based on the site ambient temperature and degradation. It 

was also assumed that the gas compressor does not degrade over time. Based on 

these assumptions, the initial cost of the GC was calculated using Equation (6-4)  

𝐶𝑐 = 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 (
$

𝑘𝑊
) ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝐶 (𝐾𝑊) 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 ∗ 𝐺𝐶𝑝 

(6-4) 

$3000 was used for the cost per kW ($/kW). It is important to state here that gas 

compressor in the market that matches the calculated value of GC in each CS was 

used to calculate the actual cost of the GC in each CS. This is represented in 

Appendix F. 𝐺𝐶𝑝
 represents GC power. The selected GC were rated in hp. The hp 

was converted to kW by a factor of 0.7457 

The gas turbine Handbook has provided a guide on the cost calculation of GTs 

engines as shown in Figure 6-3, the price ($/kW) of the engine decreases as the 

engine capacity increases[64]. 
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Figure 6-3 Price of gas turbine[64] 

Based on Figure 6-3, web plot digitiser was used to retrieve the original values. From 

there, a trend line polynomial function was produced using a curve-fitting approach. 

This approach was adopted to accommodate the capacity of the present research 

engines. After that, the actual cost per kilowatt of the engines was derived based on 

the polynomial function. From the analysis, IGTA (13.4MW), IGTB (19.3MW), IGTC 

(17MW) and IGTD (15.2) used $566.75, $503, $524.32 and $543.86, respectively as 

the cost per kilowatt of the engines. The result of the cost per kilowatt of the mixed 

fleets agrees with Gas turbine handbook [64] that the price ($/kW) of GT engine 

decreases as the engine capacity increases[64]. 

Having known the cost per kilowatt, the capital cost of GT was calculated using (6-5) 

𝐺𝑇𝐶𝐶 = 𝐺𝑇𝐸 ∗ 𝐶𝑃𝐾 ∗ 𝑆𝑅𝑉 ∗ 𝐼𝐶 ∗ 𝑁𝐺𝑇    (6-5) 

From Equation (6-5), The capital cost for the gas turbine( 𝐺𝑇𝐶𝐶) operating in each 

compressor station comprises of installation cost (IC), shipping and regional variation 

(SRV) cost which is compared to the power of the GT (GTE) with its unit cost (Cost 

per Kilowatt, 𝐶𝑃𝐾) and the number of engines per station (𝑁𝐺𝑇).  

The following assumptions were utilised in calculating the GT capital cost[18] 

 The GT costs were increased per kW by multiplying by 2 to accommodate the 

installation cost 

 Multiply by a factor of 1.38 to cater for shipping and regional variation cost 

6.3.1.3 Pipeline accessories calculation[22] 

 3.5% of the PIPC was used to calculate SCADA & telecommunication cost.  
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  5% of the PIPC was used to calculate the cost of valve stations and 20miles 

was adopted along the natural gas pipeline to install the valve 

 8% of the PIPC was used to calculate the cost for ROW.  

 15% of the PIPC was used to calculate the cost associated with the ECM. 

  12% of the PIPC was used to calculate the E&P costs.  

 10% of the PIPC was used to account for contingency costs  

6.3.2 Method to Estimate Fuel and O&M cost 

To calculate the fuel and O&M cost of the engines used on each of the compressor 

stations, performance result from the TM code become very important in the 

evaluation process. Figure 6-4 illustrates fuel and O&M costs concepts showing the 

conjugate performance data flow from simulation result to estimate the fuel and O&M 

costs at various scenarios. Conjugate performance data here means that the 

performance results are coming from a different number of the engine with their 

respective power settings. This means that the TET and their corresponding fuel flow 

from 5 GT will be different from that of 6GT, hence the need to produce the conjugate 

performance data that will serve as the best data for the economic evaluation as 

shown in chapter 5. In this research, this conjugate data is regarded as the economic 

conjugate data. 

 

Figure 6-4 Method of calculating Fuel and O&M costs 

Total number of GTs at each CS and their respective performance parameters such 

as TET, fuel flow and varying power settings due to TET limits were utilised by the 

model. Also, time-based ambient temperature and the implanted degradation for 
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each season of the year for thirty years were loaded in the economic model for each 

scenario under investigation.  

6.3.3 Operation and Maintenance Costs (O&M) 

The maintenance cost comprises of fixed, variable and major maintenance cost 

(TET-based maintenance cost). The sum of these three different costs gives the 

entire maintenance of the engine. Equation (6-6), (6-7) and (6-8) shows the 

calculation of fixed, variable and major maintenance cost respectively. 

𝐹𝑖𝑥𝑒𝑑 𝐶𝑜𝑠𝑡 =  (
$

𝐾𝑤
) ∗ 𝐺𝑇𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟(𝑘𝑤) ∗ 𝑁𝐺𝑇 ∗ 1000   (6-6) 

𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑠𝑡 =  (
$

𝑘𝑤
) ∗ 𝐺𝑇𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟(𝑘𝑤) ∗ 𝑇 (ℎ𝑜𝑢𝑟𝑠) ∗ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑡𝑦 ∗

𝑁𝐺𝑇 ∗ 1000  

(6-7) 

𝑀𝑎𝑗𝑜𝑟𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟

= [(
$

𝑘𝑤
) ∗

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐿𝑖𝑓𝑒

𝐶𝑟𝑒𝑒𝑝 𝐿𝑖𝑓𝑒
] ∗ 𝐺𝑇𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟(𝑘𝑤) ∗ 𝑇 (ℎ𝑜𝑢𝑟𝑠)

∗ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑖𝑡𝑦 ∗ 𝑁𝐺𝑇 ∗ 1000 

(6-8) 

Where NGT = Number of GT ; 
$

𝐾𝑤
= unit cost per kW ;T= time (hours) 

It is worth noting that the variable cost was calculated based on time of day in each 

season and throughout the project life while the fixed cost was calculated based on 

the project component without time. It was assumed here that major maintenance 

cost takes care of engine overhaul. Based on this, it was assumed that the first 

engine overhaul has 10% less in the total cost when compared with the rest of the 

engine overhaul. This assumption was made because it was believed that the engine 

had not had much degradation, and therefore, the cost was expected to be less 

compared with the rest of the engine overhaul as the operation continues. The 

baseline life of the engines used in equation (6-8) was the assumed creep life of the 

GTs engine at DP (25,000 hours). 5.8 $/kW and 0.23 $/kW was used for variable and 

fixed cost calculation[183]. Also, engine availability was assumed to be 100%. Since 

the variable and the major maintenance cost of the engine varies from season to 

season and year to year, Equation (6-9) becomes useful in the developed model to 
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calculate the total operation and maintenance cost in each season, year and entire 

life of the project.  

∑ 𝐹𝐶 + 𝑉𝐶 +𝑀𝑎𝑗𝑜𝑟𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟

𝑛=30

𝑛=1

 
(6-9) 

Where, 

FC= Fixed cost 

VC= Variable cost 

T = Time (hours) 

NGT = Number of GT 

$

𝐾𝑤
= unit cost per kw 

6.3.4 Fuel Cost Calculation 

The fuel cost calculation was done using equation (6-10) and (6-11) 

𝐶𝑆 = 𝐹𝑃 ∗ 𝐹𝐹 ∗ 𝑇 ∗ 𝑁𝐺𝑇 ∗ 3600  (6-10) 

Since the fuel consumption of the GTs varies from season to season and year to 

year due to engine degradation and ambient temperature variations, equation (6-10) 

and (6-11) were used in the developed economic model to calculate the cost of fuel 

for the pipeline project. To have an accurate quantity of fuel consumed by the 

selected mixed fleets of engines, daily ambient temperature variation for each CS 

were segmented into three seasons and hours of the day for 24 hours. The time 

taken were segmented into three hour differences (0:00, 3:00, 6:00, 9:00, 12:00, 

15:00, 18:00 and 21:00 hours of day). The ambient temperatures that correspond 

with this time of day in each of the CS were used to simulate the various GTs engine 

throughout the 18 CS. Also, the degradation was implanted in each season of the 

year, as explained in the preceding chapter. 

It implies that each season of each year has different values of degradation 

throughout the project life. The time-based performance result from TM was used for 

economic analysis. It is worthy of note that the four scenarios under investigation 

were calculated for each season of the year for thirty years of the project. Also, the 
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time (T) was based on the total number of hours in each season. Each season was 

assumed to have an equal number of days. The sum of the result from each season 

with respect to their corresponding scenarios gives the annual fuel cost, and this was 

also applicable to the O&M cost. 

The model was able to calculate the total sum up the fuel cost for each season of the 

individual year and finally produced the life cost of fuel throughout the project life (30 

years). The calculation was done for the various scenarios under investigation 

(clean, opt, med, and pess)  

∑ 𝐹𝑃 ∗ 𝐹𝐹 ∗ 𝑇 ∗ 𝑁𝐺𝑇 ∗ 3600

𝑛=30

𝑛=1

 
 (6-11) 

The unit cost for fuel consumed by the GT was assumed to be 0.168 ($/kg) [18]. It is 

worth noting that the GT performance parameters such as fuel flow, Turbine entry 

temperature, including the different shaft power from TM result in each compressor 

station, was connected to the developed economic model. The connection was made 

based on the TM result from the different scenarios under investigation to calculate 

the O$M and fuel cost for the entire 18 compressor station for thirty years.  

6.3.5 Economic Sensitivity Analysis 

In this research, 0%, 3%, and 5% escalation rate were implemented for the different 

scenarios under investigation. The main aim was to investigate the effects of inflation 

on the life cycle cost of the project  

6.4 Result and Discussion 

The result for the cost of the pipeline, gas compressor (GC), gas turbine (GT) and all 

pipeline accessories considered in this research are hereby presented as shown in 

Figure 6-5 to Figure 6-8.  

6.4.1 The impacts of GT Degradation on the Project CAPEX 

Figure 6-5 shows the impact of degradation on the cost of GT for the pipeline 

application. The result shows that each compressor station has their different cost 

for each of the different scenarios under investigation. The result is expected 

because of the different number of GT used per station, which also varies according 



 

187 

to each scenario. For instance, CS 1, 2, 3, 4, and 13 for pessimistic scenario used 5, 

6, 7,7 and 8 GTs respectively, and so also the cost varies. The reason for the 

variation in the number of GT used in each station has been explained in the 

preceding chapter. The different fleet of the engine also has its various cost 

associated to them due to their capacity, hence one of the reasons for the variation 

of cost. For instance, station1 and 18 used 13.4 MW engine while the rest used a 

higher power rating. This is the reason why station 1 and 18 cost $0.1billion as the 

lowest cost while station 16 and 17 cost $0.15 billion as the highest cost for the total 

number of clean engine operation while the degraded condition varies from one 

compressor station to another. Meanwhile, Figure 6-6 shows the total cost of GT 

engines at different scenarios. the result showed that the total cost of GT at clean 

condition is $2.2 billion while the total cost at opt, med and pess scenarios was 

10.1%, 18% and 33.7 %, respectively higher than the cost at the clean condition. 

 

Figure 6-5 Cost of GT engines used for each compressor station 

 

Figure 6-6 Capital cost of GT engines at various scenarios for 18 CS 
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Figure 6-7 and Error! Reference source not found. represent the cost for gas 

Compressor. The little variation in cost at different compressor station is as a result 

of different types of GC and their respective power rating cost as represented in 

Table F- 1 of Appendix F. For instance, station 1, 2, 14 and 18 used the same GC. 

Station 3, 4, 5, 6, 7, 8, 11, 12, 13 and 15 have the same GC while station 9, 10, 16 

and 17 used the same class of GC. The different power rating of the GC was used 

based on the calculated power of the gas compressor in each CS. Furthermore, since 

the number of GCs was the same for all compressor station, the cost at different 

scenarios remain the same to a tune of $3.195 billion, as shown in Error! Reference 

source not found.. The cost remains the same for all scenarios because there was 

no degradation considered in the GC. This is the reason why both the clean, 

optimistic, medium and pessimistic cost remain unchanged. 

 

Figure 6-7 Capital cost of GC in each compressor station 

The total cost of GC was $3.195 billion and it was independent of the level of 

degradation of the GT. It was assumed that the GC was clean throughout the project 

life. 

Figure 6-8 shows the cost of various pipeline accessories used for the natural gas 

pipeline transportation. It should be recalled that the pipeline accessories depends 

on the PIPC, which involves the sum of GT, GC and pipeline cost.  

It was observed that ECM has the highest cost, followed by E&P and thirdly CT while 

SCADA and MLV have the list cost when compared with even ROW. The result for 

contingency (CT) shows that the clean condition has $0.98 billion. The further result 
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shows that the cost for the optimistic, medium and pessimistic scenario was 2.5%, 

4.44% and 8.3%, respectively higher when compared with the cost of the clean 

condition. The cost variation in contingency, as shown in Figure 6-8 happened 

because of the influence of the different cost of GT engines due to degradation on 

the pipeline initial project cost (PIPC). It is worth noting that the influence of PIPC 

affects only contingency while the cost of all other components remains the same. 

The result here serves as a guide to pipeline investors to know the associated cost 

with respect to the various pipeline accessories. Figure 6-9 represents all the 

components that constitute the total CAPEX. It should be noted here that the auxiliary 

cost consists of the cost of SCADA, ROW, MLV and E&P. The result shows that the 

4,180km pipeline of 56’’ diameter has the highest cost, followed by the cost of GC 

while the contingency (CT) has the least cost in all the scenarios. All the cost are 

fixed on the curve. Figure 6-10 expressed the total CAPEX for the pipeline project at 

different Scenarios under investigation. It was seen that the total CAPEX for the clean 

condition is $14,873,409,029 while the opt, med and pess scenarios are 1.8%, 3.21% 

and 6% higher than the clean condition when compared with the clean condition. 

 

Figure 6-8 Cost of various pipeline accessories 
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Figure 6-9 Capital cost of all pipeline components for 18 CS 

 

Figure 6-10 Total CAPEX for the pipeline project-Baseline case 

6.4.2 Impact of GT Degradation on Fuel Cost  

Since the shaft power of GT was fixed with the GC power during operation, the TET 

increases with a corresponding increase in the fuel flow in order to maintain the 

engine power for all the investigated scenarios. The increase in the fuel flow, 

especially at the degraded condition of the GT directly affects the fuel cost. The fuel 

cost increases as the year of engine operation increases. The result for the time-

based fuel consumption showed that the engine (15.2MW) operation between a 

degradation value of 0.25% and 0.5% (reduction of engine flow capacity and 

isentropic efficiency of both compressor, compressor turbine and power turbine) 

within an average temperature of 17.120C and 28.920C results to a fuel cost of $574.1 

per hour. 
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It was generally observed that the time-based fuel cost for the various scenarios in 

the hot season was higher than the dry season and the dry season higher than the 

rainy season. The reason was that the ambient temperature and degradation 

increases as it progresses from rainy season to hot seasons, which implies that, both 

the time-based ambient temperature and degradation values for the hot season was 

higher than the dry seasons and the dry season higher than the rainy season. 

Comparing the fuel cost for the dry and rainy season together for CS 2, the variation 

in the fuel cost between the rainy and dry season for the optimistic scenario was 

within 0.35% to 1.16% depending on the time of day. That of the medium scenario 

was between 0.37% to 1.46% increase while the pessimistic scenario was 0.4% to 

2.4% higher, all depends on the time of day when compared between rainy and dry 

season. This percentage increase showed how the operation of the GT engine in dry 

season increases in cost when compared with the rainy season. Similarly, the cost 

of fuel for the hot season was higher than all the seasons. The reason is that the hot 

season has the highest temperature and degradation among all the seasons of the 

year. It is important to state that the three-hourly segmented timed-based fuel cost 

for each scenario was added together to achieve the fuel cost for each season 

according to their respective scenarios as presented below.  

6.4.3 Season’s-based Fuel Cost 

Figure 6-11, Figure 6-12 and Figure 6-13 indicate the fuel cost for winter, dry and hot 

season for compressor station 2. Each of these seasons has four scenarios (clean, 

opt, med and pess) as earlier explained. An overhaul was implemented after 3 years 

interval for 30 years of operation at baseline condition. Because of overhaul 

implementation, the cost of fuel at year 4, 7, 10, 13, 16, 19, 22, 25 and 28 assumed 

almost the cost of fuel at the clean condition. 

The result showed that running the engine on degraded mode increases the fuel 

cost. For instance, The second year in the hot season of compressor station 2, the 

total fuel cost for the clean engine operating between an ambient temperature of 

21.450C and 31.950C above the ISA condition was $5.68 million. However, operating 

the engine at degraded scenarios with 1.5%, 2.5% and 3.5% for opt, med, and pess, 

respectively (reduction in flow capacity and isentropic efficiency of the compressors 

and turbines) within the same ambient temperature had an increase of 3.4%, 5.8% 
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and 10% for opt, med, and pess, respectively when compared with the clean engine 

operation. Further observation on the result showed that the progressive increase in 

fuel cost in each of the scenario after each maintenance cycle indicates the influence 

of unrecovered degradation on the fuel cost. Generally, the cost of fuel at the 

pessimistic condition was higher than all the scenarios. The reason was because of 

the higher level of degradation in addition to the higher number of engine usage at 

this scenario. Since the fuel flow is cumulative, the fuel flow goes higher at the 

degraded condition in order to maintain the fixed power of the GT. The same 

approach was applied to all the seasons of the year and in all the CS. The result also 

varies from one compressor station to another. It is worth noting that the fuel cost 

calculation, which varies from one year to another, was done with zero percent 

escalation rate ( no inflation on fuel cost). It is also important to state that the fuel 

cost for the different seasons with respect to each scenario was added together to 

achieve the annual fuel cost as presented Figure 6-11 to Figure 6-13 for CS 2.  

 

Figure 6-11 Fuel cost for the rainy season 

 

Figure 6-12 Fuel cost for dry season 
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Figure 6-13 Fuel cost for the hot season 

Figure 6-14 showed the annual fuel cost for all the 18 CS at 0% inflation rate. The 

addition of the fuel cost of the three seasons of the entire 18 CS resulted in the annual 

fuel costs for thirty years of operation. From the result, fuel cost for the clean 

condition maintained an approximate annual cost of $0.423.8 billion throughout the 

life of the project. This is because the engine was assumed clean throughout the 

operation. The result also shows that the fuel cost for the degraded scenarios was 

higher as the degradation increases. This implies that the fuel consumption of the 

engine at degraded condition was high to maintain the power of the engine. Its 

Worthing noting also that the fuel cost reduces at the year of engine overhaul (Year 

4, 7, 10, 16, 19, 22, 25 and 28). 

 

Figure 6-14 Annual fuel cost at different scenarios 
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6.4.4 Fuel Cost at each Compressor Station 

Figure 6-15 to Figure 6-17 shows the cost of fuel at each compressor station in each 

season of the year for thirty years of project life and with respect to the different 

scenarios under investigation. The aim of analysing each compressor station was to 

ascertain the fuel cost that can be budgeted to the various compressor station since 

each compressor station has different ambient temperature and altitude. Also, the 

number of GT engine used in each CS varies from each other. The result will also 

help the operators to budget appropriately to each compressor station.  

Generally, the result for all the seasons shows that compressor station 10, 16 and 

17 has the highest fuel cost when compared with the rest of the CS. The reason was 

that this CS has a lower number of GT that operate on a higher TET except for the 

pessimistic scenario that has a higher number of GT. Having a lower number of GT 

engines operating at these CS implies operating the engine at a higher TET and this 

result in higher fuel consumption. It should be recalled that as the number of GT 

engine increases the lower the operational TET of that engine, vice versa and this 

affects the fuel consumption, hence the reason of having higher fuel cost at that CS. 

Also, it was observed that the fuel cost of the clean scenario of CS 10, 16 and 17 

was higher than other scenarios, this is because the clean engine at this station 

operates on higher TET and the fuel consumption at other scenarios does not 

outweigh the clean condition though at the expense of the engine capital cost. 

Compressor station 1 and 18 has the lowest fuel cost compared to other CS. The 

reason was that these two CS used an equal number of GT throughout the life of the 

project. The slight differences in fuel cost experienced in CS 1 and 18 were as a 

result of the different level of degradation in each scenario. So, as degradation 

increases, fuel cost increases also. This happened because the shaft power of the 

engines was fixed.  
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Figure 6-15 Fuel cost for each CS in rainy season for 30 years 

 

Figure 6-16 Fuel cost for each CS in the dry season for 30 years 

 

Figure 6-17 Fuel cost for each CS in the hot season for 30 years 

There was a need to achieve the holistic value of the fuel cost per annum and for the 

entire project life having evaluated the fuel cost for different seasons of the year. 

Figure 6-18 and Figure 6-19 shows the total fuel cost for each compressor station 

and the total fuel cost for the project life, respectively. The result for the total fuel cost 

for each CS was achieved by adding the fuel cost of each season together with 
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respect to each scenario. The fuel costs in each of these stations are the 30 years 

operational fuel cost. Finally, Figure 6-19 represents the integrated fuel cost for the 

project life at different scenarios. This was achieved from the sum of the individual 

fuel cost at the various CS based on the scenarios under investigation. The result 

shows that the clean engine operation has a total fuel cost of $12.7billion. The 

optimistic, medium and pessimistic scenario has an increase of 3.1%, 4.7%, and 8.7 

% respectively when compared with the clean condition. These clearly show that 

engine degradation enhances fuel consumptions at fixed power of the engine operation. 

 

Figure 6-18 Total fuel cost for each CS in 30 years 

 

Figure 6-19 Integrated fuel cost for each scenario 

6.4.5 Creep Life Estimation 

Consistent operation of GT engines at a high temperature can cause high stresses 

that can have an adverse effect on the mechanical integrity of the turbine blades and 

other components. This will have a significant effect on the engine maintenance cost 
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due to high-pressure turbine blades replacement. Hence, the reason for analysing 

TET-based maintenance cost. This implies that the more the engine is prone to high 

temperature, the higher the cost of maintenance. 

Based on the method adopted in estimating the life of the engine, Figure 6-20, Figure 

6-21 and Figure 6-22 showed the estimated creep life for the rainy, dry and hot 

season, respectively for year 1 of CS 2. The result shows that at a particular rate of 

degradation corresponding to a particular ambient temperature, the creep life 

reduces with increasing TET. The result also shows that as engine degradation 

increases, the creep life reduces. This is reflected in the curves when the creep life 

for the pessimistic scenario was lower than all the scenario. The clean engine 

operates at baseload life of 25000 hours. Meanwhile, different operational engine life 

was obtained at different compressor stations with respect to the different level of 

degradation in each year of operation. However, the non-linearity in the curves shows 

the influence of the time-based ambient temperature.  

The result presented here was when the number of GT was fixed. However, the 

developed simplified lifing model was able to deduce the creep life when the number 

of the GT increases in each season of the year in a time-based system. The 

alternating creep life values due to increase and decrease number of GT (effect of 

degradation) was connected to the economic model to calculate the O&M cost. 

The result for the creep life when the number of the engines was fixed and varied 

was obtained for the entire project life at the different scenarios under investigations 

for all the 18 CS. The creep life result was used to evaluate the engine maintenance 

cost 
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Figure 6-20 Effects of degradation on the engine creep life (rainy season) 

 

Figure 6-21 Effects of degradation on engine creep life (dry season) 

 

Figure 6-22 Effects of degradation on engine creep life (hot season) 

6.4.6 Maintenance Cost  

Operation and maintenance (O&M) cost is very important in determining the life cycle 

cost of this project. The major maintenance cost of the engine was hinged on the 

TET as the power of the gas turbine was fixed throughout the operation. Generally, 

as the TET goes high, the engine life reduces, which requires higher maintenance 

cost. This analysis was applied to all scenarios and in all seasons throughout the 

project life.  

6.4.7 Influence of Degradation on Different Component of O&M Cost 

In this research, The O&M cost of the GT engine was determined by the fixed, 

variable and major maintenance (TET-based maintenance). (Figure 6-23) and Figure 
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6-24) shows the variable and major maintenance (TET-based) costs. The addition of 

these three costs effectively gives the annual O&M cost of the engine for the project 

life with respect to the various scenarios. From the results, it was noticed that there 

were variations in the variable and major maintenance. These occurred as a result 

of engine investment and divestment due to degradation and overhauls, respectively 

with respect to different scenarios under investigation at each CS. The annual costs 

for the various components were done with respect to each season of the year as 

presented below 

6.4.7.1 Components of O&M Costs for Winter Season  

The result for the fixed cost was the same in each CS. However, the result for the 

variable cost as depicted in Figure 6-23 shows that the costs were time-based. for 

variable  

Based on the time-based ambient temperature and degradation, the number of 

engines used at each CS varies due to TET constrain, and as the maintenance goes 

towards the pessimistic scenario (highest level of degradation), the maintenance cost 

tends to reduce.This is because as the number of engine increases, the power 

reduces, and this power is one of the major factors in the variable cost calculation. 

Based on this assertion, it was further observed that the maintenance cost at clean 

condition was higher than other scenarios when the number of the engine increases 

with time. The reduction in maintenance costs at engine degraded condition was at 

the expense of the high engine capital cost at this condition.  

Figure 6-24 shows the major maintenance cost (TET-based maintenance). The 

engine degradation was high in the pessimistic scenario when considering the 

maintenance cost for each scenario. General observation shows that the life of the 

engines reduces as degradation increases and the reduction in engine life gives a 

corresponding increase in maintenance cost. From Figure 6-24, the result shows that 

the pessimistic scenario had the highest cost until year 19. The reason was that all 

the scenarios used an equal number of GT and the increase in the cost was as a 

result of the influence in the level of degradation in addition to ambient temperature 

effect. However, as the operation continues the number of engine increases at year 

20 to 29 where the pessimistic scenario had an additional GT engine to be 6 GTs. 

The creep life at this year of the pessimistic scenario reduces, thereby affecting the 
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maintenance cost. This is the reason why at year 20 to year 29, the maintenance 

costs for the medium scenario was higher than that of the pessimistic scenario. The 

reason was that the TET of the engine while operating with 6GTs was lower when 

compared with the 5GTs. Increasing the number of GT at fixed power settings 

increases the creep life of the engine because of part-load operation, making the 

maintenance cost at the pessimistic scenario to be lower than the medium scenario. 

After that, pessimistic costs at year 30 become higher than the medium because, at 

year 30, both medium and pessimistic scenario used 6 GTs and the degradation 

effect influences the cost of pessimistic scenario to go higher than the medium 

scenario.   

The up and down of maintenance costs in all the scenarios were based on the fact 

that, if the TET reduces or increases due to the impacts of degradation as a result of 

the number of engine usage, so also the creep life of the engine increases or 

reduces, respectively. Also, as the number of engines increases, the engine power 

settings reduces, and this power plays a significant role in the maintenance cost 

calculation. This is because the developed model has the capability of selecting the 

corresponding power of the engine as the number of engines increases or reduces 

with time. This evaluation was done in all the 18 CS for the three seasons of the year 

and with respect to all the scenarios under investigation.  

Summarily, the maintenance cost reduces as degradation increases with an 

increasing number of GT because ; (i) The operational TET reduces as the number 

of engine increases, vis-à-vis. (ii) The operational life of the engines increases as the 

number of the engine increase, vis-à-vis. (iii) As the number of engines increases, 

the power reduces and the engine shaft power plays a significant role in the 

maintenance cost calculation. Also, the reduction in maintenance costs at engine 

degraded condition was at the expense of the high engine capital cost which was felt 

when evaluating the benefits on investment (NPV). 
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Figure 6-23 Variable costs for the rainy season 

 

Figure 6-24 Major maintenance cost for the rainy season 

The addition of the fixed, variable and major maintenance cost, as shown above, 

gives the O&M cost for the rainy season as represented in Figure 6-25. Meanwhile, 

the cost component for the dry and hot season is showed in Figure G-1 to G-6 of 

Appendix G-1 to G-6. The addition of the three components gives the O& M cost for 

each season as represented in Figure 6-26 and Figure 6-27, respectively, for the dry 

and hot season. The same reasons for the variation in cost, as explained above, 

were applicable in this result.  

 

Figure 6-25 O&M costs for the rainy season 
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Figure 6-26 Annual O&M cost for dry season 

 

Figure 6-27 Annual O&M costs for the hot season 

The above result was for CS 2. The same analysis was applied to all the 18CS, and 

the result varies from one CS to another. It is worthy of note that the addition of the 

three seasons with respect to the various scenarios for each CS resulted in the 

annual O&M costs for 30 years of operation. 

Figure 6-28 showed the annual O&M cost when all the 18 CS was calculated. From 

the result, O&M cost for the clean condition remains constant with an approximate 

annual cost of $0.11b throughout the life of the project. This is because the engine 

was assumed clean throughout the operation. The result also shows that the O&M 

cost for the clean condition was higher than the optimistic scenario in all the years. 

Also, at some years of operation, as represented on the curve, the maintenance 

costs for the clean was still higher than the medium. The reason was that the engine 

at the clean condition for those years was operating on a higher TET than the 

degraded scenarios. This makes the creep life of the engine to be low, thereby 
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influencing on the maintenance cost. The degraded (opt, med and pess) alternate in 

their O&M cost due to reducing and increasing number of GT before and after 

overhaul. This makes the operational engine life to fluctuate, thus increasing and 

reducing the O&M cost.  

Although the degraded scenarios operate with higher creep life because of the higher 

number of GTs used during the operation, yet the maintenance cost was still higher. 

Considering the pessimistic scenario going higher in all the year except the year of 

engine overhaul (Year 4, 7, 10, 16, 19, 22, 25 and 28) was due to the influence of 

higher number of GT engines invested at those years in order not to exceed the TET 

limit during operation and the impacts of higher level of degradation. The same 

reason also affected the medium scenario where degradation and the higher number 

of engines also influenced the O&M costs at year 6, 9, 12, 15, 18, 21, 24, 27, and 

30.  This result considers all the total number of engines used for the 18 CS 

throughout the project life. 

 

Figure 6-28 Annual O&M cost for the project’s life-Baseline Case 

6.4.8 Maintenance Costs of Each Compressor Station 

Considering an increasingly-stringent financial budget for natural gas pipeline 

investors to quantify capital intensive project and the factors that influence such a 

project, make it more imperative to evaluate the maintenance costs of each 

compressor station. This is necessary because the number of engines used in each 

station and the ambient temperatures varies from one CS to another. Figure 6-29, 
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Figure 6-30) and Figure 6-31) shows the 30 years O&M costs for the individual CS 

for winter, dry and hot season respectively 

The result in CS 1 and 18 shows that the O&M costs increases with a corresponding 

increase in engine degradation, this makes the O&M costs for the pessimistic 

scenario higher than the medium and medium higher than the optimistic while the 

clean scenario has the least O&M cost. However, increasing the number of GT 

enabled the engine to operate on a lower TET, which increases the life of the engine, 

thereby reducing the O&M cost. For instance, in the winter season, the O&M costs 

for a clean scenario for compressor station 3, 4,5, 6, 8, 9, 11, 12, 13, 15, 16, and 17 

was found higher than all the scenarios. This was because, the engine was operating 

on a higher TET with a lower number of GTs, while the degraded scenarios operate 

on a lower TET with a higher number of GTs. This implies that, as the TET increases, 

the maintenance cost reduces. However, the reduction in maintenance costs at the 

degraded condition was achieved at the expense of the engine higher capital cost at 

that scenario. So, the variation in O&M costs at the various CS was due to the 

different numbers of GT used at the different CS and the influence of the operational 

TET in evaluating the O&M cost. This is the reason why some CS with respect to the 

scenario under investigation has that the O&M cost for the clean scenarios becoming 

higher than other scenarios. This conditions of evaluating the O&M costs for each 

CS was applied to all the seasons. Further evaluation revealed that as the CS 

experienced higher ambient temperature with a corresponding increase in 

degradation, the O&M costs were high, this was found in the degraded scenario in 

hot season (Figure 6-27) having higher O&M cost in some of the CS that the clean 

scenario was high in the winter season (Station 4, 5, 6, etc). In this case, the clean 

condition becoming lower than the degraded condition. This clearly shows how 

elevated ambient temperature and degradation can affect the maintenance cost.  
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Figure 6-29 O&M costs for each CS in the rainy season 

 

Figure 6-30 O&M costs for each CS in the dry season 

 

Figure 6-31 O&M costs for each CS in the hot season 

Having known the O&M costs for each CS, Figure 6-32 shows the annual O&M cost 

for each CS with respect to the various scenarios under investigation. The addition 

of O&M cost of the three seasons of the year with respect to their various scenarios 
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in each CS resulted in the annual O&M costs for thirty years of operation as depicted 

in Figure 6-32.  

Generally, the result shows that as the engine degradation increases, the TET also 

increases and this result to higher O&M cost. However, the O&M cost for the clean 

scenarios of some CS was higher than the degraded scenarios. For instance, Station 

3, 8, 9, 10,15, 16 and 17 have the O&M costs at clean scenarios higher than the 

degraded scenarios. The reason was that the operational TET of the clean scenario 

was higher than the degraded scenarios as the degraded scenarios used a higher 

number of GTs, which makes the engines to operate on a lower TET. This makes 

the creep life higher, thereby making the O&M cost to be lower. 

Furthermore, in compressor station 11 and 12, the optimistic scenario was about 

10.2% lower in maintenance cost than the clean scenario. Also, the medium and 

pessimistic scenarios were higher than the clean scenario. The reason was that, 

although the number of GTs used at medium and pessimistic scenarios was high 

which could have made the engine operate at lower TET so that the O&M cost can 

be lower than the clean condition, the effects of degradation influenced the costs 

since the number of GT engines used at the medium and pessimistic scenario was 

not too high than the clean condition. This made the medium and pessimistic 

scenario incurred an extra cost due to the adverse effect of higher TET as a result of 

the influence of degradation. Finally, the rest of the station’s result shows that the 

O&M costs increases with a corresponding increase in engine degradation, this 

makes the O&M costs for the pessimistic scenario higher than the medium and 

medium higher than the optimistic while the clean scenario has the least O&M cost. 

Figure 6-33 shows the integrated (total) O&M costs of each scenario for thirty years 

of operation. The result showed that the clean scenario had a total O&M cost of $3.4 

billion. The result further revealed that running the engines at lower TET and higher 

creep life (part-load operation) for degraded scenario due to a higher number of GTs 

reduces the O&M costs by 8.3% and 3.4% for optimistic and medium scenario while 

the O&M costs for the pessimistic scenarios increases by 5.7% when compared with 

the cost at the clean condition. This implies that the approach adopted in evaluating 

the O&M cost for this projects saves $0.27billion and $0.19 for the optimistic and 

medium scenario, respectively when compared with the clean condition. While the 

pessimistic scenario incurred an extra cost of $0.19 billion due to the adverse effect 
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of degradation when running on higher TET. However, the benefits of reducing the 

maintenance cost when operating degraded engines as seen in optimistic and 

medium scenarios happened at the expense of an increasing engine capital cost, 

which directly affects the NPV of the project. It is important to state that this method 

enables the engine to operate at the desired project life, thereby reducing the engine 

downtime and increasing the engine availability.  

 

Figure 6-32 O&M costs for each scenario at the various CS for 30 years 

 

Figure 6-33 Integrated O&M cost for each scenario-Baseline case 

Summary, operating the GT engines on higher TET as a result of increasing 

degradation results to lower life of the engines; on the other hand, lower TET 

operation results in higher operational engine life. So as the TET goes up, the 

maintenance cost goes up. vis-à-vis.  
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6.4.9 Life Cycle Costs (LCC) for the Pipeline Project 

The life cycle cost (LCC) of the natural gas pipeline investment is represented in 

Figure 6-34. All the components used for economic investigation are hereby 

presented. These components include the total cost of fuel consumed throughout the 

operation, O&M cost, cost of GTs, cost of GC, cost of the pipeline with all its 

accessories and the emission tax from the total number of GT engines used for this 

investigation. The sum of these cost components made up of the LCC. The LCC 

result was also presented with respect to the various scenarios under investigation. 

The life cost result in Figure 6-34 revealed that the fuel component in all the scenarios 

has the highest cost when compared with all the cost component under investigation. 

The result also shows that the pipeline, with addition to all the considered 

accessories (PL/Acess) was the second dominant cost next to the fuel cost. The 

result further showed that the cost of the gas compressor at clean condition was 

higher than the GT  at the clean condition even up to the medium scenario. However, 

the additional engines due to degradation make the cost of GT at the pessimistic 

scenario higher than the GC cost at this same scenario. The O&M cost reduces at 

the optimistic and medium scenario due to lower TET and lower power settings of 

the engines while the cost of GTs increases as degradation increases. This is 

because the number of GT utilised at the degraded scenarios increases due to the 

engine operational condition. Also, emission tax increases with increasing 

degradation. 

The result of Figure 6-35 shows the percentage breakdown of all the cost component 

involves in the pipeline project at clean condition only. This shows that the fuel cost 

has 39.6% of the total life cost while Mcost, GT, GC, PL/AC, and E_Tax has 10.1%, 

6.897%, 9.95%, 28.89% and 4.57%, respectively of the total life cost. The percentage 

comparison for the degraded scenario is integrated into the overall cost calculation.  
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Figure 6-34 Life cycle cost (LCC) for pipeline investment 

 

Figure 6-35 Percentage of the baseline project cost at the clean condition 

With the consideration of engine degradation as represented in Figure 6-36, the total 

life-cycle cost for the clean condition was $32.01 USD billion. The result for the 

optimistic, medium and pessimistic scenario was 1.59%, 2.94%, and 6.84%, 

respectively higher than the clean condition. This clearly shows the influence of 

running the engine on degraded mode on the overall life-cycle cost of the pipeline 

investment. The result shows that operating the gas turbine at the optimistic, medium 

and pessimistic scenarios incurred an extra cost of $0.51, $1.1 and $2.4, billion 

respectively when compared with the clean condition  
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Figure 6-36 Integrated LCC for the pipeline investment 

6.4.10 The impact of Escalation Rate of Fuel and O&M cost on LCC  

Escalation rate here referred to the annual inflation on the O&M and fuel cost. Figure 

6-37 shows the result for the effects of 3% and 5% fuel escalation rate on LCC when 

compared to the initial 0% escalation rate. The result obtained shows that the annual 

3% and 5% escalation rate has an increasing trend as the year progresses. However, 

it was assumed that there was no inflation in the first year as depicted on the curve. 

The increase in the annual cost indicates the influence of inflation on the fuel cost 

except for the year of engine overhaul. This will directly affect the LCC of the project. 

Figure 6-38 represents the total cost of fuel that was influenced by inflation. It should 

be recalled that the total fuel cost for the 0% escalation rate for the clean, opt, med 

and pess., scenarios were approximately $12.7, $13.1, $13.3 and $ 13.8 billion, 

respectively. The result obtained for the total fuel cost at 3% escalation rate at the 

end of 30 years for each scenario yielded 58.6%, 58.8%, 58.92%, and 59.2% 

increase, respectively when compared with the cost of 0% escalation rate at the end 

of the project. The 5% escalation rate was above 100% increase in all the scenarios 

when compared with the 0% escalation rate at the end of the project.  
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Figure 6-37 Annual escalated fuel cost for project life 

 

Figure 6-38 Total escalated fuel cost for the life 

Due to the impact of inflation on the O&M cost when compared with the 0% 

escalation rate, the result obtained in Figure 6-39, shows that the O&M cost 

increases annually beside the effects of engine degradation.  

The total O&M cost for the 0% escalation rate for clean, opt, med and pess. scenarios 

was approximately $3.24,  $2.97, $3.13, and $3.43 billions, respectively. The result 

obtained for the total O&M cost at 3% escalation rate at the end of 30 years for each 

scenario yielded 58.5%, 59.8%, 60.3%, and  60.8% respectively when compared 

with the cost of 0% escalation rate. The 5% escalation of O&M cost was above100% 

increase in each scenario when compared with the 0% escalation rate. The result 
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obtained for both fuel and O&M cost shows that the impacts of inflation will affect the 

LCC of the project. 

 

Figure 6-39 Annual escalated O&M cost for the project life 

 

Figure 6-40 Total escalated O&M cost for the project life 

Figure 6-41 shows the impacts of fuel and O&M cost escalation rate on the life-cycle 

cost of the natural gas pipeline under investigation. It should be recalled that the LCC 

for 0% escalation rate for the clean, opt, med and pess scenarios were approximately 

$32.5, $32.8, $33.5 and $34.9 billion respectively as represented in  

Table 6-2.  However, the result for the impact of 3% and 5% escalation (ER) obtained 

are clearly shown in the same  

Table 6-2. This clearly showed that inflation has an effect on the LCC. 
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Figure 6-41 Escalation rate on the life-cycle cost of the project.  

Table 6-2 Impact of ER on LCC 

Scenarios LCC at 0% 
ER ($, billion) 

3% ER compared with 
LCC at 0% ER 

5% ER compared with 
LCC at 0% ER 

Clean 32.5 23.29% above 0% ER 48.28% above 0% ER 

Opt 32.8 23.43% above 0% ER 48.6% above 0% ER 

Med 33.5 23.37% above 0% ER 48.48% above 0% ER 

Pess 34.9 23.4% above 0% ER 48.58% above 0% ER 

6.5 Evaluation of Net Present Value 

Before the calculation of the NPV, relevant variables that aid in the calculation has 

to be evaluated in addition to the investment costs. These include revenue from the 

sales of gas, loan repayment schedule, Annual net cash flow, and the divestment 

sales on the redundant engines after overhaul.   

6.5.1 Revenue from the sale of gas 

The yearly revenue from the sales of natural gas was the primary source of income 

in this project. It should be recalled that the project was expected to deliver 

30bcm/year. The value in M3 was converted to MMBTU, and 0.168 ($/kg) was used 

as gas price. The gas price was also converted to MMBTU. This was done to meet 

the international measuring standard for the sale of gas. The revenue was evaluated 

using the relationship shown in  

AR = GFP ($/𝑘𝑔) ∗ EVD (𝑚3/𝑘𝑔) (6-12) 

Where, AR= Annual revenue; GFD= Gas fuel price; EVD= Expected volume delivery. 



 

214 

6.5.2 Loan Repayment  

The repayment schedule for the loan used for the project was estimated using 

Equation 6-13. 

𝐿𝑅𝑆 =
𝑃𝑟𝑜𝑗𝑒𝑐𝑡 𝐶𝐴𝑃𝐸𝑋∗ 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑅𝑎𝑡𝑒

1−(1+𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑅𝑎𝑡𝑒)−𝐿𝐷
  6-13 

Where, 

𝐿𝑅𝑆= Loan repayment schedule 

𝐿𝐷= Duration of loan 

The following assumptions were made during the loan repayment period. Interest 

rate 3% [2], loan duration 15 years, and repayment holiday for 2 years. Figure 6-42 

shows the 3% annual loan repayment plan on the project. The result shows that all 

the investment cost were settled between year 3 and 17. Meanwhile, there was no 

loan repayment in year 1 and 2 (repayment holiday) while year 17 to 30, loan free 

year. 

 

Figure 6-42 Annual loan repayment on project 

6.5.3 Annual Cash Flow of the entire Project 

Based on the inflow and outflow of cash for the project, the annual net cash flow was 

calculated. This was calculated as the summation of all cash inflow and outflow that 

occurs within the project. The inflow and outflow attracted positive and negative 

during the calculation. In this research, the annual sources of cash inflow include, 

revenue generated during gas sales, engine divestment and leasing due to 

redundant fleets of engines after overhaul. Also, the annual sources of cash outflow 
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include fuel cost that the engine utilised, O&M costs, emission tax, and the loan 

repayment. 

Figure 6-43 shows the annual cash flow of the project after considering all variables 

as earlier mentioned. The result obtained shows that the loan repayment period in 

year 3 to 17 affected the cash flow thereby reducing the net cash flow. 

 

Figure 6-43 Annual net cash flow on the project 

6.5.4 Engine divestment sales 

The developed model to calculate the NPV has engine divestment of the redundant 

fleets after overhaul as one of the sources of revenue. Figure 6-44 shows the 

methods to calculate the benefits from engine divestment. The method shows that 

after engine overhaul, there will be redundant fleets, and these redundant engines 

have to be sold out, hence the need for engine divestment through sales. The 

benefits from this sales are been utilised in the economic model to ascertain the NPV. 
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Figure 6-44 Methods to calculate the engine divestment 

 

The engine salvage value was calculated using Equation (6-14) 

𝑆 = 𝑃 × (1 − 𝑖)𝑦 (6-14) 

S= Gas turbine engine salvage value in $/kW 

P = GT engine original capital cost ($/kW) 

i = GT engine depreciation rate  

y = Year of gas turbine engine divestment (years) 

The engine divestment sale was calculated using (6-15); 

𝐷𝑆 = 𝑃 × (1 − 𝑖)𝑦 ∗  𝐺𝑇𝑆𝑃 ∗ 𝑁𝐺𝑇 (6-15) 

Where, 

DS = divestment sale of the GTs ($) 

𝐺𝑇𝑆𝑃 = shaft power of the Engine at DP (Kw)  
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All parameters remained the same as explained in Equation (6-14). 0.05I6 was used 

as the depreciation rate for the clean engine[68]. Meanwhile, 0.0616, 0.0716, and 

0.0816 were used as the depreciation rate for optimistic, medium and pessimistic, 

respective. These values were assumed based on the level of degradation in each 

scenario. This implies that the higher the degradation, the higher the depreciation 

rate of the engines. Straight-line depreciation rate was assumed in evaluating the 

engine divestment sales. This implies that the gas turbine rate of depreciation was 

constant in all the year with respect to each scenario.   

The result obtained in Figure 6-45 shows that there was a decline in the benefits of 

divestment at each scenario as the year of operation increases. This means that as 

the year of engine operation increases, the salvage value reduces and this affected 

the cost value of the engine. The benefit at year 30 was the highest showing that all 

the engines were divested at the end of the project life. The clean becoming the 

highest shows that the clean condition was not affected much by the depreciation 

rate. Figure 6-46 shows the total benefits from divestment as indicated on the bar 

chart. The pessimistic scenarios becoming the highest shows that the highest 

number of engines was divested in this scenario. This influenced the cost calculation, 

thereby making it higher than all of the other scenarios. These benefits go into the 

economic module 

 

Figure 6-45 Divestment sale due to overhaul 
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Figure 6-46 Total benefits from engine divestment 

6.5.5 Net Present Value (NPV) Calculation 

Figure 6-47 illustrates the method adopted in evaluating the NPV of the pipeline 

project under consideration. The following assumption was made; the total project 

life was 30 years, the production starts from the first year and 0% equity, which 

implies that the total capital cost of the project was funded by the debt borrowed from 

the bank. 
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Figure 6-47 Method to evaluate the NPV 

Concerning Figure 6-47, the NPV was calculated using  

NPV = ∑
𝐹𝑡

(1+𝑑)𝑡
𝑁
𝑡=1 - Fo 

(6-16) 

Where, 𝐹𝑡 is the net cash flow for the project life, -Fo is the initial investment cost, 

which is also the loan taken, d is the discount rate. 0%, 5%, 10% and 15% discount 

rate. These values were assumed in this research, and t is the project year. It is 

important to state that the discount rate up to 15% was chosen arbitrarily but 

reasonable. The aim was to investigate the worst-case scenario in terms of benefits 

for investing in the TSGP project.  

Figure 6-48. shows the result of the NPV with engine divestment at a different 

discount rate (DR) with respect to the various scenarios under investigation. 

Considering the clean condition of the engine operation, the NPV at 0% discount rate 

(DR) was $103 billion. The result obtained for the opt, med and pess scenarios shows 
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that the NPV reduces by 1.2%, 2% and 3.9%, respectively when compared with the 

0% discount rate. Again, for the 5% DR, the NPV at clean operation was $43.80 

billion. Accordingly, the result obtained for the opt, med and pess scenarios shows 

that the NPV reduces by 4.8%, 7.3% and 9,  respectively when compared with the 

clean condition.  Furthermore, for the 10% DR, the NPV at clean condition was 

$21.50 billion. The result for the degraded condition shows that the NPV for the opt, 

med and pess reduce by 8.84%, 14.42% and 20.5 %. Finally,  for the 15% DR, the 

NPV at clean condition was $10.10. The result for the degraded condition also shows 

that the NPV for the opt, med and pess sceanrios reduced by 20.8%, 29.7% and 

37.6%. 

Generally, the results obtained show a declining rate in the NPV from the clean 

condition to the pessimistic scenario. This is showing in Figure 6-47 when the NPV 

at 0% DR was $103 billion and ended up with $99 billion at pessimistic. This is also 

seen in all the DR applied in this research. This clearly shows that, as engine 

degradation increases, the benefits on investment reduces. Conversely, if the 

degradation reduces, the benefits will improve, hence the need for maintenance 

activities that can reduce the level of degradation. However, the result obtained 

shows that the project was economically viable. It is essential to state that the various 

escalation rate as used in section 7.4 for the evaluation of the life cycle cost was not 

considered in the NPV calculation. However, only 0% escalation rate on the fuel, 

O&M cost and revenue were used for the NPV analysis. This is because the inclusion 

of the discount rate in NPV evaluation compensated for the escalation rate.  

 

Figure 6-48 The influence of degradation and DR on NPV 
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6.5.6 The Influence of Engine Leasing on NPV 

Apart from the outright sales (divestment) of the redundant engines after overhaul, 

another method to acquire the benefits from the redundant fleet is leasing. Leasing 

of GT becomes imperative as some engines become redundant after overhaul. 

These redundant fleets of engines are been leased and reused when needed. Figure 

6-49 shows the method adopted in achieving the benefits of leasing. 

 

Figure 6-49 Methodology of leasing calculation 

From the method above, as the degradation increases, more engines will be needed 

because of the limit set on the engines. After the first engine overhaul, the redundant 

engines will be leased to the lessee. The leasing of the engine depends on the 

remaining number of engines in each scenario that can give the power requirement 

to the GC. The remaining engines after overhaul will continue in service until the time 
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when additional engines are needed due to degradation. This happened because of 

the TET limit set on the engine operation. At this time, instead of procuring a new 

gas turbine as in the case of engine divestment, the engine will be recalled from the 

lessee based on agreement and reused in the process. The process will continue 

until all the leased engines are retrieved from the lessee if need be. It is important to 

state that new engines can only be purchased when all the leased engines have 

been retrieved from the lessee. New engines can only be procured if all the leased 

engines of a particular year can no longer satisfy the condition of operation.  

The following are the underlying assumption in calculating the benefits of leasing  

(i) 3% of GT capital cost per month was used to calculate the cost of leasing 

(ii) The leased engines are recalled from leasing and re-used instead of 

buying a new engine when there is a need for a new engine 

(iii) Degradation does not affect engine leasing cost as the engines was 

assumed almost clean after overhaul. It only affects the number of engines 

to be leased after overhaul 

(iv) All engines are divested through sales at the end of the project (at year 

30) 

The Lessor’s cost of leasing was estimated using Equation (6-17) 

𝐿𝐶 = 𝐺𝑇𝐶𝑎𝑝𝑒𝑥 ∗ 𝑁𝐺𝑇𝑆𝐶 ∗ 𝑇 

 

(6-17) 

Where, 

𝐿𝐶 = Cost of leasing 

𝐺𝑇𝐶𝑎𝑝𝑒𝑥 = Capital cost of GT engines 

𝑁𝐺𝑇𝑆𝐶 = Number of GT engines for each scenario 

𝑇 = Time of the engines with the Lessee (Year) 

Figure 6-50 shows the number of engines to lease, the number of engines to be recalled 

from leasing, and the total number of engine to be divested at the end of project life. The 

leasing and the recalled time of the engines are all represented on the curve  
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Figure 6-50 Engine leasing and return from service 

From the curve above,  

YOEL= Year of Engine Leasing 

YOER = Year of Engines Return from Leasing 

FRLE = Full Returns of Leased Engines with additional procured engines 

YOED= Year of engine divestment 

Figure 6-51 shows the revenue from engine leasing in all the scenarios. The result 

obtained shows that there was no leasing in the clean scenario. Leasing of engine 

for the opt scenario start at year 13 and progresses till year 30 of engine divestment. 

Also, the leasing of engines at medium and pessimistic scenario starts at year 4. At 

year 10, it was observed that the revenue for the medium with $203 million was 

higher than the pessimistic scenario with $160.8 million. The reason was that only 

one engine was recalled from leasing for the medium scenario while 14 engines were 

recalled from the lessee into year 11 for the pessimistic scenario. This is reflected in 

Figure 6-50. The recall of 14 engines reduces the revenue in the pessimistic scenario 

while the engine at medium scenario continues to remain with the lessee. The trend 

of leasing and recalling continues in all scenarios until the entire engines were 

divested at year 30. It was observed that the revenue from the divested engines 

reduces as the level of engine degradation increases. This is evidently shown as the 

total revenue from the clean, optimistic, medium and pessimistic are $163.7 million, 
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$ 131.2 million, 101.9 million and $83.5. This is expected because all the engines 

apart from the clean engines were sold in their degraded condition.   

 

Figure 6-51 Revenue from Engine leasing and year 30 divestment 

Having known the revenue generated at different leasing time, Figure 6-52 shows 

the total revenue generated from the engine leasing in addition to that of divestment 

at year 30. It is important to state that the total revenue showing on the clean 

condition indicates the divestment only as there was no leasing at the clean 

condition. The total revenue from in each of the scenarios as indicated on the curve 

shows both revenues accruable from leasing and divestment sale. Leasing from the 

pessimistic scenario was the highest because a higher number of engines were 

leased at the pessimistic scenario after overhaul  

.  

Figure 6-52 Total revenue from engine leasing and divestment at year 30 
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It is worth noting that the revenue from engine leasing goes into the economic model 

as an integral part of the calculation of NPV. Figure 6-53 shows the influence of 

engine leasing on the NPV at a different discount rate (DR). The result obtained 

shows that the NPV value of $103.0, $43.80, $21.5 and $10.10 billion for 0%, 5%, 

10% and 15% discount rate respectively for the clean engine operation remain the 

same when compared with the NPV that was influenced by engine divestment option. 

The reason remains that there were no redundant engines at the clean engine 

operations.  

Generally, There was an improvement in all scenarios for the NPV with leasing when 

compared with the divestment case. For instance, at 5% DR for opt, med and pess., 

scenario, the result showed that there was an increase of 2.6%, 3.6% and 3.9% for 

opt, med and pess scenario when compared with the NPV for divestment sale under 

the same discount rate. The result here shows that there was a reduction in NPV 

under engine divestment when compared with that of engine leasing. 

 

Figure 6-53 The influence of engine leasing on NPV 

6.6 Conclusion 

The economics of investing in the natural gas pipeline has been analysed and 

presented. The result obtained from the NPV analysis shows that the project is 

economically viable. Comparing the benefits on investment when applying engine 

divestment and leasing of the redundant engines after overhaul, the result shows that, 

the NPV achieved at optimistic scenario under engine divestment condition was 0.2%, 

2.6%, 5.8%, and 12.1% corresponding to 0%, 5%, 10% and 15% DR, respectively lower 
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when compared with that of the engine leasing condition. The same trend was achieved 

for the medium scenario. Finally, that of the pessimistic scenario under divestment 

condition was 1.3%, 4%, 8.1%, and 20.3% lower corresponding to 0%, 5%, 10%, and 

15% discount rate, respectively when compared with the engine leasing 

The result obtained shows that the NPV with leasing has more promising result than that 

of engine divestment through outright sales. This is because in divestment after the 

engine was sold with less cost because of the depreciation rate of engines due to 

degradation, new engines were procured when the need for another engine arises. The 

purchase of new engines increases the capital cost, thereby affecting the overall benefits 

(NPV) of the project. However, in leasing, the same engine that was leased was recalled 

from leasing and re-used when the need arises. New engines were only procured when 

all the leased engines cannot satisfy the number needed at each compressor station. 

Conclusively, based on the above analysis, engine leasing improves the NPV than 

engine divestment. Hence, it is more beneficial to adopt the engine leasing approach 

than the engine divestment method 
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7 MAINTAINANCE ACTION 

7.1 General Overview 

The maintenance action adopted in this thesis is the implementation of a re-

scheduled overhaul and compressor washing. Therefore, this chapter is divided into 

two sections. Section one deals on the impact of rescheduling of GT engine overhaul 

on the techno-economics of natural gas pipeline investment while section two deals 

with compressor washing as one of the maintenance action for the GT engines. The 

two sections evaluated their impacts on the techno-economic of the natural gas 

pipeline project. Based on this division, each section shall be discussed one after 

another  

7.2 The Impacts of GT Re-scheduled overhaul on the Techno-

economic Assessment of Natural Gas Pipeline Project 

7.2.1 Overview of section one 

This section presents how rescheduling of the gas turbine (GT) overhaul from the 

baseline case of three years to two years interval amid the different level of 

degradation affects the number of the gas turbine to be used in a compressor station 

without altering the original pipeline design for a particular amount of gas throughput. 

Also, the research further investigated how this phenomenon influenced the total 

capital expenditure (CAPEX) of the project, its impacts on the fuel, O&M, life cycle 

cost, and the NPV. Eighteen compressor stations the same with the baseline case 

was used for the investigation. TURBOMATCH was used to develop the engine 

models at a controlled Turbine Entry Temperature (TET) with fixed shaft power. The 

performance results were further used for economic investigation using a developed 

model in MATLAB. Three seasons (rainy, dry and hot seasons) were also considered 

in this analysis based on the location of Trans-Saharan gas pipeline being 

investigated. Compressors and turbines were degraded (fouled) as a single type of 

degradation producing three performance scenarios (opt, med and pess) in 

comparison with the clean conditions. The proposed approach will enhance engine 

life-extension strategies that engine life-cycle managers or natural gas pipeline 

investors may adopt to cost-effectively manage their engines while ensuring 

reliability and safety on the pipeline business.  
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7.2.2 Introduction 

How long the Gas turbine (GT) engines can be kept in service safely during the 

project life in the midst of harsh ambient temperature and degradation, has become 

a growing concern to engine life-cycle managers. Also, the need to balance risk and 

cost of replacing completely deteriorated engines explains the growing interest in the 

application of life extension technologies or strategies for safely extracting maximum 

usage of the procured engines on the natural gas pipeline. The reason is that the 

engines are allowed to run for an extended period due to the economic benefits of 

the natural gas business. GT engines that work for an extended period need overhaul 

to revamp the engine and to keep the engine working to its useful life. 

The baseline model instituted three years interval for the engine overhaul in chapter 

6. However, the time interval between overhaul varies with engine make, model and 

condition of operation which may extend or reduce to longer or shorter service 

intervals as established in chapter 2. The present study under this chapter 

considered engine overhaul after two years interval different from the baseline case.  

This is regarded as a re-schedule overhaul (ROH) The main aim was to investigate 

how this idea of reducing the time between overhaul will affect the fuel cost, O&M 

cost, life cycle cost and by extension the net present value (NPV) of the pipeline 

project using the TERA concept with the developed economic model  

7.3 Methodology 

Figure 7-1 represents the developed method for implementing the concept of a re-

scheduled overhaul (ROH) for the natural gas pipeline project. Having achieved the 

gas compressor power requirement and the modelled engines, the overhaul was 

implemented after the two years interval of each season of the year. The engine 

model with the implementation of the re-scheduled overhaul was developed in 

TURBOMATCH. This was done amid time-based ambient temperature and the 

different level of degradation (opt, med and pess) for each season of the year for 

thirty (30) years. The limit of the operational TET not exceeding 60k above the DP 

was also considered irrespective of the level of the engine degradation.  

This implies that if the operational TET exceeded the limit, an additional engine of 

the same capacity with lower power settings would be added to the compressor 
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station. The implementation of two years interval for overhaul enabled the engine not 

to undergo much degradation as in the case of three years interval.  

Based on the use of the different number of engines with their respective shaft power, 

conjugate performance maps of the various parameters such as the fuel flow and 

TET will be produced. These conjugate performance maps will form the economic 

data that was used for the economic investigation of the project. 

 

Figure 7-1 Methodology for the re-scheduled overhaul 

The proposed approach will enhance engine life-extension strategies that engine life-

cycle managers or natural gas pipeline investors may adopt to cost-effectively 

manage their engines while ensuring reliability and safety on the pipeline business.  

7.3.1 Consideration of the Implanted Degradation base on ROH 

Three degraded scenarios were also examined on the engines model, for the three 

scenarios in comparison with the clean condition. The three scenarios including the 
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clean condition were investigated in each season (winter, dry and hot season) of the 

year with the implementation of a routine overhaul after two years interval for the 

project life of thirty (30) years different from the three years overhaul of the baseline. 

In the developed engine model and for each season of each year throughout the 

project life, different values of degradation were implemented with consideration to 

the assumed two years routine overhaul. The percentage of values used was 

implanted with respect to industrial practice and literature. The same pattern of the 

baseline case in modelling and degradation implantation was adopted but different 

time of overhaul implementation was considered in this case. All the scenarios were 

modelled for 30 years.  

Figure 7-2, Figure 7-3, and Figure 7-4 showed the percentage values of 

degradation implanted for each scenario for winter, dry and hot seasons, respectively 

throughout the project life. In the winter season, as shown in Figure 7-2, opt ranges 

from 0.25% to 2.4%, med ranges from 1.25% to 3.4% and pess ranges from 2.25% 

to 4.4%. In the dry season, the implanted degradation for opt ranges from 0.5% to 

2.65%, med ranges from 1.5% to 3.65% while pessimistic ranges from 2.5% to 

4.65%. Finally, in the hot season, optimistic ranges from 0.75% to 2.9 %, the medium 

was between 1.75% and 3.9% while pessimistic ranges from 2.75% to 4.9%. An 

interval of 0.75% between each year of the first two years of operation was assumed 

for all the seasons. Also, an interval of 1% between each scenario per season was 

assumed to account for the different level of degradation. These are shown in Figure 

7-2 to Figure 7-4. The implanted degradation is also presented in Table F 1 of 

Appendix H for more clarity.  

The years of the overhaul are year 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, and 

29. These years were chosen based on the assumption that the engine overhaul was 

implanted after two years interval for the project life. To account for the successive 

unrecovered degradation after each routine overhaul, the percentage from the 

specified range of values to be used depends on the scenario under investigation 

with their respective seasons. Therefore, 0.025% to 0.435% was implanted for the 

winter season to account for the years of the overhaul. To account for the 

unrecovered degradation after each overhaul for the opt scenario, 0.01% interval 
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between each overhaul was adopted while 0.03% was used as the interval for both 

medium and pessimistic scenario in the winter season. 

A similar approach was adopted for the dry and hot season with alternating values. 

The main aim was to show that after each maintenance cycle, the engine goes into 

operation with some percentage of unrecovered degradation. These values were 

used to reduce the flow capacity and isentropic efficiency of both the compressor, 

compressor turbine and power turbine. This assumption was made based on 

literature and current industrial practices. 

 

Figure 7-2 Implanted level of degradation for the rainy season 

 

Figure 7-3 Implanted level of degradation for dry season 
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Figure 7-4 Implanted level of degradation for the hot season 

7.4  Consideration of the Number of GT used for the Re-

scheduled Overhaul 

To ascertain the number of GT used for each compressor station under this case 

study, the method used in section 5.4 of chapter 6 to investigate the number of GT 

engines usage in each CS for the baseline condition was adopted. However, the 

difference here was the implementation of engine overhaul after two years interval, 

and this resulted in the engine having a lower level of degradation.  

7.4.1 Result and Discussion 

Based on the operational limit set on the TET of the engines, the TET profile has 

been analysed in addition to other performance parameters in all the 18 compressor 

stations (CS). For instance, Figure 7-5 and Figure 7-6 showed the time-based TET 

profile map for CS 2 in the rainy season for the baseline and ROH condition, 

respectively. The result shows a reduction in TET for the ROH when compared with 

the baseline condition. The same trend was achieved in all the CS and all seasons 

with respect to the various scenarios under investigation. The baseline and ROH 

result for the TET profile showed the influence of degradation on engine operation at 

constant shaft power. So the higher the degradation, the higher the TET, vice Versa. 

The analysis will determine if an additional engine is needed for other scenarios to 

reduce the TET or not based on the engine condition of operation. The engine below 

was expected not to exceed TET of 1610K since the DP TET was1550K 
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Figure 7-5 Time-based opt TET profile for the baseline condition -Rainy season 

 

Figure 7-6 Time-based TET profile after ROH- Rainy season 

Figure 7-7 shows the influence of the re-scheduled overhaul in determining the 

number of engines usage in each year. The result indicated that the re-scheduled 

overhaul reduces the number of GT used when compared with the baseline. This is 

evidently shown in Figure 7-8, where only the pessimistic scenario is represented. 

The reason was that the ROH technique reduces the level of degradation of the 

engine. This means that at the 3rd year where degradation would have been on the 

increase, engine overhaul took place to hinder a further increase in degradation.  

With this technique, an additional engine that would have come in as a result of an 

increase in degradation was hindered by the introduction of the overhaul. This 

technique helps to reduce the number of engine usage in each of the compressor 

stations. Figure 7-9 shows the reduced number of GT used in each of the CS. It 

should be recalled that at baseline condition, CS 13 used 7 and 8 GTs for the medium 

and pessimistic scenario, but at the implementation of ROH, the number of GT 
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reduced to 6 and 7 GT engines at the same CS 13. The reduction of GT was also 

experienced by other CS. Meanwhile, the clean engine maintains the same number 

of engines throughout the project life in a similar way with the baseline case. This is 

because there was no degradation and overhaul for the clean condition. 

It is necessary to state also that the outcome of the total number of GT used in each 

year for each of the CS was based on the power settings of the engines that will drive 

the GC. The operational TET of the engines was within the set limit.  

 

Figure 7-7 GT investment for the re-schedule overhaul 

 

Figure 7-8 Number of engines used in the pessimistic scenario 
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Figure 7-9 Number of GT used for each CS at different scenarios 

Having evaluated the required number of GT in each CS, Figure 7-10 shows the total 

number of GT used in each scenario in comparison with the baseline case. The result 

shows that, the opt, med and pess scenario that used 99, 106 and 120 number of 

engines throughout the life of the engines for 18 compression stations at baseline 

reduces to 91, 104 and 115 respectively for the same number of compressor station 

and at the same operating conditions to deliver the same amount of .gas as in the 

baseline case. The opt scenario had the highest reduction in the number of GT 

because the opt has a lower level of degradation. Having a lower level of degradation 

enabled the system to quickly get rid of the degraded condition at the introduction of 

the overhaul after two years of operation when compared with the waiting time of 3 

years before overhaul. The number of engines was also reduced in other scenarios 

based on this phenomenon. Figure 7-11 shows the number of different engines used 

in the mixed fleets. 

 

Figure 7-10 GT used for ROH in comparison with the baseline 
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Figure 7-11 Number of each GT used in the mixed fleets for ROH 

7.5 The Influence of Re-schedule Overhaul on the Economics 

This section presents how rescheduling of gas turbine overhaul due to degradation 

affects the entire natural gas pipeline investment cost when compared with the 

baseline case. This cost includes the capital, the O&M cost (fixed, variable, TET 

based maintenance) and fuel cost., Its influence on the emissions and CO2- tax was 

also evaluated. The investigation in this section extended to the evaluation of the life 

cycle cost and the net present value (NPV). This will show the viability of the natural 

gas project when compared with the baseline case. Three(3) degraded scenarios 

were also examined.  

It is important to state again that, the implemented methodology to evaluate the 

economics of the pipeline project for the baseline case in chapter 6 was adopted in 

this section. These methods involve GT, GC, pipeline and its accessories calculation. 

The methods also include the fuel, O&M cost, LCC and NPV. Finally, the developed 

TERA framework, the developed emission, and economic model, as explained in 

chapter 3, 5 and 6 respectively were used for this section.  

7.6 Result and Discussion 

The result shows the influence of the re-schedule overhaul on the capital expenditure 

(CAPEX), the life cycle cost, and the net present value of the project. The results are 

shown in comparison to the baseline case. 



 

237 

7.6.1 The Influence of Re-schedule overhaul on the CAPEX 

The capital expenditure (CAPEX) of the natural gas pipeline comprises of the cost of 

the pipeline, gas compressor, gas turbine and all the relevant pipeline accessories 

as considered in this research. Figure 7-12 shows the cost of GT in comparison with 

the baseline cost. The result revealed that the opt, med and pess reduced by 8.2%, 

2% and 4.3%, respectively when compared with the cost of the respective scenarios 

in the baseline cost. Figure 7-13 shows the total CAPEX for the pipeline project when 

compared with the baseline case. The result obtained indicated that the opt, med 

and pess scenarios reduce by 1.5%, 0.38% and 0.9% when compared with the 

baseline case. The differences in the CAPEX for the ROH were attributed to the 

reduced number of GT and the influence of the contingency cost. 

 

Figure 7-12 Cost of GT in comparison with the baseline 

 

Figure 7-13 Total CAPEX  of the project-ROH 
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7.6.2 The Influence of re-scheduled overhaul on the Fuel and O&M 

costs of the Pipeline Project 

Figure 7-14 shows the annual fuel cost under the res-scheduled overhaul (ROH). 

The clean condition for both the baseline and ROH maintained an annual cost of 

$0.424 billion for the 18 CS. However, the degraded condition (opt, med, and pess) 

varies from year to and assume almost clean at the year of engine overhaul. The 

increasing trend on the curve as the year increases revealed the influence of 

unrecovered degradation after each maintenance cycle which increases with the 

year of operation. This affected the cost of fuel as the operation continues 

Figure 7-15 shows the total fuel cost alongside with the baseline case for all the 

scenarios under investigation. The result shows that the total fuel cost for the 

baseline case and clean condition remained approximately $12.7 billion for thirty (30) 

years of operation. The result obtained also shows that the total fuel cost for the opt, 

med., and pess., scenario reduces by 2.8%, 3.01% and 4.7% respectively when 

compared with the baseline case. 

 

Figure 7-14 Annual fuel cost for the project life-ROH 
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Figure 7-15 Total fuel cost for project life-ROH 

Figure 7-16 showed the annual O&M cost when all the 18 CS was calculated. From 

the result, O&M cost for the clean condition maintained an approximate annual cost 

of $0.11billion throughout the life of the project as it was in the baseline case. The 

result still showed that the O&M cost for the clean condition was higher than the opt., 

scenario in all the years. Again, apart from the year of engine overhaul, the clean 

condition was higher than the med.from year one until year 17. At year 18 upward, 

the medium was higher than the clean condition. This is because the engine at the 

clean condition was operating on a higher TET than the degraded scenarios for the 

years that the O&M cost was higher than the opt and medium.  

It should be recalled that the maintenance of these engines was TET-based 

maintenance. The degraded condition operates on lower TET as a result of part-load 

operation due to a higher number of engine usage. This makes the creep life of the 

engine at the clean condition to be low, thereby influencing the maintenance of the 

engines. The implication of this is a direct effect on the maintenance cost, thus 

making the maintenance of the engine at the clean condition to be high. The 

alternating values on the curves for the degraded condition (opt, med, med) indicates 

the influence of the number of engine usage in each scenario before and after each 

maintenance cycle (overhaul). The degraded scenario alternate in their O&M cost 

due to reducing and increasing the number of GT before and after overhaul. This 

makes the operational engine life to fluctuate, thus increasing and reducing the O&M 

cost. Although the degraded scenario operates with a lower TET with a 

corresponding higher creep life of the engines, the higher O&M cost in the pessimistic 
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scenario was due to the influence of the higher number of GT used in this scenario 

and a corresponding value of degradation. 

Generally, the O&M cost for the re-scheduled overhaul was lower than the baseline 

case. This is shown in Figure 7-17, where the total O&M cost is expressed in 

comparison with the baseline case. The result obtained showed that the total 

maintenance cost for the clean engine operation remained approximately $3.24 

billion. The further result revealed that the opt., med., and.pess., scenarios had a 

reduction of 4.03%, 1.9% and 5.1%, respectively in their O&M cost when compared 

with the baseline case. The medium scenario having a lower value was as a result 

of the lower number of GT reduction between the baseline and the ROH condition 

 

Figure 7-16 Annual O&M cost for the life-ROH 

 

Figure 7-17 Total O&M costs for ROH in comparison with the baseline 
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7.7 The Impacts of ROH on GT Emissions 

The emission considered under this section is the CO2 because it is only the CO2 tax 

that was considered in this research. Therefore, the impacts of the ROH on the CO2 

formation and tax was investigated and presented.  

It is important to establish that the developed methodology and model in chapter 5 

for the evaluation of emission for the pipeline project is adopted in this section. The 

time-based performance result from TURBOMATCH based on the ROH of the 

engines was linked with the developed emission model to evaluate the impact of the 

ROH on emission generation as well as the emission tax. Figure 7-18 shows the 

annual emission generated throughout the 18 CS under the ROH. The total annual 

CO2 emitted was the summation of the time-based emission for each season of the 

year. So the addition of the three seasons makes up the annual CO2 as represented 

in Figure 7-18. The result shows that the clean condition maintained an annual CO2 

emission of 2.45 billion kg same as the baseline. The increasing trend in each of the 

scenario before and after overhaul as the year increases indicates the accumulation 

of the unrecovered degradation after each maintenance cycle. 

Furthermore, Figure 7-19 shows the total emission generated throughout the project 

life. Based on the total number of GT used for for the 18 CS, the clean condition 

maintained a total of 73.4 billion kg of CO2, the same as the baseline case. The 

further result obtained for the emission showed that the opt., med., and pess., 

reduced by 1.6%, 2.1% and 3.3% respectively when compared with the baseline 

condition. Generally, ROH reduces CO2 emission. 

 

Figure 7-18 Annual CO2 emission for the project life 
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Figure 7-19 Total emission generated for the ROH throughout the project life 

Based on the amount of CO2 emission generated, Figure 7-20 shows the annual 

emission tax produced throughout the project life. The result shows that at the clean 

condition, a constant annual emission tax of $49.26 million was maintained as it was 

in the baseline condition, while the degraded condition increases with increasing 

degradation with time. Figure 7-21 shows the total CO2 emission tax throughout the 

project life. The result revealed that the opt., med., and pess., reduces by 1.6%, 2.1% 

and 3.7% when compared with the baseline condition. 

 

Figure 7-20 Annual emission tax for ROH throughout the project life 
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Figure 7-21 Total costs of CO2 emission for ROH throughout the project life 

7.7.1 The Influence of ROH on the Life Cycle Cost (LCC) 

The life cycle cost consists of the CAPEX, fuel and O&M cost, including the emission 

tax. Figure 7-22 presents the LCC for the ROH when compared with the baseline 

case. The result shows that approximately $32.01 billion remain the LCC for the 

clean condition for both the baseline case and ROH. The result further showed that 

the opt, med, and pess scenario experienced a reduction of 2.1%, 1.6% and 3.0% 

respectively when compared with the baseline LCC. This implies that implementing 

ROH saves $0.7, $0.54,$1.01 billion for opt, med and pess, respectively when 

compared with the baseline case. The variation in the LCC was attributed to the 

reduced number GT, which influenced the CAPEX, emission tax, fuel and O&M cost. 

The benefits here indicated that, apart from saving some amount of money, 

implementing ROH enabled engine availability despite the level of degradation. This 

shows clear benefits of running the engines at lower TET which improve the creep life of 

the engines. It also shows that the technique enables the engine to operate throughout 

the desired project life despite the level of degradation. 
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Figure 7-22 Life cycle cost-ROH 

7.7.2 The Impacts of Reschedule Overhaul on NPV 

Under this sub-heading, two cases shall be addressed. This include: 

i) The influence of ROH on engine divestment for NPV evaluation 

ii) The influence of ROH on engine leasing for NPV evaluation 

7.7.2.1 The Influence of ROH on engine divestment for NPV Evaluation 

Figure 7-23 shows the annual benefits from engine divestment for the ROH. 

Generally, the benefits of divestment in the baseline case was higher than that of the 

ROH basically because less number of engines were used in the later than the 

baseline as previously presented. The lower divestment benefit was caused by the 

depreciating rate of the engines at the degraded condition as was applicable to other 

degraded scenarios. The higher divestment benefits in medium and pessimistic 

scenarios were as a result of the influence of the higher number of engines that were 

divested at their respective years. Generally, the result also shows that as the year 

increases, the divestment benefits cost reduces due to the engine deterioration with 

time.  

Meanwhile, at the end of the project, all the engines were divested through sales as 

represented in Figure 7-23. However, the increase in the medium scenario from year 

13 to 19 was due to the higher number of engines used in the preceding years before 

overhauling. Therefore, the higher number of redundant engines influenced the 

benefits of divestment in those years, thus making it go higher instead of coming 

down. After year 19, it started coming down due to the influence of engine 
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depreciation as the divested engine stabilised. Figure 7-24 showed the total benefits 

from the engine divestment for the ROH in comparison with the baseline case. The 

result obtained showed that the benefit from the clean condition remained 

approximately $163.74 million as it was in the baseline condition. The benefits from 

the clean engine show the benefit of divestment at the end of the project life. The 

further result shows that the benefit from divestment for opt., med., and pess., 

reduces by 22.7%, 32.5% and 28.4, respectively when compared with the baseline 

line condition. The non-linearity in the percentage shows the relationship with the 

baseline values as indicated on the bar chart.  

 

Figure 7-23 Annual benefits from divestment 

 

Figure 7-24 Benefits from engines divestment –ROH 

Discounting technique and the addition of ‘’ divestment term’’ based on NPV 

calculation method is at this moment presented to allow initial assessment of the 

likelihood of various scenarios being attractive for the pipeline project. Figure 7-25 
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shows when divestment is accounted for during NPV calculation under ROH. The 

result shows that as the discount rate increases, the NPV reduces. For a specific 

discount rate (DR), the NPV reduces as the degradation increases. For instance, at 

0% DR, the NPV for the clean, opt., med., and pess., had $103.0, $102.5, $101.90 

and $100.6 billion, respectively. Also, at 10% DR, the NPV for the clean, opt., med., 

and pess., had $21.5, $19.86, $18.80 and $18.0 billion, respectively. This implies 

that at 10% DR under ROH, there was an increase of 1.3%, 2.2% and 5.3% for opt., 

med., and pess respectively, in NPV when compared with the baseline. Generally, 

the NPV result under ROH for the degraded conditions shows promising benefits 

when compared with the baseline case. The reason was that the reduction in the 

number of GT usage, fuel cost, O&M cost and emission tax makes the NPV for the 

ROH higher than the baseline case. The result generally shows that the project is 

worth investing. 

 

Figure 7-25 The Influence of engine divestment on NPV for ROH 

7.7.2.2 The influence of ROH on Engine Leasing for NPV Evaluation 

Another case study was the consideration of engine leasing for the redundant fleets 

after overhaul. The result from the leasing of engines is presented in Figure 7-26 

where the total benefits is a representation of the benefits of engine leasing and that 

of the divestment of all the engines at the end of project life.  

The result obtained shows that the benefits from the clean condition remained 

$163.74 million a value which only shows the benefit of all the clean engine from 

divestment at the end of the project life. The further result obtained showed that, 
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there were 55.9%, 34% and 9% reduction in the benefits for the opt., med., and pess., 

respectively from leasing when compared with the baseline case. This is expected 

because of the reduction in the number of engines under the ROH. The med., and 

pess having a lower percentage value compared to the opt scenario shows that more 

engines were used in this scenario.  

Furthermore, Figure 7-27 shows the influence of leasing on the NPV for the ROH. 

The usual trend of decreasing DR, resulting in a decreasing NPV was obtained. 

Although the benefits from engine leasing for the baseline case was higher than the 

ROH, the NPV achieved in ROH was better than the baseline case. This is because 

the yearly maintenance cost, fuel cost, emission tax as well as the CAPEX were 

reduced in the ROH. This influenced the NPV calculation, thereby making the NPV 

higher than the baseline case. From the result obtained, it was observed that the 

NPV obtained when considering engine leasing was higher than the divestment 

condition. For instance, at 10% DR, the opt., med., and pess., was 0.2%, 3.7% and 

5.6% higher when compared with the NPV under engine divestment. Generally, in 

all the discount rate under consideration, the NPV for engine leasing was higher than 

divestment.  

 

Figure 7-26 Revenue from leasing –ROH 
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Figure 7-27 The influence of engine leasing on NPV for ROH 

7.8 Compressor Washing: Maintenance Action –Section 2 

7.8.1 Overview 

Application of compressor washing for a mechanical drive on pipeline application is 

scarcely seen in the literature, especially an operation when the engine power is fixed 

throughout the operation. The main aim of this section is to investigate the impacts 

of on-line compressor washing for natural gas pipeline application at a fixed power.  

Among the various types of compressor washing, on-line compressor washing was 

adopted in this research. The reason was that the gas turbine for the mechanical 

drive in the oil and gas needs online compressor washing to help continue production 

and to avoid loss of power requirement for the driven equipment. So, from a practical 

point of view, a short period of downtime in gas turbine used on pipeline application 

can result in a loss of money equivalent to, or more than the cost of the GT engines. 

Based on this reason, the present study considers online washing and the GT 

engines to run on a constant shaft power irrespective of the condition of operation.  

This section considers the impacts of compressor washing on the following areas 

applicable to natural gas pipeline transportation system:  

(i) Performance improvement through Compressor washing 

(i) Economic enhancement through compressor washing 

(ii) Emission reduction through compressor washing 
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7.8.2 Methodology 

Compressor washing practice in gas turbine plant is proportional to the rate of engine 

degradation. Figure 7-28 shows the flow chart or methodology for the implementation 

of the on-line compressor washing taking into account typical operating conditions. 

Three scenarios (opt. med and pess.) which defined the level of degradation were 

investigated in comparison to the clean engine condition. Each of these scenarios 

was investigated in each season of the year using TURBOMATCH at fixed shaft 

power. The baseline-degraded model in chapter 6 was used to ascertain the level of 

engine degradation before compressor washing based on each of the scenarios. The 

engine was model with fixed shaft power irrespective of the ambient temperature and 

degradation using TURBOMATCH. This setting implies that the engine will be 

operating at the expense of the TET and fuel flow. From the flow chart, TET, fuel 

flow, mass flow and pressure ratio are the performance parameters to be achieved 

before and after compressor washing  

As the rate of degradation increases and becomes the worst, the frequency of 

washing (washing interval) is expected to increase also. Similarly, when the 

degradation rate is less, the washing frequency is less [23]. Therefore, it was 

assumed that as the degradation increases from optimistic to pessimistic, the volume 

of washing fluid (demineralised water and the concentrate) also increases 

accordingly. 5% and 10% increase in washing fluid above the optimistic scenario 

were used for the medium and pessimistic scenario, respectively. The reason for the 

assumption was that, as the level of degradation increases, it is expected that the 

washing fluid increase also to achieve the performance recovery in all the scenarios.  

Furthermore, the trend line equation to determine the volume of concentrate and 

demineralised water by Musa [23] was utilised in this thesis. The trend line makes 

use of the mass flow from the engine to ascertain the volume of washing fluid to be 

implemented at different scenarios under investigation.  

The assumed washing time interval was twice every week, while the recovery rate 

was assumed to be 50%. The assumption of the 50% recovery was due to the 

assumption of continual usage of the engine on the natural gas pipeline. In this case, 

power loss was not an issue rather TET and fuel flow. So, implementing on-line 

compressor washing for pipeline application at fixed shaft power will improve on the 
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engine life (TET) and fuel flow. The 50% recovery rate was implemented on the 

degraded model to evaluate the impact on the performance parameters and 

subsequently the economics and the emission. The performance result before and 

after compressor washing was used in the developed economic model to evaluate 

the impacts of compressor washing on the economics and emission  

It is important to state here that the compressor washing investigation was done in 

only one compressor station (Station 18), and it was assumed that the same 

approach could be replicated in all the compressor station. The engine capacity for 

this investigation was IGTA 13.4 MW 

 

Figure 7-28 Methodology for compressor washing 

7.8.3 Performance Improvement through compressor washing 

Figure 7-29 to Figure 7-32 shows the performance recovery after on-line compressor 

washing. The result depicts the pessimistic scenario of the winter season of the first 

year. Meanwhile, the same method was implemented in all the years except the year 

of engine overhaul. The first year of the engine operation in the rainy season had 
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2.25% of engine degradation (reduction in flow capacity and isentropic efficiency). 

As the impact of the degradation varies due to the influence of the time-based 

ambient temperature for each season, so also the percentage of recovery after 

compressor washing varies according to the time of the day and from one season to 

another. Generally, the percentage of increase or decrease of the performance 

parameters depends on the level of engine degradation. Also, the percentage of 

performance recovery depends upon knowing the amount of performance lost due 

to engine degradation  

Figure 7-29 showed the mass flow recovery after compressor washing. For instance, 

at 9:00, which corresponds with the ambient temperature of 21.420C, a mass flow of 

1.101kg/s was lost due to degradation when compared with the clean condition, but 

after compressor washing, 0.549kg/s was recovered to improve on the mass flow. 

Meanwhile, the non-linearity in the recovered mass flow shows the influence of the 

time-based ambient temperature. The time-based ambient temperature indicates the 

variation in the ambient temperature according to the time of the day. Figure 7-30 

shows the influence of the compressor washing on the engine TET. The TET 

continue to be high as the time of operation continues. The reason was that the shaft 

power of the engine was fixed, and the continuous operation of the engine was at 

the expense of the engine TET and fuel flow. Considering the engine operation at 

9:00 that corresponds with the ambient temperature of 21.420C, the TET increased 

by 38.9K due to degradation when compared with the clean condition. However, after 

compressor washing, the TET was reduced by 19.8k from the degraded condition. 

The variation in the increase in TET indicates the influence of the time-based ambient 

temperature.  

 

Figure 7-29 Massflow recovery through CW 
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Figure 7-30 TET reduction through CW 

The fuel flow of the engine increases as engine degradation continues with time. The 

percentage of increase depends on the level of engine degradation. Also, the 

percentage of fuel consumption recovery depends upon knowing the amount of fuel 

consumes as the engine degrades. For instance, Figure 7-31 shows the impacts of 

compressor washing in fuel flow reduction. From the curve, at 9:00, which 

corresponds with 21.420C, the fuel flow increased by 0.01kg/s due to degradation 

when compared with the clean condition. However, after compressor washing, 

0.003kg/s of fuel flow was recovered from the increased value from the degraded 

state. Similarly, The non-linearity in the fuel flow indicates the influence of the time-

based ambient temperature. Finally, the pressure ratio (PR) of the engine reduces 

as engine degradation continues with time. The percentage of reduction depends on 

the level of engine degradation. While the extent of recovery depends upon knowing, 

how much of the PR is lost. From the curve of Figure 7-32 which shows the increase 

in PR after compressor washing, at 9:00, which corresponds with 21.420C, the PR 

reduced by 0.05 due to degradation when compared with the clean condition. 

However, after compressor washing, 0.025 was recovered to improve on the PR from 

the value due to degradation. The non-linearity in the PR shows the influence of the 

time-based ambient temperature  
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Figure 7-31 Fuelflow reduction through CW 

 

Figure 7-32 Improvement in the PR after CW 

7.8.4  Economic Enhancement after Compressor Washing 

The total cost of washing with respect to the frequency and recovery rate has been 

implemented in this research. Net profit after washing cost has been deducted, and 

the benefits due to TET and fuel recovery are analysed. 

With the understanding that the benefits of on-line washing can be site-specific, 

cautious assumptions were made to provide outcomes that are more attainable in 

most operations. Table 7-1 represents the economic assumption implemented to 

evaluate the economic benefits of compressor washing. Also, The developed 

baseline economic model was used to evaluate the economic benefits of compressor 

washing using the performance parameters before and after compressor washing  
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Table 7-1 Economic assumptions for compressor washing 

S/No Assumed condition  Values 

i Time per wash 10 minutes 
ii Mixture (Fluid: water) 1.4 
iii Percentage of water to air 0.02% 
iv Cost of washing fluid (concentrate) $3.9/liter 
v Cost of demineralised water $0.065/liter 
vi No washing at the year of overhaul Nill 
 Beginning of Production year Year 1 

7.8.4.1 Estimation of Washing fluid for Project life 

The amount of liquid used for the washing cycle was based on the water-to-air ratio 

by mass flow. The demineralised water (DH20) and concentrate (CONC) were 

calculated based on the stated assumption in Table 7-1, engine mass flow of 

36.64kg/s and the engine capacity of 13.4MW. The knowledge of the volume of the 

washing fluid will help in calculating the cost associated with it. The compressor 

station under consideration has five gas turbine (GT) engines throughout the project 

life. The trendline polynomial equation as proposed by Musa[23] for the evaluation 

of DH20 and CONC for compressor washing was used to ascertain the amount of 

DH20 and CONC for the GT engines compressor washing.  

Figure 7-33 and Figure 7-34 shows the annual and total volume of both DH20 and 

CONC used for the washing period, respectively. The evaluation was done for the 

various scenarios under consideration. The result shows that 175.9, 184.7 and 193.5 

litres of DH2O were used per wash for opt, med and pessi, respectively. 

Correspondingly, 43.97, 46.17 and 48.37 litres of CONC were used per wash for opt, 

med, and pess, respectively. The variation in the result per wash for the various 

scenarios was because of the assumption that 5% and 10% increase for med and 

pess scenario, respective in washing fluid above the opt scenario was considered. 

The reason for implementing the assumption was that the engine degraded condition 

increases from the opt (normal case) to med (middle) and finally to pess (worst case) 

scenario. So, the assumption was made because it was believed that the volume of 

DH20 and CONC to be used should be proportional to the level of degradation in 

order to achieve engine effectiveness.  

The further result shows that an annual volume of 18342.5 litres 19259.63 litres and 

20176.75 litres of DH20 for opt, med, and pess, respectively were used. Also, the 
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annual volume of CONC was 4585.23 litres, 4814.5litres and 5043.76 litres for opt, 

med and pess scenario, respectively. These quantities were constant throughout the 

year, as shown on Figure 7-33 

Generally, the volume of DH20 was higher than the CONC. Meanwhile, there was 

no washing at the year of engine overhaul, and therefore, no washing fluid was 

evaluated. Figure 7-34 shows the total volume of DH20 and CONC for project life. 

The result affirmed that the volume of washing fluid for the med and pess were 5% 

and 10%, respectively higher than the opt scenario.  

 

Figure 7-33 Annual litres of DH20 and CONC used for the washing period 

 

Figure 7-34 Total litres of DH20 and CONC used for project life 

7.8.4.2 Estimation of cost of Washing  

The washing cost was hinged on the volume of DH20 and CONC used per wash. 

The costs of the washing fluid (DH20 and CONC) per wash and the annual cost for 

the 13.4 MW is shown in Table 7-2. Meanwhile, the total costs of the washing fluid 
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are represented in Figure 7-35. The result shows that the cost for the opt scenario 

was $0.4 million while the med and pess scenarios have 5% and 10%, respectively 

higher than the opt scenario. The variation in the cost of the various scenarios is an 

indication that the more an engine degrade, the higher the cost of washing. 

Table 7-2 Cost of washing fluid 

  Cost of washing fluid per wash Annual cost of washing fluid  

  CONC ($) DH20 ($) CONC ($) DH20 ($) 

Opt 171.48 11.43 17882.41 1192.26 

Med 180.05 12.00 18776.53 1251.88 

Pess 188.62 12.58 19670.66 1311.49 

 

Figure 7-35 Total costs of washing 

7.8.4.3 Evaluation of Fuel cost after compressor Washing 

Having known the fuel flow before and after compressor washing using 

TURBOMATCH; the developed baseline economic model was used to evaluate the 

fuel cost in each season of the year with respect to the various scenario.  

The time-based fuel cost after compressor washing for the various scenarios in each 

season of the year throughout the project life has been analysed. The addition of the 

various scenarios with respect to their respective season of the year makes up the 

fuel cost for each season of the year. Figure 7-36, Figure 7-37 and Figure 7-38 show 

the annual fuel cost for the rainy, dry and hot season after compressor washing  
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Figure 7-36 Annual fuel cost after compressor washing (rainy season) 

 

Figure 7-37 Annual fuel cost after compressor washing (dry season) 

 

Figure 7-38 Annual fuel cost after compressor washing (hot season) 
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The addition of the three-season fuel cost with respect to their various scenario gives 

the annual fuel cost. Figure 7-39 and Figure 7-40 showed the annual fuel costs 

before and after compressor washing, respectively. Both results showed an annual 

fuel cost of $14.85 million. Generally, the result showed a reduction in fuel cost due 

to the influence of recovered degradation after compressor washing Figure 7-41 

shows the total fuel cost after compressor washing in comparison with the baseline 

case. The baseline here means the total fuel cost before compressor washing. The 

result shows that the total baseline fuel cost for the clean, opt, med and pess scenario 

are $445.4,$450.4, $453 and $457 million, respectively. The total fuel cost after 

compressor washing shows that the opt, med and pess reduces by 0.6%, 0.9% and 

1.42% when compared with the baseline cost. Meanwhile, the cost for the clean 

condition remain the same as there was no compressor washing in the clean engine 

condition 

 

Figure 7-39 Annual fuel cost before compressor washing 

 

Figure 7-40 Annual fuel cost after compressor washing 
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Figure 7-41 Total fuel cost after compressor washing with the baseline 

7.8.4.4 Evaluation of Operation and Maintenance (O&M) cost under ROH 

The O&M cost of the engines becomes necessary to analyse the benefit of 

compressor washing on investment. The method used in chapter eight for the 

baseline case was adopted here to evaluate the O&M cost. The only difference was 

the addition of compressor washing cost. Figure 7-42 showed the O&M cost before 

and after compressor washing (CW). The result revealed that there was a little 

variation in the O&M cost between the opt, med, and pess scenario for the baseline 

case to a value of $90.46, $90.8 and $96.6 million, respectively. However, the result 

after compressor washing showed that the opt, med, and pess scenario had 0.07%, 

0.4% and 5.6% reduction in maintenance cost when compared with the cost of the 

baseline case.  

The result is in line with the fact that an increase in degradation result to increase in 

the engine TET vice versa. As the TET increases, the life of the engine reduces also. 

So, the cost increase from opt to pess scenario in the baseline case was as a result 

of the variation in the TET due to the fixed shaft power as the level of degradation 

increases. This makes the life of the engine at each scenario to varies. However, 

after compressor washing, there was a considerable improvement in the engine TET, 

which directly improves the engine creep life. Hence, the model calculation 

maintained a constant creep life of 25,000 hours for all the scenarios, thereby making 

the O&M cost after the compressor washing to be slightly low when compared with 

the baseline case. 
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It is important to state that increase or reduction in TET reduces or increases the 

engine creep life, respectively. Hence, the reduction or increase in the engine creep 

life reduces or increases the O&M cost, respectively.  

 

Figure 7-42 Total O&M cost after compressor washing with the baseline case 

There is a need to evaluate the impacts of compressor washing on emission 

reduction to achieve the real benefits of applying the online-compressor washing to 

the pipeline project under consideration. The result will determine the emission tax 

on the amount of CO2 generated before and after compressor washing. 

7.8.5 Emission reduction through compressor washing 

7.8.5.1 Overview  

All prime mover, including gas turbine engines, generates emission during 

operations. These emissions range from one type to another and are caused by 

different sources with their corresponding health and environmental impacts. Some 

researchers have looked into several ways of reducing emission in gas turbine 

operation. Tian-gang and Xiao-Yun [184], investigated ‘’new engine core 

configuration with heat management and an active system as well as advance 

combustor technology’’ to reduce NOX formation during engine operation, Jung and 

Becker [185] introduce Platinum-Rhodium catalysts for carbon monoxide and 

hydrocarbon removal which decreases the removal of sulphur trioxide. Toyoaki et al. 

[186] explained the fuel conversion method into hydrogen-rich fuel gases with less 

CO2 emissions. This method aimed to reduce CO2 emission. Research has not been 

explored in the application of compressor washing in GT emission reduction. Musa 
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[23] in his on-line and off-line compressor washing combination recommended 

investigating the impacts of compressor washing in emission reduction. Therefore, 

this section presents the impacts of compressor washing in reducing gas turbine 

emission and CO2 tax on the natural gas pipeline network.  

The method outlined in Figure 7-28 was used to deduce the performance parameters 

after compressor washing to evaluate the emission before and after compressor 

washing. The performance results before and after compressor washing were 

connected to the developed emission model to quantify the emission before and after 

compressor washing. It should be noted that the percentage of engine degradation 

for the baseline case was also implemented for the degraded model with 3 years 

overhaul interval 

7.8.5.2 Result and Discussion 

The analysis of the time-based emission for the various scenarios was done in each 

season of the year. The addition of the emission in the three seasons made up the 

annual emission generated by the GT engines. Figure 7-43 and Figure 7-44 shows 

the annual CO2 emission and emission tax, respectively, throughout the project life. 

Although the level of degradation in each year varies from one another, the result 

generally shows a reduction in the generated emission after compressor washing as 

a result of the reduction in the CO2 emission due to TET reduction, further result 

shows that the annual emission tax reduces between 5.3% and 7.6% within the 

degraded scenarios. 

 

Figure 7-43 Annual CO2 emission after compressor washing 
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Figure 7-44 Annual CO2 cost after compressor washing 

Figure 7-45 shows the annual NOx emission. The NOx increases with an increase in 

degradation due to the increasing TET. The general trend of reduction was observed 

in all the generated emission based on the present operating condition of the engine 

after compressor washing.  

 

Figure 7-45 Annual NOx emission after compressor washing 

The comparison between the total emissions and CO2 tax before and after 

compressor washing are hereby presented. Figure 7-46 shows the total CO2 

emission before and after compressor washing the result shows that the opt., med., 

and pess scenarios experienced a reduction of 5.8%, 6.1% and 6.5% when 

compared with the baseline condition. Similarly, the CO2 tax in Figure 7-47 also 

experiences a reduction of the various scenarios within the same range. 
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Figure 7-46 Total CO2 emission before and after compressor washing 

 

Figure 7-47 Total Cost of CO2 emission before and after compressor washing 

Figure 7-48 represents the total NOx emission before, and after compressor 

washing. The result showed that the clean engine had 22.6 million kg of NOx 

generated for thirty years of engine operation applied to the condition before and 

after compressor washing. A further result showed that the opt, med, and pess had 

2.6%, 4% and 5.53%, respectively reduction after compressor washing when 

compared to the baseline condition. The result is expected because, after 

compressor washing, the high TET and fuel consumption of the engine reduces while 

maintaining the same power for the gas compressor operation. 



 

264 

 

Figure 7-48 Total NOx emission before and after compressor washing 

7.8.6 The Influence of Compressor Washing on the NPV  

The net present value was the appraisal method to evaluate the economic viability 

of the pipeline project. As explained in chapter 8, the NPV was used in this section 

to investigate the economic viability of applying compressor washing on the pipeline 

investment. However, in this analysis, the divestment and leasing term was not 

included. The reason was that there was no engine divestment as the compressor 

station used 5 GTs throughout the project life irrespective of the engine operating 

condition. In concurrence with the method for NPV evaluation in chapter 8,  Figure 

7-49 shows the modified version of the method to evaluate the influence of 

compressor washing in NPV calculation. It is important to state here that the NPV 

analysis was done for compressor station 18 only. As represented on the 

methodological framework, the capital cost will comprise of the cost of gas 

compressor, gas turbine, pipeline, and the accessories. Meanwhile, the annual 

maintenance cost, which is an integral part of the annual cash flow comprises of the 

cost of fuel, engine maintenance, emission tax and the cost of compressor washing. 

The source of revenue remains gas sales.  
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Figure 7-49 Method for NPV calculation in compressor washing 

The same approach of calculating the GC and GT was also applied in this section. 

The total volume of gas (30bcm) to be delivered annually was divided by the total 

number of the compressor station to ascertain the revenue to be generated in this 

station. Meanwhile, Table 7-3 shows the components of the station under 

investigation. Also, the feature of the pipeline remains the same. 4 GCs was used 

with 5GTs.in this station. The reason was that, during the simulation process, using 

GTs to 4 GCs could not satisfy the condition of operation (the operational TET should 

not exceed 600c above the engine DP). So using 5GT satisfactorily operate the GCs 

without any additional engine throughout the project life (30 years).  
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Table 7-3 Component of Compressor Station 18 

Components Values 

GT engine (IGTA) 13.4 

GT gas fuel price ($/kg) 0.168 

Cost of GT ($/KW) 566.75 

GC cost per kw($/kw) 3000 

Diameter(Inch) 56’’ 

thickness (inch) 0.812 

Pipe Distance (km)  190 

7.8.7 Result and Discussion 

Figure 7-50 shows the capital cost of the station under investigation. Combining the 

capital cost, cost of washing, fuel cost and O&M cost will enable a successful 

evaluation of the NPV after compressor washing. Figure 7-51 and Figure 7-52 shows 

the NPV before and after compressor washing, respectively. The result generally 

shows that the NPV before compressor washing was lower than the NPV after 

compressor washing. The reason was that NPV reduces with increase in 

degradation, but the NPV increases after compressor washing, indicating the 

reduction in degradation after compressor washing. Also, taking the discount rate 

into account, the NPV reduces significantly as the discount rate increases. For 

instance at baseline condition, 0%, 5%, 10% and 15% DR for the clean condition 

was $6.49, $3.0, $ 1.47 and $ 0.81 billion. The same trend was also achieved in all 

the scenarios. Further result before and after compressor washing revealed the 

benefits after compressor washing. For instance, at 5% DR, 6%, 5.2% and 4.8% 

increase in the NPV for opt, med., and pess respectively was achieved when 

compared with the NPV before compressor washing at the same DR This implies 

that $ 90, $ 81 and $72 million was recovered after compressor washing. In all the 

scenarios, there were benefits of implementing compressor washing for the pipeline 

business., 



 

267 

 

Figure 7-50 Total capital cost of the compressor station components 

 

Figure 7-51 NPV before compressor washing 

 

Figure 7-52 NPV after compressor washing 
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Table 7-4 Benefits of compressor washing on the NPV 

Discount Rate NPVopt  
(million) 

NPVmed 
(million) 

NPVpess 
(million) 

0% DR  $110 $100 $90 

5% DR  $90 $80 $70 

10% DR  $80 $70 $60 

15% DR  $70 $60 $50 
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8 CONCLUSIONS AND RECOMMENDATION FOR 

FUTURE WORKS 

8.1 Conclusions 

In summary, this research has given an account of the isothermal, non-isothermal 

performance, maintenance action and the application of TERA on natural gas 

pipeline transportation system. 

The main contributions of this work include: 

 A detailed economic analysis of the natural gas pipeline project that takes into 

account the annual engine degradation, pipeline/accessories and time-based 

ambient conditions using an NPV method that incorporates engine divestment 

and leasing for the investigations  

 The predicted impacts of gas turbine rescheduled-overhaul on the engine 

performance in terms of TET reduction, fuel flow reduction, creep life 

improvement and the overall investment cost and benefit for a pipeline project 

at fixed GT power operation. 

 Determination of the number of GT to be used in each compressor station at 

a controlled TET under the influence of degradation 

 The investigated impacts of gas turbine compressor washing on NOx, CO2 

emission reduction and the overall economic enhancement of the pipeline 

project. 

 The predicted pipe exit pressure that could determine the volume of natural 

gas delivery at varying ambient temperature conditions 

 the evaluated gas compressor power in a non-isothermal condition that takes 

into account the combined effects of pipeline elevation, mechanical losses, 

and the desired volumetric flow of the compressor 

 Pipeline and Gas Compressor Module 

The result obtained from the pipeline investigation showed that an increase in pipe 

exit pressure at a particular time of day resulted in a corresponding increase in the 
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amount of gas flow. The result also showed that for every 1% increase in pipe exit 

pressure resulted in a 1.8% increase in the volume of the gas flow in the pipeline. 

The result further revealed that 1550mm pipe diameter could conveniently deliver 

30.2bcm/year within an exit pressure of 2400kpa and 4800kpa when the gas 

temperature is between 295.61K and 302.84K. However, if the pipeline operates at 

an environment below this temperature, the pipe exit pressure will be higher. 

The obtained result from the gas compressor model indicated that the power of the 

centrifugal compressor increased with an increase in gas temperature and varied 

from one station to another due to the different time-based ambient temperature of 

the various CS. The investigation also revealed that for every 1% rise in the gas 

temperature resulted in a 3.4% rise in the power required by the gas compressor to 

move the gas. The further result revealed that a gas compressor with high inlet 

temperature and pressure ratio required a higher polytropic head and power to 

transport the gas from one location to another. The effects of varying the gas 

temperature on the polytropic head and gas compressor power on the map for a 

constant volumetric flow showed that the change in gas temperature led to a different 

operating point on the map, unlike other studies that assumed a constant gas 

temperature thereby obtaining a single operating point. 

 Performance module with a fixed shaft power at a controlled TET 

The simulation of the developed engine model shows a good correlation with actual 

engine data from the OEM with 99% accuracy[187], thus indicating the suitability of 

the engine model performance prediction. For a fixed power operation, the result 

shows that within an ambient temperature of 17.450C to 19.950C and with 2.65% 

degradation (reduction in flow capacity and isentropic efficiency of the 

turbomachinery) the TET and fuel flow increases by 6.04% and 6.3% respectively 

when compared with the clean condition. This highlights the need for performance 

augmentation to improve the life of the engine by reducing the TET and fuel flow. In 

such environments, the need for on-line compressor washing to reduce the fouling 

effects would be beneficial so that the TET and fuel flow can be reduced. 

Furthermore, the development of the degraded model based on the different 

scenarios (optimistic, medium and pessimistic) for 30 years of operation amid time-

based ambient temperature was achieved. The result depicted that a yearly increase 
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in engine degradation influenced the number of GT engines to be used in each 

compressor station (CS) based on the constraint on the engine operational TET. 

Hence, the TET profile map that matched with the power setting of the number of 

gas turbine engine used in each CS was produced. Based on the produced TET 

profile map, the result obtained showed that the clean, optimistic (opt), medium (med) 

and pessimistic (pess) scenarios used 90, 99, 106 and 120 mixed fleet of GTs, 

respectively for the baseline condition for the entire project life across the 18 CS. The 

method established in reducing the engine TET at fixed shaft power to arrive at the 

exact number of GT for each degraded scenarios will enhance engine life-extension 

strategies, which enables cost-effective management of the engines by engine life-

cycle managers or natural gas pipeline investors for a safe and reliable pipeline 

business. 

 The developed emission model for the natural gas pipeline project  

An emission model to quantify gas turbine emission (NOX, and CO2) generated and 

CO2 tax using empirical and thermodynamic equation has been developed.  

The result revealed that: 

 for every 1% degradation (reduction in flow capacity and efficiency of the 

turbomachinery) at a constant power of engine operation, between an 

ambient temperature of 16.20C and 290C, CO2 emission increased between 

0.71% and 0.78% when compared with the clean engine operation. This is 

also applicable to the CO2 tax 

 the clean condition produced 73.4 billion kg of CO2 for the entire 18 CS for 30 

years of operation. However, the opt, med and pess scenarios produced 

1.4%, 3% and 6.6%, respectively higher when compared with the clean 

condition. The result showed the impact of gas turbine degradation on CO2 

emission production at fixed power operation. 

 the total cost of CO2 throughout the project life for the clean condition was 

$1.46 billion while the opt, med and pess scenarios were 2.7%, 4.8% %, and 

8.2%, respectively higher when compared with the emission tax of the clean 

condition 
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 generally, NOx emission increased with an increase in engine degradation at 

a constant shaft power operation and constant number of engines. However, 

running the engines on part-load operation when the number of gas turbine 

increases, reduces the NOx emission as a result of running the engines on 

lower TET 

 for every 1% engine degradation within an operational ambient temperature 

of 16.20C  and 29Oc, the NOx emission increased between 1.66% and 1.8% 

the emission generated at the various CS varied from one station to another due to 

different ambient conditions, engine power settings and the number of engines used. 

For instance, the result of NOx emitted in compressor station 4 for the winter season 

as represented in Figure I- 4Appendix, I showed that the NOx emission was higher 

at the clean condition of the engine. This happened because of the high power 

settings of the engines at the clean condition when compared with the lower power 

settings at the degraded condition, which used a higher number of GT engines 

operating at a lower TET. The result affirmed that NOx increased with an increase in 

the power settings. 

 The viability of the developed economic model for investing in the 

natural gas pipeline project  

An economic model and methodology to evaluate the economic implication of using 

a degraded gas turbine amid time-based ambient temperature for natural gas 

pipeline investment have been developed. The result obtained revealed that: 

 The total CAPEX for the clean condition (Trans-Saharan gas pipeline project) 

is $14.67 billion while the opt, med and pess scenarios are 1.8%, 3.21% and 

6% higher when compared with the clean condition. 

 a 15.2MW engine operating within a degradation value of 0.25% and 0.5% 

(reduction of flow capacity and isentropic efficiencies of the compressor, 

compressor turbine and power turbine) within an average temperature of 

17.120C and 28.920C incurred a fuel cost of $574.1 per hour. 

 the clean engine operation has a total fuel cost of $12.7billion for the project 

life while the optimistic, medium and pessimistic scenario has an increase of 
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3.1%, 4.7%, and 8.7 % respectively when compared with the clean condition, 

unlike other studies that stopped the analysis at the clean condition. 

 the total O&M cost for the clean scenario throughout the project life was $3.24 

billion. However, running the engines at a lower TET for the degraded 

scenarios reduced the O&M costs by 8.3% and 3.4% for the optimistic and 

medium scenario, respectively while the pessimistic scenarios increased by 

5.7% when compared with the cost at the clean 

 the cost of GC, GT, pipe network including all the accessories, fuel, O&M cost 

and emission tax in the developed TERA model constituted the life cycle cost 

(LCC) 

 the total LCC for the pipeline project at clean engine condition was $32.01 

billion, while the opt, med and pess scenarios were 1.59%, 2.94%, and 

6.84%, respectively and higher than the clean condition.  

 the NPV at clean engine condition with engine divestment at 10% discount 

rate (DR) recorded $21.50 billion while the opt, med and pess scenarios 

reduced by 8.84%, 14.42% and 20.5 %, respectively when compared with the 

clean condition 

 the NPV with leasing at the same 10% DR, reduced by 8.14%, 12.33% and 

13.5% for the respective scenarios when compared with the clean condition  

Conclusively, to accommodate all financial risk, 0%, 5%, 10% and 15% DR were 

used to evaluate the economic viability of investing in the pipeline project. The result 

obtained in all the DR and scenarios showed that the NPV for engine divestment was 

0.2% to 20.3% lower than the NPV for leasing depending on the different scenarios 

and DR. This revealed that NPV leasing has a better result than that of engine 

divestment, and as the DR increases, the NPV reduces. 

 The impact of GT ‘’re-scheduled overhaul’’ on the techno-economic of 

the pipeline network 

The model to investigate the impacts of GT re-scheduled overhaul (ROH) on the 

TERA assessment of the pipeline project has been successfully developed and 

presented. The obtained result revealed that: 
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 the opt, med and pess scenarios that used 99, 106 and 120 number of 

engines at baseline condition for the 18 CS reduced to 91, 104 and 115, 

respectively when ROH was implemented for the same number of CS and at 

the same operating conditions.  

 the LCC of the pipeline investment for opt, med and pess, scenarios reduced 

by 2%, 2.3% and 3.8% when compared with the baseline case. 

 NPV with divestment at 10% DR under ROH, gained an increase of 1.3%, 

2.2% and 5.3% for opt., med., and pess scenario respectively, when 

compared with the baseline case. 

NPV with leasing at 10% DR under ROH gained an increase of 0.2%, 3.7% and 5.6% 

higher for opt., med., and pess.scenario when compared with the NPV under engine 

divestment as stated above. 

 The impact of compressor washing on the gas turbine for the natural 

gas pipeline project 

The clean, degraded, and washed engine model operating with constant shaft power 

at a controlled TET has been developed and presented. The results showed that  

 the application of on-line compressor washing for mechanical drive 

application at fixed power operation improved the performance of the engine 

with respect to the TET, fuel flow, mass flow and pressure ratio  

 the LCC reduces thereby improving the NPV and the engine availability  

 The CO2 generated for the opt., med., and pess scenarios after compressor 

washing had a reduction of 5.8%, 6.1% and 6.5% respectively when 

compared with the baseline condition. The CO2 tax showed the same trend.  

 The NOx generated for the opt, med, and pess scenarios after compressor 

washing had a reduction of 2.6%, 4% and 5.53% respectively when compared 

to the baseline condition. The result was expected because, after compressor 

washing, the high TET and fuel consumptions of the engine reduced while 

maintaining the same power for the gas compressor operation for a fixed 
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number of GT engines. There are no reported works on these contributions 

as at the time of this research.  

 at 5% DR, the NPV for the three scenarios after compressor washing increase 

by 6%, 5.2% and 4.8%, respectively when compared with the baseline case. 

Conclusively, the proposed approach and methodologies in this research will help 

operators on the real performance implication as well as the potential cost of natural 

gas pipeline investment, taking into account the different cost element, time-based 

ambient condition and engine degradation on the natural gas pipeline system. 

Importantly, the developed model and methodologies can be used as a useful 

decision-making guide for the Nigerian government to invest in Trans-Saharan gas 

pipeline project. It can also be applied or adapted to any natural gas pipeline 

transportation business anywhere in the world 

8.2 RECOMMENDATION 

The research conducted within the scope and period of this PhD work has not only 

contributed to the scientific body of knowledge but has identified further knowledge 

gaps in addressing the future works on the direction of this research. Therefore, the 

following recommendations are thus stated for future research.  

1. The developed TERA model for the use of degraded gas turbine was based 

on the baseline pipeline design without any alteration on the original design. 

An optimisation model that will look into the use of degraded gas turbine on 

pipeline application with the objective of  

 Decreasing the capital cost 

 Decreasing fuel cost 

 Reducing maintenance cost 

 Reducing emission production  

 Reducing emission cost 

The optimisation model should also have a view of: 

 Varying/reducing the number of the compression station 

 Using bigger GT engines. This is also applicable to the non-

optimised condition that will run on part-load to deliver the required 

GC power with the overall view of minimising the project life cycle  
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cost to enhance better Net Present Value (NPV) 

2. The impact of different gas temperature scenarios (isothermal, average of 

both isothermal and non-isothermal and the average of non-isothermal gas 

temperatures) and gas composition on the techno-economics assessment of 

the natural gas pipeline can be investigated. This analysis should cover all 

the compressor stations as each compressor station has a different time-

based ambient temperature.  

3. A well-detailed investigation on gas compressor and booster station’s 

equipment failures should be analysed. Similarly, a risk model for natural gas 

pipeline components should be developed with engine availability and to 

integrate with the economic model 

4. The economic investigation of the GT engines was based on the effect of the 

time-based ambient temperature and engine degradation. A combined effect 

of pipeline elevation, time-based ambient temperature and engine 

degradation should be investigated to comprehend the actual operational cost 

of GT engines on the pipeline investment. 

5. This research did not look into the gas compressor degradation. A well-

detailed analysis on the impacts of gas compressor degradation on the 

techno-economic of natural gas pipeline transportation network is hereby 

recommended for an extensive future study.  

6. Lifing model that will take into account the Miner’s law/ Larson miller 

parameter should be looked into to assess cumulative damage when 

operating at varying ambient condition during the time the day 
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APPENDICES  

Appendix A  

Table A-1 Gas Properties and Composition 

S/N0 Gas component Value Unit 

1 Molecular weight of Gas mixture (MWm) 17.544 g/g-mol 

2 Critical Tempt of gas mixture (Tcm) 199.182 K 

3 Mole/volume fraction of gas mixture 100 % 

4 Critical Pressure of gas mixture (Pcm,) 46.147 bara 

5 Specific Heat Ratio (K)  1.296 - 

7 Reduced Pressure (Pr) 1.470  

8 Reduced Temperature (Tr) 1.447  

11 Specific heat (𝐶𝑝𝑚) 36.436  

13 Normal Density 0.783 Kg/m3 

Table A-2 IndividualGas mixture 

Compound Molecular 

weight (MWi) 

Volume 

fraction (%) 

Formulae 

Methane 16.043 92.180 CH4 

Ethane 30.07 4.930  C2H6 

Propane 44.097 0.560 C3H8 

ISO-Butane 58.124 0.310 C4H10 

N-Butane 58.124 0.110 C4H10 

Nitrogen 28.013 0.91 N2 

N-Pentane 72.151 0.04 C5H12 

n-Hexane 86.178 0.05 C6H14 

n-Octane 114.232 0.01 C8H18 

n-Heptane 100.205 0.03 C7H16 
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n-Nonane 128.26 0  

n-Decane 142.29 0  

N-Undecane 156.31 0  

Benzane 78.11 0  

Toluene 92.14 0  

0-xylene 106.17 0  

ISO-Pentane 72.15 0.11 C5H12 

Hydrogen Sulphide 34.08 0  

Carbon Dioxide 44.01 0.76 CO2 

Water 18.02 0  
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Appendix B Compressor map from the OEM 

The OEM gas compressor data was supplied for the analysis of this research. The 

OEM gas compressor data are used to scale the proposed TSGP gas compressors. 

The new scaled TSGP gas compressors have a relatively accurate representation of 

the expected gas compressor performance curves. 

 

Figure B- 1 Polytropic head and polytropic efficiency from OEM 
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Figure B- 2 Pressure ratio and discharge temperature from OEM 
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Appendix C : TURBOMATCH design point input file 

Below are some of the input files for the FORTRAN programme instruction for the 

TURBOMATCH which simulate the engine thermodynamic performance at DP and OD 

conditions. The results are written to a separate TMR file. 

Appendix C1 IGTA Simulation code 
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Appendix C2 IGTB Simulation Code 
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Appendix D  OD results for IGTB 

The result for the clean engine of the IGTB was shown alongside with the degraded 

engine. The engine was subjected to a range of temperature ‘’between’’ 100c to 450c. 

Also, for the degraded model, a 3% reduction in isentropic efficiency and flow 

capacity was implanted in both compressor and turbine together. TETs was the 

handle during the clean and degraded engine simulation. The TETs taken was 

between ‘’12000k to 14500k’’ with an interval of 500k. 

 

Figure D- 1 Shaft power vs Ambient temperature 

 

Figure D- 2 Fuel flow vs Ambient temperature 

 

Figure D- 3 Thermal efficiency vs Ambient temperature 
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Appendix D2: Effects of Altitude and Degradation on the Engine 

Effects of Altitude on the IGTB engine model was investigated. The altitude value 

above the ISA SLS condition under consideration was from 0 m to 2000 m. Also, 4% 

reduction in flow capacity and isentropic efficiency was implanted in the engine 

model. Under this simulation, only the compressor was degraded 

 

Figure D2- 1 Power vs Altitude 

 

Figure D2- 2 Fuel flow vs Altitude 

 

Figure D2- 3 Thermal efficiency vs Altitude 
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Appendix E : Input file for the Degraded Scenario  

Appendix E1: Pessimistic scenario with clean condition 
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Appendix E2: Implanted % degradation for all seasons and 

scenarios for the baseline condition 

  

Year 

WINTER DRY Hot 

Opti  med Pess Opti med pess Opti med pess 

 (%) (%) (%) 

1 0.25 1.25 2.25 0.5 1.5 2.5 0.75 1.75 2.75 

2 1 2 3 1.25 2.25 3.25 1.5 2.5 3.5 

3 1.75 2.75 3.75 2 3 4 2.25 3.25 4.25 

4 0.035 0.08 0.15 0.05 0.1 0.175 0.053 0.12 0.193 

5 1.1 2.1 3.14 1.35 2.35 3.39 1.6 2.6 3.64 

6 1.85 2.85 3.89 2.1 3.1 4.14 2.35 3.35 4.39 

7 0.045 0.11 0.18 0.065 0.13 0.205 0.073 0.15 0.223 

8 1.2 2.2 3.28 1.45 2.45 3.53 1.7 2.7 3.78 

9 1.95 2.95 4.03 2.2 3.2 4.28 2.45 3.45 4.53 

10 0.055 0.14 0.21 0.08 0.16 0.235 0.093 0.18 0.253 

11 1.3 2.3 3.42 1.55 2.55 3.67 1.8 2.8 3.92 

12 2.05 3.05 4.17 2.3 3.3 4.42 2.55 3.55 4.67 

13 0.065 0.17 0.24 0.095 0.19 0.265 0.113 0.21 0.283 

14 1.4 2.4 3.56 1.65 2.65 3.81 1.9 2.9 4.06 

15 2.15 3.15 4.31 2.4 3.4 4.56 2.65 3.65 4.81 

16 0.075 0.2 0.27 0.11 0.22 0.295 0.133 0.24 0.313 

17 1.5 2.5 3.7 1.75 2.75 3.95 2 3 4.2 

18 2.25 3.25 4.45 2.5 3.5 4.7 2.75 3.75 4.95 

19 0.085 0.23 0.3 0.125 0.25 0.325 0.153 0.27 0.343 

20 1.6 2.6 3.84 1.85 2.85 4.09 2.1 3.1 4.34 

21 2.35 3.35 4.59 2.6 3.6 4.84 2.85 3.85 5.09 

22 0.095 0.26 0.33 0.14 0.28 0.355 0.173 0.3 0.373 

23 1.7 2.7 3.98 1.95 2.95 4.23 2.2 3.2 4.48 

24 2.45 3.45 4.73 2.7 3.7 4.98 2.95 3.95 5.23 

25 0.105 0.29 0.36 0.155 0.31 0.385 0.193 0.33 0.403 

26 1.8 2.8 4.12 2.05 3.05 4.37 2.3 3.3 4.62 

27 2.55 3.55 4.87 2.8 3.8 5.12 3.05 4.05 5.37 

28 0.115 0.32 0.39 0.17 0.34 0.415 0.213 0.36 0.433 

29 1.9 2.9 4.26 2.15 3.15 4.51 2.4 3.4 4.76 

30 2.65 3.65 5.01 2.9 3.9 5.26 3.15 4.15 5.51 

 

 

 

 

 



 

315 

Appendix F : Selected compressor based on GC 

calculated power 

Table F- 1 Selected compressor with calculated values 

Compressor  
Stations 
Number 

Highest GC 
power 
calculated (kW) 

Gas Compressor 
selected in the market 

Modelled Gas Turbines  

1 9323 Dresser-Rand Datum C 
(16964 HP) 

IGTA1 (13.4 MW)  

2 12606 Dresser-Rand Datum C 
(16964 HP) 

IGTD1 (15.2 MW) 

3 14802 Dresser-Rand Datum C 
(20120 HP) 

IGTC1 (17MW)  

4 14411 Dresser-Rand Datum C 
(20120 HP) 

IGTC2 (17MW) 

5 14461 Dresser-Rand Datum C 
(20120 HP) 

IGTC3 (17MW)  

6 14467 Dresser-Rand Datum C 
(20120 HP) 

IGTC4 (17MW)  

7 13966 Dresser-Rand Datum C 
(20120 HP) 

IGTC5 (17MW)  

8 15968 Dresser-Rand Datum C 
(20120 HP) 

IGTB1 (19.3MW)  

9 14897 GE HE-S (22000 H11P) IGTB2 (19.3MW)  

10 15046 GE HE-S (22000 HP) IGTB3 (19.3MW)  

11 13311 Dresser-Rand Datum C 
(20120 HP) 

IGTC6 (17MW)   

12 13412 Dresser-Rand Datum C 
(20120 HP) 

IGTC7 (17MW)  

13 14763 Dresser-Rand Datum C 
(20120 HP) 

IGTC8 (17MW)  

14 11252 Dresser-Rand Datum C 
(16964 HP) 

IGTD2 (15.2 MW)  

15 13739 Dresser-Rand Datum C 
(20120 HP) 

IGTC9 (17MW)  

16 15118 GE HE-S (22000 HP) IGTB4 (19.3MW)  

17 14975 GE HE-S (22000 HP) IGTB5 (19.3MW)  

18 10292 Dresser-Rand Datum C 
(16964 HP) 

IGTA2 (13.4 MW)  
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Appendix G Cost components of the O&M cost 

Appendix G showed the different cost component that makes up the total O&M cost 

for the dry and hot season. 

 

Figure G- 1 Fixed costs for Dry season –CS 2 

 

Figure G- 2 Variable costs for Dry season –CS 2 

 

Figure G- 3 TET-based cost for dry season –CS 2 
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Figure G- 4 Fixed cost for dry season –CS 2 

 

Figure G- 5 Variable costs for hot season –CS 2 

 

Figure G- 6 TET-based cost for hot season –CS 2 
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Appendix H The implemented percentage value for the 

re-schedule overhaul 

This is the percentage values that were used to reduce the flow capacity and the 

component efficiency of the GT engines during the modelling process. 

Table F 1 Implemented values of degradation for ROH 
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Appendix I Emissions and CO2 tax for CS 4 

 

 

 

 

 

 

Figure I- 1 Annual CO2 emission for CS 4 Figure I- 2 Annual tax emission for CS 4 

 

Figure I- 3 Annual mass of CO emission for CS 4 

 

Figure I- 4 Annual NOx emission for CS 4 


