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ABSTRACT

The aim of this work is the techno-economic and environmental risk analysis
(TERA) of the Trans-Saharan Gas Pipeline on gas turbine compressor stations.
A pipeline project encompasses many aspects, viz., choice of compressor station
location, power of each compressor station, compressor station availability,
pipeline sizing, and it includes socioeconomic impacts. Therefore, this research
considered the impacts of engine availability, compressor station location, and
socioeconomic impact in the TERA for pipelines while optimising for the lowest
lifecycle cost.

The pipeline and gas compressor modules were evaluated considering
segmented pipe length, elevation, and station location ambient temperature
variation at varying flow conditions. The design and off-design points
performance of the selected gas turbine models were simulated using
Turbomatch to obtain essential performance data required for the techno socio-
economic analysis. The unit availability was evaluated based on a developed
local maintenance schedule and failure rate retrieved from literature studies. The
analysis considered the social impacts and benefits of compressor station
locations. A scenario-based techno socio-economic analysis was performed to
show the sensitivities of the compressor station and pipeline systems to social
and technical aspects of the project in terms of social benefits and availabilities.
The economic model was developed based on social benefit algorithms and the
variation in compressor station location ambient temperatures at varying flow

conditions.

Results show compressor station system availabilities of 0.2542, 0.4657, and
0.9926 with corresponding lifecycle costs of $22.22 billion, $23.05 billion, and
$24.11 billion assuming a 15% discount rate for scenarios 1, 2, and 3,
respectively. An increase in availability leads to a corresponding increase in the
lifecycle cost estimate. The employment and road benefit ratios would increase
by a factor of 10 and reciprocal of new locations. This ratio is for every 10 km
decrease in the distance at each station location. Results show the significance

of the modelling and optimisation approaches utilised in this research for



compressor station locations optimisation of the integrated pipeline TERA. This
will guide decision-makers on the ultimate selection of engine configurations that
will give the optimum lifecycle cost and socio-economic benefits at the optimised

station locations.

Keywords: Compressor Station, Location Optimisation, Availability, Social
Impact, Techno socio-economic, Ambient Condition, Lifecycle Cost, Gas

Compressor, Employment Benefit, Road Benefit, Algorithm
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1 INTRODUCTION

1.1 Background of the Research

According to [1], Nigeria proved natural gas reserves were estimated at 193.3
Trillion cubic feet. The statistics showed that Nigeria is the tenth and largest
holder of proven natural gas reserves globally and in Africa, respectively. Europe
consumed more than it produced with the difference imported from other
countries with enough supplies. It is believed that the demand for natural gas in
Europe is expected to increase in the coming years [2][3] despite the current
attention being given to renewable energy. Natural gas is the preferred choice to
other fossil fuels due to its cleanliness, low emission, low environmental pollution,
and continuous application in the industrial, transportation, residential, electrical
power, and commercial sectors. Thus, a feasible scheme needs to be
implemented to improve natural gas supply to Europe and other parts of the world
with increased demand for this product through an executable infrastructural
project. The proposed Trans-Saharan Gas Pipeline project is anticipated at

improving this supply of natural gas.

Nigeria and Algeria have proposed plans to construct the Trans-Saharan Gas
Pipeline. The 4180 km pipeline would carry natural gas from the Niger Delta
region, run north through Niger to Algeria’s export terminal on the Mediterranean
Sea and eventually supply natural gas to Europe [4]; [5]; [6]. The Trans-Saharan
Gas Pipeline will minimise gas flaring and contributes to the World bank target of
zero routine flaring by 2030 [7] since most of the natural gas produced in Nigeria
is being flared due to lack of infrastructure to export the gas. Presently, Nigeria
ranks among the top ten gas flaring countries in the world and data from [8]
showed that about 7.4 billion cubic feet of gas was flared in 2018 and about 425.9
billion standard cubic feet of gas with an estimated value of about $1.1 billion was
flared in 2019 [9]. Natural gas estimated at $1.24 billion, which could produce the
annual electricity use of 804 million Nigerian citizens, was flared in 2020 alone
[10]. Recently, the Trans-Saharan Gas Pipeline was mentioned in planning
documents [11]; [12]; [13]. The Nigerian National Petroleum Cooperation affirmed



its commitment to the project to continue the ongoing Trans Nigeria Gas Pipeline,

which has already reached an advanced stage of its development.

The global energy demand will grow by 30-40% by 2040 [14]. With the increase
in the world energy demand for natural gas, compressor stations are needed for
natural gas transportation in pipelines from the production site to the end-users.
These compressor stations require prime movers as mechanical drivers for an
efficient operation. A gas turbine engine is the promising prime mover option for
this study. Given their small size and reliability, gas turbine engines are
extensively used in pipeline installations. A particular challenge that arises is the
selection of the power plants and the distance between compressor stations.
These are profoundly affected by the design and environment in which the
pipeline is laid. Nigeria is classified as a developing country. Thus, the impact of
investments on the country’s growth and development including the social
context is important. A pipeline investment presents many challenges and

opportunities, and much work has been devoted to the economic challenge.

Nasir et al. [15] looked at the economic implications of gas turbine deployment in
the natural gas pipeline networks. They show that the gas power required is a
function of pipe sizing that consequently affects the capital investment. Nasir [16]
looked at the techno-economics of the gas turbine or electric motor drives in
pipeline application. His study concluded that electric motor drives might initially
seem better in terms of environmental pollution. But from the generation of
electricity today and in the future, the use of electric motor contributes more to
environmental pollution than the gas turbine. It may not be a feasible option for
the interstate pipeline in locations with inadequate electricity supply. EI-Suleiman
[17] investigated TERA on CO2 compression power requirements for gas turbine-
driven pumps and compressors. The economic model was developed based on
net present value. Tukur [18] investigated the techno-economics of gas turbine
compressor stations in natural gas pipelines. His economic model was performed
based on the lifecycle cost by assuming an availability of 100% and considering
station local conditions. Aziaka [19] investigated the techno-economics of

degraded gas turbines on pipeline application in given compressor station



locations. These studies are the only known work on TERA application in

pipelines.

El-Shiekh [20] optimised the decision variables of natural gas transmission
pipelines, including compressor stations, using the software Lingo to select the
optimum decision variables to minimise the total capital cost. Olsen et al. [21]
evaluated economic models for various drivers and driven equipment
technologies in gas compression application for a project life of 20 years. The
lifecycle cost of one large gas turbine was estimated as $62.3 billion, $68.3 billion
for three smaller gas turbines and $74.4 billion for three reciprocating engines at
a 12% discount rate. However, it is pertinent to note that none of these studies

examined by adapting TERA for pipelines:

1. The opportunities that arise in the social context
2. The impact of engine availability on the investment
3. An economic analysis using compressor station location as a decision

variable

Thus, there exist knowledge gaps in the literature that this research intends to
accomplish. To fill these identified gaps in knowledge, this research presents a
successful application of pipeline TERA incorporating availability and social
benefits models for the first time. The developed pipeline TERA framework is
integrated with an optimiser that enables an economic analysis using the
compressor station location as a decision variable to be performed for the first
time. It sheds light on the sensitivity of compressor station location optimisation
to the proposed project economic costs. It could help in forecasting for the first
time the impact of availability on the life cycle cost, social benefits and economic
performance of the compressor stations and pipeline systems.

The installation and operation of gas turbine compressor stations may experience
acceptance or resistance by the local community stakeholders who oppose or
support the negative or positive social impacts. Some negative social impacts are
accident fatalities, the potential death of employees, and displacement of local
communities from the compressor station locations. The positive social impacts

are employment impact, road infrastructure impact, water infrastructure impact,



and provision of electricity. Thus, stakeholders’ inclusion and impact on the
project’s planning process are essential. It is imperative to balance the main
organisational goal with other social goals that soothe stakeholders’ objectives
while maximising profits with respect to the shareholders’ objectives.
Consequently, this study proposes a hew approach to any compressor stations
and pipeline projects design, development and management integrating techno-
economic and socio-economic goals. The developed methods can guide the
quantification of social impacts and socio-economic benefits during any
compressor station's design and development stage for pipeline application and
other related projects. The adopted scenarios could give policymakers insights
and help select the best project alternative that will maximise the net positive
social impacts and socio-economic benefits brought about by the gas turbine
compressor station locations. It also guides the final decision on the techno socio-
economic blueprint of the proposed Trans-Saharan Gas Pipeline project. The
developed social benefits algorithms could play an essential role in the industry
for stakeholders’ goal evaluation.

A considerable component of the life cycle cost goes to the compressor stations
and pipelines. It has been estimated that the compressor stations operating cost
could constitute between 25% and 50% of the total company’s operating budget
[22]; [23]. Considering this, the lifecycle cost of the compressor stations and
pipelines could represent values greater than 50% to 85% of the total company’s
operating budget. Thus, a slight enhancement of the compressor station
availability could increase the project profitability by decreasing downtime, thus
minimising the loss of revenue. Compressor station system availability analysis
will help minimise the downtime costs while ensuring a continuous supply of
natural gas to end-users. The developed availability methods will help minimise
the loss in revenue and establish the installation of standby turbo-compressor
units at some or all compressor station locations to minimise these losses arising
from engine downtime. The adopted method could identify the subsystem’s
availabilities, which greatly impacts the overall compressor station system’s
availability. This will help decision-makers better understand the importance of

the individual gas turbine and gas compressor subsystems on the overall



availability of the compressor station system, thus leading to practical resource

and financial management.

This research presents a new analysis in terms of compressor station location
optimisation. This study does quantify some social costs and benefits arising at

the optimal compressor station location.

The outcome of this research can be easily applied in the industry, serve as a
benchmark for policy analysis, and guide decision-making while improving the
social benefits and cost effectiveness of the proposed Trans-Saharan Gas

Pipeline and any pipeline projects.

1.2 Research Aim

This research aims to investigate the impact of the social context opportunities
and engine availability on the specification, socio- and techno-economics of
natural gas transportation in pipelines while focusing on compressor station
location optimisation. The compressor stations are needed to be effectively
placed at locations where they will deliver social benefits. This is one of the
essential criteria required for stakeholders’ goal evaluation and policy analysis to

minimise economic cost and maximise profit.

1.3 Research Objectives

1. To model the pressure drops in the proposed Trans-Saharan Gas Pipeline
and estimate gas compressor drive power requirement at design and off-
design conditions by selecting suitable gas turbines as drivers for the gas
compressors.

2. To determine the compressor station power requirement based on
isothermal, intermediate and non-isothermal flow of natural gas in
pipelines.

3. To analyse the design and off-design performance of selected gas
turbines as prime movers for natural gas transportation in pipelines.

4. To analyse the concept and implication of availability on gas turbine

operation and economics.



5.

To determine the potential social impacts and social benefits of the
compressor station locations along the pipeline routes.

Techno-economic and techno socio-economic optimisation of the distance
and equipment used in the compressor stations as a function of the
compressor station location, pipeline characteristics, availability, and
social context. In this case, techno-economic integrates technical and
economic aspects of the project, while techno socio-economic integrates

the technical, social, and economic aspects of the project.

1.4 Problem Statement

The uneven distribution of natural gas has made it imperative to develop means

of transportation from locations with abundant reserves to other areas. The

increase in world natural gas consumption will require a considerable investment

in new natural gas infrastructure that is efficient and safe. Natural gas

transportation in pipelines over long distances is considered a cheaper and safer

mode of gas transportation [2]. The proposed Trans-Saharan Gas Pipeline

project is the motivation for this research. An efficient and reliable natural gas

transportation will require the following conditions to be satisfied:

X/
L X4

X/
L X4

Sufficient proved reserves of natural gas able to meet the demand
requirements

Lowest possible capital expenditure, operating expenditure, and lifecycle
cost

Avalilability of the equipment used in the compressor stations, including the
gas compressors and gas turbines

Positive social impact and social uplifts from the installation and operation
of the system

Able to meet organisational goals encompassing stakeholders

To meet these conditions, the following questions need to be answered:

X/
o

What gas compressor and gas turbine sizes are required at varying flow
conditions dependent on the location ambient conditions at each

compressor station location?



X/
°e

What are the implications of availability on gas turbine operation and
economics?

How many compressor stations are needed along the pipeline routes?
Where is their optimised location, and at what pipeline segments along the
pipelines?

What are the social impacts and social benefits of compressor station
location along the pipeline routes? Are they positive and beneficial?
Which turbo-compressor configuration has the lowest lifecycle cost and

highest net present value?

1.5 Contributions to Knowledge

This research contributions to knowledge are:

1.

TERA for pipeline application on gas compressor stations considering the
first introduction of the social context opportunities and engine availability
while optimising with compressor station location for the lowest lifecycle
cost.

Development of a model and methodology for evaluating the social
impacts and benefits of compressor stations along the pipeline routes.
Development of a model and methodology for evaluating the impact of
engine availability on the techno-economics of natural gas transportation
in pipelines.

Development of the techno-economic model and station location
optimisation using SIMULINK.

Development of models leading to faster and more economical pipeline
system specification, an improvement on the social and economic
performance of the compressor stations leading to the best decision of
selecting the most cost-effective engine configuration.

Models and methodology developed will serve as useful decision-making
tools for the Nigerian government to design and develop the proposed

Trans-Saharan Gas Pipeline project.



1.6 Thesis Structure

Chapter One presents an overview of the research background, aim and

objectives, problem statement, contribution to knowledge, and thesis structure.

Chapter Two presents a detailed literature review on the compressor station and
pipeline systems. The review focus on natural gas and transmission system, the
design of gas transmission pipeline, centrifugal compressor, gas turbine and their
availability, economic analysis, TERA and optimisation scheme, social impact
analysis. Finally, the review is concluded by identifying research gaps and
contributions to knowledge.

Chapter Three presents the research methodology based on the TERA
framework. The methods utilised in the pipeline TERA for gas turbine compressor
stations are described. The different modules that make up the adapted TERA
framework and the approaches used by the optimiser for the optimisation studies

are discussed.

Chapter Four presents the pipeline and gas compressor power estimation at
isothermal, intermediate, and non-isothermal flow conditions. The impact of
environmental conditions on gas compressor performance is described. Gas
compressor performance maps are illustrated. Finally, gas compressor and gas

turbine selection are discussed.

Chapter Five looks at the design and off-design performance simulation of the

selected gas turbine models.

Chapter Six presents the impact of turbo-compressor availability on the techno-
economics of natural gas pipeline transportation. The developed local
maintenance schedules are shown. The units, station, and system availability are
presented. The Chapter described the SIMULINK model of the TERA framework

and explored the subsequent results obtained from the analysis.

Chapter Seven presents social benefits analysis and the integrated techno

socio-economic scenarios. Job creation and Road infrastructure are explored.



Non-dimensional social uplifts are illustrated. Results are presented and

discussed.

Chapter Eight presents techno-economic and techno socio-economic
optimisation with compressor station location as the decision variable. SIMULINK
and genetic algorithm optimisation procedures are described. The optimisation
problem is formulated. Decision variable, objective function, and constraint are

identified. Results are presented and discussed.

Chapter Nine presents the conclusions of the whole research and highlights

some recommendations for future work.






2 RESEARCH BACKGROUND

2.1 Natural Gas and Transmission System

Natural gas is frequently being utilised for residential heating and cooking, electric
power generation, transportation, and industrial application due to its low carbon
dioxide emission and low environmental pollution compared to other fossil fuels.
The share of natural gas in primary energy demand continues to rise, accounting
for 24.7% in 2020 [1]. Consequently, the demand for natural gas will continue to
increase despite the present attention being given to renewable energy. Thus, an
efficient and reliable transmission system is needed to meet this demand from

locations with abundant reserves to other areas.

2.1.1 Natural Gas Properties

Natural gas is classified into conventional and unconventional gas. Associated
and non-associated gases are the two forms of conventional natural gas.
Unconventional natural gas derived from coal, gas hydrates and gas shales
contain a high proportion of natural gas, but its production process is more
complex than conventional gas. Natural gas consists of hydrocarbon and non-
hydrocarbon mixtures. The main constituent is methane, ethane, propane,
butane, pentane, and traces of heavier hydrocarbons are other components.
Nitrogen, carbon dioxide and hydrogen sulphide are among the non-hydrocarbon

components.

Natural gas, an odourless, tasteless, and colourless gas is usually sold to the
end-users within specified pressure limits and heating values. The natural gas
heating value varies and is dependent on the constituent mixtures and the degree
of impurities present in the gas. Table 2-1 shows the typical properties of natural

gas.
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Table 2-1 Typical Composition of Natural Gas (Adapted from [24]; [25])

Natural Gas Constituents Volume Fraction (%)
Methane 70-99
Ethane 0-5
Propane 0-5
Butane 0-5
Pentane 0-5
Hexane Trace-5
Heptane Trace-5
Carbon dioxide 0-8
Oxygen 0-0.2
Nitrogen 0-15
Hydrogen Sulphide 0-5
Water Trace-5

Pipelines operating conditions are significantly influenced by the natural gas
properties and composition, which depend on the extraction period during the
year, the production source, and treatment level [26]. Any change in the natural
gas composition will ultimately affect its thermophysical properties. The
properties of interest in this review are specific gravity, density, compressibility

factor, viscosity, and specific heat.

2.1.2 Natural Gas Transmission System

Natural gas needs to be transported from locations with abundant reserves to
other areas with high demand for this commodity. These locations may be
thousands of kilometres apart. Thus, it is imperative to design an efficient
transportation system able to ensure a continuous supply of natural gas that meet
demands from the end-users under all conditions. Several methods of natural gas
transportation from the location source to areas with high demands include
pipelines, Liquefied Natural Gas, Compressed Natural Gas, Gas to Liquid, Gas
to Commodity, Gas to Solids, and Gas to Wire [27]; [28].

A convenient method of transporting natural gas over long distances is by pipeline
networks or by tankers in the form of Liquefied Natural Gas [29]; [30]. Liquefaction
costs are the extra cost incurred by the Liquefied Natural Gas transportation
mode no matter how far or near it is being transported. Thus, the pipeline

12



transportation network has been identified as one of the most efficient and
economical methods of transporting natural gas to areas with high demands [31].
The European gas market gas-on-gas competition has taken the form of pipeline
iImports competing against Liquefied Natural Gas imports [1]; [32]. The world
trade movement by pipeline accounted for 60.8% in 2020, representing about
755.8 billion cubic meters of natural gas transportation in pipelines [1]. The
following information is needed to understand the context of a gas pipeline and
compressor station system, including the models | have developed or adapted

considering the scope of this research work.

2.1.3 Natural Gas Transmission Pipeline

It has been understood that transmission pipelines are one of the safest and most
economical modes of natural gas transportation over long distances [23]; [33];
[34]; [35]. Natural gas transmission pipelines link the production source and the
end-users. Thus, the operation of the various components is vital for the

continuous availability of supply to meet variable demands.

The gathering, transmission and distribution pipelines are the three standard
pipelines for natural gas transportation. The small diameter, low-pressure
gathering pipelines are used for natural gas transportation from the production
source to the processing facility or transmission system. The transmission
pipelines vary in size and usually range from 4 to 56 inches in diameter [16]; [36]
depending on their application. They are used to transport natural gas over long
distances and are usually made of carbon steel to withstand the high pressure
required for gas transportation. These pipelines require the installation of
compressor stations at appropriate distances along the pipeline to ensure the
pressure do not drop below the specified limit. The low-pressure distribution
pipelines are typically made of plastic materials and used to transport natural gas
to end-users through other storage facilities.

The major components of the natural gas transmission pipeline are transmission
pipelines and compressor stations. Other components are metering stations,
pressure regulators, valves, supervisory control, and data acquisition. Figure 2-1

shows a typical natural gas transmission pipeline system layout schematic
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diagram showing compressor stations represented by CS and transmission

pipelines as the major components.

— - s C

Figure 2-1 Typical Natural Gas Transmission System Layout [37]

2.1.4 Compressor Stations

Compressor stations are needed to transport a given amount of gas through long
distances in pipelines due to pipeline pressures constraint. The locations of the
compressor station and operating pressures are regulated by the available
power, allowable pipe pressures, and environmental and geotechnical factors
[38]. They are installed at different locations on the transmission pipelines to

ensure the required pressure is maintained for gas transportation.

Compressor stations are one of the essential components of the transmission
pipeline system. They are placed at strategic intervals along the pipeline to supply
the pressure energy needed for constant gas flow and require between 10 to 40
acres of land [39]. Compressor stations consume about 3-5% of the total gas
transported [30]; [40] and are usually installed within 150 to 200 km apart along
the pipelines [18]; [41]. They accommodate compressors driven by prime movers.
The prime mover options are electric motors or gas turbines. Nasir [16] has
looked at the techno-economics of using an electric motor or a gas turbine as the

prime mover on a natural gas pipeline. Other components include scrubbers and
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filters, cooling systems, supervisory control and data acquisition, compressor

station housing and lubrication system.

Figure 2-2 Typical Compressor Station [42]

Figure 2-2 shows a typical compressor station with three gas compressors
arranged in parallel. Figure 2-3 shows compressor stations layout and pipe
segments schematic diagram with five compressor units arranged in parallel at
each station, including a gas plant supply node and a delivery terminal at the

demand node.
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Figure 2-3 Compressor Stations and Pipe Segments Schematic [33]

2.1.5 Meter Stations and Regulators

The essential components of meter stations are fittings, meters, instrumentation,
valves, and controls. They measure the natural gas flow rate through the
transmission pipeline [38]. Pressure regulators are installed to regulate or control

the pressure of the natural gas pipeline adequate for delivery to end-users.

2.1.6 Mainline Valve Stations

Valves are installed at specific intervals for operational and safety purposes within
the transmission pipeline network [43]. They are valuable for maintenance and
repair operations as they can shut down the flow of natural gas through faulty
pipeline sections. These sections can be isolated by closing the mainline valves

at that section.

2.1.7 Supervisory Control and Data Acquisition Systems

Supervisory control and data acquisition control the temperatures, pressures, and
flow rates along the transmission pipeline. They can monitor and operate the
compressor station and transmission pipeline systems remotely from a central
control centre [38]. Supervisory control and data acquisition systems are also
used to generate operational data, check device status and collect gas
consumption information from the compressor station and natural gas pipeline

network systems [43].
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2.2 Design of Gas Transmission Pipeline

The effective design of a gas transmission pipeline system will be dependent on
the joint efforts of the multidisciplinary team in engineering and allied disciplines.
An efficient gas transmission network can save at least 20% of the natural gas
consumed by the compressor stations [40]. Thus, designing an efficient and
effective natural gas pipeline network is vital for meeting end-users demand and
minimising transportation costs. The size and complexity of natural gas pipeline
networks have increased with increasing demand. Consequently, it is essential
that decisions regarding the design of a new natural gas transmission network or
the expansion of an existing one are made about their long-term benefits [44].
Marcoulaki et al. [45] have presented a framework for designing pipeline systems
intended for fluid transmission, including natural gas by integrating optimisation
technologies with geographical information, process simulators and equipment
databases. Their proposed approach was applied to designing a pipeline
traversing mountainous terrain. They observed that the use of different

geographical data affects pipeline design and investment.

It is essential to consider parameters such as pipe diameter, length, elevation,
and the properties of the natural gas being transported in pipeline design. An
optimisation is efficient if a slight improvement in the system can result in
significant savings. Thus, optimisation for the design of the gas transmission
pipeline system will be efficient if a slight improvement in the pipeline system
results in significant savings. Sanaye and Mahmoudimehr [46] have proposed an
efficient optimisation program for the optimal design of a natural gas transmission
network. In the optimisation study, they considered various design parameters,
including the network layout, pipe diameters, supply and delivery pressures,
number, and location of compressor stations on each pipeline. Nasir [16] stated
that the pipeline flow rates are dependent on the pipe diameter, length, pressure
drop due to friction, gas suction temperature, gas suction pressure and gas
properties.
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2.2.1 Weymouth Equation

Many equations have been developed to predict natural gas transmission
pipeline performance. These equations show the gas flow rate, pipeline diameter,
length, gas properties, suction, and discharge pressures. Among these
equations, the Weymouth equation has been shown to be the most conservative
equation that predicts the highest pressure drop at any flow rate with a given
pipeline efficiency [38]. Due to its simplicity and accuracy, it is usually used for

high gas flow rate, high pressure, and large diameter pipelines.

The Weymouth gas flow equation in S.1 units is stated as follows:

0o 2-1)

Tp\ (Pi — e°P§ (

Q =3.7435 x 103E (—) <— 2667
Py/\ GT¢L.Z

Where:

Q = Volumetric flow rate, (m%/day)
E = Pipeline efficiency, %

Tb = Base temperature, K

Po = Base Pressure, kPa

P1 = Inlet Pressure, kPa

P2 = Outlet Pressure, kPa

Tt = Gas flow temperature, K

Le = Pipeline equivalent length, km
G = Gas gravity, dimensionless

Z = Compressibility factor, dimensionless
D = Pipeline diameter, mm

e = 2.71828 (Euler's number)

s = Elevation adjustment parameter
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Equation (2-1) defines the basic relationship between the gas flow rate and the
pressure drop through a pipeline segment with upstream and downstream
endpoints. The elevation adjustment parameter s, considers the difference in

elevation between each pipe segment. It is expressed as follows:

H,—H, (2-2)
Ty

s= 0.06846(

Where:
Hi = Upstream elevation, m
H2 = Downstream elevation, m

The equivalent length L., is expressed in terms of the elevation adjustment

parameter and is given by:

B L(es—1) (2-3)

L, 5

Where:
L = Pipe length, km

Further details of the parameters in Equation (2-1) will be discussed in chapter

four.

2.3 Centrifugal Compressor

Compressors are used for gas transmission in pipelines to increase gas pressure.
Centrifugal and reciprocating compressors are the two major types of
compressors. Both compressors utilize electric motors as drivers. However,
reciprocating compressors can also use reciprocating gas engines as drivers.
Moreover, centrifugal compressors are usually driven by gas turbines. The major
difference is that reciprocating gas engines convert pressure into rotating motion
using pistons driven by crankshafts. In contrast, gas turbines utilise the pressure
from fuel combustion to rotate a turbine and produce power. Centrifugal
compressors can be used for discharge pressures of up to 70 MPa and varying
operating speeds of about 14 000 rpm for 3.7 MW units and 8 000 rpm for 15 MW
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units [25]. Figure 2-4 shows the application ranges for reciprocating and

centrifugal compressors.
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Figure 2-4 Application ranges for reciprocating and centrifugal compressors [47]

Since most long-distance transmission pipelines operate at pressures between
60 to 100 bar, natural gas must be compressed to pipeline pressures [48]. Natural
gas compression is achieved by converting the driver's mechanical energy to
kinetic energy in the gas. Figure 2-5 shows a typical centrifugal compressor and

its components.
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Figure 2-5 Typical Centrifugal Compressor [25]

Two or more centrifugal compressors can be installed in series or parallel in the
compressor station to increase the pipeline flow rate or the outlet pressure. The
pipeline compressors are arranged evenly along the pipeline and usually
positioned for pressure ratios between 1.2 and 1.8 [48].

The selection of an appropriate compressor for a particular application will
depend on its reliability, availability, and cost. Gas compression is an energy-
intensive process with more than 67% per cent of annual operating costs spent
on energy [42]. Thus, small improvements in efficiency will significantly impact
operating costs [48] since the economic success of a gas compression operation
depends considerably on the operation of the compressors involved [42].
Centrifugal compressor is preferred over other compressor types because of their
high availability, low operation and maintenance cost, high efficiency over the
normal operating range, simple construction, low head, and suitable for high
volume flows. Figure 2-6 shows Siemens’s barrel-type single-shaft pipeline

centrifugal compressor.

21



. Y TN S A

Figure 2-6 Siemens Barrel-Type STC-SV Compressor [49]

The different working principles cause variation in the operating characteristics of
the centrifugal compressors. Its operating point is determined by the compressor
map, the driver's power, and the head-flow characteristics [48]. The compressor
performance map is created based on the selection and from hydraulic analysis
and is utilised to determine its operating conditions by evaluating its head-flow
characteristics. Centrifugal compressor performance is a function of inlet volume
flowrate, speed, isentropic head, and isentropic efficiency [50]. The
interrelationship between these parameters is shown with performance
characteristic maps. The original equipment manufacturer can supply the
compressor's power requirement, efficiency, and speed after performing the
selection. The compressor’s drivers are sized based on the above information
and the prevailing ambient conditions.

The compressor operating speed is usually varied to control the flow through it.
This can be achieved through its drivers: variable speed electric motors or multi-
shaft gas turbines, which allow for compressor speed variation over a wide
operating range. The parameters affecting the centrifugal compressor operating

range are the surge flow, choke, driver power, and maximum and minimum
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speeds. Surge flow occurs when the compressor is operated at lower flow leading
to flow reversal and fluctuating load on the bearings. It is an unstable condition
that causes pressure oscillation resulting in damage to the compressor and
associated piping system [51]. Control systems are designed to detect and avoid
surge to protect the compressor from damage. They must maintain the
compressor's operating point within its safe operating range by avoiding
instabilities that may cause breakdown and lead to downtimes [52]. The stonewall
line occurs when the gas velocity inside the compressor reaches the speed of
sound producing shockwaves that cause vibration in the component parts [53].
The acceptable operating range will be between the surge line and the stonewall
line considering safety, stability, and anti-surge protection line. Figure 2-7 shows
a typical centrifugal compressor performance map of head as a function of inlet

volume flowrate and speed.

Actual Flow [m?/s]
Figure 2-7 Centrifugal compressor map [54]

Meira et al. [53] have proposed an approach to performance modelling of
compressor maps for natural gas pipelines. Their work extends the National
Aeronautics and Space Administration loss theory to estimate energy losses and
accurately obtain the compressor characteristic curves, including the surge and
choke lines. The results showed the significance of the proposed modelling
approach on the compressor map compared to the conventional model and have

an essential role in the reduction of operational cost of compressor stations.
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2.4 Gas Turbine

This study looks at gas turbines for mechanical drive applications in transmission
pipeline compressors. Multi-shaft gas turbines are used to drive pipeline
compressors where the compressor’s speed varies with the load depending on
the power requirement. The essential components of a simple cycle gas turbine
are the compressor, combustor, and turbine. In most cases, the gas turbine
usually utilises the natural gas being transported through the transmission
pipelines as fuel consuming about 7-10% of the required throughput for

compression purposes [55].

The design point performance of the gas turbine shows the performance of the
whole gas turbine unit when it is running at the specific speed, mass flow and
pressure ratio for which the essential gas turbine components were designed.
The designer selects these parameters to achieve the required engine
performance. However, gas turbines are needed to operate for long period at off-
design conditions. These conditions arise due to variation in the ambient
conditions, namely temperature and pressure, which have a great impact on the
performance of the gas turbine. The off-design performance analysis of the gas
turbine shows the variation of performance of the gas turbine over the entire
operating range of speed and power output. Thus, it is vital to consider the effect
of the ambient conditions on the power output during the off-design performance
analysis. Hosseinimaab and Tousi [56] have investigated the off-design
performance of a double-shaft gas turbine utilising a centrifugal compressor with
different design speeds as the load. They showed the performance map and
running line and evaluated the effect of environmental changes on the engine
performance. According to Lubomirsky et al. [57], gas turbines power output and
efficiency are significantly influenced by the ambient conditions, namely
temperature and pressure. Thus, compressor stations should be designed to
consider this variation in ambient conditions. However, a review of literature
studies has shown that ambient temperature is the most important factor among
all these conditions [58]; [59]; [60]. Moreover, the compressor pressure ratio,
turbine entry temperature, and component efficiencies also have a significant

impact on gas turbines performance.
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Multi-shaft gas turbines for pipeline application are either the two-shaft gas
turbine with a free power turbine or the three-shaft gas turbine with a free power
turbine configuration. In the former arrangement, the high-pressure turbine drives
the compressor, and both run at the same speed. This combination acts as a gas
generator for the low-pressure power turbine, which is used to drive the load. The
effect of mechanical load on the performance of a twin-shaft gas turbine engine
in mechanical drive service was studied by Tahan et al. [61]. The engine operates
as a mechanical driver for a process compressor in the gas compression service.
Figure 2-8 shows the twin-shaft gas turbine arrangement with a free power

turbine.

Figure 2-8 Twin-shaft gas turbine with a power turbine [62]

In the latter arrangement, the high-pressure turbine drives the high-pressure
compressor, and the low-pressure turbine drives the low-pressure compressor.
The power turbine installed in the arrangement will supply the required power to
drive the load. They are often referred to as aero-derivatives because they are
derived from the aircraft gas turbines, have small footprint, high performance,
availability, maintainability [63] and have the advantage of higher thermal
efficiencies, pressure ratio, and lower starting power than the twin-shaft gas
turbine configuration. Although, two-shaft gas turbines have a higher speed range

than single-shaft gas turbines [64]. The power variation is obtained by regulating
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the fuel flow into the gas turbine. The turbine entry temperature and the pressure
ratio decrease with reduction of the engine power from the design point with a
consequent reduction in the engine thermal efficiency. Figure 2-9 shows the triple
shaft gas turbine configuration with a free power turbine.

compressor bl it e s
turbine

Figure 2-9 Triple-shaft gas turbine with a power turbine [62]

Atmospheric air enters the gas turbine’s compressor, after which discharged air
from the compressor enters the combustor, as shown in Figure 2-8. The fuel is
burnt in the air to raise the combustor temperature, after which the high-
temperature gases are expanded in the high-pressure turbine to produce the
required power to drive the compressor. The high temperature gases leaving the
high-pressure turbine enter the power turbine, expanding to produce the required

power to drive the gas compressor [55]; [62].

2.5 Gas Turbine and Compressor Availability

The availability of a gas turbine, gas compressor or turbo-compressor unit is the
percentage of time the unit is available to generate power or perform its required
duty in any given period as a function of downtime. The operational availability
A,, is defined by [65]:
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B MTBM (2-4)
°" MTBM + MDT

Where, MTBM is the mean time between maintenance and MDT is the mean
maintenance downtime. It considers failures due to both scheduled and
unscheduled outages. The increasing complexity of natural gas transmission
pipeline networks with a consequent increase in the operation and maintenance
costs have made it imperative to reduce the compression station system
maintenance while improving the units’ availability. Flow and pressure regulation
in the gas transmission system depends on several compressor stations at which
gas compressors operate either in series or parallel and the challenging nature
of the failure of any one unit. Thus, analysing the impact of failures on gas
transmission capability is a significant issue for gas operators [66]. Compressor
station equipment failures arising from scheduled or unscheduled outages can
lead to high economic costs in installing, operating, and maintaining associated

components.

Compressor station system availability analysis has become an important topic
among stakeholders. It is expected to remain the same over the coming years
due to the increasing complexity of natural gas transmission networks arising
from increased demand for natural gas by the consuming market. A typical value

for smaller gas turbine unit availability is between 94-97% [67].

The availability of the compressor station system is greatly influenced by the
operation and maintenance routine adopted, construction and installation of the
various units that make up the system and the design layout. In many cases,
maintenance policies are implemented to ensure the continuous availability of the
components and to make sure it performs its required function in meeting end-
users demand for natural gas. However, the quality of the maintenance policies
and the actions taken to deal with environmental conditions have an important
effect on the equipment’s availability [42]. An effective maintenance policy will
reduce the frequency of failures at any compressor station location, thus

improving the station and overall system availability.
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Engine availabilities are important in the compressor station and transmission
pipeline system economics. The unavailability of the plant to generate power can
be very costly in the operation of the compressor station. The cost is reduced if
scheduled outages are planned for non-peak periods. The increase in plant
efficiency of 7-10% from smaller capacity units to larger units has led to an
equivalent reduction in plant availability due to larger plants taking more time to
repair. This will have a major impact on the plant's economy. A 1% reduction in
the engine availability could cost a yearly income loss of $500,000 on a larger
capacity plant [67]. The loss of income can be due to the unavailability of the
commodity, penalties estimated because contractual agreements are not met, or

the pipeline flowrate reduction [42].

The availability of a system can be determined either by performing a Monte-
Carlo simulation or through an analytical method. Monte-Carlo simulation has the
disadvantage of high computational time and the expenses involved in the model
development and execution. Furthermore, analytical methods give more accurate
results than Monte-Carlo simulation [68]. Few studies have been performed on
compressor station availability analysis. In many cases, most focus on the
compressor unit's availability, assuming that the compressor unit is equivalent to
the turbo-compressor unit within the compressor station, while very few focus on
the availability of the gas turbine unit. Santos et al. [69] calculated the Bolivia-
Brazil gas pipeline compressor station's availability using binomial distribution
and compared the results with the Monte Carlo method. They concluded that both
methods are equivalent. This was also confirmed with the results obtained by
[70]; [71]; [72]. Yasseri and Bahai [73] utilised the Design Structure Matrix
mapping method to represent the system’s components and dependencies.
Additional reliability data were included in calculating availability. Availability of a
single unit was obtained using the inherent availability approach by using the
Mean Time to Failure (MTTF) and Mean Time to Repair (MTTR) data obtained
from the literature. The subsystems availability was calculated using the binomial
distribution method. Carazas and De Souza [74] presents a method for availability
analysis of gas turbines used in electric power station based on system reliability

concepts. The method was applied to analyse two gas turbines installed in a
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combined cycle power plant. The availability of the turbines was simulated based
on a five-year failure database. The results show 99% and 96% availability for

each turbine, indicating differences in their systems installation and operation.

2.6 Economic Analysis

Investment in any compressor station and pipeline project is capital intensive.
Evaluation of the attractiveness of the investment is related to the economic
benefits and feasibility of the proposed project. Economic decisions are usually
based on the available data within the period decisions are made. In many cases,
considerations are taken of the impact of the investment on the financial stability
and project’s profitability. Any economic analysis aims to provide a benchmark
for making an effective economic decision with respect to any project. An effective
economic analysis will help the decision-makers select the best alternative
between competing projects where decisions are based on the variation between
the considered alternatives. The cost of each alternative is compared with their
benefits, considering the primary objective of making the best use of finite capital.
Estimating project benefits in the form of revenue requires the determination of
the volume of production and their component prices related through trading.
Generally, a cash flow analysis is performed for each alternative, the outcome of
the analysis is compared, and the decision is made to select the best alternative.
However, it is imperative to note that concluding decisions should also consider
the technical, environmental, and social aspects of the project in parallel with the

economic decision.

Yuan et al. [75] created an economic evaluation model using the discounted cash
flow method to explore the economic feasibility of shale gas development. The
model provides the basis for investigating the effect of major policies available to
improve shale gas production profitability. Discounted cash flow is the frequently
used method for the technical and economic analysis of oil and gas development.
Giacchetta et al. [76] have performed an economic analysis related to a
hypothetical industrial-scale facility named LINK located in Alberta based on the

discounted cash flow analysis. The results show that the plant is a profitable
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investment, and the investment cost significantly affects the plant's

competitiveness.

2.6.1 Time Value of Money

It is well-known that a dollar received today is more valuable than a dollar
received at some future time [77]; [78]. An amount's economic value depends on
the time value of money. The time value of money is usually considered when
making an economic analysis to select the best alternative among competing
projects. The value of money changes with time every day. The value of money
today is not equivalent to the value of money in the future. This change might
occur due to inflation or investment so that it earns money. Inflation is the loss in
purchasing power, devaluing money since more money is needed to purchase
the same quantity of goods. Investment in any compressor station and pipeline
project over a long period requires considering the time value of money since the
costs and benefits associated with the project can occur at different points. The
interest rate enables the conversion of money from one point in time to another

point in time.

For long-term projects, economic decisions are usually based on comparison or
combination of cash flows occurring at different times over the project lifecycle.
In most cases, comparisons or combinations are made at a reference point in
time. The reference point could be time zero at the beginning of the project or any
other point over the project lifecycle. Moreover, the project costs and benefits

could be compared and the net present value estimated [78].

2.6.2 Net Present Value using a Discounted Cash Flow Analysis

The net present value (NPV) is the difference between the present values of
benefits and costs over the project lifecycle [78]. The net present value using a
discounted cash flow analysis is widely used because of its many advantages
and easiness to interpret. It considers the time value of money over the project
life cycle. It can also measure project profitability while recognising the difference
between money's present and future value. Since a cash flow today is not

equivalent to a similar cash flow in the future [79]. In the net present value
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analysis, the present value of all cash inflows is compared with the cash outflows
related to the project. The cash flow diagram could aid in the analysis of an
investment opportunity. It accounts for all cash inflows and outflows to and from
the project. The net cash flow is the difference between these inflows and
outflows. The discount rate is the rate at which future cash flows are discounted
to convert them to present values. The net present value is the difference
between the present value of these cash flows and determines the proposed
project's acceptability [77]. The net present value can be used to establish if a
project will yield a net profit or loss [79]. It can guide the selection of projects
among competing alternatives. The project that gives the highest positive net
present value is usually selected. The net present value can be evaluated using
the following equation:
= CF, (2-5)

NPV = — 7 __ ¢
Li(1+r))
]:

Where:

CF; = Net cash flow for year j

j = Year of project cash flow
r = Assumed discount rate
C, = Initial Capital Investment
n = Total project duration

A discounted cash flow method based on the net present value approach is
utilised as the economic appraisal method in this research work.

2.6.3 Life Cycle Cost Analysis

Life cycle cost analysis is a method of estimating the economic performance of
projects comprising of varying cost components, including but not limited to the
first cost, installed cost, operational cost, maintenance cost, direct cost, indirect
cost, and other related costs acquired during the design and development of the

project throughout its life cycle. Capital costs are incurred by purchasing assets,
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while operational costs are incurred through the operation of the compressor
station and its associated components. Installed cost is the equipment price
specified from the original equipment manufacturer catalogues and include
handling and shipping costs. In most economic evaluations, individual
component’s performance is utilised to assess the whole system effectiveness.
The life cycle costs are disregarded because of the high total cost, making the
project unfeasible. Although, operational effectiveness can only occur when the
life cycle cost is considered [80]. The life cycle cost analysis enables the selection
of a design alternative that considers all costs, present and future, over the
project’s life cycle. It allows decision-makers to make comparison among all
possible alternatives given the constraint of finite resources. Therefore, economic

decisions should be made considering the total cost of the whole project [77].

2.7 TERA and Optimisation Scheme

The idea of Techno-economic and Environmental Risk Assessment (TERA) was
pioneered at Cranfield University based on various research work conducted over
the years on power plants. Ogaji et al. [81] presented a description of the TERA
tool for aircraft and engine asset management: TERA integrated with an optimiser
comprises multi-disciplinary modules for modelling engine performance,
environmental impact, economics, and others. It provides a method for evaluating
engines' technological, economic, and environmental risks. Although TERA was
initially conceived for aircraft engines, it has been applied to marine and industrial
engines. Recently, it is now being employed for gas turbine application in
pipelines [16]; [17]; [18]; [19].

2.7.1 Optimisation Scheme

An optimisation problem involves maximising or minimising a function called the
objective function, subject to constraints imposed on the function's variables [16].
Optimisation establishes decision variables' values that maximise or minimise an
objective function. Compressor station optimisation studies are needed due to
the increasing complexity of natural gas transmission pipeline networks arising
from increased demand for natural gas by end-users. This increase has led to a

corresponding increase in economic cost from the construction, installation,
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operation and maintenance of station units and associated components. So that
an enhancement of the unit or whole system operation through optimisation
studies can considerably reduce the life cycle cost and improve the system
performance. Thus, efficient design of transmission pipeline networks able to
meet various demands over its life cycle is essential. After all, a well-designed

pipeline system could reduce the investment and operating cost.

There is an enormous amount of research work that has been done over the
previous years on transmission pipeline network optimisation. Rios-Mercado and
Borraz-Sanchez [43] present a review on optimising the natural gas transmission
pipeline systems from an operations research perspective. They consider both
steady-state and transient optimisation models assuming an existing pipeline
network with the objective of minimising the operational cost. Uster and
Dilaveroglu [44] present an optimisation model for designing a new pipeline
network or expanding an existing network while minimising the total investment
and operating costs. However, these studies do not optimise compressor station
location. The total operational cost of the transmission pipeline network system
Is primarily a function of the compressor station operating cost. The compressors
operating cost could constitute between 25% and 50% of the total company’s
operating budget [23]; [43]. According to Zhang et al. [82], the balance between
maximum allowable operating pressure, pressure ratio, pipe diameter, total
horsepower and station number for a specified distance is important in reducing
the initial capital cost of a new pipeline project. [20]; [21]; [83] have evaluated
economic models for various drivers and driven equipment in gas compression
application in natural gas transmission pipelines to minimise the total investment
cost. However, they did not optimise station location. Thus, optimising the
compressor station locations in the transmission pipeline network system can

considerably reduce operating costs and bring huge economic benefits.

The genetic algorithm is an optimisation method based on the principles of
genetics and natural selection. It allows an initial population to evolve under
specified selection rules to a state that optimises the objective function [84]. Dao

et al. [85] proposed a systematic approach based on Taguchi experimental
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design for parameter tuning for maximising the performance of genetic algorithm
solver in MATLAB. A two-dimensional problem was demonstrated with a success
rate of 98.5% of finding the global optimal solution of the genetic algorithm solver
with parameter tuned. Zhang and Wu [86] investigated the energy cost
minimisation of a compressor station by modified genetic algorithms.
Comparisons of the four devised genetic algorithms show that the coding
seqguence of a genetic algorithm influences its ability to find a feasible solution.
Feasible solutions resulted from multiple runs of the same problem with standard
error influenced by the coding sequence and no conclusion about the influence
pattern. The common coding sequence of the real-coded genetic algorithm has
the same best and average energy cost in Yuan per hour with the equal-
distribution approach for the station equipped with identical compressors. Similar
energy cost in Yuan per hour was observed for the genetic algorithm and the
dynamic programming approach for the station equipped with compressors of
different types. Results show that the best and average solutions of the genetic
algorithms are comparable in Yuan per hour with the results of the equal-
distribution and dynamic programming global optimisation methods in minimising
the energy cost of a station. Knight et al. [87] developed and implemented an
integrated through-life economic performance optimisation tool for gas turbine
whole plant analysis using the software tool PSEconomy for the GTPOM project.
PSEconomy is composed of three functional modules: process modelling
module, economic analysis module and an optimisation module. The optimisation
module utilises a genetic algorithm method to minimise the cost of electricity over
the complete life cycle of the gas turbine power plant by varying the overall
pressure ratio. The case study examples show an improvement in financial
performance sufficient to justify the effort involved in the optimisation process.
Nguyen et al. [88] compare three optimisation methods for compression
selection: mixed-integer linear programming, genetic algorithms, and expert
systems. Expert systems are methods that use human heuristics to produce the
starting point for developing solutions to problems. They use specific knowledge
of the domain coded in them to solve complex decision-making problems. Expert

knowledge is obtained from specialists or other sources of expertise in the
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literature and databases. The results identified the advantage of the genetic
algorithm approach as not constrained by the assumption of linearity. Thus, a
non-linear cost function can be utilised. Additionally, the genetic algorithm
approach proves useful for larger-scaled problems due to its efficiency in
traversing problem spaces. Their studies only focus on the behaviour of a
compressor in a single compressor station and not the entire pipeline network.
Sanaye and Mahmoudimehr [46] investigated the optimal design of a natural gas
transmission network using a genetic algorithm. They considered the sum of
investment and operating costs as the objective function while also considering

a wide range of design parameters in the optimisation problem.

El-Sheikh [89] looked at optimising fuel consumption in compressor stations
using genetic algorithms. The case study of compressor stations to obtain the
minimum fuel consumption rate was solved using a genetic algorithm and the
software program Lingo to compare the optimisation results. Lingo is computer
software designed for building and solving non-linear optimisation models. The
results show a fuel consumption rate of 17.011 Ibm/s with the genetic algorithm
and 17.231 Ibm/s with Lingo. Furthermore, the fuel consumption rate was 18.3
Ibm/s before optimisation. Thus, indicating that the genetic algorithm is effective
since it shows a lower fuel consumption rate than Lingo after optimisation. The
case study results showed the effectiveness of the developed and applied
method. Fahimnia et al. [90] studied fuel consumption optimisation in compressor
stations using a genetic algorithm. The best operational points with a minimum
fuel consumption rate were generated for a typical compressor station case
study. Habibvand and Behbahani [91] used a genetic algorithm for fuel
consumption optimisation of a natural gas transmission compressor station. The
results show that linear load sharing will be the most optimised choice in
compressor stations with the same turbo-compressor packages. Mahmoudimehr
and Sanaye [37] study and compare the results of three optimisation methods
concerning the minimisation of fuel consumption of a natural gas compressor
station. The results show the same solution for all methods for a station with
similar turbo-compressor units, while the genetic algorithm and exhaustive

search methods reveal a lower fuel consumption rate than that obtained by the
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heuristic method. Exhaustive search method is optimisation method that
determines the objective functions for all potential solutions and choose the

solution with the best objective function as the global optimal solution.

The gradient descent optimisation algorithm uses a first-order iteration technique
to find a local minimum of the objective function [92]. It iteratively takes steps in
the opposite direction of the steepest descent of the gradient of the objective
function. In most cases, an initial guess of the decision variable is made for a
local minimum of the objective function. Subsequently, the algorithm evaluates
values for the objective function based on the decision variable's specified lower
and upper bounds. This process continues until a value is obtained that
converges to the desired local minimum based on the specified tolerance limit.
Convergence to a local minimum can be certified with the appropriate choice of
the scaling factor and assumptions on the objective function. Gradient descent is
based on a differentiable convex function. In a convex function, the line segment
between any two points on the function’s curve lies above or on its curve. For a
convex objective function, the local minimum is also the global minimum solution.

Thus, gradient descent can converge to the global solution [93].

The sequential quadratic programming (SQP) method can be used for evaluating
nonlinearly constrained optimisation problems. Sequential quadratic
programming converts a nonlinear problem into a sequence of quadratic
programming sub-problems [94]. The sequential quadratic programming method
utilises Newton’s method to compute the optimal solution to constrained
optimisation problems. Bazaraa et al. [95] showed that the determination of the
iterative step in Newton’s method equals the solution of a quadratic programming
problem.

2.8 Social Impact Analysis

Many studies of the social impacts of energy technologies have been performed
but have often focused on renewable energy technologies in many cases, and
very few studies have focused on conventional energy technologies. Heavner
and Churchill [96] estimated employment rates associated with some natural gas-
fired power plants in the US based on existing and permit applications for

36



proposed power plants. Hartley et al. [97] investigated job creation from wind and
unconventional oil and gas using an econometric model based on data from
Texas over an eleven-year period. Their modelling results showed that
unconventional gas has brought Texas high employment growth over the

examined period.

A review of literature studies in energy technologies showed that future scenarios
of potential employment have often been assessed using a common metric of
jobs-year or job created per installed capacity [98]; [99]. Employments created in
the construction and installation phase are temporary jobs measured in jobs-
years. Employments created in operation and maintenance phase are permanent
jobs measured in jobs. Barros et al. [100] assessed the direct employment
generated by power plants throughout their lifecycles using a proposed
probabilistic and analytical model. The direct job creation for non-renewable
power plants was estimated using a normalisation process to vary from 0.1to 2.4
job-years/GWh over the plant’s lifetime. In most cases, employment benefits are
defined in monetary terms based on the net income increase from the number of
new jobs created. Tourkolias et al. [101] developed a framework using the input-
output method to quantify the employment benefits associated with power
generation technologies. The employment benefits were expressed in monetary
terms using the opportunity cost of labour and public expenditure approaches.
The opportunity cost of labour approach concentrated on the employment benefit
of previously involuntarily unemployed new workers. In this concept, the income
of a newly employed worker is equal to the opportunity cost of labour. The public
expenditure approach was based on the government's readiness to pay for the
extra employment created, reflecting public choices for job growth. In the basic
scenario, they estimated the employment benefits for natural gas-fired power
plants in Greece at 0.4-0.6 €/ MWh.

Power plants land use are classified as direct impact due to physical
infrastructure development and the total area associated with the complete power
plant project [98]. The physical infrastructure includes the provision of social

services expected to meet the local community’s needs while enhancing their
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quality of life. Very few studies have been performed on the land-use impact of
power plants. Chatzimouratidis and Pilavachi [98] have presented the average
land required by each type of power plant based on global data. They showed
that the average land requirement for natural gas turbine power plant is about
0.0025 km?/MW of installed power capacity. Afgan and Carvalho [102] have
evaluated the social aspects of energy systems using area and new job sub-
indicators. They estimated the area requirement per kilowatt installed power for
natural gas turbine energy systems as 2 m?/kW. Fthenakis and Kim [103] have
reviewed the lifecycle land use for renewable and conventional fuel cycles based
on literature studies and actual data. They estimated the direct land use of natural
gas power plants as 128 m?/GWh for the power plant electricity generation stage
based on a 30-year project lifetime. Klein and Whalley [104] have reported the
direct maximum lifecycle land use for natural gas power plants as 0.31 m?MWh
based on a maximum capacity factor of 93% and a 30-year lifetime. The same
land-use value was presented by Maxim [105] based on a capacity factor of 85%.
Trainor et al. [106] have derived the range of land use efficiencies for a

conventional natural gas energy source to be between 0.82-0.951 km?%/TWh.

The direct land use impact of energy technologies can also be quantified in terms
of power densities which is the reciprocal of land use impact or efficiency. The
energy technology with the lowest power density will require the greatest amount
of land per installed power capacity and vice versa. In their review of power
densities and their application in the United States, van Zalk and Behrens [107]
asserted that:

“Improved understanding of power densities may help examine trade-offs
between different land-uses and their social implications”.

van Zalk and Behrens [107] have estimated the power densities for natural gas-
powered systems to range from about 500-2000 MW/km? with a median of about
482.1 MW/km? based on a review of literature on power densities for different
energy types and sub-types in the United States. The estimates were applied to
National Renewable Energy Laboratory scenarios of future energy systems for
state-specific assessments. They found that the largest land use growth occurred
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in the southern United States. However, they did not show the impact of land use
on the local communities where these energy systems were installed, nor did they
show how the power densities estimates were applied for pipeline applications.
Smil [108] has compared the power densities of fossil fuel extraction to renewable
energy conversions. The power densities of thermal power plants were reported
to be between 200-2000 W/m?. However, no further information was given on the

land-use related impact of the power plants.

2.8.1 The Value of Travel Time Savings

The value of travel time is the value of money people are willing to pay to earn
one unit of travel time saving or to prevent one unit of time loss [109]; [110]. The
value of travel time savings is one of the input variables in the cost-benefit
analysis of road infrastructure projects [111]. It is generally used to estimate the
costs and benefits of travel time changes resulting from improvements in road
infrastructure or investment in public transport facilities [110]. The value of travel
time savings has been subject to discussion in the literature because savings in
travel time constitute the largest share of user benefits in the most cost-benefit
analysis [112]; [113]. Thus, understanding the road user benefits derived through
the valuation of travel time savings is essential to this current study in the socio-
economic development of the social influence areas of the compressor station
locations. In this study, social influence is the change in the population
characteristics caused by the presence of other people within the population and
other social factors. These social factors include population density, level of
wealth, employment, and community safety. The community will be much safer
with the creation of new road infrastructures. Employment provides income that

influences the choice of housing, education, and healthcare.

The value of business travel time savings can be estimated using the cost-
savings approach (CSA), the Hensher equation approach (HE), or the
willingness-to-pay (WTP) approach. The value of travel time savings for work trips
has been obtained primarily from the cost-savings approach. In the cost-savings
approach, the travel time savings are valued at the marginal product of labour
(MPL). The marginal product of labour is defined as the average wage rate plus
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a marginal wage increment to allow for overhead costs [114]. The value of travel

time savings using the cost-savings approach can be expressed as [113]:

VTTS = w+c (2-6)

Where;

W = gross wage rate

¢ = non-wage labour cost

VTTS = value of travel time savings

The cost-savings approach is a theoretical method widely used to evaluate the
value of travel time savings in the world practising the appraisal of transport
infrastructures [113]; [115]. The United Kingdom Department for transport [116]
stated that:

“Time spent travelling during the working day is a cost to the employer’s business.
It is assumed that savings in travel time convert non-productive time to productive
use and that, in a free labour market, the value of an individual’s working time to

the economy is reflected in the wage rate paid.”

The Hensher equation approach [117] investigates the willingness to pay for
travel time savings by recognising productive time spent travelling. However, not
all saved time is used productively. It considers employer and employees’
interests. The Hensher equation is given by [113]:

VTTS = [(1 —r — pq)MPL + MPF] + {(1 = r)VW + rVL} (2-7)
Where:
MPL = marginal product of labour
MPF = the value of extra output due to reduce travel fatigue
r = proportion of travel time saved used for leisure

p = proportion of travel time saved at the expense of work done while travelling

40



g = relative productivity of work done while travelling relative to the workplace

VW = the value to the employee of worktime at the workplace relative to travel

time
VL = the value to the employee of leisure time relative to travel time

The terms r, p, q, in the Hensher equation are difficult to estimate with certainty
and present practical difficulties. Although they can be quantified from survey

observations.

The value of travel time savings could also be evaluated using the willingness-to-
pay approach. This approach consists of the revealed preference method based
on data obtained from actual observations. The other component is the stated
preference method based on hypothetical choices [115]. The willingness-to-pay
and Hensher equation approaches are outside the scope of this current study
due to a lack of data. This study employs the cost-savings approach in the
valuation of travel time savings and cost-benefit analysis of the road
infrastructures. More so, Fayyaz et al. [111] established that only income had a
statistically effect on route choice. Consequently, they summarise the value of
travel time savings values assuming average income. It is reasonable to assume
that this average income is equivalent to the wage rate. Therefore, the cost-
savings approach utilised in this study in the valuation of travel time savings and
cost-benefit analysis of the road infrastructures is acceptable. Given that the new
road infrastructure to be assessed in this study benefits the entire population.
This research assumes that the non-wage labour cost component of the wage
rate is negligible. This is a reasonable assumption because it prevents an
overestimation of the value of travel time savings using the cost-savings

approach.

2.8.2 Cost Estimation Models for Road Construction Projects

Ghajar et al. [118] presented a model for cost estimation of forests roads based
on standard engineering properties of cross sections and the location-specific
parameters of terrain slope and vegetation information. Six main costs elements

consisting of clearing operations, embankment, pavement, grading, culverts, and
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ditch were assumed by the model for total construction cost estimation. The
model outputs were compared with the experts’ predictions for an existing forest
road project in a mountainous condition. The results show that the model could
estimate total cost of road construction by + 6% accuracy range. Stickelberger
et al. [119] presented a model for estimating variability in road lifecycle costs
based on terrain surface and geographical properties of the subsoil. The model
comprises embankment, retaining structures, pavement, drainage, and stream-
crossing structures linked to a geo-database allowing users to derive location-
specific parameter value as input. They showed that variability in costs ranges
widely for mountainous areas and strongly affects the optimal layout of a road
network. Early cost estimation models for road construction projects using
multiple regression techniques were developed by [120]; [121] based on a set of
data collected in Palestine and Saudi Arabia. They showed that results are in
good agreement with previous research since the mean absolute percentage
error of the developed model are within the estimated accuracy in the early stages
of a project. Markow and Aw [122] have developed models for estimating road
construction costs for sector planning using data from various road projects in
some developing countries in Asia, Africa and Central and South America. The
developed models can yield predictions of the construction cost for a wide range
of road design standards, terrain, and climate, assuming minimal available data.
The predictions of construction quantities were based on engineering principles
of road design and construction, while costs were related to construction
quantities through unit prices. They asserted the usefulness of the developed
models in isolating the individual impacts of road design standards, terrain,

climate on road construction costs in developing countries.

2.9 Review of TERA Approach for Gas Turbine Application in
Pipelines

There are minimal studies on the techno-economic and environmental risk
analysis (TERA) approach for gas turbine application in natural gas transmission
pipeline systems. The only known work on this area of research was done by
Nasir [16], Tukur [18], and Aziaka [19] at Cranfield University, United Kingdom.

42



Nasir [16] looked at the techno-economics of the gas turbine or electric motor
drives in pipeline applications. His study concluded that electric motor drives
might initially seem better in terms of environmental pollution. But from the
generation of electricity today and in the future, the use of electric motor
contributes more to environmental pollution than the gas turbine. It may not be a
feasible option for the interstate pipeline in locations with inadequate electricity
supply. The study shows the reduction in compression cost with increase in pipe
size due to pressure increase and reduction in compression power required.
However, the study does not consider the impact of engine availability on

investment.

Tukur [18] investigated the techno-economics of gas turbine compressor stations
in natural gas pipelines. His economic model was performed based on the life
cycle cost by assuming availability of 100%, constant annual values for
maintenance and fuel cost and considering station local conditions. He performed
power matching between the gas turbine and gas compressor based on ambient
temperature variation and optimised for the project life cycle cost. The study
concluded that the lifecycle cost reduces by varying the distance between each
compressor station while using a bigger gas turbine. Nevertheless, turbo-
compressor availability and their impact on the life cycle cost were not

considered.

Aziaka [19] investigated the techno-economics of degraded gas turbine on
pipeline application in given compressor stations locations. Nonetheless, he did
not look at the social impact and benefit from the gas turbine compressor station
operation. El-Suleiman [17] investigated TERA on CO2 compression power
requirements for gas turbine-driven pumps and compressors. The economic
model was developed based on net present value. However, it was not applied
to the natural gas pipeline, nor was compressor station location optimisation

considered.

The four studies did not consider the opportunities that arise in the social context
in terms of social benefits, the impact of engine availability on investment and

compressor station location optimisation separately or simultaneously.
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Thus, it is evident from the preceding that gaps in knowledge exist, which this

present research intends to fill.

2.10 Research Gaps and Contributions to Knowledge

Three research gaps were identified from a comprehensive literature review on
natural gas transmission pipeline networks and their associated components,

including the compressor station, gas compressor and gas turbine.

Firstly, the research gap from the literature review is the lack of studies on the
impact of engine availability on investment using the TERA approach. Although,
there are studies on compressor station availability and economics [69]; [70]; [71];
[72]; [73]; [74]. The author could not find any public studies that have adapted
TERA by applying a typical original equipment manufacturer maintenance
schedule to determine the impact of turbo-compressor availability on the whole
compressor station and pipeline system investments. For the first time, this
research developed a model and methodology for evaluating the impact of gas

turbine availability on pipeline TERA.

Secondly, previous studies have failed to quantify and incorporate the local
community’s social and socioeconomic values in terms of direct employment
created and road infrastructure impacts into compressor stations and pipeline
projects at the design and development phase. More so, some other studies [98];
[100]; [101]; [102]; [103]; [104]; [105]; [106] not related to compressor station and
pipeline projects quantify social benefits purely as a function of the installed
power capacities. The author did not find any study to examine by adapting TERA
the social impacts on the local communities of compressor station’s locations in
terms of employment opportunities and the creation of new road infrastructures
for natural gas-fired gas turbine power plants for pipeline applications as a
function of compressor station location and the power required. For the first time,
a model and methodology for evaluating the social impacts and social benefits of

compressor station locations along the pipeline route has been developed.

Thirdly, although the literature is inundated with a vast number of studies on

optimisation of natural gas transmission pipeline networks with several broad
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assumptions to show the progress in the field. Surprisingly, no attention has been
given to performing economic analysis using the compressor station location as
decision variable. In fact, none of the literature studies examined this interesting
aspect of economic optimisation of compressor station and pipeline systems. The
set of compressor stations in any pipeline projects constitutes large cost element.
Thus, compressor station location optimisation can have a great impact on the
economic cost and is important in project life cycle cost minimisation. | highlighted
that while the previous studies looked at this natural gas transmission pipeline
system issue by using different approaches. In my research work, | propose an
economic optimisation of the compressor station and pipeline system using the
station location as a decision variable. This is based on the TERA framework able
to determine the optimal compressor station locations with a first uncertain step
in the socioeconomic benefits while optimising for the lowest life cycle cost. The
compressor station location optimisation considers the influence of ambient
conditions and altitude on the outcome of the results; hence it incorporates
topography data. As evident in public domain, this is the first time this research
aspect is done on optimisation of natural gas transmission pipeline system from
a techno-economic and techno socioeconomic approach. Therefore, the main

contributions to knowledge in this research work are:

1. TERA for pipeline application on gas compressor stations considering the
impact of engine availability on investment

2. TERA for pipeline application on gas compressor stations considering the
first introduction of the social context opportunities

3. An economic analysis using compressor station location as a decision

variable

Consequently, this research work will:
1. lead to improved decision-making on the design and development of any
pipeline project
2. benefit the Nigerian government on the design and development of the

proposed Trans-Saharan gas pipeline project
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3. show job creation, provision of road infrastructure thereby leading to
improved quality of life of the society

4. opens a new field of research closely aligned to the evolution of
organisational goals to encompass stakeholders and serve as an

important platform for development.
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3 RESEARCH METHODOLOGY

3.1 Introduction

This chapter looks at the methods utlised in the techno-economic and
environmental risk analysis (TERA) for gas turbine compression stations in
natural gas transmission pipeline applications. The adapted TERA framework is
presented, and the different modules that make up the TERA framework are
discussed. Finally, the approaches used by the optimiser for the optimisation

studies are described.

3.2 The TERA Framework using Station Location as Decision
Variable

The adapted TERA framework for pipeline application in this research work is
composed of the following modules: pipeline/gas compressor modules, gas
turbine performance module, maintenance/availability module, social module,
and an economic module. It is integrated with an optimiser that facilitates an
economic analysis of the complete TERA framework using the compressor
station location as a decision variable. The inclusion of the optimisation method
in the complete TERA framework will affect the results. This is the first time in the
literature the TERA framework is incorporated with availability and social modules
and further confirms the novelty of the methods used in this research. Figure 3-1
shows the adapted TERA framework for pipeline application using compressor
station location as the decision variable. As shown in the figure, the whole
calculation is triggered by compressor station location based on the local

conditions at each station.
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Figure 3-1 TERA Framework for Pipeline Application using Station Location as
Decision Variable

3.3 Pipeline and Gas Compressor Modules

The pipeline module models the proposed Trans-Saharan Gas Pipeline's pipeline
parameters and simulates the pressure drop along the pipeline. The pipeline
module was developed in MATLAB using thermodynamic gas properties, the
pipeline characteristics, and the Weymouth gas flow equation. The outputs from
the pipeline module are fed into the gas compressor module and the economic

module.

The gas compressor module estimates the gas compressor drive power
requirement at design and off-design conditions needed to supply the required
throughput through a specified pressure ratio. The gas compressor module was
analysed using a developed code in a MATLAB environment, and the results

were validated using ASPEN HYSYS software. The output from the gas
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compressor module is the gas compressor drive power, which guides the
selection of appropriate gas compressor size and numbers, including suitable gas
turbine models from original equipment manufacturer catalogues. Additionally,
the gas compressor power requirements were evaluated based on isothermal,

intermediate, and non-isothermal flow conditions.

The developed models consider the variation in the ambient conditions based on
the local conditions at each compressor station location along the pipeline. The
data obtained from the initial report on Trans-Saharan Gas Pipeline [18] was
utilised for the simulation. Figure 3-2 shows the pipeline elevation-distance profile
used for this study. The pipeline and gas compressor modules require extensive

adaptation of existing TERA models.

Distance (km)
Figure 3-2 Pipeline Elevation-distance Profile [18]

3.4 Gas Turbine Performance Module

The gas turbine performance module simulates the design and off-design
performance of the selected gas turbine. The engine performance model was
done using TURBOMATCH, an in-house software developed at Cranfield
University. Engine performance parameters at the design point used for the gas

turbine performance modelling were obtained from the original equipment
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manufacturer in the literature. The performance simulation results generated from
the TURBOMATCH software were compared with the literature. The off-design
performances of the selected gas turbine engines are simulated for varying
ambient conditions (non-isothermal), isothermal and intermediate flow conditions.
The data generated are inputted into the maintenance/availability, social, and
economic modules. The gas turbine performance module was developed upon a

straightforward application of the existing TERA model.

3.5 Maintenance/Availability Module

The maintenance module shows the effects of the maintenance schedule on
engine availability as a function of the local condition. It uses the literature’s failure
rates to select the best maintenance pattern based on engine specification.

The availability module is developed in a MATLAB environment. It estimates the
percentage of time the engine is available to generate power in each period as a
function of downtime. This depends on replacing engine parts and the equipment
used in the compressor stations. The inputs to the maintenance/availability
module are the outputs from the gas compressor and gas turbine performance
modules. The outputs from the maintenance/availability module are engine
downtime, gas compressor, gas turbine and turbo-compressor availabilities.
These are fed into the economic module to determine the impact of turbo-
compressor availability on pipeline economics. The author could not find any
public studies that have adapted TERA by applying a typical original equipment
manufacturer maintenance schedule to determine the impact of turbo-
compressor availability on the whole compressor station and pipeline system

investments.

3.6 Social Module

The social module estimates the social impacts and benefits of compressor
station locations along the pipeline route. This module consists of predicted job
creation as a function of employment index and road infrastructure impacts as a

function of land use impact areas. Land use impact areas are land areas directly
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impacted for new road infrastructure creation due to the construction, installation,

and operation of gas turbine compressor stations.

The predicted job creation was evaluated analytically using a developed code in
MATLAB environment based on the employment index of natural gas power plant
[123]; [124]; [125]; [126], population characteristics, income level and gas turbine
installed capacities at each compressor station locations dependent on the gas

compressor power requirement.
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Figure 3-3 Population Map along the Trans-Saharan Gas Pipeline Route
Table 3-1 Wealth Map Information according to Income Groups

Station Number Income Group
High-Income
High-Income

Middle-Income
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Middle-Income

Middle-Income
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Middle-Income
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Middle-Income
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Station Number Income Group

12 Low-Income
13 Low-Income
14 Low-Income
15 Low-Income
16 Low-Income
17 Low-Income
18 Low-Income

The social impacts and benefits of a new road within the social influence area at
each compressor station location were evaluated in terms of the travel time cost
savings between the existing and new road infrastructures layout using a
developed code in MATLAB environment. Figure 3-3 shows the population
characteristics while Table 3-1 shows the wealth map information according to
income group along the Trans-Saharan Gas Pipeline route developed by the
author based on literature studies [127]; [128]; [129]; [130]; [131] of the social
influence area along the pipeline route and utilised for this research. Figure 3-4

shows the Trans-Saharan Gas Pipeline route.
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Figure 3-4 Trans-Saharan Gas Pipeline route [132]

The social module receives inputs from the gas turbine performance
characteristics and the compressor station based on the local conditions
experienced at each station location. The outputs from the social module are the
social impacts and social benefits in terms of the jobs created and new road
infrastructures. These are fed into the economic module to determine the
socioeconomics of the compressor station and pipeline investment. The author
did not find any study to examine the social impacts on the local communities of
compressor station locations by adapting TERA. This social impact includes
employment opportunities and new road infrastructures for natural gas-fired gas
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turbine power plants for pipeline applications as a function of compressor station

location and the power required.

3.7 Economic Module

The economic module estimates the capital and operating cost of the compressor
stations' equipment that contributes to the natural gas pipeline transportation cost
and the social costs and benefits of compressor station locations along the
pipeline route. These costs are influenced by the engine’s fuel consumption as a
function of fuel cost, pipeline configuration and materials, number of gas
compressors and gas turbines used in the compressor stations, compressor
station auxiliaries, engine availability as a function of the maintenance cost, social
costs, and social benefits as a function of road construction cost, taxes, road
benefits and employment benefits. The economic module receives inputs from all
other modules to evaluate the potential savings arising from using the gas turbine
engines and their accessories in the compressor stations for natural gas
transportation in pipelines and, consequently the feasibility of the proposed
Trans-Saharan Gas Pipeline project. The economic module considers the
variation in each compressor station location ambient temperature at varying flow
conditions for the winter, dry, and hot seasons, respectively. The module is
significantly impacted by the ambient and season conditions dependent on
compressor station location. The ambient temperatures for the compressor
station locations are segmented based on isothermal, intermediate, and non-
isothermal flow conditions at the varying time of the day and seasons of the year.
The gas compressor powers were evaluated at varying flow conditions. The gas
turbines were selected based on the gas compressor power requirement, and the
selected gas turbines were simulated using Turbomatch Software based on the

compressor station location ambient temperature.

Figure 3-5 shows the economic model utilised in this research. The economic
model is developed using SIMULINK block diagrams for the first time and a
developed code in MATLAB environment. The input to the economic module
consists of the pipeline cost, gas compressor cost, gas turbine cost, and

auxiliaries’ costs. These costs are the major components of the capital costs of
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the compressor station and pipeline project. The pipeline cost consists of pipeline
material cost, pipe installation cost, pipe coatings and wrapping cost. The gas
compressor cost consists of the gas compressor purchased and installation
costs. The gas turbine capital cost includes the gas turbine equipment cost,
installation, and shipping costs. Auxiliaries’ costs comprise the mainline valve
stations, telecommunications, and supervisory control and data acquisition
system, right of way, environmental and permitting, engineering and construction
management, and contingencies. Additional input to the economic module
includes the operation and maintenance costs which comprise the gas turbine
fuel cost, fixed maintenance cost, engine availability based major and variable
maintenance costs. The input to the economic module also consists of the social
cost in terms of the employment and road construction costs. The social benefits
include employment benefit and road benefit. The income tax and road tax are
other components of the economic module. The total project capital expenditure
for the techno-economic analysis is the sum of the pipeline cost, gas compressor
cost, gas turbine cost, and auxiliaries’ costs. These costs also include the road
construction cost for the techno socio-economic analysis. The output from the
economic module is the compressor station and pipeline project lifecycle cost.
The lifecycle cost for the techno-economic analysis is made up of the pipeline
cost, gas compressor cost, gas turbine cost, auxiliaries’ costs, fuel cost, and
maintenance cost. The employment and road costs are other components of the
lifecycle cost for the techno socio-economic analysis. The economic model was

evaluated based on the lifecycle cost and net present value analysis.

The economic model developed in chapter six requires extensive adaptation of
existing models. The economic models developed in chapter seven are entirely

new pieces of work.
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Figure 3-5 TERA Framework showing the input to the Economic Module

3.8 TERA Optimisation Approach

Evaluation of the optimal compressor station location through optimisation
studies can help minimise the total life cycle cost since capital and life cycle costs
estimate are the significant factors determining the economic feasibility of any
project. In this research, optimisation studies are carried out on different
compressor station configurations of gas compressors and gas turbines. An
economic analysis is performed using the compressor station and pipeline
system lifecycle cost as the objective function, compressor station location as a
decision variable, to maximise profit through decision-making on the most cost-

effective scenario.
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The TERA optimisation is evaluated in techno-economic optimisation and techno
socio-economic optimisation. The techno-economic optimisation was performed
using SIMULINK block diagrams and response optimisation tool available in
MATLAB SIMULINK graphical user interface. The results are compared using the
genetic algorithm optimisation method in MATLAB. Subsequently, techno socio-
economic optimisation was performed using a developed code in MATLAB
environment and genetic algorithm optimisation techniques available in MATLAB
toolbox. In both scenario-based approaches, the objective function is the project
life cycle cost. Maximum allowable pipe pressure, which is a function of the power
required is the constraint. At the same time, the compressor station location is
the decision variable. The inclusion of the optimisation methods in the TERA
framework will affect the results.

The lifecycle cost of the compressor stations and pipeline systems represents the
objective function of the optimisation scheme. The lifecycle cost comprises the
gas compressor, pipeline, gas turbine, auxiliaries, fuel, and maintenance costs.
The job cost and road cost constitute the additional costs element of the lifecycle
cost for the techno socio-economic case study. The job cost is the employment
cost incurred from the construction, installation, operation and maintenance of
the compressor station and pipeline system. In this research, the lifecycle cost is

to be minimised.

The Optimisation problem to optimise the compressor station and pipeline system

is formulated as follows:
Minimise the objective function:

LC(L) = Pt(L) + GCt(L) + GTC(L) + Paux(L) + Flc(L) + Mlc(L) (3-1)

Subject to the constraint:

P, < 10000 (3-2)
P; < 0.9P; (3-3)
200 < L, <390 (3-4)
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580 < L, <770 (3-5)
960 < L; <1150 (3-6)
Ln,min < Ln < Ln,max (3'7)

Where:

L. = Techno-economic lifecycle cost, $

P; = Maximum allowable operating pressure at the pipe inlet, kPa
Pc = Gas compressor power, kKW

Pt = Gas turbine power, kW

Ly, L,,... L, = Optimised compressor station locations
Pt = Total pipeline cost, $

GC: = Total gas compressor cost, $

GTc = Gas turbine capital cost, $

Paux = Auxiliaries cost, $

Fic = Lifecycle fuel consumption cost, $

Mic = Lifecycle maintenance cost, $

The techno-economic lifecycle cost integrates the technical aspect of the project
with the economic aspect. It considers the technological characteristics of the
project with the economic aspect.

The objective function to be minimised for the techno socio-economic case can

be written as:
Minimise the objective function:

Ly(L) = Pe(L) + GC(L) + GT(L) + Py (L) + Fic (L) + My (L) + Ec(L) + R.(L) (3-8)

Where:
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Lt = Techno socio-economic lifecycle cost, $
Ec = Employment cost, $
Rc = Road construction cost, $

The techno socio-economic lifecycle cost integrates the social aspect with the
technical and economic aspects of the project. Equation (3-8) was considered
due to its higher cost to the owner to deliver social benefits. It quantifies the extra
cost to the owner in terms of Ec and Rc to achieve the evaluated social benefits.
The social benefits are linked with the position of the compressor station so that
social benefits changes with location. The inputs to the optimiser are station
positioned that triggers a social benefit calculation that is different for each
location. This social benefits changes with location were included as economic

value within the net present value.

As evident in the public domain, this is the first time this research aspect has been
done on optimising the natural gas transmission pipeline system using the

compressor station location as a decision variable.

3.9 Summary

This chapter has given an overview of the methodology utilised in this research
and the complete TERA framework for pipeline application, including the different
modules and optimisation that make up the adapted framework. These modules
and optimisation schemes are evaluated in detail in the following chapters. The
pipeline and gas compressor modules discuss the pipeline and gas compressor

power estimation at varying flow conditions.
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4 PIPELINE AND GAS COMPRESSOR POWER
ESTIMATION AT VARYING FLOW CONDITIONS

4.1 Introduction

In this chapter, gas properties influencing the flow of natural gas through the
proposed Trans-Saharan Gas Pipeline are presented. Pressure drops due to
friction in the pipeline are discussed. Gas compressor power at design point and
off-design conditions are estimated. Compressor performance curves and
compressor station power requirements at varying flow conditions resulting in the

selection of gas compressor and gas turbine models are calculated.

4.2 Methodological Approach

The pipeline and gas compressor models were developed analytically in
MATLAB environment using thermodynamic gas properties, pipeline
characteristics, Weymouth gas flow equation. The results were validated with
Aspen HYSYS software. The developed models consider the variation in the
ambient conditions and altitude based on the local conditions at each compressor
station location along the pipeline route. Figure 4-1 shows the integrated pipeline

and gas compressor models flow chart.
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Figure 4-1 Integrated Pipeline and Gas Compressor Models Flow Chart

The methodological approach utilised in this study involves:

% Specify the pipeline parameters such as the pipe length, thickness, and
diameter

« Specify the natural gas composition as retrieved from the Trans-Saharan
Gas Pipeline report and perform gas properties calculation to determine
gas molecular weight, gas viscosity, gas gravity and compressibility factor

s Specify the required gas volume flow and maximum allowable pipe
operating pressures. Determine the downstream pipe pressure and
evaluate the pipeline pressure drop using Weymouth gas flow equation
considering segmented pipe length, elevation, and ambient temperature

variation at varying flow conditions
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Identify the gas compressor suction conditions at the design point based
on the results obtained above. Calculate the gas compressor polytropic
head and power requirement using a developed code written in MATLAB
environment and validate the results with Aspen HYSYS software

Obtain the gas compressor performance curves at the off-design point
based on the available Original Equipment Manufacturer curves and the
results obtained above using a developed computer code written in a
MATLAB environment

Select the gas compressor models based on the analysed gas compressor
power requirement

Select the gas turbine models based on the analysed gas compressor

power requirement

Figure 4-2 further shows the method of analysis utilised for the pipeline model in

a flow chart format.
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Figure 4-2 Pipeline Model Flow Chart

4.2.1 Pipeline and Gas Compressor Models Assumptions

The assumptions utilised in the analysis of the pipeline and gas compressor

models are as follows:

1. Constant natural gas composition
2. Constant pipe diameter for the entire length of the pipeline
3. The gas flowing temperature is assumed to equal to the location ambient

temperature at the suction or discharge point of the compressor station
[38]
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4. Baseline case study comprises 18 numbers of compressor stations in a
predetermined location

5. The pipeline is clean

6. The operation of the gas compressors and gas turbines are based on the
variation in compressor station location ambient temperatures at varying
flow conditions

7. The gas compressors and gas turbines selected are expected to operate

throughout the project lifecycle

4.3 Impact of Environmental Conditions

The performance of the centrifugal compressor is significantly impacted by the
altitude and ambient conditions of the compressor station locations along the
pipeline route. The altitude at which the compressor station and pipelines are
being operated will affect the performance of major components such as the gas
compressor and gas turbines since altitude affects ambient temperature. Thus, it
Is imperative to consider the variation in the location ambient temperature and
altitude. The pipeline elevation profile is shown in Figure 3-2. Figure 4-3 shows
the three-hourly variation in the average ambient temperature for one of the
year's three seasons concerning the time of day of the compressor station
locations along the pipeline route. It is assumed that each season has four
months, with the winter season from October to January, the hot season from
February to May, and the dry season from June to September. The ambient
conditions form the basis for evaluating the pipeline, gas compressor, and gas
turbine models in this research. These operating ambient conditions impact the
techno-economics and the techno socioeconomics of the proposed Trans-

Saharan Gas Pipeline project.
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Figure 4-3 Ambient temperature at Station Locations for Winter Season

4.4 Natural Gas Composition

The natural gas composition plays a major part in the analysis of pipeline
pressure drop and the performance of the gas compressor. The natural gas
composition is retrieved from the Trans-Saharan Gas pipeline report and helps in
the gas properties calculation. The pipeline natural gas composition is presented
in Table 4-1.
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Table 4-1 Natural Gas Compaosition

Molecular Volume
S/N Gas Components Weight Fraction
1 Methane (CHa) 16.04 0.9218
2 Ethane (Cz2He) 30.07 0.0493
3 Propane (CsHs) 44.1 0.0056
4 Iso-Butane (C4 H1o) 58.12 0.0031
5 N-Butane (C4H1o) 58.12 0.0011
6 Iso-Pentane (CsH12) 72.15 0.0011
7 N-Pentane (CsHi2) 72.15 0.0004
8 N-Hexane (CeH14) 86.18 0.0005
9 N-Heptane (C7H1s) 100.2 0.0003
10 N-Octane (CgHz1s) 114.23 0.0001
11 Nitrogen (N2) 28.01 0.0091
12 Carbon dioxide (COy) 44.01 0.0076

4.5 Pipeline Model: Gas Properties Calculation and Pressure
Drop

The major factors affecting the flow of natural gas through pipelines are the
pipeline parameters, gas properties, pipe inlet and outlet pressures, pipe inlet and
outlet temperatures and pipe pressure drop due to friction. Gas properties
calculations are important in determining pipeline pressure drop. Any change in
the pipeline pressure will result in a corresponding change in the gas properties.
The gas volume flow rate and other base properties were initialised through the

data obtained from the preliminary report on Trans-Saharan Gas Pipeline [18].

4.5.1 Gas Properties Calculation

The degree of reliability of thermodynamic natural gas properties calculation and
the natural gas equation of state will considerably influence the pipeline pressure
drop and gas compressor performance. Transmission pipeline natural gas is
often regarded as real gas due to the high-pressure drop that occurs while flowing
through the pipeline.
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The natural gas mixture properties are determined using a weighted average

method from the known components’ gas properties using the following

equations:
N (4-1)
MW = z yiMW;
j=1
N (4-2)
TC = Zy]TCJ
j=1
N (4-3)
P. = Zy]-Pc]
Jj=1

Where MW;, Tc;, Pc; are the molecular weight, critical temperature, and critical

pressure of the jth component of the gas mixture with volume fraction y.

The natural gas gravity G, an estimate of the degree of the gas weight compared

to air at the reference temperature, is calculated as follows:

Mw (4-4)
M Wair

The ideal gas equation of state is modified to the real gas equation of state
considering the compressibility effects since natural gas pipelines often operate

at higher pressures. The real gas equation of state can be written as:

Pv = ZRT; (4-5)

Where:
P = Total pressure, kPa
v = Specific molar volume, m3/kmol

Z = Compressibility factor
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R = Universal gas constant
Tt = Gas flow temperature, K

The compressibility factor Z, a measure of the closeness of real gases to ideal
gas, is a function of the gas gravity G, pressure, temperature, natural gas
composition and critical properties. It is calculated using the California Natural

Gas Association method as follows:

1 (4-6)
344400 * Py, * (10)17856
1 + 3.825
(T¢)

where, F,,, is the natural gas average pressure along the length of the pipe

7 =

segment. Since the compressibility factor varies with pressure, the
compressibility factor will also vary along the length of the pipeline. Thus, the
compressibility factor would be estimated over the average gas pressure at any
point along the pipeline. The average gas pressure along a pipe segment with

suction pressure P;, and discharge pressure P,, is given by:

2
Pavg= §<P1+P2_

P1*P2) (4-7)
P+ P,

This average pressure is used to calculate the compressibility factor of the natural
gas at the gas flowing temperature. The compressibility factor equation is
reasonable when the average gas pressure exceeds 690 kPa. Otherwise, a value

of unity is assumed.

The natural gas viscosity u, measures its resistance to flow, and the degree of
pressure drop in the pipeline. It depends on the gas flow temperature and
pressure. A decrease in the natural gas temperature will increase the natural gas
flow rate, hence a decrease in the natural gas viscosity. Conversely, an increase
in the gas flow temperature will cause a corresponding decrease in the gas flow
rate leading to an increase in the gas viscosity. The natural gas viscosity is

calculated from its individual component’s viscosity using the following equation:
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X (v MW;) (4-8)
M =
Y (yiyMW;)
4.5.2 Pressure Drop in Pipelines

Consider a natural gas pipeline segment with volume flow rate Q, constant

diameter D, and length L, as shown in Figure 4-4.

Figure 4-4 Natural Gas Pipeline Segment (Adapted from [38])

The suction and discharge conditions are P;, T; and P,, T,, respectively. The gas
flowing temperature is Tr. The basic equation for relating the pressure drop in

the pipeline with the throughput is the fundamental flow equation for the steady-

state isothermal flow in a gas pipeline [38] and is given by:

Q=1.1494 x 1073 (E) (

P —esPF\™° (4-9)
Py

GTpLeZf
Q = Volumetric flow rate, (m3/day)

Tp = Base temperature, K

Po = Base Pressure, kPa

P1 = Inlet Pressure, kPa
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P2 = Outlet Pressure, kPa

Tt = Gas flow temperature, K

Le = Pipeline equivalent length, km

G = Gas gravity, dimensionless

Z = Compressibility factor, dimensionless
D = Pipeline diameter, mm

e = 2.71828 (Euler's number)

s = Elevation adjustment parameter

f = Friction factor

This equation shows the relationship between the throughput of each pipe
segment with the gas properties and pipe parameters. The net pressure drops
resulting from transporting a given quantity of natural gas through the
transmission pipeline depend on friction between the pipe wall and the flowing
gas, pipe discharge pressure and pipe elevation. The natural gas viscosity and
the pipe roughness influence the degree of friction occurring in the pipeline. The
friction factor in the fundamental flow equations depends on the pipe's internal

conditions and the flow pattern, which depends on the flow Reynolds number.
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Figure 4-5 The Moody Chart [38]

Figure 4-5 shows the Moody chart depicting the graphical variation of the friction
factor with the Reynolds number at different values of relative pipe roughness.
The relative pipe roughness ¢, is related to the pipe diameter D, and its internal

roughness e, as follows:

(4-10)

Tl ®

The friction factor f, can be calculated using Colebrook-White or American Gas
Association equation. The Colebrook-White equation shows the relationship
between the friction factor f, pipe inside diameter D, pipe roughness e, the flow

Reynolds number Re, in gas pipelines considering turbulent flow and is given by:

1 e 251 (4-11)
_ = _2 10g10 —

Jr 37D ' Re\[f
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where, Re is the flow Reynolds number which shows the relationship between the
pipe internal diameter, viscosity, gas density and gas throughput. It is evaluated

as follows:

Re = 0.5134 (I;—Z) (%) (4-12)

Where:

Q = Volumetric flow rate, (m3/day)
Tb = Base temperature, K

Po = Base Pressure, kPa

G = Gas gravity, dimensionless

D = Pipeline diameter, mm

u = Gas dynamic viscosity, Poise

The friction factor is evaluated using the above equations by iteration approach.
An initial value of the friction factor is assumed and substituted into the right-hand
side of Equation (4-11). This gives a second approximation for the friction factor,
which is then used to calculate successive approximations until the solution

converges within the desired tolerance value for f.

The equivalent length L., considers the variation in elevation between the ends

of each pipe segment and is given by:

_LeS-1) (4-13)

L, 5

Where:
L = Pipe length, km

s = Elevation adjustment parameter
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The elevation adjustment parameter s, is a function of the gas compressibility
factor, gas gravity, gas flowing temperature and the pipe segment’s elevation

difference and is given as:

H,—H 4-14
s==00684c< 2 1> (4-14)

TrZ
Where:

Hi = Upstream elevation, m

H2 = Downstream elevation, m

Z = Compressibility factor, dimensionless
Tr= Gas flow temperature, K

G = Gas gravity, dimensionless

Considering the entire length of the natural gas transmission pipeline with a series
of pipe segments and varying slopes. The total equivalent length Le, of the
pipeline is evaluated by summing the individual slopes that make up each pipe

subsegment as follows:
Le = jiLq + joLye®' + jsLze® + - (4-15)
The parameter j, is given by:

es—1 (4-16)

The Weymouth equation is used for high gas throughput, high pressure, and large
diameter long-distance transmission pipelines. It calculates the natural gas flow
rate for a given pressure without using a friction factor but considers the internal
conditions of the pipe by utilising a pipeline efficiency factor. For a given pipe inlet
pressure P;, natural gas flow rate Q, gas gravity G, gas compressibility Z, pipe
length L, and pipe constant diameter D, the pipe outlet pressure P,, from each
pipeline segment is calculated using Weymouth gas flow equation in S.I units as

follows:
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(4-17)
2 (&)2 GT:L.Z
1 ) Q Tb fre

—_|p% -
es|""  (0.0037435)2E2(D2667)2

P2=

The pipe outlet pressure cannot be calculated directly since the compressibility
factor in Equation (4-17) is unknown. The average pressure F,,,, in Equation (4-7)
needs to be evaluated before the compressibility factor in Equation (4-6) can be
determined. Since the pipe inlet pressure P; = 9500 kPa is known, we assume
the initial value for the pipe outlet pressure and evaluate F,,; and then calculate
the value of Z. The pipe outlet pressure is now calculated from this known value
of Z. Using this estimated value of P,, a better approximation for Z is calculated
from a new value of F,,,. This iterative approach is repeated until successive

values of P, converge within the specified tolerance limit.

Hence, the pressure drop along the natural gas transmission pipeline segment is
the algebraic difference between the estimated pipe outlet pressure and the
known pipe inlet pressure defined by:

AP=P1_P2 (4'18)

Table 4-2 shows the pipeline data for compressor station location 1.

Table 4-2 Pipeline Data for Compressor Station 1 [18]

— Natural gas flow 30 (BCM/year)
— Pipe nominal diameter 1422.4 (mm)
m Pipe outer diameter 1422.4 (mm)
m Pipe inner diameter 1381.2 (mm)
— Wall thickness 20.62 (mm)
m Gas gravity 0.6048 (mm)
Compressibility factor 0.8273
m Gas temperature 288.15 (K)
m Base temperature 288.15 (K)
m Base pressure 101 (bar)
[ 11 MAOP 95 (barg)
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Elevation 100 (m)

Equivalent Length 242.1 (km)
Efficiency 91.8 (%)
Pipe inlet pressure 95 (bar)
Pipe outlet pressure 67.85 (bar)

4.6 Analysis of Gas Temperature and Ambient Temperature
Assumption

Consider a long-distance gas pipeline of constant cross-section whose surface is
maintained at its location ambient temperature. Figure 4-6 shows the variation of

the average gas temperature along the pipeline segment.

m
—_— Ve

L )
Tamb o ¢

Figure 4-6 Variation of average gas temperature along a pipeline segment

The conservation of energy equation for the steady-state flow of gas from the

inlet to the outlet of the pipe segment is given as:
Q = _mcp(Tlf - Tzf) (4-19)

Where T, and T, are the gas temperatures at the inlet and exit of the pipeline

segment, respectively. Q is the heat transfer rate, 1 is the mass flow rate and cp

Is the specific heat at constant pressure of the gas.

The rate of heat transfer from the gas flowing in the pipeline segment to the

surroundings is given as:

Q = —hAAT = —hA(Tymp — Tap) (4-20)
Tyf + Tof (4-21)
w= T3
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Where h is the average convection heat transfer coefficient, A is the pipeline
cross-sectional area, AT is the average temperature difference between the gas
and the surrounding ambient temperature T,,,,, and T,, is the average gas
temperature at the inlet and exit of the pipeline. Consider a differential control

volume in the long-distance gas pipeline segment, as shown in Figure 4-7. The

Ty —— ——T,, +dT,,
me, Ty, — e, (T, +dT,,)
. e }
5Q T g 1 omb

Figure 4-7 Differential Control Volume in a Long-distance Pipeline

average gas temperature will decrease in the flow direction due to heat transfer.
The energy balance on the control volume is given as:

_mcpdTav = —h(Tamp — Tav)dA (4-22)
mepdTy, = h(Tgmp — Tap)dA (4-23)

Equation (4-23) shows that the decrease in the energy of the gas is equivalent to
the convection heat transfer from the gas to the surroundings. The pipeline

surface area can be expressed as:

dA = nDdx (4-24)

Similarly,

dT,, = _d(Tamb - Tav) (4-25)

By substituting Equations (4-24) and (4-25) into Equation (4-23), we obtain:

—mCpd(Tamp — Tay) = h(Tamp — Tay)mDdx (4-26)
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d(Tamp — Taw) _ mDh p (4-27)
= —— X
Tamp — Tav mcy

Integrating the above equation from the inlet of the pipeline where x = 0 to the

outlet of the pipeline where x = L,

szL d(Tamb - Tav) nDh fszd (4'28)
= — — X
x=0 Tamb - Tav me x=0

Noting that at:

x =0; Ty = Ty,

x =L; Ty = Tyf;
Equation (4-28) yields:

Tamp —Toy  mDAL (4-29)

In
Tamp — T1f mey,

Taking the exponent of both sides of Equation (4-29) gives:

_mDhL (4-30)

me

Tamb - Tzf —e
Tamb - Tlf

Simplifying Equation (4-30) for T, yields:

_TDhL (4-31)
Tzf = Tomp — (Tamb - Tlf)e mep

nDhL

DhL - . . . .
il ;alsoe ™ — 0. Taking these into consideration,

As L — oo ; the term

me

Equation (4-31) yields:

T2 = Tamp (4-32)

Hence, the average gas temperature at the exit of a long-distance pipeline is
equivalent to the ambient temperature.
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4.7 Gas Compressor Model

The outlet pressure of the natural gas pipeline is equivalent to the gas
compressor suction pressure. Similarly, the inlet pressure of the pipeline is the
gas compressor discharge pressure. The gas compressor discharge pressure is
the maximum allowable operating pressure of the pipeline and equals 9500 kPa.
The compression ratio of the gas compressor at each compressor station location

is evaluated as follows:

. . P (4-33)
Compression ratio = P,
2

Where:
P1 = Gas compressor discharge pressure, kPa
P2 = Gas compressor suction pressure, kPa

The gas compressor discharge temperature could cause strain on the
compressor components and affect the compressor reliability. Thus, it is essential
to control this temperature by adequate cooling or keeping it within an acceptable
limit. The gas compressor discharge temperature for a polytropic process
depends on the gas compressor inlet temperature, compression ratio, polytropic

exponent and the compressibility factors and is defined by:

hen(2)E) " o
Z,)\pP,
Where:
T1 = Gas compressor discharge temperature, K
T2 = Gas compressor suction temperature, K
Z» = Compressibility factor at suction condition

Z1 = Compressibility factor at discharge condition

79



P1 = Gas compressor discharge pressure, kPa
P2 = Gas compressor suction pressure, kPa
n = Polytropic exponent

The polytropic head developed by the gas compressor is the quantity of energy
imparted to the natural gas per unit mass of gas. It is dependent on the inlet
temperature, molecular weight, compression ratio, polytropic exponent and

compressibility factor. It is defined as follows:

—-(n-1) -
n [T (4-35)
Hy = ZaygRTy — <P_1) -1
po Ro (4-36)
MW

Where:

Hp = Polytropic head, KJ/kg

Zavg = Average gas compressibility factor
R = Gas constant, KJ kg* K1

Ro = Universal gas constant, KJ kg K1
Tt = Gas flow temperature, K

MW = Gas molecular weight

The gas compressor power requirement depends on the gas flow temperature,
pressure, polytropic head and throughput. The increase in gas temperature and
pressure leads to a corresponding increase in throughput, polytropic head and

gas power required. The gas compressor power requirement can be written as:

~(n-1) (4-37)

n 1 P, n
Poc = 4.0639QT; — ~ Zang (P—> -1
P 1

Where:
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Pcc = Gas compressor power, kW

n, = Polytropic efficiency

Q = Gas volumetric flow rate, Mm3/day

Zavg = Average gas compressibility factor

Tt = Gas flow temperature, K

P1 = Gas compressor discharge pressure, kPa
P2 = Gas compressor suction pressure, kPa

n = Polytropic exponent

Combining Equations (4-35) - (4-37) the gas compressor power requirement is

expressed as follows:

me (4-38)
Pee = 50—
3600np

Where:

Pcc = Gas compressor power, KW
Hp = Polytropic head, KJ/kg

n, = Polytropic efficiency

m = Mass flow rate, kg/s

The polytropic efficiency 7,, is independent of the natural gas thermodynamic

properties but is only a function of the isentropic exponent k, and polytropic

exponent n. It is defined as follows:

_ (n/n _ 1) (4-39)

" ")

The gas compressor actual volume flow rate at suction conditions Q,.;, IS given

by:
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Qact = QZ; (1;_}2)) (%) (4-49)

Where:

Qe+ = Actual volume flow rate, m3/hour

Q = Gas volumetric flow rate, m3/day

Z»> = Compressibility factor at suction

Pb = Base pressure, kPa

P2 = Gas compressor suction pressure, kPa

Tt = Gas flow temperature, K

Tb = Base temperature, K

The gas compressor actual mass flow rate m, at suction conditions is given by:

m = QqctPs (4-41)

Where, p, is the suction density given by:

P, (4-42)
Z,RT;

Ps =

R is the gas constant. The change in gas flow temperature will affect the actual
volume flow rate since the gas compressor suction condition is a function of

temperature and pressure.

4.7.1 Gas Compressor Power Evaluation at Varying Flow Conditions

The gas compressor power requirements were evaluated at varying gas flow
temperature conditions based on three scenarios with the assumption that the

gas flowing temperature is equivalent to the location ambient temperature at the
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suction or discharge point of the compressor station. These scenarios are

explained below:

1. Isothermal flow conditions: This scenario assumes a constant gas flowing
temperature of 22°C throughout the day at all seasons of the year and all
compressor station locations.

2. Non-isothermal flow conditions: This scenario assumes that gas-flowing
temperature is equivalent to the prevailing time-based ambient
temperature for the three seasons of the year; winter, dry and hot. A
change in the compressor station location ambient temperature will lead
to a corresponding change in the gas flowing temperature at the reference
time.

3. Intermediate flow conditions: This scenario assumes the constant average
value of the above two cases for isothermal and non-isothermal flow
conditions throughout the day at all seasons of the year, dependent on the
prevailing non-isothermal ambient temperatures at each compressor

station location.

These scenarios depict the different operating conditions of the gas compressor
as would be expected in the oil and gas industry dealing with long-distance
natural gas transmission pipelines. They represent the whole temperature ranges

experienced at the compressor station locations and pipeline route.

4.8 Validation of the Gas Compressor Model with Aspen HYSYS

Aspen HYSYS [133] is frequently employed for process simulation in the oil and
gas industry. It can be used for optimising compressor operations based on feeds
and ambient conditions, visualise compressor behaviour, perform a compressor
study across a range of scenarios while still saving time, accessible and
producing accurate results. The gas compressor model was validated with Aspen
HYSYS software. The Peng-Robinson equation of state was chosen as the fluid
package to determine the natural gas thermodynamic properties. The following
show the gas compressor modelling procedures with Aspen HYSYS:

s Start Aspen HYSYS
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Define the natural gas mixture involved in the simulation by adding
individual component properties

Select a fluid package. The Peng-Robinson equation of state is chosen
Enter the simulation environment. Add and specify the upstream and
downstream material streams. Material streams are defined as natural
gas. The inlet temperature and pressure, outlet pressure and the volume
flow are specified by entering and normalising the natural gas composition
with individual component volume fraction

Select the compressor from the object palette by dragging and placing it
on the main flowsheet. Add and connect compressor with material streams
Define the energy, inlet, and outlet stream of the compressor

Specify the compressor efficiency under the design parameter tab

Obtain the compressor outlet temperature, duty, pressure, pressure drop
and pressure ratio from the design parameter tab

Obtain the compressor polytropic head, polytropic efficiency, power, and
other required results from the performance tab

4.9 Gas Compressor Performance Map

The gas compressor performance maps show the variation of the polytropic head,

pressure ratio, efficiency, and discharge temperature with actual volume flow

rates at varying speeds. The gas compressor performance maps were obtained

from the scaling of original equipment manufacturer maps (see Appendix B). The

following show the steps utilised in obtaining the corrected mass flow rate for the

new maps:

a)

b)
c)
d)

e)

Obtain the actual volume flow at the design point from the original
equipment manufacturer map

Correct this flow

Obtain the actual volume flow at the design point for the new map
Correct this flow

Obtain the scaling factor for the corrected mass flows (or corrected volume

flows)
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f) Obtain the actual volume flow at off-design conditions from the original
equipment manufacturer map

g) Correct these flows

h) Obtain the corrected mass flow (or corrected volume flow) at off-design
conditions for the new map using the scaling factor obtained previously

i) Obtain the actual volume flow for these corrected flows for the new map

The corrected mass flow rate incorporating humidity effects [134] for a constant

diameter machine such as the gas compressor is given as:

pref aref (4'43)

e = Mace PactQact
Where:
m, = Corrected mass flow rate, kg/s (or corrected volume flow, m3/h)
m,.+ = Actual mass flow rate, kg/s (or actual volume flow, m3/h)
pres = Reference gas density, kg/m?3
Pact = Actual gas density, kg/m?®

a,.r = Sound speed at reference condition, m/s

aqct = Actual sound speed, m/s

Where:
(4-44)
Aref :\/krefzreerefTref
Agct = \/kathactRactTact (4-45)
) _ Pref (4-46)
ref ZreerefTref
p — Pact (4'47)
“C ZactRact Tact
Where:
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k..s = Polytropic exponent at reference condition

Zrey = Compressibility factor at reference condition
R,.; = Gas constant at reference condition, KJ kg™ K
T,.s = reference temperature, K

k.. = Actual polytropic exponent

Z 40+ = Actual compressibility factor

R, = Actual gas constant, KJ kgt K1

T,.+ = Actual temperature, K

P..r = Reference pressure, kPa

P,.: = Actual pressure, kPa

Substituting Equations (4-44) - (4-47) into Equation (4-43), we obtain the

simplified form of the corrected mass flow rate as follows:

(4-48)
m. =m Pref Zact Ract kref Tact
¢ act Pact Zref Rref kact Tref

The actual volume flow for the new compressor map was obtained using Equation

(4-48) and the scaling factor for the corrected mass flow rate defined by:

e = M pp (4-49)
c_SF — .
B Mc oEM_DP

Where:

m. s¢ = Scaling factor for corrected mass flow (or corrected volume flow)

m, pp = Corrected mass flow at the design point, kg/s (or corrected volume flow,
m3/h)

m. orm pp = Corrected mass flow at design point from OEM, kg/s (or corrected

volume flow, m3/h)
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The following show the steps utilised in obtaining the pressure ratio curves for

the new maps:

a) Obtain the pressure ratio at the design point for the new map

b) Obtain the pressure ratio at the design point from the original equipment
manufacturer map

c) Obtain the scaling factor for pressure ratio at design point

d) Generate pressure ratio data at off-design conditions from the original
equipment manufacturer map

e) Compute the equivalent pressure ratio at off-design conditions for the new

map using the scaling factor obtained previously

New gas compressor maps for the pressure ratio were obtained by a scaling

factor defined by:

_ PRpp—1 (4-50)

Where:

PRgr = Scaling factor for pressure ratio

PRpp = Pressure ratio at design point

PRoem pp = Pressure ratio at design point from OEM

Similarly, new compressor maps were obtained for the compressor polytropic
efficiency, polytropic head and discharge temperature by defining their scaling

factors as follows:

__op (4-51)
Nsp = —
NoeEm_pp
Hpp (4-52)
Hep = — 28
SF Hogm pp
Tpp (4-53)
Tsp = T
OEM_DP
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Where:

nsr = Scaling factor for polytropic efficiency

npp = Polytropic efficiency at design point

Noem pp = Polytropic efficiency at design point from OEM
Hgp = Scaling factor for polytropic head

Hpp = Polytropic head at design point

Hoem pp = Polytropic head at design point from OEM

Tsr = Scaling factor for discharge temperature

Tpp = Discharge temperature at design point

Toem pp = Discharge temperature at design point from OEM

4.10 Pipeline and Gas Compressor Model Results

Figure 4-8 shows the pipeline pressure gradient for compressor station 3 location.
Figure 4-9 shows the pressure profile along the natural gas transmission pipeline
for the 18 numbers of compressor stations with a total pipeline distance of 4180
km as proposed from the Trans-Saharan Gas Pipeline report for the baseline
case. The pipeline inlet pressure is 9500 kPa, equivalent to the compressor
discharge pressure. The pressure drops at compressor station 3 varies with the
pipe distance and the gas flowing temperature, as shown in Figure 4-8. At
isothermal and intermediate temperatures of 295.15 k and 305.05 K respectively,
the pressure drops increase with the increase in pipe length until they attain their
maximum pressure drops at a pipe length of 240 km. These maximum pressure
drops are equivalent to the low pipe discharge pressures experienced at
compressor station 3.
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Figure 4-8 Pressure drops along the pipeline for compressor station 3
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Figure 4-9 Pipeline Pressure drops at Various Compressor Station Locations

Considering the non-isothermal scenario with variation in gas flowing
temperature. A rise in the gas flow temperature from 295.15 K to 305.05 K at a
particular pipe length leads to a corresponding increase in the pressure drop.
Similarly, a fall in the gas temperature leads to a corresponding decrease in the

pressure drops through the pipeline.
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The variation in pressure drops with pipeline distance at the maximum gas flowing
temperatures at each compressor station location along the pipeline is depicted
in Figure 4-9. The pressure drops to 6785 kPa and 6312 kPa at compressor
stations 2 and 3, respectively. Thus, gas compressors are needed at these
locations to boost these low pressures to the pipeline operating pressures of 9500

kPa to ensure a continuous supply of natural gas through the pipelines.

4.10.1 Effect of Gas Compressor Suction Pressure and Pressure
Ratio

Figure 4-10, Figure 4-11, and Figure 4-12 show the gas compressor inlet
pressure at each compressor station location along the pipeline route for
isothermal, intermediate and non-isothermal flow conditions, respectively.
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Figure 4-10 Gas Compressor Suction Pressure at Isothermal Flow Conditions
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Figure 4-11 Gas Compressor Suction Pressure at Intermediate Flow Conditions
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Figure 4-12 Gas Compressor Suction Pressure at Non-Isothermal Conditions
(Winter Season)

The suction pressure varies from one location to another location and depends

on the pipe distance, elevation, and ambient temperature. Compressor station
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locations 10 and 8 have the lowest suction pressures at isothermal and
intermediate flow conditions, respectively. These locations are associated with
the lowest average pipeline pressures, thus high gas compressor power
requirements are desired at these locations. Conversely, compressor station
location 18 has the highest suction pressure at isothermal and intermediate flow
conditions. This location is associated with the highest average pipeline pressure.

Thus, low gas compressor power requirement is needed at this location.

For the non-isothermal condition (Figure 4-12), the gas compressor suction
pressure is lowest at 15:00 hours of the day where the ambient temperature is
highest, more so, the average pipeline pressure is lowest at this time of the day,
thus high gas compressor power is required. Conversely, the gas compressor
suction pressure is highest at 06:00 hours of the day where the ambient
temperature is lowest. The average pipeline pressure is highest at this time of the
day, thus low gas compressor power is required.

Figure 4-13, Figure 4-14, and Figure 4-15 show the gas compressor pressure
ratio at each compressor station location along the pipeline route for isothermal,

intermediate and non-isothermal flow conditions, respectively.
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Figure 4-13 Gas Compressor Pressure Ratio at Isothermal Flow Conditions
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Figure 4-14 Gas Compressor Pressure Ratio at Intermediate Flow Conditions
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Figure 4-15 Gas Compression Ratio at Non-Isothermal Conditions (Winter Season)

The compression ratio of the gas compressor is the ratio of its discharge pressure
to its suction pressure. In this study, the compressor discharge pressure is the
maximum allowable operating pressure of the pipeline equal to 9500 kPa. For
the isothermal and intermediate flow conditions, compressor station location 18
has the lowest pressure ratio thus will require the lowest gas compressor power.
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In contrast, compressor station locations 10 and 8 with the highest pressure ratios
at isothermal and intermediate flow conditions, respectively, will require the
highest gas compressor power. For the non-isothermal conditions, a larger
number for pressure ratio at 15:00 hours of the day will require more compressor
power, while a smaller number for pressure ratio at 06:00 hours of the day will

require less compressor power.

4.10.2 Effects of Gas Compressor Discharge Temperature

Figure 4-16, Figure 4-17, and Figure 4-18 show the gas compressor discharge
temperature at each compressor station location along the pipeline route for

isothermal, intermediate and non-isothermal flow conditions, respectively.
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Figure 4-16 Gas Compressor Discharge Temperature at Isothermal Conditions

94



63.00

. 61.00

(&)

<

o 59.00

S

2

& 57.00

Q

o

£ 5500

ks

g 5300

(4]

< 51.00

2

8  49.00
47.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

Figure 4-17 Gas Compressor Discharge Temperature at Intermediate Conditions
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Figure 4-18 Gas Compressor Discharge Temperature at Non-Isothermal
Conditions (Winter Season)

The discharge temperature is the increase in the gas temperature due to gas
compression. Comparing Figure 4-13, Figure 4-14, Figure 4-15 with Figure 4-16,
Figure 4-17, Figure 4-18, the discharge temperature of the gas increases with the

compression ratio. The higher the gas compression ratio, the higher the
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discharge temperature of compressed gas. Compressor station locations 10 and
8, with the highest gas compressor pressure ratio for isothermal flow condition
have the highest discharge temperature. For the non-isothermal case, the highest
discharge temperature occurs at 15:00 hours of the day with the highest gas
compression ratio. However, compressor station location 10 with the second
highest gas compression ratio in Figure 4-14 has the lowest discharge
temperature as shown in Figure 4-17 for the intermediate flow condition. This
result is due to the low suction intermediate temperature experienced at this
location compared to other compressor station locations. It is desirable to control
the discharge temperature within an acceptable limit for efficient gas
transportation. This could be achieved by providing a cooling device at the

discharge of the gas compressor.

4.10.3 Effects of Gas Compressor Power at Varying Flow Conditions

Figure 4-19, Figure 4-20, and Figure 4-21 show the gas compressor power
requirement at each compressor station location along the pipeline route for

isothermal, intermediate and non-isothermal flow conditions, respectively.
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Figure 4-19 Gas Compressor Power Requirement at Isothermal Flow Conditions
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Figure 4-20 Gas Compressor Power Requirement at Intermediate Flow

Conditions
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Figure 4-21 Gas Compressor Power Requirement at Non-Isothermal Conditions
(Winter Season)
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The highest gas compressor power occurs at stations 10 and 8 considering
isothermal flow conditions shown in Figure 4-19. These locations are associated
with the lowest suction pressure, lowest average pressure, and highest gas
compression ratio. The increase in the distance and elevation lead to a
corresponding decrease in the gas compressor suction pressure resulting in an
increase in the gas compression ratio, increase in polytropic head and increase
in the gas compressor power requirement. However, station 10 has a lower gas
compressor power for the intermediate case shown in Figure 4-20 compared to
the isothermal case in Figure 4-19. This is due to the low suction intermediate
temperature experienced at this location. In both flow conditions in Figure 4-19
and Figure 4-20, the lowest gas compressor power requirement occurs at
compressor station location 18 with the highest suction pressure, highest pipeline
average pressure and lowest gas compression ratio. The gas compressor power
decreases with an increase in suction pressure because of a decrease in gas

compression ratio and polytropic head.

For non-isothermal conditions, the compressor power requirement is significantly
affected by the compressor station location characteristics, which depends on the
prevailing ambient temperature and time of the day at different seasons of the
year since the pipe diameter, gas composition and gas flow rate are constant.
The gas compressor power requirement is highest at 15:00 hours of the day
where the ambient temperature is highest and lowest at 06:00 hours of the day
where the ambient temperature is lowest at all compressor station locations as
shown in Figure 4-21. The gas compressor power requirement varies from one
compressor station location to another due to the changing location ambient
temperature with changing time of the day (see Figure 4-3 and Appendix A) and
location characteristics.

Results show that the gas compressor inlet temperature and station location

characteristics strongly influence the gas compressor power requirements.

4.10.4 Result Validation with Aspen HYSYS

The gas compressor power requirement results at isothermal flow conditions

obtained analytically from a developed code in MATLAB environment are
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validated with the simulation results obtained from Aspen HYSYS. Table 4-3

shows a comparison between the MATLAB model results and Aspen HYSYS.

Table 4-3 Result Validation with Aspen HYSYS

Station Number Gas Compressor Power (kW)

Analytical Aspen HYSYS
1 10463.2 10458.2
2 10872.8 10872.2
3 12560.0 12579.2
4 11714.8 11723.8
5 11706.4 11715.3
6 11706.4 11715.3
7 11313.7 11318.1
8 13359.8 13388.8
9 12645.4 12665.6
10 13721.2 13754.8
11 10988.2 10989.0
12 10988.2 10989.0
13 11642.1 11650.2
14 11313.7 11318.1
15 11807.4 11817.5
16 13071.9 13097.3
17 12224.0 12239.0
18 7914.5 7886.9

The results show good agreement between the analytical results and simulation
results obtained from Aspen HYSYS. The maximum absolute percentage
difference between the gas compressor powers is about 0.048% at all
compressor station locations except for compressor station location 18 with a
percentage difference of 0.348%. Nevertheless, this difference is negligible thus
the analytical methods utilised in this research is acceptable and could be applied
in the pipeline natural gas industry.

4.10.5 Gas Compressor Performance Map Results

Figure 4-22 shows the variation of gas compressor pressure ratio with actual inlet
volume flow on the gas compressor performance map for compressor station

location 3.
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Figure 4-22 Pressure Ratio Curve for Station 3

The result shows an increase in the gas compressor pressure ratio and actual
inlet volume flow rate with increasing gas compressor shaft rotational speed. At
constant gas compressor shaft rotational speed, the gas volumetric flow rate

decreases at decreasing suction pressure.

Figure 4-23 shows the variation of gas compressor polytropic head with actual

inlet volume flow on the gas compressor performance map for compressor station

location 3.
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Figure 4-23 Polytropic Head Curve for Station 3

The result shows an increase in the gas compressor polytropic head and actual
inlet volume flow rate with increasing gas compressor shaft rotational speed. At
constant gas compressor shaft rotational speed, a decrease in the gas volumetric
flow rate occurs at increasing polytropic head arising from a decrease in gas

compressor suction pressure.

Figure 4-24 shows the variation of gas compressor discharge temperature with
actual inlet volume flow on the gas compressor performance map for station

location 3.
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Figure 4-24 Discharge Temperature Curve for Station 3

The result shows an increase in the gas compressor discharge temperature and
actual inlet volume flow rate with increasing gas compressor shaft rotational
speed. At constant gas compressor shaft rotational speed, the gas volumetric
flow rate increases at decreasing gas compressor discharge temperature. More

so, the surge margin is reduced due to this temperature decrease.

The gas compressor surge line and design point are also shown on the

performance maps.

Figure 4-25 shows the variation of gas compressor polytropic efficiency with
actual inlet volume flow at different rotational speeds on the gas compressor

performance map for compressor station location 3.
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Figure 4-25 Polytropic Efficiency Curve for Station 3

The gas compressor polytropic efficiency increases with an increase in the actual
inlet volumetric flow rate until it attains a maximum efficiency point, after which it

starts to decrease.

Figure 4-26 shows the variation of gas compressor power requirement at design
and off-design conditions with actual inlet volume flow at different rotational
speeds on the gas compressor performance map for compressor station location
3.
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The result shows an increase in the gas compressor power and actual inlet
volume flow rate with increasing gas compressor shaft rotational speed. At
constant gas compressor shaft rotational speed, a decrease in the gas volumetric
flow rate occurs at increasing gas compressor power requirement arising from an

increase in the polytropic head due to an increase in the gas flowing temperature.

4.10.6 Impacts of Operating Points at Varying Flow Conditions

Figure 4-27 and Figure 4-28 show compressor performance curves for station 2,

showing operating points in different flow conditions.
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The results show the impact of changing operating conditions at different points.
A change in the ambient temperature at 03:00 hours in the winter season to 06:00
hours in the dry season to 15:00 hours in the hot season for the non-isothermal
flow conditions leads to new operating points as shown in Figure 4-27 and Figure
4-28. However, the gas compressor operating points are always the same at

isothermal and intermediate flow conditions where the temperatures are

constants.
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Figure 4-28 Power Curve for Station 2 showing Operating Points in Different

Conditions

At 03:00 hours of the day in the winter season where the temperature is lowest,
the polytropic head is 43.51 kJ/kg and gas power required is 10030 kW. At 06:00
hours in the dry season the polytropic head is 45.79 kJ/kg and the gas power
required is 10539 kW. Furthermore, at 15:00 hours in the hot season where the
temperature is the highest the polytropic head is 56.01 kJ/kg and the gas power
required is 12950 kW. The gas power required increases with the polytropic head
at a constant actual volume flow rate because of an increase in the gas flow
temperature. Results show that at constant gas composition and volume flow

rate, the gas temperature strongly influence the gas compressor performance.

4.11 Gas Compressors and Gas Turbines Selection

Gas Compressors are selected based on the highest ambient temperature,
compression ratio and compressor power requirement at all flow conditions. For

the baseline case consisting of eighteen compressor stations along the pipeline
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route, four identical gas compressors arranged in parallel were selected, each
gas compressor producing the same compression ratio, power and compressing
the same volume of natural gas. Figure 4-29 shows the gas compressors
arranged in parallel. Parallel compressors arrangement was selected due to the
large volume flow rate needed to be transported through the transmission
pipelines. Additionally, the gas compressors discharge temperature is low
compared to the series arrangement since the natural gas does not go through
multiple compression ratios. The total gas compressors discharge temperature
for this parallel arrangement at each compressor station for the baseline case will
be the same as that of a single compressor installed in the station with the same

compression ratio.

Figure 4-29 Parallel Gas Compressors Arrangement
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Figure 4-30 shows the gas compressor power requirement based on the
maximum ambient temperature at all flow conditions at each compressor station
location, and the first station is assumed to operate at International Standard
Atmospheric condition. The maximum temperatures were obtained at 15:00
hours of the day during the hot season of the year and aided the selection of

appropriate gas compressor models in this research work.
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Figure 4-30 Gas Compressor Power based on Maximum Ambient Temperature at

All Flow Conditions

Four gas compressor models inspired by Siemens’s pipeline compressor
packages STC-SV compressor, a single-shaft pipeline compressor, General
Electric centrifugal compressors, and high-efficiency Dresser-Rand DATUM P
and DATUM C compressor trains are selected based on the gas compressor
power requirements at all flow conditions. More detailed information on the
chosen gas compressor models can be found in references [135]; [136]; [137].
The gas compressor models were chosen considering their small footprints,

engine availability and the total project lifecycle costs.

Four gas turbine models inspired by double-shafts industrial gas turbine of 13.4
MW capacity denoted by SGT-400, triple-shafts aero-derivative gas turbine of
15.2 MW capacity denoted by LM1600, triple-shafts aero-derivative gas turbine
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of 17 MW capacity denoted by GT-35 and triple-shafts industrial gas turbine of
19.3 MW capacity denoted by SGT-500 are selected based on the gas

compressor power requirements at all flow conditions.

The baseline case has eighteen compressor stations along the pipeline route with
four identical gas compressors arranged in parallel, each connected in series with
the selected gas turbines. Table 4-4 shows the gas compressors and gas turbine

models selected at each compressor station location.

Table 4-4 Gas Compressors and Gas Turbine Models

Station | Gas Compressor Models Gas Turbine Models

Number

1 Siemens STC-SV compressor | Double-shafts industrial GT

2 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(15.2 MW)

3 Dresser-Rand DATUM P Triple-shafts aero-derivative GT
(17 MW)

4 Dresser-Rand DATUM C Triple-shafts aero-derivative GT
(17 MW)

5 Dresser-Rand DATUM C Triple-shafts aero-derivative GT
(17 MW)

6 Dresser-Rand DATUM C Triple-shafts aero-derivative GT
(17 MW)

7 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(17 MW)

8 GE Centrifugal compressor Triple-shafts industrial GT

9 Dresser-Rand DATUM P Triple-shafts aero-derivative GT
(17 MW)

10 GE Centrifugal compressor Triple-shafts industrial GT

11 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(15.2 MW)

12 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(15.2 MW)

13 GE Centrifugal compressor Triple-shafts industrial GT

14 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(17 MW)

15 Siemens STC-SV compressor | Triple-shafts aero-derivative GT
(17 MW)

16 GE Centrifugal compressor Triple-shafts industrial GT

17 GE Centrifugal compressor Triple-shafts industrial GT

18 Siemens STC-SV compressor | Double-shafts industrial GT
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However, buying identical engine units is more beneficial than buying multiple
different engine units. Similar gas turbine units will reduce the inventory of spare
parts and minimise maintenance. More so, it is much easier and cheaper to
maintain eight similar 17 MW gas turbine units than to maintain three 15 .2 MW,
two 17 MW, two 13.4 MW, and one 19.3 MW gas turbine unit. Although in some
cases, the advantages of utilising similar gas turbine units by reducing spare parts
and inventory are outweighed by the extra cost involved. In the subsequent
chapter, this trade-off will be analysed by performing an economic optimisation
using the compressor station location as a decision variable. Furthermore, low
fuel consumption will be attained when the gas turbine units are identical
compared to those that are not identical. Consequently, similar gas turbine units

will improve overall compressor station and pipeline system efficiency.

All the selected gas turbines have an independent power turbine in addition to
their gas generator components. The advantage of the independent power
turbine is that the gas generator and the power turbine can operate at different
speeds. These speeds can vary relative to each other. The power turbine is used
to drive the gas compressor where there is a great variation in the gas
compressor speed with its power requirement. In this situation, the gas
compressor may run at low speed but require large power. Therefore, the power
turbine can run at the gas compressor speed independent of the gas generator,
and the gas generator can run at its maximum speed. The power turbine is
responsible for converting the kinetic energy at the exit from the gas generator
into shaft power required to drive the gas compressor. If the power produced by
the independent power turbine is greater than the power required by the gas
compressor, the power turbine and the gas compressor will accelerate until
equilibrium is established. Consequently, the independent power turbine allows
greater flexibility in operation for driving the variable speed load as experienced

in the gas compressor for pipeline application.

4.12 Discussion

This study shows the effect of the variation in gas temperature on the pipeline

pressure drops. At non-isothermal flow conditions characterised by varying gas
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flow temperature with the changing time of the day and seasons of the year, the
pressure drops in the transmission pipeline increase with gas temperature. At
constant and average gas temperatures depicted by the isothermal and
intermediate flow conditions, respectively, the pressure drops increase with pipe
distance and elevation. At the maximum pressure drop corresponding to the
maximum allowable operating pressures of the Trans-Saharan Gas pipeline at
any compressor station location, gas compressors are needed to boost the low
pressures back to the pipeline operating pressures to ensure a continuous supply

of natural gas through the pipelines.

For the first time, the gas compressor power requirements at varying flow
conditions at each compressor station location were examined in the TERA.
Results show that for the isothermal and intermediate flow conditions, the highest
gas compressor power occurs at the compressor station location with the lowest
suction pressure, highest gas compression ratio and highest polytropic head due
to the increase in distance and elevation and vice versa. For the non-isothermal
flow conditions, the compressor power requirement is significantly affected by the
compressor station location characteristics, dependent on the prevailing ambient
temperature and time of the day at different seasons of the year since the pipe
diameter, gas composition and gas flow rate are constant. The gas compressor
power requirement varies from one compressor station location to another due to
the changing location ambient temperature and the changing time of the day.
Results show that the gas compressor inlet temperature and station location
characteristics strongly influence the gas compressor power requirements. These
findings represent one of the major contributions of this research work. The gas
compressor power requirement results are validated with the simulation results
obtained from Aspen HYSYS. Comparison of the results shows good agreement
between both methods with the maximum absolute percentage difference
between the gas compressor powers equivalent to 0.048% at all compressor
station locations except for compressor station location 18 with a percentage
difference of 0.348%. Nevertheless, this difference is negligible and could be
applied in the pipeline natural gas industry.

111



The gas compressor performance map results show the performance
characteristic of the gas compressor pressure ratio, polytropic head, discharge
temperature and power with actual inlet volume flow rate at design point and off-
design conditions. The gas compressor power curve at design and off-design
conditions shown in Figure 4-26 shows an increase in the gas compressor power
and actual inlet volume flow rate with increasing gas compressor shaft rotational
speed due to an increase in the polytropic head arising from the increase in the
gas flowing temperature.

The results show the impact of changing operating conditions at different points
and varying flow conditions. For the non-isothermal flow conditions, a change in
the ambient temperature due to varying time of the day and seasons leads to new
operating points. However, the gas compressor operating points are always the
same at isothermal and intermediate flow conditions where the temperatures are

constant. These findings are a major contribution of my research work.

Gas Compressors are selected based on the highest ambient temperature,
compression ratio and compressor power requirement at all flow conditions. The
gas compressor models were selected considering their small footprints, engine
availability and the total project lifecycle costs. Gas Turbines are selected based

on the gas compressor power requirements at all flow conditions.

4,13 Summary

The objectives of this study were in two parts. Firstly, was to model the proposed
Trans-Saharan Gas pipeline characteristics leading to pressure drops evaluation
and consequently estimate the gas compressor power requirements at design
and off-design conditions leading to gas compressors and gas turbines selection.
Secondly, was to determine the compressor station power requirements at

varying flow conditions.

This study has developed a method for evaluating the integrated pipeline and gas
compressor models analytically. It considered in the TERA the variation in the
ambient temperature at varying flow conditions and location characteristics for

the first time. The pipeline characteristics and pressure drop, gas compressor
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power requirements and performance curves at design and off-design conditions
were evaluated considering segmented pipe length, elevation, and ambient
temperature variation at varying flow conditions. The gas compressor and gas
turbine models were selected based on the analysed gas compressor power

requirements at varying flow conditions.

Results show that the gas compressor inlet temperature and compressor station
location characteristics, including the prevailing ambient temperature, distance,
and elevation strongly influence the gas compressor power requirements and
affect the selection of the most appropriate turbo-compressor models. These
findings represent one of the major contributions of this research work. The
validation results show good agreement between the present study and Aspen
HYSYS, with the maximum absolute percentage difference between the gas
compressor powers equivalent to 0.048% at all compressor station locations
except for compressor station location 18 with a percentage difference 0.348%.
Nevertheless, this difference is negligible and could be applied in the pipeline
natural gas industry. The performance simulation of the selected gas turbine
models is presented in the next chapter to show its correlation with the present

study.
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5 GAS TURBINE PERFORMANCE

5.1 Introduction

This chapter looks at the design and off-design performance of the selected gas
turbine models as prime movers for centrifugal gas compressors for natural gas
transportation in pipelines. The design point and off-design performance
simulations were made using Turbomatch software. The validation of the
performance results at the design point is presented. The influence of ambient
conditions, including the ambient temperature and altitude on the performance of
the gas turbine is described. Gas turbine compressor maps are illustrated. The
variation of gas compressor and gas turbine powers as the time of the day
changes at all flow conditions was examined. Finally, the gas turbine entry
temperature, fuel flow, and shaft power that matches the power requirement of

the centrifugal gas compressors at all flow conditions were explored.

5.2 Operating Conditions of the selected Gas Turbines

The ambient conditions of the compressor station locations along the pipeline
route affect the gas turbine performance since the operational life of the gas
turbine engine is spent at environmental conditions in variance from the
conditions from which it was initially designed. Thus, it is important to consider
the changes in the compressor station location ambient temperature and altitude
because of their significant impact on the performance of the gas turbine. The
gas turbine power output and efficiency vary with ambient conditions which are
influenced by compressor station locations. This variation will have a significant
impact on the fuel consumption and the economics of the project. Figure 4-3
shows the three-hourly variation in the average ambient temperature for one of
the three seasons of the year with respect to the time of day of the compressor
station locations along the pipeline route. Appendix A shows the ambient
temperature variation at the remaining compressor station locations for each
season of the year. The ambient temperature variation encompasses the
temperatures for all flow conditions examined in this research throughout the

project life, namely isothermal, non-isothermal, and intermediate flow conditions.
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The ambient conditions experienced at each compressor station locations form
the basis for the performance evaluation of the selected gas turbine models at
off-design point conditions in this research. The techno-economics and the
techno socioeconomics of the proposed Trans-Saharan Gas Pipeline project is

impacted by these operating ambient conditions.

5.3 Gas Turbine Performance Simulation at Design Point

Gas turbine performance simulation is important in the prediction of engine’s fuel
consumption an essential parameter in the estimation of the project lifecycle cost.
Gas turbine engine models have been selected to meet the compressor drive

power requirements at all examined flow conditions.

The design and off-design points performance of the selected gas turbine models
are simulated using Turbomatch to draw out essential performance data required
for the techno-economic and techno-socioeconomic analysis. Turbomatch is an
in-house FORTRAN programmed software developed at Cranfield University. Its
modularity enables detailed design of any gas turbine. Turbomatch can simulate
the steady-state design and off-design points performance of the gas turbine
engines components to produce power output, fuel flow and efficiency using pre-
programmed routines called bricks and codewords. Bricks correspond to models
of individual gas turbine components. The fuel selected for the Turbomatch
simulation is natural gas with a lower calorific value of 46 MJ/kg. The design point
simulation of the selected gas turbine engine models was done by varying the
bleeds, turbine entry temperatures, compressors, and turbine efficiencies in other
to obtain similar results to those in the literature. The selected gas turbine engine

models Turbomatch design point input files are depicted in Appendix G.

5.3.1 SGT-400 Gas Turbine Performance Simulation at Design Point

The SGT-400 is a high-efficiency simple cycle twin-shaft industrial gas turbine
ideal for mechanical drive application. It is configured with a dry low emission
combustion system using natural gas as fuel. It consists of a gas generator and
a two-stage power turbine. Its small footprint, flexibility of operation and high

performance in rugged environmental conditions make it the direct driver of
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choice for centrifugal pipeline compressors for gas boosting and natural gas
transmission in this study. Figure 5-1 shows the sectional view of the SGT-400

gas turbine.

Figure 5-1 Sectional View of SGT-400 Gas Turbine [138]; [139]

Table 5-1 shows the SGT-400 gas turbine performance simulation at the design
point obtained from Turbomatch and validation of the simulation results with the

available original equipment manufacturer's data obtained from Siemen’s
website.
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Table 5-1 SGT-400 Gas Turbine Validation at Design Point

Parameter Siemens | Turbomatch | Absolute
Website dlfference

Power Output

(MW)
Efficiency (%) 36.2 36.5 0.83
Pressure Ratio 16.8 16.8 0
‘= Fuel Flow (Kg/s) 0.8046 0.8052 0.07
Inlet Mass Flow 38.6 38.6 0
(Kals)
TET (K) L 1450 L

There is good agreement between the Turbomatch simulation results and the
literature.

5.3.2 LM1600 Gas Turbine Performance Simulation at Design Point

The LM1600 is a lightweight, efficient, simple cycle three-shaft aero-derivative
gas turbine derived from an aircraft engine that can be used for mechanical drive
applications such as pipeline compression of natural gas. It consists of a dual
rotor gas generator and an aerodynamically coupled power turbine. LM1600 has
a three-stage low pressure compressor, a seven-stage high pressure
compressor, an annular combustor, a single-stage high pressure turbine, a
single-stage low pressure turbine and a two-stage power turbine. The power
turbine operates over a cubic load curve for mechanical drive applications while
the gas generator runs at an overall pressure ratio of 22:1. Figure 5-2 shows the
pictorial view of the LM1600 gas turbine.
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Figure 5-2 Pictorial View of LM1600 Gas Turbine [140]

Table 5-2 shows the LM1600 gas turbine performance simulation at design point
obtained from Turbomatch and validation of the simulation results with the
available original equipment manufacturer's data obtained from General
Electric’'s website.

Table 5-2 LM1600 Gas Turbine Validation at Design Point

Parameter GE Turbomatch | Absolute
website dlfference

Power Output

(MW)
Efficiency (%) 36.9 37.4 1.35
Pressure Ratio 22.0 22.0 0
Fuel Flow (Kg/s)  0.8949 0.8914 0.39
Inlet Mass Flow  45.81 46.0 0.41
(Kgls)
| 6. | TET (K) . 1560

Comparison of the results show good agreement between the Turbomatch

simulation results and the literature.
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5.3.3 SGT-500 Gas Turbine Performance Simulation at Design Point

The SGT-500 is a triple-shaft industrial gas turbine consisting of low- and high-
pressure compressors. It is used for mechanical drive application and can be
operated on natural gas as fuel. It is a reliable gas turbine with low emissions
combustion system and low operational costs. Its low firing temperature offers
ease of maintenance, high availability and makes it a driver of choice for gas
compression application. Figure 5-3 shows the sectional view of the SGT-500

gas turbine.

Figure 5-3 Sectional View of SGT-500 Gas Turbine [141]

Table 5-3 shows the SGT-500 gas turbine performance simulation at design point
obtained from Turbomatch and validation of the simulation results with the
available original equipment manufacturer's data obtained from Siemen’s

website.
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Table 5-3 SGT-500 Gas Turbine Validation at Design Point

Parameter Siemens | Turbomatch | Absolute
Website dlfference

[ Power Output (MW) 193 19.3

Efficiency (%) 34.2 34.3 0.29

Pressure Ratio 13.0 13.0 0

Fuel Flow (Kg/s) 1.2272 1.2340 0.55

Inlet Mass Flow 96.67 96.0 0.69
(Kals)

| 6. | TET (K) . 1220 .

Comparison of results show good agreement between the Turbomatch simulation

results and the literature.

5.3.4 GT-35 Gas Turbine Performance Simulation at Design Point

The GT-35 is a lightweight triple-shaft aeroderivative industrial gas turbine with
low maintenance requirement and high availability. Its double spool gas
generator has a low- and high- pressure compressors, seven combustors, two-
stage low pressure turbine and single-stage high pressure turbine. The exit gas
from the gas generator is expanded through a two-stage free power turbine. The
GT-35 has been used for mechanical drive applications and is suitable as direct
driver for centrifugal gas compressors in natural gas transmission. Figure 5-4
shows the sectional view of the GT-35 gas turbine.
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Figure 5-4 Sectional View of GT-35 Gas Turbine [142]

Table 5-4 shows the GT-35 gas turbine performance simulation at design point
obtained from Turbomatch and validation of the simulation results with the

available original equipment manufacturer’s data obtained from ABB’s website.

Table 5-4 GT-35 Gas Turbine Validation at Design Point

S/N Parameter ABB Turbomatch Absolute
website difference

)

17 17 0

Power Output (MW)

Efficiency (%) 32 32.0 0
Pressure Ratio 12 12 0
Fuel Flow (Kg/s) 1.1550 1.1655 0.9
Inlet Mass Flow (Kg/s) 91.84 91.84 0
[ 6. | TET (K) L 1190 L

There is good agreement between the Turbomatch simulation results and the
literature.
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5.4 Off-Design Performance Simulation of the Selected Gas
Turbines

This section assessed the off-design performance of the selected gas turbine
engine models at each compressor station location along the transmission
pipeline route over different operating ambient conditions. The off-design
performances of the selected gas turbine models are simulated using
Turbomatch at varying ambient temperatures and altitude. The objective of the
off-design performance simulation is to make sure that the gas turbine prime
mover can supply the necessary power required by the gas compressor under all
flow conditions and for the worst case of ambient temperature experienced at
each compressor station location. The ambient temperature variation under all
flow conditions viz.: isothermal, intermediate and non-isothermal conditions at
each compressor station location along the pipeline route and the gas turbine
entry temperature are the parameters considered for the off-design performance

simulation.

5.5 Results and Discussion

5.5.1 Effects of Ambient Temperature on Gas Turbine Power Output,
Efficiency and Fuel Flow

Figure 5-5 shows the effect of turbine entry temperature and the compressor
station location ambient temperature on the power output based on all flow
conditions. The power output increases as the turbine entry temperature

increases and decreases as the ambient temperature increases.
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Figure 5-5 Power Output against Ambient Temperature at Different Turbine Entry
Temperature for Station 3

For the isothermal and intermediate flow conditions with constant ambient
temperatures, the power output is constant at fixed turbine entry temperatures,

respectively.

Figure 5-6 shows the effect of turbine entry temperature and the compressor
station location ambient temperature on the engine thermal efficiency based on
all flow conditions. The thermal efficiency increases as the turbine entry

temperature increases and decreases as the ambient temperature increases.
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Figure 5-6 Efficiency against Ambient Temperature at Different Turbine Entry

Temperature for Station 3

For the isothermal and intermediate flow conditions with constant ambient
temperatures, the engine thermal efficiency is constant at fixed turbine entry

temperatures, respectively.

Figure 5-7 shows the effect of turbine entry temperature and the compressor
station location ambient temperature on the fuel flow into the engine based on all
flow conditions. The fuel flow increases as the turbine entry temperature

increases and decreases as the ambient temperature increases.
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Figure 5-7 Fuel Flow against Ambient Temperature at Different Turbine Entry

Temperature for Station 3

For the isothermal and intermediate flow conditions with constant ambient
temperatures, the fuel flow is constant at fixed turbine entry temperatures,

respectively.

At high ambient temperature, density of inlet air into the engine decreases. Thus,
at constant volume flow rate, the mass flow rate into the gas turbine engine
decreases. More so, the useful work from the gas turbine reduces since more
work is needed for hot air compression. Thus, leading to a decrease in the engine
thermal efficiency and power output with a consequent reduction in the fuel flow.
The increase in the power output and thermal efficiency with increase in the
turbine entry temperature is a result of the increased fuel flow into the engine.
Although, there is a limit to which the turbine entry temperature can be increased

in order to prevent its harmful effect on engine life.

The gas turbine off-design performance results obtained from Turbomatch

simulation for other compressor station locations are shown in Appendix H.
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5.5.2 Gas Turbine Compressor Maps

Figure 5-8 shows the low-pressure compressor map. Figure 5-9 shows the high-

pressure compressor map for compressor station location 3.
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Figure 5-8 Low Pressure Compressor Map for Station 3
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Figure 5-9 High Pressure Compressor Map for Station 3

The compressor maps were drawn using the variation in the corrected mass flow
and pressure ratio at varying rotational speeds. The compressor running line and

the design point were shown on the compressor maps.
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5.5.3 Shaft Power, Fuel Flow and Turbine Entry Temperature
Required by Gas Compressor at All Flow Conditions

Table 5-5, Table 5-6, and Table 5-7 show the gas turbine shaft power, fuel flow
and the turbine entry temperature obtained from the Turbomatch simulation that
is needed to drive the gas compressor power requirement at each compressor

station location considering all flow conditions examined in this study.

For the non-isothermal flow conditions depicted in Table 5-5, the location ambient
temperature varies with changing time of the day for the three seasons of the
year: winter, dry and hot seasons. According to the assumption made in this
research, the gas flowing temperature is assumed to equal to the location
ambient temperature at the suction or discharge point of the compressor station
[38], which was also verified by Equation (4-32). Consequently, the gas
temperature varies as time of the day changes. Furthermore, if the gas
temperature varies along the pipeline, the compressibility factor, a function of the
gas temperature will change. Additionally, the polytropic head, which is a function
of the compressibility factor will change. Thus, the gas compressor power which
Is a function of the polytropic head will also vary. A change in the time of the day
equivalent to a change in the ambient temperature thus has a changing effect on
the gas turbine shaft power output. Appendix | show the shaft power, fuel flow
and turbine entry temperature required by the gas compressor for other

compressor station locations at non-isothermal flow.
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Table 5-5 Shaft Power, Fuel Flow and TET Required by Gas Compressor for Station

3, 600 m Altitude, 480 km from Origin at Non-Isothermal Flow

Seasons
Winter

Dry

Hot

Average
Ambient

Time of the Temperature TET

Day
00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

(K)
285.83
287.06
286.07
291.88
297.46
298.48
296.95
289.61

290.62
289.61
289.61
293.91
297.96
299.74
296.44
292.39

293.65
292.32
291.12
2934
300.26
305.09
301.02
296.19

(K)
1080
1080
1080
1110
1140
1150
1140
1100

1100
1100
1100
1120
1150
1160
1140
1110

1120
1110
1110
1120
1160
1190
1160
1140

129

GC Power Shaft Power

(MW)
11.186
11.366
11.221
12.080
12.938
13.099
12.859
11.739

11.890
11.739
11.739
12.388
13.018
13.300
12.780
12.157

12.349
12.146
11.966
12.311
13.384
14.171
13.506
12.740

(Mw)
11.556
11.375

11.52
12.235
12.987

13.37
13.061
12.045

11.894
12.045
12.045
12.457
13.445
13.71
13.13
12.161

12.493
12172
12.346
12.533
13.638
14.523
13.531
13.172

Fuel
Flow
(Kg/s)

0.86364
0.85522
0.86199
0.90591
0.95313
0.97515
0.95651
0.89337

0.88639
0.89337
0.89337
0.92036
0.97853
0.99551
0.95992
0.9025

0.9219
0.90301
0.91107
0.92374
0.99217

1.0485
0.98733
0.96157



Table 5-6 Shaft Power, Fuel Flow and TET Required by Gas Compressor at

Isothermal Flow

Isothermal Fuel
Station Temperature Compressor TET Shaft Power Flow
No (K) Power (MW) (K) (MW) (Kg/s)
1 295.15 10.458 1390 10.696 0.66783
2 295.15 10.872 1460 10.892 0.67515
3 295.15 12.579 1130 12.799 0.9401
4 295.15 11.724 1110 11.759 0.88407
5 295.15 11.715 1110 11.759  0.88407
6 295.15 11.715 1110 11.759 0.88407
7 295.15 11.318 1110 11.759 0.88407
8 295.15 13.389 1160 13.874  0.96906
9 295.15 12.666 1130 12.799 0.9401
10 295.15 13.755 1160 13.874  0.96906
11 295.15 10.989 1100 11.248  0.85659
12 295.15 10.989 1100 11.248  0.85659
13 295.15 11.650 1110 11.759  0.88407
14 295.15 11.318 1110 11.759 0.88407
15 295.15 11.817 1120 12.280 0.91202
16 295.15 13.097 1150 13.135 0.93353
17 295.15 12.239 1140 12.403  0.89827
18 295.15 7.887 1290 8.018 0.52591

For the isothermal and intermediate flow conditions depicted in Table 5-6 and
Table 5-7 where the ambient temperature and consequently, gas flowing
temperature is constant as time of the day changes throughout the three seasons
of the year at each compressor station location. The compressibility factor, a
function of the gas temperature will be unchanged. Furthermore, the polytropic
head which is a function of the compressibility factor will remain constant. Hence,
the gas compressor power which is a function of the polytropic head will remain
unchanged. More so, a change in the time of the day equivalent to constant
ambient temperature has a corresponding effect on the gas turbine shaft power

output for these flow conditions.
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Table 5-7 Shaft Power, Fuel Flow and TET Required by Gas Compressor at

Intermediate Flow

Intermediate

Ambient Fuel
Station Temperature Compressor TET Shaft Power Flow
No (K) Power (MW) (K) (MW) (Kg/s)
1 297.61 10.820 1410 11.065 0.6884
2 296.77 11.112 1480 11.384 0.7012
3 294.31 12.449 1130 12.920 0.9458
4 296.14 11.873 1120 12.139 0.9056
5 296.15 11.866 1120 12.139 0.9056
6 296.15 11.866 1120 12.139 0.9056
7 297.39 11.634 1120 11.964 0.8976
8 294.36 13.257 1150 13.313 0.9410
9 290.17 11.955 1100 11.961  0.8895
10 283.30 12.057 1100 12.076 0.8698
11 296.03 11.111 1100 11.128 0.8511
12 296.13 11.125 1100 11.128 0.8511
13 296.31 11.815 1120 12.117 0.9045
14 297.36 11.631 1120 11.969 0.8978
15 294.28 11.694 1110 11.881 0.8896
16 290.20 12.384 1130 12.738 0.9088
17 292.13 11.810 1130 12.319 0.8909
18 299.73 8.342 1320 8.422 0.5493

For the non-isothermal case, at 03:00 hours, 09:00 hours, and 15:00 hours, time
of the day in winter, dry, and hot seasons respectively. The gas compressor
power requirements were 11.366 MW, 12.388 MW, and 14.171 MW, respectively.
The gas turbine entry temperatures of 1080 K, 1120 K, and 1190 K will provide
the shaft powers matching of 11.375 MW, 12.457 MW, and 14.523 MW,
respectively, for the centrifugal gas compressor.

For the isothermal and intermediate cases where the temperatures are constant

with changing times of the day in the three seasons of the year. The gas
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compressor power requirements were 12.579 MW and 12.449 MW, respectively.
The gas turbine entry temperature of 1130 K will provide the shaft powers
matching of 12.799 MW and 12.920 MW, respectively, at compressor station
location 3 for the centrifugal gas compressor.

The results show that the gas turbine power output is enough for the gas
compressor power requirements at all examined flow conditions, even for the
worst case of the locations’ ambient temperature experienced at 15:00 hours of

the day in the hot season of the year.

The fuel flow is one of the important parameters obtained in the gas turbine off-
design performance simulation that affects the economics of the proposed Trans-

Saharan Gas Pipeline project.

5.6 Summary

The objective of this study was to analyse the design and off-design
performances of the selected gas turbine models as prime movers for the
centrifugal gas compressors for natural gas transportation in pipelines.

The design and off-design points performance of the selected gas turbine models
were simulated using Turbomatch to draw out essential performance data
required for the techno-economic and techno-socioeconomic analysis. The
design point performance results were validated with available original equipment
manufacturers’ data. The off-design performances of the selected gas turbine
models are simulated at varying ambient conditions at each compressor station
location with the objective that the gas turbine prime mover can supply the power
required by the gas compressor under all flow conditions. The ambient
temperature variation under all flow conditions and the gas turbine entry

temperature were considered for this simulation.

Comparison of performance results at design point show good agreement
between the Turbomatch simulation and the literature. The off-design
performance results show an increase in power output and efficiency with
increasing turbine entry temperature due to increasing fuel flow into the engine.

As the ambient temperature increases, the power output and efficiency decrease
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with a consequent reduction in the fuel flow. For the isothermal and intermediate
flow conditions with constant ambient temperatures, the power output, efficiency,
and fuel flow are constant at fixed turbine entry temperatures, respectively. The
results show that the gas turbine power output is enough for the gas compressor
power requirements at all flow conditions, even for the worst case of the locations’

ambient temperature.

Results obtained for the fuel flow will be inputted into the economic module and

used to analyse the baseline gas turbines operating lifecycle fuel costs.
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6 THE IMPACT OF TURBO-COMPRESSOR
AVAILABILITY ON THE TECHNO-ECONOMICS OF
NATURAL GAS PIPELINE TRANSPORTATION

6.1 Introduction

The efficient operation and feasibility of the proposed Trans-Saharan gas pipeline
and any compressor station and pipeline project require the successful evaluation
of gas compressor, gas turbine, and turbo-compressor units, compressor station
subsystems and system availability. The effects of either the unit’s or subsystem’s
unavailability may be the reduction of the engine power or the expected volume
flowrate through the compressor station and pipeline system and in some cases,
total shutdown of the compressor stations. Therefore, analysing the gas
compressor, gas turbine and turbo-compressor units and subsystems’ availability
will help in improving the operation of the compressor station systems by
increasing the subsystems time to failure or decreasing downtime due to engine
overhauls, scheduled and unscheduled maintenance. Thus, preventing
unpleasant risks to the compressor station and pipeline system. This availability
study is needed to quantify the significance of the compressor station
components and subsystems availability and predict their techno-economic
performance on the compressor station and pipeline system under different
operating conditions.

Investment in any compressor station and pipeline project is always associated
with corresponding costs. These costs include the capital, operation and
maintenance costs sustained over the project lifecycle. The investment must be
regulated by economic gains otherwise a potential loss in revenue will make the
project unfeasible and unprofitable. Scenarios-based studies are essential in
mitigating potential risks from the investment in the proposed Trans-Saharan gas
pipeline project. The economic success of the compressor station and pipeline
project is dependent on the component’s capital and operating cost, the quality
of maintenance routine performed over the project lifecycle and compressor

station system availability.

135



6.2 Methodological Approach

Figure 6-1 shows the flow chart of the methodological approach for the

availability-based techno-economic analysis utilised in this study.

Preventive and Corrective Maintenance Routine
Overhaul
Downtime

Figure 6-1 Availability-based Techno-Economic Analysis Flowchart
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6.2.1 Availability Assumptions

The following availability assumptions are made to simplify the subsequent

analysis:

« Each compressor station configuration consists of four identical parallel
gas compressor units driven by four identical parallel gas turbine units.
Each gas turbine unit is in series with each gas compressor unit

% Each unit and compressor station subsystem are assumed to behave
independently

« Each identical gas turbine and gas compressor unit has equal running
hours, respectively

< Downtime due to overhauls, scheduled and unscheduled maintenance is
considered

% Each gas turbine and gas compressor unit are shut down for preventive
maintenance 15 hours per year

% Gas turbine and gas compressor overhauls occur every 25000 and 20000
operating hours, respectively

+» It takes 36 hours for each gas turbine and gas compressor replacement,
assuming a standby unit is available and 192 hours for each gas turbine
and gas compressor overhauls and replacement, assuming no standby
unit is available

« The gas compressor failure rate is 0.08716545 failures per year [143]

% The gas turbine failure rate is 0.00547945 failures per running day [144];
[145]

6.2.2 Local Maintenance Schedule

Figure 6-2 shows the developed local maintenance schedule relevant to this
research. The maintenance schedule is like typical original equipment
manufacturer maintenance schedule usually supplied with the purchased
equipment. It includes preventive maintenance routine and overhauls with and
without stand-by units. The preventive maintenance and overhauls are performed

periodically at pre-determined dates.
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Il Preventive maintenance Schedule [l Overhaul with standby unit Overhaul without standby unit

Figure 6-2 Annual Gas Turbine Local Maintenance Schedule for Stations 1-6
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Appendix J shows the local maintenance schedule for the remaining compressor
station locations, including the gas compressor maintenance schedule. The
maintenance schedule shows the maintenance strategy to be adopted
throughout the operational life of the compressor station system. It is one of the
most important factors affecting the compressor station system availability. The
gas compressor, gas turbine, and turbo-compressor unit availability were
evaluated based on this developed maintenance schedule. The unit availability
is the basis for the analysis of the compressor station subsystem and system
availability needed for the techno-economic assessment of the proposed Trans-

Saharan gas pipeline project.

Unplanned downtimes are excluded from the developed local maintenance
schedule. However, the failure rates retrieved from literature studies are
incorporated with the developed local maintenance schedule to show the
combined effects of unscheduled and scheduled maintenance on engine
availability. Moreover, the unplanned downtime deserves further attention in the
additional work section.

6.3 Gas Turbine, Gas Compressor and Turbo-Compressor Unit
Availability

The developed gas turbine and gas compressor maintenance schedule, and the
failure rates retrieved from literature studies, were utilised to show the effects of
maintenance schedule on gas compressor and gas turbine unit availability as a
function of the local condition. The gas compressor and gas turbine unit
availability analysis and their impacts on the compressor station subsystem and
overall system availability and economics are of fundamental importance during
the design phase of any compressor station and pipeline project. The unit
availability considers the downtime due to engine overhauls, preventive and
corrective maintenance. The corrective maintenance considers each unit’s failure
rate. The unavailability of compressor station components could have a great
impact on the techno-economics of natural gas transportation through the

proposed Trans-Saharan gas pipeline leading to strong economic consequences.

139



Considering the individual gas compressor and gas turbine unit availability, if
each unit overhauls occur every u, operating hours, this event will happen about
f, times throughout the project lifecycle of t years. The frequency f,, of each unit
overhauls over the project lifecycle is given by:

_ 8760t (6-1)
o — uo

The total time T,,, for each individual gas compressor and gas turbine overhauls
and replacement at each compressor station location assuming no standby unit

is available is calculated as:

T, = Rnfo (6-2)

where, R,, is the time taken for individual unit overhaul and replacement assuming
no standby unit is available. Similarly, the total time T, for each individual gas
compressor and gas turbine replacement at each compressor station location

assuming standby unit is available is calculated as:

Ty = Rsfo (6-3)

where, R, is the time taken for individual unit replacement, assuming a standby

unit is available.

The lifecycle downtime t,, at which an individual unit is shut down for preventive

maintenance purposes is evaluated as:

ts = Pt (6-4)

where, B, is the annual preventive maintenance downtime.
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The downtime per individual unit failure is the sum of the overhaul, replacement

and preventive maintenance downtimes and is given by:

D,=T, +tg (6-5)

D, =T, +tg (6-6)

Where, D,, and D are the downtimes per individual unit failure, assuming no

standby and standby units, respectively.

Each gas compressor and gas turbine unit running hours u,, and ug assuming no

standby and standby units, respectively, over the project lifecycle is given by:

u, = 8760t — D, (6-7)

us, = 8760t — D (6-8)

The individual gas compressor and gas turbine unit total downtime D, ,, and D;

assuming no standby unit and standby unit respectively, is evaluated as follows:

D¢ n = DpF (6-9)

D, ¢ = DsF (6-10)

Where, F is the individual unit failure rate. The failure rate considers the

unscheduled maintenance downtime.

The individual gas compressor and gas turbine unit availability is the operational
lifecycle availability A,,, which considered preventive maintenance based on the
developed local maintenance schedule and corrective maintenance based on the

unit’s failure rate and is written as:
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__ Um (6-11)

Us (6-12)

u.s

where, 4, , and A, ; are the individual unit availability assuming no standby unit

and standby unit, respectively.

According to the assumption that each gas compressor unit is in series with each
gas turbine unit. The availability of a turbo-compressor unit A4;, and A4
assuming no standby unit and standby unit, respectively, is evaluated according

to the series arrangement rule as follows:

At_n = Augc_nAugt_n (6-13)

At_s = Augc_sAugt_s (6-14)

where, Aygc ny Auge n, @Nd Ayge s, Ayge s are the individual gas compressor and
gas turbine unit availability assuming no standby unit and standby unit,

respectively.

6.4 Compressor Station Availability

It is imperative that compressor station availability analysis is incorporated into
the techno-economics of the proposed Trans-Saharan gas pipeline and any
pipeline project at the design and development phase. This is to ensure their
profitability and positive returns on investment throughout the project lifecycle.
Compressor station availability analysis can identify compressor station
component’s configurations that can affect the whole system availability and the

project’s feasibility. Since downtime of the major components due to overhauls,
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scheduled or unscheduled maintenance can have significant impact on revenue
generation. Thus, there is the need for a method able to consider the impact of
compressor station configuration on the whole compressor station system
availability. In this study, the compressor station is modelled as a series-parallel
configuration. The baseline case consists of four parallel gas compressor units
each in series with their gas turbine drivers. The compressor station subsystems
availability is dependent on their unit’s availability and configurations. Figure 6-3
shows the compressor station configuration depicting a parallel arrangement of

compressor units in operational and standby modes.

\/

/L

/S

Figure 6-3 Compressor Station Configuration with Parallel Compressor Units

The availability of the compressor station subsystems without standby unit is
evaluated analytically using binomial distribution method developed in MATLAB

environment using the following equation:

N! (6-15)

P(K) = Kl (N'—K)! (1 - Au)K AuN_K

Where:

P(K) = Fraction of time the station is available to generate power
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N = Total number of installed units
A,, = Unit Availability
K = Number of units shut down

Similarly, the availability of the compressor station subsystems with installed
standby unit is evaluated analytically using binomial distribution method
developed in the MATLAB environment using the following equation:

1 (6-16)
NI
P(K) = Z K (N —K)! G
K=0

Where:

P(K) = Fraction of time the station is available to generate power
N = Total number of installed units

A,, = Unit Availability

K = Number of units shut down

6.5 Compressor Station System Availability

Compressor station system availability analysis plays a vital role in the techno-
economic evaluation of any compressor station and pipeline project. Since
techno-economic analysis is significant in assisting policymakers in decision-
making during the design and development stage of any project. This section
assessed the compressor station availability at the system level comprising the
whole compressor station subsystems in series arrangement along the proposed
Trans-Saharan gas pipeline route. Compressor station system availability not
only depends on individual gas compressor and gas turbine unit configuration but
also on the subsystem’s arrangement along the pipeline route. The system
availability is indirectly impacted by the quality of maintenance policy employed,
the prevailing environmental conditions and the unit's operating conditions.
Scenarios-based approach was performed to show the sensitivities of the
compressor station system to availabilities in terms of the number of installed
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standby units. Figure 6-4 and Figure 6-5 show the compressor station system
configuration depicting parallel arrangement of compressor units in each station

in operational and standby modes, respectively.
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Figure 6-4 Compressor Station System Configuration with Parallel Compressor
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Figure 6-5 Compressor Station System Configuration with Parallel Compressor
Units in Standby mode per Station

The whole compressor station system availability analysis was performed based

on the following scenarios:

1. Baseline case: Availability is 100% or 1
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2. Scenario 1: No standby unit installed at all compressor station locations
(No standby unit)

3. Scenario 2: One standby unit installed at first eight compressor station
locations giving a total of eight installed standby units (8 standby units)

4. Scenario 3: One standby unit installed at all compressor station locations

giving a total of eighteen installed standby units (18 standby units)

The availability of the compressor station system with each compressor station
arranged in series is evaluated by multiplying the availability of individual
compressor station subsystems that make up the overall compressor station

system and is evaluated as follows:

As = Ags1 * Agsy * Agsz * o * Agsig (6-17)

The availability of the compressor station system given by Equation (6-17) can

be re-written according to the series arrangement rule as:

18
AS = l_IAK
K=1

(6-18)
Where:

A, = Compressor station system availability

Ay = Availability of compressor station K

K=1,2,3..18

6.6 Availability Results

Figure 6-6 shows the availability of the gas compressor, gas turbine, and turbo-

compressor units with no standby and standby units, respectively.
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Figure 6-6 Unit Availability

The results show that the gas compressor with the highest availability is a more
reliable component. The unit availability assuming no standby gas turbine unit is
available is 0.982. The evaluated units availability agree with literature reports
[42]; [146] and are within the recommended original equipment manufacturer
operational requirement. Figure 6-7 shows the compressor station availability,
while Figure 6-8 shows the compressor station system availability for the
scenarios considered in this study. Considering the turbo-compressor
configurations, the compressor station availability with no standby installed unit
is 0.9267. The compressor station availability with installed standby unit is

0.9996.
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The results for the scenario-based approach show a compressor station system
availability of 0.25416 for scenario 1 with no standby turbo-compressor unit at all
compressor station locations. Results show an increase in the system availability
to 0.46567 for scenario 2, with one standby turbo-compressor unit per station at
the first eight compressor station locations. The highest compressor station
system availability of 0.99264 occurs in scenario 3, with one standby turbo-
compressor unit per station at all compressor station locations. Thus, minimising

engine downtime and ensuring a continuous supply of natural gas through the
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Figure 6-7 Compressor Station Availability
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Figure 6-8 Compressor Station System Availability
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transmission pipelines to end-users. Results show the sensitivity of compressor
station subsystems and system availability to the variation in standby units at
compressor station locations. Increasing the number of standby units at
compressor station locations greatly impacts the whole compressor station
system availability. The effect is a corresponding increase in the overall system
availability. This could be beneficial in the techno-economic evaluation of the
compressor station system by mitigating risks and uncertainties during the design
and development phase of the proposed Trans-Saharan gas pipeline and any

pipeline project.

Results are inputted into the economic module to determine the impact of turbo-

compressor availability on the lifecycle cost and net present value.

6.7 Techno-Economic Analysis

This study utilises a discounting method based on the lifecycle cost and the net
present value for the economic assessment of the proposed Trans-Saharan gas
pipeline project. The economic module is developed based on the data received
from the pipeline module, gas compressor module, gas turbine performance
module, maintenance, and availability module to determine the economics of the
compressor station and pipeline systems. Consequently, the feasibility of the
proposed Trans-Saharan gas pipeline project. The economic module considers
the lifecycle cost for the project’s duration based on the capital cost, operating
cost, and availability-based maintenance costs. The success of the proposed
Trans-Saharan gas pipeline project will depend on these costs, considering the

techno-economic assumptions made during the subsequent analysis.

The techno-economic model is developed using SIMULINK block diagrams and
a developed code in MATLAB environment. This is used to estimate the capital
cost, operation, and availability-based maintenance costs of the proposed Trans-
Saharan gas pipeline project. The model is based on the variation in compressor
station location ambient temperatures at varying flow conditions for isothermal,
intermediate and non-isothermal conditions, respectively. The gas compressor
power was considered at isothermal, intermediate and non-isothermal flow

conditions. Their corresponding gas turbine shaft power, fuel flow, and turbine
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entry temperatures required to drive the gas compressor, which is expected to
have a major impact on the projects fuel consumption and engine availability-

based maintenance costs, were considered in the techno-economic analysis.

6.7.1 Economic Assumption

Table 6-1 shows the assumptions made for the economic analysis in this

research.

Table 6-1 Economic Assumptions

S/N | Parameter (Unit) Value References
1. Plant Life (years) 30
2. | Pipe Material Cost ($/metric ton) | 1312 [147]
3. Pipe Thickness (mm) 20.574 [18]
4. Pipe Outer Diameter (mm) 1422.4 [18]
5. | Coating and wrapping ($/feet) 5 [38]
6. Pipe Grade API 5L X70 [18]
7. Fuel Cost ($/kg) 0.168 [18]
8. Discount Rate (%) 15 [18]
9. Natural Gas Price ($/MMBtu) 6.80 [148]
10. | Natural Gas Higher Heating | 38480 [149]
Value (Btu/m”3)
11. | Fixed O & M Cost ($/kW-year) | 12 [150]
13. | Variable O & M Cost ($/MWh) 4.7 [151]
14. | Maintenance Factor 1 20% of Variable O & M | [152]
Cost

6.8 SIMULINK Model of the TERA Framework

SIMULINK [153] is a block diagram environment integrated with MATLAB to
support system-level design and simulation. It provides a graphical user interface
and solvers for model-based design and simulation of dynamic systems. The
techno-economic model was implemented using a SIMULINK block diagram
integrating the TERA framework consisting of engine availability values, pipeline
and gas compressor modules, performance, and economic modules. The
developed model is used to determine the lifecycle cost of the proposed Trans-

Saharan gas pipeline project. The model is divided into six subsystems:
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Pipeline subsystem

Gas compressor subsystem
Pipeline cost subsystem

Gas compressor cost subsystem

Gas turbine cost subsystem

o g0k~ Wb RE

Auxiliaries cost subsystem.

The whole system was developed by connecting sequentially individual
subsystem along with the fuel and maintenance blocks according to the TERA
framework. The output from the pipeline subsystem representing a source serve
as input to the gas compressor subsystem. Similarly, the output from the gas
compressor subsystem serve as input to the gas compressor cost subsystem.
The output from the gas compressor cost, pipeline cost, and gas turbine cost
subsystems respectively summed up together formed the pipeline initial project
cost. This also serve as input to the auxiliaries cost subsystem. The sum of the
outputs from the auxiliaries cost subsystem, pipeline initial project cost, fuel, and
maintenance blocks make up the lifecycle cost estimate for the compressor
station and pipeline system which is dependent on the location ambient
temperature at varying flow conditions. Figure 6-9 shows the integrated techno-
economic model of the TERA framework using SIMULINK block diagrams.

Figure 6-9 The Integrated Techno-Economic Model
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6.9 Project Capital Cost Estimates

According to Menon [38], the major components that contribute to the initial
capital cost in a natural gas pipeline transportation system are the pipelines,
compressor stations, and auxiliaries such as the mainline valve stations,
telecommunications, and supervisory control and data acquisition system, right
of way, environmental and permitting, engineering and construction

management, and contingencies.

The input to the economic module consists of the pipeline cost, gas compressor
cost, gas turbine cost, and auxiliaries’ costs. These costs are the major
components of the capital costs of the compressor station and pipeline project.
The pipeline cost consists of pipeline material cost, pipe installation cost, pipe
coatings and wrapping cost. The gas compressor cost consists of the gas
compressor purchased and installation costs. The gas turbine capital cost
includes the gas turbine equipment cost, installation, and shipping costs.
Auxiliaries’ costs comprise the mainline valve stations, telecommunications, and
supervisory control and data acquisition system, right of way, environmental and
permitting, engineering and construction management, and contingencies. The
total project capital expenditure for the techno-economic analysis is the sum of
the pipeline cost, gas compressor cost, gas turbine cost, and auxiliaries’ costs.
The output from the economic module is the compressor station and pipeline
project lifecycle cost. The lifecycle cost for the techno-economic analysis is made
up of the pipeline cost, gas compressor cost, gas turbine cost, auxiliaries’ costs,
fuel cost, and maintenance cost. The economic model was evaluated based on

the lifecycle cost and net present value analysis.

6.9.1 Pipeline Cost Estimate

Table 6-2 shows the proposed Trans-Saharan gas pipeline data utilised for the
pipeline cost estimate. Pipeline cost consists of pipeline material cost, pipe
coatings and wrapping cost, and pipeline installation cost [38]. The pipeline
material cost is a function of the pipe diameter, pipe wall thickness, pipe material,
and pipe length.
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Table 6-2 Pipeline data [18]

Values (Unts)

Natural gas flow 30 (BCM/year)
Pipe nominal diameter 1422.4 (mm)
Pipe outer diameter 1422.4 (mm)
Pipe inner diameter 1381.2 (mm)
Wall thickness 20.62 (mm)
m Design Pressure 100 (barg)
MAOP 95 (barg)
Il Pipe Grade API 5L X70
m Design Code 0.72

Design Factor ASME B31.8
Pipe Roughness 7.62 (um)

The pipeline material cost P,,,;, is estimated using the following equation:

Pyt = 0.0246(D — T)TLC (6-19)

L = Pipe length, km

D = Pipe outside diameter, mm

T = Pipe wall thickness, mm

C = Pipe material cost ($/metric ton)

The average value of the pipe material cost estimates from 2010 to 2016 for line
pipe greater than 24 inches based on the report prepared by Inner City Fund and
submitted to American Petroleum Institute and others in the United States [147]

was assumed in this research.
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Pipeline installation cost was estimated based on the Institute of Transportation
studies [154] generalised estimate as a function of the pipeline outer diameter
and length. A quadratic best-fit curve was obtained for the installation cost, this
Is expressed in the following equation:

y = 343.21x% + 2073.9x + 170013 (6-20)

Where:
y = Installation cost ($/mile)
x = Outer diameter (inches)

It is assumed that the pipe is externally coated and wrapped at an extra cost P, ,,,
of $5 per feet. The total pipeline cost P, in $ is estimated using the following

equation:

Py = Ppae + (0.6214y + 3280.84P, ,,)L (6-21)

Figure 6-10 shows the developed SIMULINK model of the pipeline subsystem

while Figure 6-11 shows the corresponding pipeline cost subsystem.
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6.9.2 Gas Compressor Cost

The gas compressor purchased, and installation costs are estimated using the

following equations:

(6-22)

M&S
— 0.82
B, = (—280 ) (517.5) (bhp®82)F,

_(M&S | (6-23)
p, = (ﬁ) (517.5) (bhp®#2) (2.11 + F.)

Where:

P, = Gas compressor purchased cost ($)

P; = Gas compressor installation cost ($)

M&S = Marshall and Swift cost index, equivalent to 1638.2 for 2018 [155]

F. = Correction factor, equivalent to 1.15 for gas turbine driven centrifugal

compressors
bhp = Gas compressor power, horsepower

The total gas compressor cost GC;, is the sum of the purchased and installation

costs given by:

GC, =P, + P, (6-24)

Figure 6-12 shows the developed SIMULINK model of the gas compressor
subsystem while Figure 6-13 shows the corresponding gas compressor cost

subsystem.
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6.9.3 Gas Turbine Cost

The gas turbine equipment cost GT,,, was estimated based on the best fit curve

equation developed for gas turbines cost estimation provided by the 2018 Gas
Turbine World Handbook [156] and is given by:

GT,q = 8118(shp~2%%) (6-25)

Where shp is the gas turbine shaft horsepower. Assuming factors of 2 and 1.38
to cater for installation and shipping cost respectively [18], gas turbine capital cost

GT,, is estimated using the following equation:

GT, = 2.76NGTy, (6-26)

Where, N is the number of gas turbine installed per compressor station location.

Figure 6-14 shows the developed SIMULINK model of the gas turbine cost
subsystem.

i - EQUIPIMENT COST et L -

Figure 6-14 Gas Turbine Cost Subsystem

The pipeline project initial cost P; is the sum of the pipeline cost P;, gas

compressor cost GC;, and gas turbine cost GT,, and is given by:

P; = P, + GC; + GT, (6-27)

6.9.4 Auxiliaries Cost

Pipeline accessories are estimated as percentages of the pipeline project initial

cost P;, as recommended by [38].

Table 6-3 shows the assumed percentages based on [38] recommendations for

pipeline accessories.

158



Table 6-3 Pipeline Accessories Assumptions [38]

Percentage of P;

m Main Valve Station 0.5%

P2 scApA 2%

m Environmental & permitting 10%

U1 Right of Way (ROW) 6%
E Engineering & Construction Mgt. 15%
m Contingency 10%

The auxiliaries’ cost P, is the algebraic sum of each accessory cost as shown
in Table 6-3. Figure 6-15 shows the developed SIMULINK model of the auxiliaries
cost subsystem.
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Figure 6-15 Auxiliaries Cost Subsystem

The total project capital expenditure P;,, is the sum of the pipeline project initial

cost P;, and auxiliaries cost P,,,, and is given by:

159



Py = P + Puux (6-28)

6.10 Operation and Maintenance Cost

The operation and maintenance costs are the costs related to the operation and
maintenance of the compressor station and pipeline system under varying
operating conditions and comprise of fixed and variable costs. As with other
pipeline projects, after the construction and installation of the compressor station
and pipeline system there will be operation and maintenance costs over the
proposed Trans-Saharan gas pipeline project’s lifecycle. In this study, the
operational life of the compressor station and pipeline system is assumed to be
30 years. The operating cost depends on the operating conditions of the
compressor station equipment and the fuel consumption cost. The fuel
consumption cost is an essential component of the variable cost. It contributes to
one of the highest operating costs of the compressor station and pipeline system.
It is usually evaluated separately from the maintenance cost. The gas turbines
shaft powers, fuel flows and turbine entry temperatures required to drive the gas
compressors at isothermal, intermediate and non-isothermal flow conditions
corresponding to varying ambient conditions of the compressor station locations
along the pipeline route have been obtained from the gas turbine performance
simulation presented in chapter five. They are applied to evaluate the operation

and maintenance costs in this study.

6.10.1 Fuel Cost

The fuel cost is the most important cost factor in the operational cost incurred
during the operation of the compressor station and pipeline system. It could
influence the overall project profitability to a great extent. This study assumed a
fixed value for the fuel cost per unit weight of fuel over the project lifecycle. The
fuel consumption cost is estimated based on the variation in compressor station
locations ambient temperature considering isothermal, intermediate and non-
isothermal flow conditions. The fuel flow results at varying flow conditions

obtained from the gas turbine performance analysis enable the evaluation of the
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annual and lifecycle fuel consumption cost for each gas turbine at each

compressor station location.

The annual and lifecycle fuel consumption costs at each compressor station
location for isothermal, intermediate, and non-isothermal flow conditions,

respectively, are evaluated using the following equations:

Fye = 3600F,F;0;N (6-29)

Fi. = Fy.t (6-30)
Where:
F,. = Annual fuel consumption cost, $
E, = Fuel cost per kg of fuel, ($/kg)
Fr = Fuel Flow at isothermal, intermediate or non-isothermal conditions (kg/s)
O = Operational period at isothermal, intermediate or non-isothermal case (hrs)
F,. = Lifecycle fuel consumption cost, $
t = Project lifecycle
N = Number of installed units

6.10.2 Maintenance Cost

The fuel consumption cost has been estimated separately from the maintenance
cost due to the significant cost involved. The maintenance cost consists of fixed,
variable, and major maintenance costs. These costs also result from engine
downtime due to overhauls and replacement. They depend on the maintenance
pattern adopted, whether scheduled or unscheduled maintenance, operating
ambient conditions, compressor station availability, type of technology employed,
and station location. They also depend on the overall decision taken during the
design and development stage of the proposed Trans-Saharan gas pipeline

project. Thus, the economic feasibility of the project will be influenced by the
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maintenance costs and these factors. The maintenance cost evaluation in this
study considers the compressor station availability. The compressor station
availability analysed previously was utilised to calculate the maintenance cost
over the project lifecycle.

6.10.2.1 Fixed Maintenance Cost

The fixed maintenance cost estimates are based on the 2019 Annual Technology
Baseline data retrieved from [150]. The annual and lifecycle fixed maintenance
costs at each compressor station locations for isothermal, intermediate, and non-
isothermal flow conditions respectively are evaluated using the following

eguations:

Mgyse = 1000P;rmsN (6-31)

Mygc = Mggct (6-32)
Where:
M,¢. = Annual fixed maintenance cost, $

P;r = Gas turbine power at isothermal, intermediate or non-isothermal conditions,
(MW)

m, = Fixed maintenance cost factor, ($/kW-year)
M. = Lifecycle fixed maintenance cost, $

t = Project lifecycle

N = Number of installed units

6.10.2.2 Availability-Based Variable Maintenance Cost

The availability-based variable maintenance cost estimates are based on the
evaluated compressor station availability and 2020 cost data estimated by [151]
for the United States Energy Information Administration. The annual and lifecycle

availability-based variable maintenance costs at each compressor station
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locations for isothermal, intermediate, and non-isothermal flow conditions

respectively are evaluated using the following equations:
Maye = Parm, Oy P(K)N (6-33)
Myye = Mgyt (6-34)
Where:
M,,. = Annual availability-based variable maintenance cost, $
m,, = Variable maintenance cost factor, ($/MWh)
M;,. = Lifecycle availability-based variable maintenance cost, $
P(K) = Compressor station availability
t = Project lifecycle
N = Number of installed units

P;r = Gas turbine power at isothermal, intermediate or non-isothermal conditions,
(MW)

O = Operational period at isothermal, intermediate or non-isothermal case (hrs)

Nasir [16] and Tukur [18] assumed an annual value of $30 per kW for the
maintenance cost in their pipeline TERA. Aziaka et al. [157] in their economic
evaluation, attempted to incorporate availability but they were not able to do so
and only assumed availability of unity. This research utilises the actual
compressor station availability values based on the developed maintenance
schedule and failure rates to evaluate the actual availability-based maintenance
cost in the pipeline TERA.

6.10.2.3 Availability-Based Major Maintenance Cost

The creep life values of the engine at isothermal, intermediate and non-isothermal
flow conditions corresponding to the location ambient temperatures were
estimated using a simple relationship between the engine turbine entry

temperatures and the engine creep life [152]. According to this relationship, the
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creep life reduces by half for every 20 K increase in turbine entry temperature.
More so, for every 20 K reduction in turbine entry temperature, the creep life
increases by half [158]. The design point turbine entry temperature was assumed
to be the baseline with a creep life of 25000 hours. The estimated creep life values
were used to calculate the availability-based major maintenance cost. The annual
and lifecycle availability-based major maintenance costs at each compressor
station locations for isothermal, intermediate, and non-isothermal flow conditions

respectively are evaluated using the following equations:

Mame = PGva20fP(K)N (6-35)
Miyme = Mgmet (6-36)
Cq (6-37)

Moz = o ()

Where:

M, = Annual availability-based major maintenance cost, $
m,, = maintenance cost factor 2, ($/MWh)

m,,; = maintenance cost factor 1, ($/MWh)

M, = Lifecycle availability-based major maintenance cost, $
P(K) = Compressor station availability

Cap = Expected engine life, hours

C = Engine creep life, hours

t = Project lifecycle

N = Number of installed units

P;r = Gas turbine power at isothermal, intermediate or non-isothermal conditions,
(MW)

O = Operational period at isothermal, intermediate or non-isothermal case (hrs)
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The expected engine life is the assumed engine creep life at design point. The
total annual and lifecycle maintenance cost M,., and M, respectively, is the sum
of the fixed and availability-based variable and major maintenance costs and is

given by:
Mo = Mygc + Maye + Mamc (6-38)
My = Mygc + Myye + My (6-39)
Where:
M,. = Total annual maintenance cost, $
M,¢. = Annual fixed maintenance cost, $
M,,. = Annual availability-based variable maintenance cost, $
M,,.. = Annual availability-based major maintenance cost, $
M, = Total lifecycle maintenance cost, $
M. = Lifecycle fixed maintenance cost, $
M;,. = Lifecycle availability-based variable maintenance cost, $
M,,,. = Lifecycle availability-based major maintenance cost, $

The steps in which the maintenance cost analysis could be improved are
explained in the further work section in the subsequent chapter.

6.11 Project Life Cycle Cost

The lifecycle cost for the proposed Trans-Saharan gas pipeline is the total cost
incurred during the construction, installation, operation and maintenance of the
compressor station and pipeline system. The lifecycle cost consists of the gas
compressor, gas turbine, pipeline, auxiliaries, fuel, and total maintenance costs.
The total maintenance cost consists of the fixed and availability-based variable
and major maintenance costs. The lifecycle cost L., for the techno-economic

study in this research can be written as:
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Lo = Py + GC; + GT, + Py + Fie + My, (6-40)
Where:
L. = Techno-economic lifecycle cost, $
P, = Total pipeline cost, $
GC, = Gas compressor cost, $
GT,. = Gas turbine cost, $
P, = Auxiliaries cost, $
F,. = Lifecycle fuel consumption cost, $
M,. = Total lifecycle maintenance cost, $

6.12 Net Present Value Analysis

The net present value is usually used to determine the economic viability of

projects. The net present value can be estimated using the following equation:

CF, (6-41)

NPV = —C
_1(1+r)1 ©

J

Where:

CF; = Net cash flow for year

j = Year of project cash flow
r = Assumed discount rate
C, = Initial Capital Investment
n = Total project duration

The annual net cash flow is the net sum of the project’s annual cash inflow and
outflow. The yearly cash outflows are the operation and maintenance costs,

including fuel costs. The annual cash inflow is the annual revenue generated from
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selling natural gas to the end-users. A positive net present value indicates that
the project is economically viable and acceptable. A negative net present value
suggest that the project may not break even and thus, economically not viable.
When two competing alternative projects have a positive net present value, the
one with the highest net present value is usually chosen in preference to the
other. The discount rate is the rate at which future cash flows are discounted to
convert them to present values. The discount rate is usually set in such a way as
to generate a net positive value in the project’s worth based on the expected

project profitability. The gross annual revenue R,, generated from the project is

estimated using the following equation:
Ry, = G H,pg4 (6-42)
Where:
G, = Gas price, ($/MMBtu)
H, = Gas higher heating value, (Btu/m?3)
pg = Annual gas production, (MMm?3)

The lost annual revenue R;, from the project due to engine downtime is estimated

using the following equation:
Ry = Dg1y (6-43)
Where:
D, = Total annual downtime, hours
r; = Estimated lost revenue per hour

The net annual revenue R,,.;, from the project is the algebraic difference between

the gross annual revenue and lost annual revenue and is evaluated as:

Rpet = Rg— Ry (6-44)
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The annual cash outflow CF,, is the sum of the annual fuel cost F,., and annual

maintenance cost M,., and is given by:

CF, = F;c + Mg, (6-45)

The annual net cash flow CF, is given by:

CF =R, — CF, (6-46)

6.13 Results

6.13.1 Fuel Costs at Varying Flow Conditions

The lifecycle fuel costs are $9.82 billion, $9.79 billion, and $9.85 billion for
isothermal, intermediate, and non-isothermal flow conditions, respectively. The
three flow conditions define the whole operating range of the proposed Trans-
Saharan Gas Pipeline system. The fuel costs are an important cost element of
the compressor stations and pipeline systems. The fuel cost estimation is nearly
the same for all flow conditions. The results depict the fuel costs that could be
experienced over the operating range throughout the project lifecycle of 30 years.

6.13.2 The Impact of Turbo-Compressor Availability on Capital Cost

Figure 6-16 shows the impact of availability on capital cost for the three
availability scenarios. The project capital cost is $18.23 billion for scenario 1,
consisting of no standby turbo-compressor units at all compressor station
location. The capital cost is $19.05 billion for scenario 2, consisting of one
standby turbo-compressor unit at the first eight compressor station location. The
capital cost is $20.10 billion for scenario 3, consisting of one standby turbo-
compressor units at all compressor station locations. Availability directly impacts
the project’s capital cost in terms of the additional first cost incurred from the

installed standby units.
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Figure 6-16 Impact of availability on capital cost

6.13.3 The Impact of Turbo-Compressor Availability on Fuel Cost

Figure 6-17 shows the impact of availability on fuel cost for the three availability
scenarios. The fuel cost is about $9.85 billion for each availability scenario. There
is no additional cost related to the standby unit's fuel consumption. The results
show that availability has no direct impact on the fuel cost since the fuel cost is

identical for all scenarios and the spare units are in standby mode.

1.2E+10
1E+10
8E+09

6E+09

Fuel Cost (S)

4E+09

2E+09

0
Scenario 1 Scenario 2 Scenario 3

Availability Scenarios

Figure 6-17 Impact of availability on fuel cost
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6.13.4 The Impact of Turbo-Compressor Availability on Maintenance
Cost

Figure 6-18 shows the impact of availability on maintenance cost for the three

availability scenarios. The maintenance cost is $8.40 billion for scenario 1, $8.44

billion for scenario 2, and $8.48 billion for scenario 3. The operational cost of the

project is impacted by the increase in maintenance cost with an increase in

compressor station system availability due to the installation of standby units.
8.5E+09

8.48E+09

8.46E+09

8.44E+09

8.42E+09

Maintenance Cost (S)

8.4E+09
8.38E+09

8.36E+09
Scenario 1 Scenario 2 Scenario 3

Availability Scenarios

Figure 6-18 Impact of availability on maintenance cost

6.13.5 The Impact of Turbo-Compressor Availability on Life Cycle
Cost

Figure 6-19 and Figure 6-20 show the breakdown of project cost for the baseline
case and one of the availability scenarios. These included:

1. Baseline case: Availability is 100% or 1

2. Scenario 1: No standby unit installed at all compressor station locations
(No standby unit)

3. Scenario 2: One standby unit installed at first eight compressor station

locations giving a total of eight installed standby units (8 standby units)
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4. Scenario 3: One standby unit installed at all compressor station locations
giving a total of eighteen installed standby units (18 standby units)

The lifecycle cost of the proposed Trans-Saharan gas pipeline project consists of
gas compressor cost, gas turbine cost, auxiliaries cost, fuel cost, and
maintenance cost. In both the baseline and scenario 3 cases, the fuel cost has
the highest impact on the project, accounting for 26.94% and 25.63%,
respectively, of the lifecycle cost. The maintenance cost, pipeline cost, auxiliaries
cost, gas compressor cost, and gas turbine cost accounted for 23.20%, 19.51%,
15.85%, 10.67%, and 6.26%, respectively, of the lifecycle cost for scenario 3.
Appendix K shows the breakdown of the project cost for other availability
scenarios.

15.11% 26.94%

Pipeline
20.51%

Figure 6-19 Breakdown of Project Cost for Baseline Case
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Figure 6-20 Breakdown of Project Cost for Availability Scenario 3

Figure 6-21 shows the impact of availability on lifecycle cost for the availability
scenarios. The project capital cost is $18.23 billion, and the lifecycle cost is
$36.56 billion for the baseline case. The project lifecycle costs are $36.48 billion
for scenario 1, $37.34 billion for scenario 2, and $38.43 billion for scenario 3,
assuming a discount rate (DR) of zero. At a 15% discount rate, the project
lifecycle costs are $22.24 billion for the baseline case and $22.22 billion for
scenario 1. At the same discount rate, the project lifecycle costs are $23.05 billion
for scenario 2 and $24.11 billion for scenario 3. Availability has a significant
impact on the lifecycle cost. This is confirmed from the baseline case and
scenario 1 with the same number of operational turbo-compressor units but
different availability. Both have the same capital cost of $18.23 billion but different
maintenance costs due to their different availability values, as reflected in their
lifecycle cost estimate.

Consequently, an increase in availability leads to a corresponding increase in the
lifecycle cost estimate. Arising from the increase in capital cost due to additional
installed standby units and increased maintenance cost due to increased
availability. The increase in compressor station availability is more reflected in the
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high capital cost, a major component of the lifecycle cost due to the additional
standby units.
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Figure 6-21 Impact of availability on lifecycle cost

6.13.6 The Impact of Turbo-Compressor Availability on Net Revenue

The unavailability of compressor station components can lead to a significant loss
in revenue. Figure 6-22 shows the impact of availability on net revenue generated
from the project for the three availability scenarios. The net revenue generated
from the project is $35.51 hillion for scenario 1, $36.63 billion for scenario 2, and
$37.76 billion for scenario 3. Scenario 3, with the highest availability value, has
the highest amount of revenue generated from the project. The increase in
compressor station availability leads to a corresponding increase in the income
or revenue generated from the project. When the units are available, the
compressor station operates continuously to meet its required throughput and

supply of natural gas to end-users.

173



3.8E+10

3.75E+10

3.7E+10

3.65E+10

3.6E+10

Revenue ($)

3.55E+10

3.5E+10

3.45E+10

3.4E+10
Scenario 1 Scenario 2 Scenario 3

Availability Scenarios

Figure 6-22 Impact of availability on net revenue

In contrast, the impact of the compressor station components and subsystem
unavailability may be the reduction of the engine power or the expected volume
flow rate through the pipeline systems. In some cases, total shutdown of the
compressor stations. This unavailability usually arises from scheduled or

unscheduled maintenance downtime, thus leading to the loss of revenue.

6.13.7 Sensitivity Analysis on Net Present Value

The discounted cash flow method using the net present value approach
enhances better comprehension of the relationship between the revenues
accrued from the project and the cash outflows. Including selecting the best
alternatives among the considered scenarios. The results obtained for the net
present value analysis show that at a 15% discount rate, the baseline case with
an assumed 100% availability value has net present value of $29.30 billion. At
the same discount rate, the net present values are $13.28 billion for scenario 1,
$13.58 billion for scenario 2, and $13.65 billion for scenario 3. All project
alternatives have positive net present value. At a 15% discount rate, scenario 3,
consisting of one standby turbo-compressor unit at all compressor station
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locations, should be selected. Since it is the project with the highest net present

value among the considered scenarios.

Sensitivity analyses are carried out to determine the effect of the discount rate on
the net present value. Figure 6-23 shows the variation of the net present value

with discount rates for availability scenarios.
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Figure 6-23 Variation of NPV with discount rates for availability scenarios

Sensitivity analysis shows an increase in net present value with a decreasing
discount rate for all scenarios. Scenario 3 has the highest net present value at all
discount rates. Results show that the most economically viable alternative is
scenario 3, consisting of a standby turbo-compressor unit at all compressor
station locations along the pipeline route. Consequently, scenario 3 is expected
to produce the lowest risk associated with an investment in the proposed Trans-
Saharan gas pipeline project. The results further show that assuming 100%
availability value as seen in the baseline case is not realistic. As it is nearly
impossible to achieve perfect operating conditions throughout the project life. The
results obtained have shown the importance of incorporating an availability
analysis into the pipeline TERA.

6.14 Discussion

This study looks at the impact of turbo-compressor availability on the techno-
economics of natural gas pipeline transportation. Results show the importance of

175



increased unit, subsystem, and system availability in minimising engine
downtime. This will ensure a continuous supply of natural gas through the
transmission pipelines to end-users. Improvement in the unit’s availability could
be achieved by increasing the time to failure and decreasing downtime due to
scheduled or unscheduled maintenance. The author could not find any public
studies that have adapted TERA by applying a typical original equipment
manufacturer maintenance schedule to determine the impact of turbo-
compressor availability on the whole compressor station and pipeline system
investments. Results show the sensitivity of compressor station subsystems and
system availability to the variation in standby units at compressor station
locations. Increasing the number of standby units at compressor station locations
greatly impacts the availability of the whole compressor station system. The effect
is a corresponding increase in the overall system availability. Results for the
scenario-based study are dependent on the unit's and subsystem availability, the

number of standby units, compressor station arrangement, and configurations.

Results show that availability has an important impact on the techno-economics
of the proposed Trans-Saharan Gas Pipeline project. Availability has a direct
impact on the project’s capital cost. This is in terms of the additional first cost
incurred from the installed standby units. In contrast, there is no additional cost
related to the standby unit’s fuel consumption. Thus, availability has no direct
impact on the fuel cost. However, the operational cost of the project is impacted
by the increase in maintenance cost with increase in compressor station system
availability due to the installation of standby units. Availability has a significant
impact on the lifecycle cost. An increase in availability leads to a corresponding
increase in the lifecycle cost estimate. This arises from the increase in capital
cost due to additional installed standby units and an increase in the maintenance
cost due to the increased availability. These findings are a major contribution to
knowledge in this study. These findings are important because the unavailability
of compressor station components can lead to significant loss in revenue. More
so, the findings showed that the increase in the compressor station system
lifecycle cost due to an increase in availability is acceptable than its unavailability.

A small percentage reduction in the unit, subsystem or system availability might
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lead to a partial or total shutdown of the compressor stations and pipeline
systems. Thus, affecting natural gas transportation and consequently, loss of
income or revenue from the project. The net present value analysis has shown
the economic viability of an increased availability to the project. The higher the
availability, the higher the net present value. Scenario 3 was the most
economically viable alternative among the considered scenarios due to its
highest availability and net present value. These findings represent an additional

contribution to knowledge in this study.

The results further show the unrealistic nature of the baseline case with 100%
availability assumption because perpetual operating conditions, even throughout
the project life is impossible. The results have demonstrated the significance of
incorporating an availability analysis integrated with projects techno-economics
into the pipeline TERA.

6.15 Summary

The objective of this study was to analyse the concept and implication of

availability on gas turbine operation and economics.

This study has evaluated the gas compressor, gas turbine, and turbo-compressor
unit availability based on a developed maintenance schedule by the present
author and failure rate retrieved from literature studies. The author could not find
any public studies that have adapted TERA by applying a typical original
equipment manufacturer maintenance schedule to determine the impact of turbo-
compressor availability on the whole compressor station and pipeline system
investments. The analysis considered the impact of compressor station
subsystem configuration on the whole compressor station system availability. A
scenarios-based approach was performed to show the sensitivities of the
compressor station systems to availabilities in terms of the number of installed
standby units. The economic assessment of the project was done using a
discounted cash flow method based on the lifecycle cost and net present value.
The techno-economic model was developed using SIMULINK block diagrams
and a developed code in MATLAB environment. This is based on the variation in

compressor station location ambient temperatures at varying flow conditions. The
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gas compressor powers were considered at isothermal, intermediate and non-
isothermal flow conditions. Their corresponding gas turbine shaft power, fuel flow,
and turbine entry temperatures required to drive the gas compressor, which is
expected to have a major impact on the projects fuel consumption and engine
availability-based maintenance costs, were also considered in the analysis.
Sensitivity analyses were carried out to determine the effect of the discount rate

on the net present value.

The evaluated unit availability is in good agreement with literature reports and is
within the recommended original equipment manufacturer operational
requirement. Results show that increasing the compressor station availability
demonstrated through scenarios-based study has a great impact on the
compressor station system availability and the techno-economics of the proposed
Trans-Saharan gas pipeline project. These findings represent one of the major
contributions to knowledge in this study. Therefore, the availability analysis of
compressor station components, subsystems, and systems could be beneficial in
the techno-economic assessment of the compressor stations and pipeline
systems. This is because the profitability of the project is greatly dependent on
turbo-compressor availability. Considering the installation of standby turbo-
compressor units at some or all compressor station locations could enhance the
system availability. This could mitigate potential risk or uncertainties associated
with the proposed Trans-Saharan gas pipeline and any gas pipeline projects. The
methods utilised in this study could identify the subsystems availability, which has
a greater impact on the overall compressor station system availability.

The accuracy of the results obtained is dependent on the relevant assumptions
made based on literature studies. The adopted methodology will provide the
decision-maker with better insight into the expected risks and uncertainties
associated with investment into the proposed Trans-Saharan gas pipeline and
any gas pipeline projects. It will guide the selection of appropriate strategies
needed to mitigate them. The results obtained could help in forecasting the
lifecycle cost and expected performance of the compressor station systems. It

could also help in predicting the economic and social impacts that could assist
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policymakers in decision-making and on the feasibility of the proposed Trans-
Saharan gas pipeline project. The proposed approach utilised in this study will
help decision-makers better understand the importance of the individual gas
turbine and gas compressor components and subsystems on the overall
availability of the compressor station systems. Thus, leading to effective resource

and financial management.
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7 SOCIAL BENEFITS ANALYSIS AND THE INTEGRATED
TECHNO SOCIO-ECONOMIC SCENARIOS

7.1 Introduction

In addition to tackling the techno-economic aspect, the construction, installation,
and operation of gas turbine compressor stations at identified locations along the
natural gas pipeline route is expected to improve the socio-economic benefits on
the local communities. These socio-economic benefits are in terms of
employment and road benefits. Previous studies have failed to quantify and
incorporate the local community’s social and socio-economic values into
compressor stations and pipeline projects at the design and development phase.
Social value is the measurement of the comparative significance that the
community places on the changes they experience because of siting the
compressor station and pipeline project near their location. It is equivalent to the
social impact obtained from the construction, installation, and operation of the
compressor station and pipeline project. Social value is about creating more
positive social impact and less negative social impact. Thus, investment in the
compressor stations and pipeline project must be socially and socio-economically
valuable in the sense that it can improve the standard of living of the local

communities where they are sited.

Although, the conventional way of measuring social impacts of energy
technologies on the local communities have been through field research.
However, they present many challenges, delay, and costly to the researchers.
Thus, it is imperative to develop a theoretical framework that can effectively
quantify the direct social impacts and benefits of compressor stations and pipeline
projects on the local communities where they are sited. To the best of the present
author’'s knowledge, no study exists by adapting TERA the social impacts and
benefits on the local communities within the social influence areas of gas turbine
compressor stations along the natural gas pipeline route as a function of location
and power required. The objective of this study is to predictively quantify the direct
social impacts and social benefits in terms of the predicted jobs creation and road

infrastructure impacts on the local communities. This arises from the construction,
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installation, and operation of gas turbine compressor stations at identified
locations along the pipeline route. New jobs creation will increase the local
communities’ earnings, social well-being, job benefits, and improve their
engagement in the project. New road creation will make the local communities
safer, accessible, and grow faster. Additional objective is to evaluate the
socioeconomic costs and benefits. This arises from the social impacts and social
benefits of gas turbine compressor stations on the local communities based on
developed techno socio-economic scenarios. This represents a significant
novelty of this research work since this is the first time the social impact and social
benefits using the TERA approach are examined for gas turbine compressor

stations for pipeline applications.

7.2 Methodological Approach

This study utilises an analytical method based on a bottom-up approach using a
developed code in a MATLAB environment incorporated with social benefit
algorithms. In a bottom-up approach, each subsystem of a system is connected
to produce a complete system which is bigger and more complex than the
subsystem. The social impacts and benefits at each gas turbine compressor
station location are quantified based on relevant assumptions, employment
index, compressor station location characteristics, population area
characteristics, and the total installed capacities of the gas turbines dependent
on the gas compressor power requirements at each compressor station location.
The social impacts and benefits considered in this study are positive aspects
expected to improve the quality of life of the local communities. The direct social
impacts and benefits of gas turbine compressor station’s locations are quantified

under the following criteria:

¢ Predicted jobs creation

++ Road infrastructure

Other social benefits could be considered such as water infrastructure and
provision of electricity. But because this is a start, only two are included in this

study to describe the social impacts and benefits created by the proposed Trans-
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Saharan gas pipeline project. They can also be applied to any pipeline project.
Figure 7-1 shows the social module flowchart employed in this research work.

Figure 7-1 Social Module Flowchart

The socio-economic aspect quantifies in a first uncertain step the direct positive
social impacts on the quality of life of the local communities in monetary units.
The predicted jobs creation is quantified by the number of local jobs created and
the equivalent employment cost and benefits in monetary units of employees’
salaries and income taxes generated. Road infrastructures are quantified in terms
of road benefits, road construction costs, and road tax. Figure 7-2 shows the
complete socio-economic model utilised in this study.

Land-Use Area Road benefit, Cost, Tax

Social BT Road-Infrastructure Nfs] MU S KN4 SOCioeconomic

Job Creation > Output

Impact

Figure 7-2 The Socio-economic Model

The input to the socio-economic model represents each of the social impact
criteria evaluated in this research. The gas turbine compressor stations and
pipeline systems land-use areas incorporating the social influence areas are
inputs to road infrastructure impacts. The job index obtained from literature
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studies are inputs to predicted jobs creation. The outputs from the socio-
economic model are the socio-economic costs and benefits derived from each
social impact and benefits analysis. The socio-economic output from the
predicted jobs creation is the employment benefits in terms of employees’
salaries and income taxes. The socio-economic outputs from the road

infrastructure impacts are road benefits, road construction costs, and road tax.

7.3 Social Impacts and Benefits Analysis

The base map of the compressor station locations social influence areas along
the pipeline route is constructed to evaluate the social impacts and benefits. The
crux of this part of the research from a social benefit perspective is as follows.
How will the local communities with different social profiles, population
characteristics, and location characteristics within the social influence areas
along the pipeline route benefit from the construction, installation, and operation
of the gas turbine compressor stations? How are these compressor station
activities perceived considering the resulting social benefits in terms of new jobs

and new roads? The following were identified within this map areas:

% Population areas and location characteristics and classified as rural,
suburban, or urban

+ Level of wealth and classified as low-, middle-, or high-income group

% The location and layout of potential routes for road infrastructure land-use
impact areas. Land use impact areas are land areas directly impacted for
new road infrastructure creation due to the construction, installation, and
operation of gas turbine compressor stations

« Areas not to be touched for environmental or cultural reasons

The constructed maps serve as templates for showing the link between the
compressor station locations and identified social benefits. They are used in
subsequent analyses of the predicted jobs creation and road infrastructure

Impacts at each gas turbine compressor station location along the pipeline route.
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7.3.1 General Social Benefits and Socio-economic Assumptions

1. Social benefit width is assumed to be 100 km to each side of each gas

turbine compressor station along the pipeline route. In this study, social

benefit width is the extent of the social influence areas from each side of

the compressor station and pipeline system. It shows how wide the social

influence area is from each side of the compressor station and pipeline

system.

2. Population densities are classified into three types: rural, suburban, or

urban

3. The level of wealth is classified as low-, middle-, or high-income group

Different salaries apply to each income group

Direct positive social impacts on the local communities are considered in

this study. The indirect social impact such as indirect employment and

negative social impacts such as accident fatalities, the potential death of

employees, and displacement of local communities from the compressor

stations are not considered

Project life of 30 years

Construction and installation duration is 3 years

Operation and maintenance occur over the project lifecycle

© © N o

segment has a social influence area about 100 km wide

| considered discrete pipeline segments, each 10 km long. Each pipeline

10. Techno-economic aspect of gas turbine compressor station locations for

natural gas transportation in pipelines has no direct impact on the quality

of life of the local communities but depends on the decision-makers and

pipeline investors choices

The population map depicted in Figure 3-3 shows the population densities

observed at specific locations along the proposed Trans-Saharan gas pipeline

route. Table 3-1 shows the corresponding wealth map information according to

the income group utilised in this study.
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7.3.2 Predicted Jobs Creation

It is a well-known fact that power plants provide job opportunities to people
throughout their lifecycle, and the locality where these power plants are installed
have based their prosperity and development on them [98]. The construction,
installation, and operation of gas compressors and gas turbine power plants at
each compressor station location along the natural gas pipeline route is expected
to improve the social benefits on the local communities. This is in form of new
jobs creation that will lead to enhanced quality of life of the community. The direct
social impact of gas turbine compressor stations in terms of employment is
quantified by the number of local and foreign jobs created. Employment created
in the construction and installation phase of the project is temporary jobs
measured in jobs-years. In this situation, the employment index is spread over
the construction and installation duration of the project to obtain an average
annual job number that can be directly added to the operation and maintenance
jobs. Employment created in operation and maintenance phase is permanent
jobs measured in jobs. The permanent jobs are average over the project lifecycle
to obtain annual operation and maintenance jobs. The total employment
associated with each gas turbine compressor station location is estimated using
a common metric of annual jobs created per 10000 population in the construction
and installation stage and the operation and maintenance stage. This is summed
together over the project lifecycle. The following shows the sources and

assumptions for the job index utilised in this study:

% The employment index is 0.25 jobs/MW for the construction and
installation stage, and 0.70 jobs/MW for the operation and maintenance
stage

s The employment index for the construction and installation stage was
taken from a combination of three sources: Kammen et al. [159],
Fankhaeser et al. [123], and Mu et al. [160]

« Employment index for the operation and maintenance stage were taken
from combination of four sources: Kammen et al. [159], Mu et al. [160], Cai
et al. [126], and Wang et al. [161]
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Direct jobs creation from gas turbine compressor station locations are
considered, indirect and induced employment impacts are not considered.
Direct jobs are jobs directly created from the construction, installation, and
operation of the compressor station. Indirect employment is employment
not directly related to the operation of the compressor station. They are
jobs generated by other businesses located around the compressor
station. Those in the indirect jobs support the operation of the compressor
station and pipeline project by selling goods and services to those in the
direct jobs. Induced employment is employment that depends on the
purchases made by the employees in direct and indirect employments. An
example of induced employment is employees in either direct or indirect
employment spending part of their salaries at any business centre in their
communities. This business centre is not related to the operation of the
compressor station and pipeline project. However, the salaries are re-
distributed into the economy and aid in sustaining other jobs produced
from the business centres.

Local jobs are assumed to reside to each side within the social benefit
influence areas of the gas turbine compressor station locations along the
pipeline route.

| considered scenarios in which the predicted local jobs created consisted
of assumed percentages of potential total jobs evaluated at each gas
turbine compressor station location along the pipeline route. The potential

total jobs are made up of local jobs and foreign jobs.

The following five local jobs scenarios were evaluated at each compressor station

location:

1.

Local jobs equivalent to 20% of the potential total jobs at the first year of
project

Local jobs equivalent to 40% of the potential total jobs at the second year
of project

Local jobs equivalent to 60% of the potential total jobs at the third year of

project
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4. Local jobs equivalent to 80% of the potential total jobs at the fourth year of
project

5. Local jobs equivalent to 100% of the potential total jobs from the fifth year
of project up to the project lifecycle

The predicted jobs creation is quantified based on the employment index of
natural gas-fired power plants, compressor station location characteristics,
population area characteristics of compressor station locations along the pipeline
route and the installed capacity of each gas turbine compressor station location
dependent on the gas compressor power requirement. The predicted local jobs
creation J,,.q» 1S @ function of the compressor station location characteristics L.

Mathematically, this is expressed as follows:
Jiocat = f(Ls) (7-1)

The population area characteristics determine the magnitude and type according
to income level the predicted local jobs created at each gas turbine compressor
station location. The gas compressor and gas turbine performance
characteristics are evaluated following the methodology and procedures outlined

in chapters 4 and 5 of this research work.

For a given gas compressor discharge pressure P, flow rate Q, gas gravity G,
gas compressibility Z, pipeline constant diameter D, and pipeline distance, L. The
gas compressor suction pressure, P,, a function of the pipeline distance L,
equivalent to the distance between compressor stations. Thus, a function of

compressor station locations is evaluated using Weymouth gas flow equation

given by:
(7-2)
2 Pp ?
, 1 0 (T_b) GT;L.Z
27 les|"  (0.0037435)2E2(D2667)2
Where:

E = Pipeline efficiency, %
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s = Elevation adjustment parameter

Tt = Gas flow temperature, K
Pb = Base pressure, kPa
Tb = Base temperature, kPa
Le = Pipeline equivalent length, km
P2 = Gas compressor suction pressure
P1 = Gas compressor discharge pressure
The polytropic head developed by the gas compressor is given by:
—(n-1) (7-3)

H =7 RT,—~ (P2> " 1
Pt n—1|\p,

Where:

Hp = Polytropic head, KJ/kg

Za = Average compressibility factor

R = Gas constant, KJ kg* K-1

Tt = Gas flow temperature, K

n = polytropic exponent

P2 = Gas compressor suction pressure
P1 = Gas compressor discharge pressure

The gas compressor power requirements at each compressor station location are

evaluated using the following equation:

mH, (7-4)
PG =
3600np

Where:
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Pc = Gas compressor power requirement, kW
m = mass flow rate, kg/s

Hp = Polytropic head, KJ/kg

n, = Polytropic efficiency

Substituting for P, in Equation (7-3) and H,, in Equation (7-4), the gas compressor

power requirement can be written as:

=GR (7-5)
P,; \ . "
o)
e[ ' (9.5854e — 7)E*D>3*(H, — H,)
mZ,RT; ~ f T 2 -1
P. =
¢ 36007,
Where:

Pc = Gas compressor power requirement, kW
m = mass flow rate, kg/s

n, = Polytropic efficiency

Za = Average compressibility factor

R = Gas constant, KJ kg* K-1

Tt = Gas flow temperature, K

n = polytropic exponent

P1 = Gas compressor discharge pressure

Q = Volumetric flow rate, (m3/day)

Tb = Base temperature, K
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Po = Base Pressure, kPa

L = Pipe length, km

Z = Compressibility factor, dimensionless
D = Pipeline diameter, mm

e = 2.71828 (Euler's number)

s = Elevation adjustment parameter

Hi = Upstream elevation, m

H2 = Downstream elevation, m

The gas turbine installed capacities were evaluated by considering a minimum
power margin M, between the gas turbine power and the gas compressor power
requirement at each compressor station location. American Petroleum Institute
standard 616 [162] recommended a minimum power margin of 10%. The gas
turbine installed capacity P;, measured in megawatt based on gas compressor

power requirement is evaluated as follows:

(M +Pg) (7-6)
T = 1000

Where:

Pc = Gas compressor power requirement, kW

Pt = Gas turbine installed capacity, MW

M = Power margin between gas compressor and gas turbine powers

The gas compressor power requirement is a function of the compressor station
location. Thus, the gas turbine installed capacities are functions of the gas

compressors' power requirement and the compressor station locations.

The common method used in the literature to estimate direct jobs created by
energy technologies is to determine the ratios of direct jobs created per installed

capacity. In this approach, the direct jobs created is a function of the employment
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index and the installed capacity. References [99]; [100]; [126]; [161] utilise this
method. The present study derives the direct jobs created based on this approach
and in terms of the compressor station location. Consequently, the predicted local
jobs creations are a function of the compressor station location. Notably, the
predicted jobs were evaluated based on the maximum compressor station

location ambient temperature at all seasons of the year.

The social influence area at each compressor station location is a function of the

compressor station location. It is evaluated as follows:

Ag = wg * L (7-7)

Where:

As = Social influence area at each compressor station location, km?
w,= social benefit width, km

L = Pipe distance, km

The total population estimated at each social influence area of each compressor

station location is given by:
P; = As * Ds (7-8)
Where:
As = Social influence area at each compressor station location, km?
D, = Population density, (Person/km?) (from map)
P, = Social influence area population, Persons

By substituting equation (7-7) into equation (7-8) the social influence area

population can be written as:

P, =wg * L *Dg (7-9)

The annual local and foreign jobs created per 10000 head populations in the

construction and installation stage J., at each compressor station location is
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evaluated based on references [99]; [100]; [126]; [161] and in terms of
compressor station location. By utilising equations (7-7) and (7-8), the annual
jobs created per 10000 head populations in the construction and installation stage
Jc, at each compressor station location is evaluated as follows:

10000 * E¢ * Py (7-10)
C T Texws*LxDy

Where:

E. = Employment index for construction and installation stage, (jobs-years/MW)
T, = Construction and installation duration, (years)

w, = Social benefit width, (km)

D, = Population density, (Person/km?) (from map)

L = Pipe length, km

Pt = Gas turbine installed capacity, MW

Substituting for P; from Equation (7-5) and P, from Equation (7-6) into Equation
(7-10) the annual jobs created per 10000 head populations in the construction

and installation stage are expressed as follows:

| (7-11)

_ —
1l o*( b/Tb) T?Z2(es — 1)L
es |’ ~ (9.5854e — 7)EZD534 (0, — Hy)

Py

—
D ——

36007,

0.1Tw, LD
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Similarly, the annual local and foreign jobs created per 10000 head populations
in the operation and maintenance stage J,,, at each compressor station location
is evaluated based on references [99]; [100]; [126]; [161] and in terms of
compressor station location. By utilising equations (7-7) and (7-8), the annual
jobs created per 10000 head populations in the operation and maintenance stage
Ju, at each compressor station location is evaluated as follows:

10000 * Ey * Pp (7-12)
T wgxLxDg

M

Where:

E); = Employment index for operation and maintenance stage, (jobs/MW)
w, = Social benefit width, (km)

D, = Population density, (Person/km?) (from map)

L = Pipe length, km

Pt = Gas turbine installed capacity, MW

Substituting for P; from Equation (7-5) and P, from Equation (7-6) into Equation
(7-12) the annual jobs created per 10000 head populations in the operation and
maintenance stage J,, at each compressor station location is expressed as

follows:
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| (7-13)

] (9.5854e — 7)E2D533%(H, — H,)

Py

—
D —
B

Ew M+ 36007,

Ju = 0.1w,LD,
Where:
E); = Employment index for operation and maintenance stage, (jobs/MW)
w, = Social benefit width, (km)
M = Power margin between gas compressor and gas turbine powers
D, = Population density, (Person/km?) (from map)

Other terms in the above equations have their usual meaning. The total annual
jobs created J;, is the sum of the annual jobs created in the construction and
installation stage /., and the operation and maintenance stage J,,, respectively,

and is given by:
Je=Jc+ Ju (7-14)

The total jobs created at a particular compressor station location over the project

lifecycle J;, can be written as:

n=30 (7-15)
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The total jobs created by the whole compressor station and pipeline system over
the project lifecycle J,, is the algebraic sum of the lifecycle jobs created at each

compressor station location and is given by:

N (7-16)

Where:
k=12,3...N

N = 18 (baseline case)

7.3.3 Employment Benefits

7.3.3.1 Assumptions

1. Annual salaries per local job created are classified according to the level
of wealth and are different for each income group.

2. Salaries are assumed to be the same for all stages over the project
lifecycle. These stages comprise the construction and installation stage,
and the operation and maintenance stage.

3. Annual average salary data are taken from the 2019 National
Occupational Employment and Wage Estimates, United States Bureau of
Labour Statistics [163] for installation, maintenance and repair
occupations and assumed as the annual salaries per foreign job created
according to income groups.

4. The annual gross salary according to income groups is evaluated for
Nigeria in naira and converted to dollars based on the exchange rate for
the reference year. The 2020 calendar year value for the low-income rural
Nigeria is reported as NGN 1,664,136 equivalent to $ 4,380 [164]. The
middle-income average annual salary is reported as NGN 4,068,000,
equivalent to $9,804. The high-income average annual salary is reported
as NGN 18,120,000 equivalent to $43,704 [165]. These are assumed to

be the annual salaries per local job created according to income groups.
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5. The social discount rate is 5% [166]. The social discount rate has been
used to calculate the present value of a project’s future social costs and
benefits. Following suggestions in the literature, this study uses a social
discount rate to discount future social costs and benefits.
Warusawitharana [166] suggested an average social discount rate of 5%
for developing countries after adjusting for inflation. Based on this
suggestion, this study utilises an assumed social discount rate of 5% in
discounting future benefits to the reference time at year zero.

Table 7-1 shows the annual salary data per foreign job created according to

income groups.

Table 7-1 Annual salary data per foreign job according to income groups [163]

S/INIncome Group Annual Salary

1. Low $28,190
2. Middle $48,750
3. High $64,490

The employment benefit Sy, is a function of the predicted jobs created and the
income level S, of the identified social benefit population areas. Mathematically,

this is expressed as follows:
Sy = f(/c; ]MIS) (7-17)

The future annual salaries are discounted to the reference year zero at the
beginning of the project. The employment benefits at a particular compressor

station location estimated over the project lifecycle are given by:

n=30 7-1
JiPsS (718
SN =

(1+7)t
i=1

Where:

Sy = Employment benefit ($)
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J: = Annual jobs created per 10000 head population, (job/person)

P, = Total population at the social influence area of each compressor station

location, (persons)
S = Annual salary per local job created according to income level ($/job)

1, = Social discount rate

i=1,2,3...30

The employment benefits received from the whole compressor station and

pipeline system is given by:
(7-19)

n
St == z SN
j=1

Where:
S; = Total employment benefits received from the project
j=1,2,3...n

n = 18 (Baseline case)

7.3.4 Jobs Creation: Non-Dimensional Social Uplift

In this section, a new variable of social uplift in monetary terms called the
employment benefit ratio is proposed. According to the assumptions made in this
study; discrete pipeline segments each 10 km long and has a social influence
area about 100 km wide is considered. The population value and level of wealth
for each 10 km pipeline segment are identified based on the population density
and income groups for the gas turbine compressor station locations for the

baseline case. They are shown in Figure 3-3 and Table 3-1, respectively.

An existing level of wealth S, is defined as the product of the population and the

average salary according to income groups for each pipeline segment with

198



respect to the wealth map obtained along the pipeline route as depicted in Table

3-1 and is given by:

Sg = PS (7-20)

The cumulative value of new salaries, otherwise known as employment benefit
Sy, is defined as the algebraic sum of the salaries associated with the predicted
jobs created at the gas turbine compressor station if the station is in that pipeline
segment. A new variable of social uplift from jobs created within the social
influence areas at each compressor station location along the pipeline route is
proposed. This is called the employment benefit ratio or non-dimensional social

uplift from jobs creation EBR, and is given by:

S 7-21
EBR = ( )
Sg

Where:

EBR = Employment Benefit Ratio, (dimensionless)

Sy = Cumulative value of new salaries (employment benéefit), ($)

Sp = Cumulative value of existing salaries (existing level of wealth), ($)
Appendix R shows employment benefit test case.

7.3.5 Land Use - Road Infrastructure Creation

The objective of this section is to quantify the direct land-use impact areas
requirement on the local community associated with road infrastructure creation.
Also, is to determine the benefits of new roads within the social influence areas
at each gas turbine compressor station location along the pipeline route. To the
best of the present author's knowledge, this is the first-time direct lifecycle land-

use impact areas are examined for gas turbine compressor stations for pipeline
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applications. The following assumptions are considered in the estimation of the

land-use impacts:

¢ Pipeline distance equivalent to transmission pipeline land length

¢ Transmission pipeline right-of-way land width is 23m [39]

s Project lifecycle of 30 years

% Land-use quality is not considered in this study

+« Direct land-use impact in the installation and operation stage over the
project lifecycle is considered in this study

Table 7-2 shows the percentage distribution of the compressor stations impact
areas based on data from the Trans-Saharan gas pipeline report, other projects,

and informed engineering judgement.

Table 7-2 Distribution of Compressor Station Impact Areas

1. Gas Turbine Power Plant Area 2%
2. Gas Compressor Area 2%
3. Roads Infrastructure 29%
4, Transmission Pipeline Area 60%
5. Other 7%

The land-use impact estimates the direct land impact area requirements from the
installation and operation of gas turbine compressor stations for natural gas
transportation in pipelines. The compressor station land areas, transmission
pipeline land areas, road infrastructure, and other land areas made up the gas
turbine compressor stations and pipeline system total equivalent land-use areas.
In this study, ‘Other’ land areas are defined to include pipeline auxiliaries, staging
areas, and construction-related areas. The transmission pipeline land-use area

is estimated using the following equation:

A, = W,L (7-22)
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Where:

Ap = Transmission pipeline land-use area, (km?)

W, = Transmission pipeline land-use width, (km)
L = Transmission pipeline land-use length, (km)

Equation (7-22) is normalised based on the transmission pipeline percentage
share of area SA,, and the total land-use equivalent area SA,. The transmission
pipeline percentage share of area SA,, obtained from Table 7-2 is equal to 60%.
The percentage share of the total land-use equivalent area SA4; is the sum of the
percentage shares of compressor station land areas, transmission pipeline land
areas, road infrastructure, and other land areas obtained from Table 7-2. It is

equal to 100%. Thus, the normalised total land-use area is given by:

SA; (7-23)
A= |— A
- ()

Where:

A, = Total compressor station and pipeline system land-use equivalent area (km?)
SA; = Percentage share of the total land-use equivalent area, (%)

SA, = The transmission pipeline percentage share of area, (%)

A, = Transmission pipeline land-use area, (km?)

The gas turbine power plant and gas compressor land-use areas, Ay and A, are
estimated based on their percentage share of areas SA; and SA; respectively,

and are given by the following equations:

Ar = SALA, (7-24)
Ag = SAGA, (7-25)

The compressor station land-use area A, is the algebraic sum of the gas turbine

and gas compressor land-use areas and is given by:
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AC = AT + AG (7-26)

The road infrastructure land-use area Az, and other land-use area A,, are

estimated using the following equations:

Ap = SARA; (7-27)
A, = SA,A; (7-28)

Substituting for A;, the road infrastructure land-use impact area can be written

as:

5 (7-29)
AR = <§)SARWpL

Where, SA, and SA, are their percentage share of areas, respectively.

The road infrastructure creation is quantified based on the land-use and
compressor station location characteristics, population area characteristics of
compressor station locations along the pipeline route and the installed capacity
of each gas turbine compressor station location dependent on the gas
compressor power requirement. The road infrastructure creation is a function of
the land-use characteristics Az, compressor station location characteristics Ly,
and gas turbine performance characteristics, Pr. Mathematically, this is

expressed as follows:

LUz = f(Ag, L, Pr) (7-30)

Where, LUy is the road infrastructure impact area, (km?/MW) per 10000 head

population at the evaluated compressor station location.

The population area characteristics determine the magnitude and type according
to income level the road infrastructure created at each gas turbine compressor

station location. The gas compressor and gas turbine performance
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characteristics are evaluated following the methodology and procedures outlined

in chapters 4 and 5 of this research work.

For a given gas compressor discharge pressure P, flow rate Q, gas gravity G,
gas compressibility Z, pipeline constant diameter D, and pipeline distance, L. The
gas compressor suction pressure, P,, a function of the pipeline distance L,
equivalent to the distance between compressor stations and thus a function of
compressor station locations is evaluated using Weymouth gas flow equation
depicted by Equation (7-2). The polytropic head developed by the gas
compressor is given by Equation (7-3).

The gas compressor power requirements at each compressor station location are
evaluated using Equations (7-4) and (7-5). The gas turbine installed capacities
were evaluated by considering a minimum power margin M, between the gas
turbine power and the gas compressor power requirement at each compressor
station location. American Petroleum Institute standard 616 [162] recommended
a minimum power margin of 10%. The gas turbine installed capacity Py,
measured in megawatt based on gas compressor power requirement is

evaluated using Equation (7-6).

The gas compressor power requirement is a function of compressor station
location. Thus, the gas turbine installed capacities are functions of the gas
compressors power requirement and the compressor station locations.
Consequently, the road infrastructure creations are function of the installed
capacities and compressor station location. More so, it is pertinent to note that
the road infrastructure creations were evaluated based on the maximum
compressor station location ambient temperature at all seasons of the year.
Concentrating on the areas of the compressor stations impacted, the land-use

impact areas are evaluated using the following equation:

100004, (7-31)

L, = ——~
€7 PrwgLDy

Where:
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LU, = Land-use impact area of compressor station and pipeline system

component C, (km?/MW) per 10000 population

A = Land area of compressor station and pipeline system component C, (km?)
C = Pipeline, Road, Compressor Station, Other

j=1,2,3,...18 (Baseline case)

w, = Social benefit width, (km)

D, = Population density (Person/km”2) (from map)

Pt = Gas turbine installed capacity, MW

The road infrastructure impact created per 10000 head of populations at each
compressor station location is evaluated from equation (7-31) using the following

equation:

100004 (7-32)
LU= ——-
Prw,LD;

The road infrastructure impact created per 10000 head populations at each
compressor station location is evaluated as a function of the compressor station

location.

By substituting for A, in equation (7-29) and P; in equation (7-6) into equation (7-
32) the road infrastructure impact created per 10000 populations at each

compressor station location can be written as:
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L Ag +10%7 __ (7-33)
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Where, LUy is the road infrastructure impact area, (km?/MW) per 10000 head
population to one side of the social influence area at the evaluated compressor

station location. Other terms in the above equations have their usual meaning.

7.3.6 Road Benefits

The social benefits of the presence of new roads due to the road infrastructure

impacts within the social influence areas are numerous:

% Reduction in local communities’ isolation from other communities,
markets, and other social infrastructures

% Improvement in the quality of transportation and increased access to other
social services

% Travel time reduction, cheaper cost of transportation, and travel time cost

savings.

These benefits might lead to increase trade and jobs creation through the
improved movement of goods, services, and people from the local communities
to market, trade, and job centres. The following shows the social benefits

assumptions for road infrastructure creation.
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7.3.6.1 Social Benefit Assumption for Road Infrastructure

1.

7.
8.
9.

Road users are assumed to have two routes: existing route and new road
infrastructure route, respectively.

The mode of transportation for the existing and new road infrastructure
route is bus mode.

Both routes are assumed to have the same origin and destination, as
depicted in Figure 7-3.

Average bus speeds for the new route are classified according to
demographic areas and are shown in Table 7-3 [167].

The average bus speed for the existing route is 3 miles per hour.

The monetary value of travel time from new roads creation due to
additional trade, new employment, and increased socio-economic
activities are according to income groups and are assumed to reflect
employee’s wages and trader’s income (see Table 7-4).

The road width is 11 m.

Travel area is equivalent to the road infrastructure area.

Non-wage labour cost including labour-related overheads is negligible.

10.Five road trips per job are made per week.

11.The social discount rate is 5%. The social discount rate has been used to

calculate the present value of a project’s future social costs and benefits.
Following suggestions in the literature, this study uses a social discount
rate to discount future social costs and benefits. Warusawitharana [166]
suggested an average social discount rate of 5% for developing countries
after adjusting for inflation. Based on this suggestion, this study utilises an
assumed social discount rate of 5% in discounting future benefits to the

reference time at year zero.

New Route
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Figure 7-3 Assumed Existing and New Road Infrastructure Layout

Table 7-3 Average Bus Speed (source: [167])

Demographic Classification | Average speed (mph)

1. Urban 10
2. Suburban 14.3
3. Rural 20

In this study, the evaluation of the social benefits of the presence of new roads in
terms of the value of travel time savings (VTTS) was inspired by the work of
Fayyaz et al. [111]. Their study aims to compare the route choice behaviour of
general population respondents. Participants were urged to imagine travelling
from home to work by car with two route alternatives: the motorway and urban
road. The former alternative has a speed limit of 90 km/h, no traffic lights, and a
travel time of 6 minutes. The latter alternative has a speed limit of 50 km/h, four
traffic lights, and a longer travel time of 12 minutes. The reader can find a more

detailed description in reference [111].

However, due to a lack of data, the value of travel time savings in dollars per hour
($/hr) for each income group is calculated using the cost-savings approach. The
cost-savings approach assumes that the value of the time savings is equal to the
wage rate, including labour-related overheads [113]; [115]. Given that the new
road infrastructure to be assessed in this study benefits the entire population.
This research assumes that the non-wage labour cost component of the wage
rate is negligible. This is a reasonable assumption because it prevents an
overestimation of the value of travel time savings using the cost-savings
approach. It involves the computation of the average annual gross wage for each
income group. These average gross wages are divided by annual work hours to
obtain the average cost per hour for each income group. The results are utilised
in the journey time changes to get the social benefit of the new road

infrastructures.
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The annual hours of work per year, excluding holidays based on 52 weeks per
year, five days per week, and eight contract hours of work per day, are evaluated
for the 2020 calendar year to be 2068 hours. The annual gross salary according
to income groups is evaluated for Nigeria in naira and converted to dollars based
on the exchange rate for the reference year. The 2020 calendar year value for
the low-income rural Nigeria is reported as NGN 1,664,136 equivalent to $ 4,380
[164]. The middle-income average annual salary is reported as NGN 4,068,000,
equivalent to $9,804. The high-income average annual salary is reported as NGN
18,120,000 equivalent to $43,704 [165]. The value of travel time savings in dollar

per hour ($/hr) for each income group is evaluated as follows:

Annual gross salary ($) (7-34)

$
VTTS)(—) =
( )(hr) Annual hours of work (hr)

Table 7-4 shows the estimated value of travel time savings (VTTS) according to

income groups for this study.

Table 7-4 Value of travel time savings according to income groups

s o

1.  Low 2.12
2. Middle 4.74
3. High 21.13

Moreover, it is recommended that other approaches, such as the willingness-to-
pay approach based on the revealed preference method and stated preference
method, be explored in future studies for the value of travel time savings

estimation.

This study evaluates the monetary value of the highlighted social benefits of the
presence of a new road within the social influence area arising from the road
infrastructure impacts at each compressor station location. This road benefit is in
terms of travel time cost savings between the existing and new road

infrastructures layout (see Figure 7-3) using a developed code written in MATLAB
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environment. The road benefit Ry, is a function of the road infrastructure impact
LUy, the value of travel time cost savings (T, — T, ), annual jobs created J;, and
the income level S, of the identified social benefit population areas.

Mathematically, this is expressed as follows:

RB = f(LURJ Teanf]tl S) (7'35)

The travel area at each compressor station location is expressed in terms of the

road infrastructure impact area LUy, obtained from equation (7-32) as follows:

a LURP.P; (7-36)
R 10000

Where:

Ap = Travel area, km? (equivalent to road infrastructure area)
P, = Social influence area population, (Persons)

LU= Road infrastructure impact area, (km? MW-! Persons™)
Pt = Gas turbine installed capacity, MW

The travel distance at each compressor station location is evaluated using the

following equation:

Ag (7-37)

Where:

D = Travel distance, km

Ar = Travel area, km? (equivalent to road infrastructure area)
W = Road width, km

The travel time at each compressor station location for the existing route is
evaluated using the following equation:
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(7-38)

Where:

D = Travel distance, km

t. = Travel time for existing road, hour

U, = Travel speed for existing road, km/hour

The travel time cost at each compressor station location for the existing route is

evaluated using the following equation:

T, = t (VTTS) (7-39)
Combining equations (7-36) to (7-39) the travel time cost at each compressor
station location for the existing route is evaluated as follows:

_ LURP,Pr(VTTS) (7-40)
¢ 10000WU,

Where:
T, = Travel time cost for existing road, ($/road trip)
VTTS = Value of travel time savings ($/hr)

U, = Travel speed for existing road, (km/hr)

W= road width, (km)

P, = Social influence area population, (Persons)

LU= Road infrastructure impact area, (km? MW-! Persons™)
Pt = Gas turbine installed capacity, MW

Similarly, the travel time at each compressor station location for the new route is

evaluated using the following equation:
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(7-41)

Where:

D = Travel distance, km

t, = Travel time for new road, hour

U,, = Travel speed for new road, km/hour

The travel time cost at each compressor station location for the new route is

evaluated using the following equation:

T, = t,(VTTS) (7-42)

Combining equations (7-33), (7-37), (7-41) and (7-42), the travel time cost at each
compressor station location for the new road infrastructure route is evaluated
using the following equation:

_ LURP,Pr(VTTS) (7-43)
" 10000WU,

Where:
T,, = Travel time cost for new road, ($/road trip)
VTTS = Value of travel time savings, ($/hr)

U,, = Travel speed for new road, (km/hr)

W= road width, (km)

P, = Social influence area population, (Persons)

LU= Road infrastructure impact area, (km? MW-! Persons™)
Pt = Gas turbine installed capacity, MW

The social benefits of the presence of a new road Rg, in $, within the social
influence area at each compressor station location in terms of the travel time

cost savings is then calculated as follows:
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Rp = (Te =T, )NJ; (7-44)

Where, N; is the number of road trips per job and J; is the annual jobs created
(see Appendix Q). The future road benefits are discounted to the reference year

zero at the beginning of the project using the assumed social discount rate of 5%.

7.3.7 Road Infrastructure Creation: Non-Dimensional Social Uplift

In this section, a new variable of social uplift in monetary terms called the road
benefit ratio is proposed. According to the assumptions made in this study;
discrete pipeline segments each 10 km long and has a social influence area about
100 km wide is considered. The population value and level of wealth for each 10
km pipeline segment is identified based on the population density and income
groups for the gas turbine compressor station locations for the baseline case and

are shown in Figure 3-3 and Table 3-1 respectively.

An existing level of wealth S, is defined as the product of the population and the
average salary according to income groups for each pipeline segment with
respect to the wealth map obtained along the pipeline route as depicted in Table
3-1 and is given by Equation (7-20). A new variable of social uplift from new road
infrastructure creation within the social influence areas at each compressor
station location along the pipeline route is proposed. This is called the road
benefit ratio or non-dimensional social uplift from new road infrastructure creation

RBR, and is given by:

R 7-45
RBR = —2— ( )

Where:
RBR = Road Benefit Ratio, (dimensionless)
Rp = Road benefit, ($)

Sy = Existing level of wealth at the social influence area for each pipe segment

($)
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7.4 Social Benefits Results and Discussion

7.4.1 Predicted Jobs Creation

Figure 7-4 shows a comparison of total potential foreign and local jobs created to
one side of the social influence area at each compressor station location for the
baseline case comprising 18 compressor station locations along the pipeline
route. One potential local job is created per 10000 population at compressor
station locations 1 and 2. Surprisingly, there are no foreign jobs imported at both

locations.

Local Jobs Foreign Jobs

80
60
40

20

Jobs per 10000 Population (Jobs)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

Figure 7-4 Comparison of Potential Foreign and Local Jobs Created to One Side

of each Compressor Station Location

In contrast, eighty-nine local jobs are created per 10000 population at compressor
station location 18. More so, twenty-three foreign jobs are imported at the same
location. The high number of foreign jobs imported at compressor station location
18 correlates with the high number of local jobs created at the same location. This
location is expected to be associated with rural communities in the low-income
group. The high number of unskilled local jobs created will necessitate the need
for additional foreign skilled jobs. Additionally, employees have low-salaried jobs
at this location compared to urban dwellers. Thus, they do not have the means to
commute long distances outside their location as they have limits on their
geographic movement to work. Consequently, these factors might make the rural

communities the preference for local jobs.
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However, compressor station locations 1 and 2, each with one local job and no
foreign job, are expected to be associated with city dwellers in the high-income
group and with the most skilled workgroup. Additionally, employees at these
locations have high-salaried jobs compared to rural dwellers and have the means
to commute long distances to their workplaces irrespective of how far they are
from their locations. Consequently, the additional value of jobs created at these

locations will have little effect.

Figure 7-5 shows the social uplifts from jobs creation in terms of the employment
benefit ratio at each compressor station location for the baseline case comprising
18 station locations.

0.005
0.0045
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005
0

Employment Benefit Ratio

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Station Number

Figure 7-5 Social Uplifts from Jobs Creation at each Compressor Station

Location (Baseline)

The employment benefit ratio is about 6.41e-5 and 6.58e-5 at compressor station
locations 1 and 2, respectively. At compressor station location 18, the
employment benefit ratio is about 0.00477. The employment benefit ratio at
compressor station location 18 is almost two orders of magnitude greater than
those of locations 1 and 2. The results show high social uplifts from new jobs

creation at compressor station location 18 associated with rural dwellers and a
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high number of potential local jobs creation compared to the low social uplifts
from jobs creation experienced at compressor station locations 1 and 2 that is
associated with city dwellers and with little or no jobs creation. The results
obtained for the employment benefit ratio from Figure 7-5 is seen to verify the
assertions made from the potential jobs created from Figure 7-4. A similar
explanation can be given for other evaluated compressor station locations.

7.4.2 Road Infrastructure Impact

Figure 7-6 shows that the average gas turbine impact area aligns with estimates
reported by Chatzimouratidis and Pilavachi [98] and Afgan and Carvalho [102],
respectively. The differences observed present no serious implications since this
is the first-time direct land-use impact is applied to compressor stations and

pipeline systems.

M Present Study M Chatzimouratidis and Pilavachi[94] Afgan and Carvalho [98]
0.0040

0.0035

0.0030

0.0025
0.0020
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0.0010
2 3 4 5 6 7

1 8 9 10 11 12 13 14 15 16 17 18
Station Number

Gas Turbine Impact Areas
(kmA2/MW)

Figure 7-6 Comparison of Gas Turbine Direct Land-use Impact Areas with

Literature Estimates

Figure 7-7 shows the distribution of direct land-use impact areas for the gas
turbine compressor stations and pipeline systems. The compressor station
Impact area comprises gas turbine power plant and gas compressor impact
areas. Most of the direct social impacts are associated with road infrastructure.
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Figure 7-7 Distribution of Direct Land-use Impact Areas

The road infrastructure impact areas are about 0.0001 km?MW per 10000
population at compressor station locations 1 and 2, respectively. The road
infrastructure impact area is about 0.0002 km?/MW per 10000 population at
compressor station location 11. The impact areas vary across the gas turbine
compressor station locations and depend on the land-use characteristics, station
location characteristics, population characteristics, performance characteristics,
and income level. Results show that about 0.0044 km2/MW per 10000 population
will be directly impacted by the anticipated land use for road infrastructure
creation at compressor station location 18 to improve the local community’s
socio-economic growth and development and to meet the daily natural gas

production over the lifecycle of the proposed Trans-Saharan gas pipeline project.

Additionally, the road infrastructure impact at compressor station location 18 is
over four times one order of magnitude larger than the impacts obtained at
compressor station locations 1 and 2. Thus, compressor station location 18 is
expected to be associated with rural dwellers in the low-income group since there
are little or no existing transportation networks at this location. Hence, new road
infrastructures will have greater socioeconomic benefits in these communities.

However, compressor station locations 1 and 2 with the lowest impact areas
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respectively, are expected to be associated with urban dwellers in the high-

income group.

Figure 7-8 shows the social uplift from road infrastructure in terms of the road

benefit ratio at each compressor station location for the baseline case comprising

18 compressor station locations.
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Figure 7-8 Social Uplift from Road Infrastructure at each Compressor Station
Location (Baseline)

The road benefit ratio is about 1.8e-4 at compressor station locations 1 and 2,
respectively. At compressor station location 18, the road benefit ratio is about
0.003. The road benefit ratio at compressor station location 18 is over one order
of magnitude greater than those of compressor station locations 1 and 2. The
results show high social uplifts obtained from the creation of new roads along the
social influence areas at compressor station location 18. This location is

associated with rural dwellers and high road infrastructure impact compared to
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the low social uplifts from new roads creation experienced at compressor station
locations 1 and 2. These locations are associated with city dwellers and with little
or no road infrastructure impact. The smaller social benefits observed at these
locations are probably because there might be existing road transportation
networks in the city. Thus, the additional value of the road infrastructure will have
little effect since there are other similar infrastructures at these locations. The
results obtained for the road benefit ratio from Figure 7-8 is seen to verify the
assertions made from the road infrastructure impacts from Figure 7-7. Similar

explanation can be given for other evaluated compressor station locations.

The road infrastructure connects the compressor stations to other transportation
networks, enhancing the quality of life of the community. The transmission
pipeline impact area will suffer little or no damage at the construction phase and

could be used for agricultural activities, animal grazing and other benefits.

The results further show that the employment benefit ratio and the road benefit
ratio would increase by a factor of 10 and reciprocal of new location. This ratio is
for every 10 km decrease in the distance at each compressor station location.
These findings represent one of the major contributions and novelty of this

research.

Results show promising improved stakeholders’ engagement. This will minimise
potential future delays and conflicts of interests by creating cooperation, stable
long-term policies and trust relationships between the organisation and
stakeholders (local community, employees). This is due to the resulting positive
social benefits obtained from the installation and operation of the gas turbine

compressor stations and pipeline project.

7.5 Socio-Economic Analysis: Road Infrastructure Costs

This study investigates five essential components of the road construction costs,

namely:

1. Surveying and staking
2. Site preparation: Clearing, Piling, and Grubbing
3. Earthwork
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4. Drainage
5. Pavement/Surfacing

This research utilises the unit costs estimation methods to calculate the total road
construction cost. The total unit cost of the road construction per unit length of
road will be the sum of the individual component’s costs. The following analyses
estimate the individual road construction component’s unit costs.

7.5.1 Surveying and Staking Cost

The surveying costs are dependent on the compressor station’s location, terrain,
and ambient conditions of the road infrastructure impact areas. Table 7-5 shows
the assumptions for the surveying and staking cost computation. The data are
obtained by scaling the values in [168] based on the ratio of per capita gross
domestic product (GDP) between Nigeria and the United States derived from
purchasing power parity (PPP) calculations. On this basis, the World Bank
estimates that the GDP per capita in US$ PPP is $ 63,544, $48 073, $ 44,916
and $5,187 for the United States, Canada, United Kingdom, and Nigeria,
respectively [169]. This gross domestic product estimate implies that the standard
of living in Nigeria is about one-twelfth that of the United States. This scaling
procedure is utilised in subsequent calculations involving data obtained from the
United States and other industrialised countries.

Table 7-5 Assumptions for Surveying and Staking [168]

Surveying Phase
_ Road location ($/mile) 93.87

- Traverse, Profile, x-section (P-line) 420.39
($/mile)

Adjustment factor 1.3

_ Staking Phase

il Establishing Alignments ($/mile) 93.87
"Il Establishing cross-section limits ($/mile) 334.68

N Adjustment factor 1.1

The unit cost at the surveying phase is estimated as follows:
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Sy = 0.6214,(x +y) (7-46)
Where:
S, = Surveying unit cost, ($/km)
x = Road location cost, ($/mile)
y = Traverse, Profile, x-section costs, ($/mile)
Ay = Adjustment factor
The unit cost at the staking phase is estimated with the following equation:
S¢ = 0.6214s(m +n) (7-47)
Where:
S, = Staking unit cost, ($/km)
m = Establishing Alignments, ($/mile)
n = Establishing cross section limits, ($/mile)
Ay = Adjustment factor

The total unit cost is the algebraic sum of the individual unit cost at the surveying

and staking phase, respectively, and is given by:
Se=8S,+ S; (7-48)
Where:
S, = Surveying unit cost, ($/km)
S, = Staking unit cost, ($/km)

S. = Surveying and staking unit cost, ($/km)
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7.5.2 Site Preparation Cost: Clearing, Piling and Grubbing

Site preparation costs comprising land clearing, piling, and grubbing costs

involving stump removal are evaluated by estimating the areas to be cleared,

piled, and grubbed per unit length of the road infrastructure. The following are the

assumptions for site preparation cost estimation.

7.5.2.1 Assumptions for Site Preparation Cost

1.

a k0D

Vegetation is classified as mediumly dense material ranging between 990
< trees/hectare < 1480 with no vine

Work is being done by a tractor of 305 hp

Road width is 11 m

Tractor owning and operating cost is $ 21.58 per hour [170]

25% of the total land area per km of road length being cleared and piled

for road construction will require grubbing and stump removal.

| utilised the formulas developed by Rome Industries [171] for estimating cutting

and piling time to estimate the total time required per unit road area for clearing,

piling, and grubbing. The tractor clearing time T, is given by:

T. = X(AB + M;N, + M,N, + M3N; + M,N, + DF) (7-49)

Where:

T, = Clearing time, (minutes/hectare)

X = Hard wood or density factor

A = Vine presence factor affecting base time

B = Base time (minute/hectare)

M = Minutes per tree in each diameter range

N = Number of trees per hectare in each diameter range

D = sum of the diameters of all trees per hectare greater than 180 cm (ft)

F = Minutes per 30 cm diameter for trees above 180 cm diameter
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X =1.3 for 75 - 100% hardwood

X =1.0for 25 — 75 % hardwood

X =0.7 for 0 — 25% hardwood

A = 1.0 for mediumly dense tree vegetation materials

Table 7-6 and Table 7-7 show the factors and constants and the assumed

average tree count per hectare utilised in the above equation.

Table 7-6 Production factors for felling with Rome K/G Blades [171]

Diameter Range (cm) Diameter

30-60 61-90 91-120 121-180 >180 cm

Tractor

per 30 cm
M, M, My M, F

305 hp 0.2 13 2.2 6 1.8

Table 7-7 Assumed Average tree count per hectare

Diameter <30 |[31-60|61-90 | 91-120 | 121-180 | Sum of trees
Range (cm dia > 180cm
900 70 12 6 4 366 cm (12
EES ft)

The piling time T,,, in minutes per hectare for a tractor utilising a K/G blade or rake

can be written as:

Tp = B + M1N1 + MzNz + M3N3 + M4N4_ + DF (7'50)

Where the variables in the equation are as defined above. The factors for
equation (7-50) are obtained from Table 7-8.
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Table 7-8 Production factors for piling in windrows [171]

30 60 61-90 91-120 121-180
M; M,
1.8 3.6 0.9

A factor of 1.25 was incorporated to account for increase in the total clearing and
piling time due to stump removal. The total time required by the tractor per km of

road length T, is given by:

5 -
T = §(0.75LA(TC +T,) +0.25 * 1.25L,(T, + T,,)) (7-51)

Equation (7-51) is simplified to:

85 (7-52)
T= 2gla(Te+T;)

Where:

T = Total tractor time (hour/km)

L, = Road infrastructure Land-use area per km of road length (km”2/km)
T, = Piling time, minutes/hectare

T, = Clearing time, (minutes/hectare)

The site preparation unit cost is the product of the tractor time required for
clearing, piling, and grubbing and the tractor owning and operating cost and is
given by:

=TV (7-53)

Where:

S, = Site preparation unit cost, ($/km)
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V = Tractor owning and operating cost, ($/hour)

7.5.3 Earthwork Cost

The topographic terrain of the location and layout of potential routes for road

infrastructure land-use impact areas within the social profile at each

compressor station location along the pipeline route are classified as flat,

rolling, or mountainous. Table 7-9 shows the topographic terrain classification

for each compressor station location. The following shows the assumptions

for earthwork cost estimation.

7.5.3.1 Assumptions for Earthwork

1.

Flat terrain topography is classified as gently sloping ground no more than
100 m elevation with a maximum slope of 5%

Rolling terrain topography is classified as sloping surface at most 35%
slope with elevation no more than 500 m

Mountainous terrain topography is classified as steeply sloping surface
greater than or equal to 35% slope and elevation above 500 m

Allowable road gradients for rolling and mountainous terrains are 12% and

35%, respectively

5. Climatic index for flat terrain is 0.5
6. Road width is 11 m
7. Work is being done by a tractor of 305 hp with a ripper of 150 m”3/hr

production rate
Tractor owning and operating cost is $21.58 per hour [170]

Table 7-9 Compressor station locations topographic terrain classification

Station No. |Elevation (m) | Topographic Terrain Classification

100 Flat

200 Rolling

600 Mountainous
402 Rolling

400 Rolling
A 400 Rolling

224



480 Rolling
“ 600 Mountainous
“ 800 Mountainous
1050 Mountainous
400 Rolling
400 Rolling
560 Mountainous
480 Rolling
600 Mountainous
900 Mountainous
700 Mountainous
240 Rolling

The earthwork volume in cubic metre per km of road length for the predicted road
infrastructure impacts was estimated using a model developed by Markow and
Aw [122] for earthwork volume in flat, rolling, and mountainous terrain. These
models were chosen because they consider the effects of topography, design
standards, flooding, and road costs in developing countries. Thus, encompassing
the locations of the proposed Trans-Saharan gas pipeline projects. The model
prediction was based on engineering principles of road design and construction.
It is simple to use being a function of road width and road length, while
considering the case of little or no available data that the present author believes
Is the most appropriate for this present study.

The earthwork volume for a flat terrain topography is given by:
Er = 684W (1 + 2.2C;) (7-54)
Where:
E¢= volume of earthwork for flat terrain (m”3/km)
W = road width (m)
C; = climatic index

The earthwork volume for a rolling terrain topography is given by:
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E. = 700W'{1 + exp[-0.49(R, — 0.5)]} (7-55)
Where:
E, = volume of earthwork for rolling terrain (m”3/km)
W = road width (m)

R, = allowable road gradient

The earthwork volume for a mountainous terrain topography is given by:
Ep = 1900W3{1 + exp[—0.25(R, — 1.5)[} (7-56)
Where:
E,, = volume of earthwork for mountainous terrain (m”~3/km)
W = road width (m)
R, = allowable road gradient

The earthwork volumes Eg, E,, E, are related to the tractor excavation and

production rate as follows:

b (7-57)
EX, = —
= E
P (7-58)
EX, = —
r E,r
P (7-59)
EX, = —
m Em

Where:

EX;, EX,, EX,, = excavation rate for flat, rolling, or mountainous terrain, (km/hr)

226



P. = production rate, (m”3/hr)

The earthwork unit cost per km length of road for flat, rolling, or mountainous

terrain is calculated using the following equations:

I (7-60)
f [
o = EX;
v (7-61)
E. =
cr EXT
% (7-62)
E —_
cm EXm

Where:
E.f, Ecy, Ecy = earthwork unit cost for flat, rolling, or mountainous terrain, ($/km)

V = tractor owning and operating cost, ($/hr)

7.5.4 Drainage Cost

In this study, drainage cost is assumed to consist of the cost of installing culverts.
It is assumed that the cost per linear metre of culvert is $36.33 per m [172] (scaled
on the basis of gross domestic product per capita in both countries). The number
of culverts installed per unit length of road is estimated using a drainage model
developed by [122] and is expressed as follows:

N, = 1.43T2® (7-63)
Where:
N, = number of culverts per unit length of road, (culverts/km)
T; = Terrain index

The terrain index for flat, rolling, or mountainous terrain is given in Table 7-10.
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Table 7-10 Terrain Index [122]

Flat 0.3
Rolling 6.2

Mountainous 9.2

The length of pipe culvert per unit length of road is given by:

L. = N.mW™ (7-64)
Where:
L. = length of pipe culvert per km of road length, (m/km)

m;, n;= constants and coefficient for flat, rolling, or mountainous terrain (see
Table 7-11)

Table 7-11 Constant and coefficient for terrain type [122]

Flat 1.41 1.1
Rolling 3.24 0.84
Mountainous 1.97 0.90

The cost per km length of culvert is estimated as follows:

D.= L.q (7-65)
Where:
D. = Drainage unit cost, ($/km)

q = cost per linear metre of culvert, ($/m)
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7.5.5 Pavement Cost
7.5.5.1 Assumptions for Pavement Cost

«» The cost of surfacing per unit road area is £8.08 per square metre [173]
(scaled on the basis of gross domestic product per capita in both
countries). This is converted to the equivalent amount in dollar ($) based

on the average exchange rate for 2020 obtained from [174]
% Road width is 11 m

The pavement cost per km of road is related to the land-use road surface area

and road width. The pavement cost is estimated as follows:
P. = 1000WSU, (7-66)
Where:
P. = pavement unit cost, ($/km)
W = road width, (m)
SU, = surfacing cost, ($/m"2)

7.5.6 Road Construction Cost

The total road construction unit cost per km length of road at each compressor

station location is the sum of the individual component’s unit cost and is given by:
Ryc= Sc+S,+E;+D:.+ P (7-67)

Where:

R, = Road construction unit cost, ($/km)

S. = Surveying and Staking unit cost, ($/km)

S, = Site preparation unit cost, ($/km)

E.; = earthwork unit cost, ($/km)

i =flat, rolling, or mountainous terrain

229



D, = Drainage unit cost, ($/km)

P. = pavement unit cost, ($/km)

The road construction cost is a function of the component’s road construction unit
cost, compressor station location characteristics, road infrastructure land-use

impact area, and the road width. The road construction cost is given by the

_ =m0 (7-68)

following developed model equation:
ot (Pyy,) 1p22e - v

an
j & |" ~ (9.5854e = NEIDSTHH, — )

mZaRTln_l k = P1 ‘J -1
LUy,

M
w (M 36007,

Where:

R. = Road construction cost, ($)

R, = Road construction unit cost, ($/km)
W= road width, (m)

LUg; = Road infrastructure land-use impact area of compressor station location |
(=1, 2,3, ...18) (baseline case)

Other terms in the above equation have their usual meaning.

The road construction costs are classified as social capital costs. They were
included in the capital costs estimation in the techno socio-economic aspects of

the project for the lifecycle costs and net present value computation.
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7.5.7 Road Tax

It is expected that revenues will be collected from road transportation when
operational through imposed road tax. The following are the assumptions for the

road tax estimation.

7.5.7.1 Assumptions for Road tax

% The data on road tax rates utilised to evaluate road tax revenues in this
study are obtained from [175]; [176]. For the 2020 financial year, the first
year and annual road tax rate for motor vehicles utilising conventional fuels
and assuming a carbon dioxide emission ranging from 90-100 g/km of
CO2 are £16.17 and £17.90, respectively (scaled on the basis of gross
domestic product per capita in both countries). These are converted to the
equivalent amount in dollars for 2020 conversion rates [174].

+« Data on the number of motor vehicles assumed registered to use the
newly constructed road at each compressor station location are retrieved
from a reference developing local government in Nigeria [177] and
shown in Table 7-12.
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Table 7-12 Number of Registered Vehicles [177]

I | 213?‘ 421 3| 25| 33?| 29?3‘

The road tax is estimated over the project lifecycle using the following

equation:

R, =v[w+ (I —1)z] (7-69)
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Where:

R; = lifecycle Road tax revenue, ($)
[ = project lifetime, years

v = number of registered vehicles
w = first-year tax rate, ($)

z = annual tax rate, ($)

7.6 Income Tax

7.6.1 Assumptions for Income Tax
1. Income tax rates are classified according to the level of wealth and are
different for each income group
2. Personal income tax is a percentage of each employee's annual salary as

stipulated in the Personal Income Tax (Amendment) Act of Nigeria [178]

Table 7-13 shows the annual salary and income tax data according to income

groups.
Table 7-13 Annual salary and income tax according to income groups [163]; [178]

S/NIncome Group Annual Salary Income Tax

1. Low $28,190 7% of annual salary
2. Middle $48,750 15% of annual salary
3. High $64,490 24% of annual salary

The annual income tax revenue I;, generated from the compressor station and

pipeline project is evaluated as follows:

I, =1, S, (7-70)

Where:
I; = Income tax rate (%)

S; = Total employment benefits received from the project
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7.7 Socio-Economic Life Cycle Costs and Benefits

The total socio-economic lifecycle costs S., arising from the evaluated social
impacts and social benefits from the construction, installation, and operation of
gas turbine compressor stations and pipeline systems is the sum of all the social

costs incurred from the proposed Trans-Saharan gas pipeline project and is given

by:

S.= E,+R, (7-71)
Where:
E. = Employment cost, ($)

R. = Road construction cost, ($)

The total socio-economic lifecycle benefits S,, arising from the evaluated social
impacts and social benefits from the construction, installation, and operation of
gas turbine compressor stations and pipeline system is the sum of all the social
benefits incurred from the proposed Trans-Saharan gas pipeline project and is

given by:
Sy =Sy +Rg+ 1, +R; (7-72)
Where:
Sy= Employment benefits, ($)
R, = Road tax, ($)
I; = Income tax, ($)
Ry = Road benefits, ($)

7.8 The Integrated Techno Socio-Economic Scenarios

The techno socio-economic scenarios integrate the technical and the social
aspects of the proposed Trans-Saharan gas pipeline project to give an overview
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of the potential economic performance of the compressor stations and pipeline
systems under all operating conditions. The social aspects are expected to
improve the quality of life of the local communities. The socio-economic benefits
derived from the integrated studies will lead to socio-economic growth and
development of the local communities at the social influence areas within each
gas turbine compressor station location along the pipeline route. Although the
techno-economic aspect of the project has no direct impact on the local
community’s quality of life, they are greatly significant in the direction of
shareholders’ goal evaluation. Since the main objective of shareholders in any
investment is the overall project profitability. Four techno socio-economic

scenarios are considered in this study:

« Scenario 1: Turbo-compressor availability is assumed to be 100%
(Baseline) while incorporating social costs and benefits comprising of the
evaluated predicted jobs creation and road infrastructure

% Scenario 2: There is no standby turbo-compressor unit installed at all
compressor station locations while incorporating social costs and benefits
comprising of the evaluated predicted jobs creation and road infrastructure

% Scenario 3: One standby turbo-compressor unit is installed at the first eight
compressor station’s location while incorporating social costs and benefits
comprising of the evaluated predicted jobs creation and road infrastructure

% One standby turbo-compressor unit is installed at all compressor station
locations while incorporating social costs and benefits comprising of the

evaluated predicted jobs creation and road infrastructure

Table 7-14 summarises the description of the techno socio-economic scenarios

considered in this research.
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Table 7-14 Techno socio-economic scenarios

S/N Techno Socio-economic Case Description

1. Scenario 1 Techno-economic: Baseline case, Availability is
100%
Socio-economic: Predicted jobs creation, Road
infrastructure

2. Scenario 2 Techno-economic: Availability Scenario 1 (No

standby unit)

Socio-economic: Predicted jobs creation, Road
infrastructure

3. Scenario 3 Techno-economic: Availability Scenario 2 (one
standby unit at first eight compressor station
locations)

Socio-economic: Predicted jobs creation, Road
infrastructure

The research project techno-economic lifecycle cost evaluated above consists of
the gas compressor cost, gas turbine cost, pipeline cost, auxiliaries cost, fuel
cost, and total maintenance cost and is given by Equation (6-40). The research
project socio-economic lifecycle cost evaluated above consists of the
employment and the road costs given by Equation (7-62). The integrated techno
socio-economic lifecycle cost Ly, for all scenarios considered in this research can

be written as:

Ly =L, +S. (7-73)

Where:
S. = Socio-economic lifecycle cost, ($)

L. = Techno-economic lifecycle cost, ($)
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7.8.1 Net Present Value Approach

The net present value analysis based on the techno socio-economic scenarios
study is estimated using Equation (6-41) and section 6.12.

The total annual revenue R,, from the project considering the techno socio-
economic case, is the algebraic sum of the net annual revenue R,.;, from the
techno-economic aspects, and the net revenue obtained from the socio-

economic aspects R, and is given by:

Rt S Rnet + RS (7'74)

The net revenue obtained from the socio-economic aspects is the sum of the
revenue obtained from the resulting social benefits in terms of the income tax,

road tax and road benefits received from the projects over the project lifecycle.

The annual cash outflow CE,, is the sum of the annual fuel cost F,., annual

maintenance cost M,., and employment cost E;, and is given by:
CFy = Fye + My + E (7-75)

The annual net cash flow CF, is given by:

CF =R, — CE, (7-76)

7.9 Results and Discussion

Figure 7-9 shows the breakdown of project costs for one of the techno socio-
economic scenarios. The techno socio-economic lifecycle cost of the proposed
Trans-Saharan gas pipeline project consists of gas compressor cost, gas turbine
cost, auxiliaries cost, fuel cost, maintenance cost, job cost, and road cost. The
fuel cost has the highest impact on the project accounting for 25.19% of the
lifecycle cost. The maintenance cost, pipeline cost, auxiliaries cost, gas
compressor cost, gas turbine cost, and road cost accounted for 21.69%, 19.18%,
15.58%, 10.49%, and 6.15%, and 1.66%, respectively, of the lifecycle cost for
scenario 4. The job cost has the lowest impact on the project accounting for
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0.06% of the lifecycle cost. However, the employment benefit has the highest
positive socio-economic impact on the project since it has an average higher
social uplift at most compressor station locations than the road benefit (see Figure
7-10). The low percentage share for job cost makes potential job creation from
the proposed Trans-Saharan gas pipeline project a positive direction for
policymakers and investors in stakeholder's goal evaluation. Since the job cost
impact on the shareholder’s interest, which is aimed towards the overall project
profitability is minimal.

Job Road

25.19%

Auxiliaries
15.58%

Pipeline
19.18%

Maintenance

21.69%
Ompresso

10.49%

Figure 7-9 Breakdown of Project Costs for Techno Socio-economic Scenario 4
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Figure 7-10 Comparison of Social Uplifts for the Compressor Station and
Pipeline System (Baseline)

The project lifecycle costs are $37.23 billion, $37.15 billion, $38.01 billion, and
$39.10 billion assuming a social discount rate of 5% and an economic discount
rate of zero for scenarios 1, 2, 3, and 4, respectively. At 15% and 5% economic
and social discount rates, the project lifecycle costs are $22.92 billion for scenario
1 and $22.90 billion for scenario 2. At the same discount rates, the project
lifecycle costs are $23.72 billion for scenario 3 and $24.78 billion for scenario 4.
The increase in the lifecycle costs estimates is reflected in the additional socio-
economic impacts to the local communities. This also arises from the increased
availability due to the installed stand-by units at some or all compressor station’s
locations. Thereby ensuring local community’s needs are met thus contributing

towards a good quality of life.

Appendix L shows the breakdown of the project cost for other techno socio-

economic scenarios.

The results obtained for the net present value analysis show that at a 15%
discount rate, scenario 1 has net present value of $28.67 billion. At the same
discount rate, the net present values are $12.64 billion for scenario 2, $12.94

239



billion for scenario 3, and $13.01 billion for scenario 4. All project alternatives
have positive net present values. At a 15% discount rate, scenario 4 consisting
of social cost and benefits and a standby turbo-compressor unit at all compressor
station locations should be selected. Since it is the project with the highest net

present value among the considered scenarios.

Sensitivity analyses are carried out to determine the effect of the discount rate on
the net present value. Figure 7-11 shows the variation of the net present value

with discount rates for techno socio-economic scenarios.

——Scenariol ——Scenario 2 Scenario3 ——Scenario 4
5E+10
4.5E+10
4E+10
3.5E+10

3E+10

NPV (S)

2.5E+10

2E+10

1.5E+10

1E+10
0.1 0.11 0.12 0.13 0.14 0.15

Discount Rate

Figure 7-11 Variation of NPV with Discount Rates for Techno Socio-economic

Scenarios

Sensitivity analyses show an increase in net present value with decreasing
discount rate for all scenarios, with scenario 4 having the highest net present
value at all discount rates. Results show that the most economically viable
alternative is scenario 4 consisting of social cost and benefits and a standby
turbo-compressor unit at all compressor station locations along the pipeline route.
Consequently, scenario 4 is expected to produce the lowest risk associated with
an investment in the proposed Trans-Saharan gas pipeline project. The results
further show that assuming 100% availability value as seen in scenario 1 is not
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realistic as it is nearly impossible to achieve perfect operating conditions
throughout the project life. The results have shown the importance of

incorporating a social benefit analysis into the pipeline TERA.

7.10 Summary

The objectives of this study were to determine the potential social impacts and

social benefits of compressor station locations along the pipeline route.

This study has analysed the potential social impacts and social benefits of gas
turbine compressor station locations while also evaluating an integrated techno
socio-economic scenario of the proposed project in a first step. The author did
not find any study to examine the social impacts on the local communities of
compressor station locations by adapting TERA. This social impact includes
employment opportunities and new road infrastructures as a function of
compressor station location and the power required. The predicted jobs creation
is quantified by the number of local jobs created and the equivalent employment
cost and benefits in monetary units of employees’ salaries and income taxes
generated. Road infrastructures are quantified in terms of road benefits, road
construction cost, and road tax. A scenario-based techno socio-economic
analysis was performed to show the sensitivities of compressor station and
pipeline system to social and technical aspects of the project in terms of social
benefits and availabilities. The techno socio-economic assessment of the project
was done using a discounted cash flow method based on the lifecycle cost and
net present value. The techno socio-economic model was developed using a
code written in MATLAB environment based on social benefit algorithms and the
variation in compressor station location ambient temperatures at varying flow
conditions. Sensitivity analyses were carried out to determine the effect of the

discount rate on the net present value.

The evaluated gas turbine impact area aligns with literature reports. The
differences observed present no serious implications since this is the first-time
direct land-use impact is applied to compressor station and pipeline system. The
potential social benefits created is expected to bring about the socio-economic

development of the local communities via human skills and resources
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development brought about by technological training of the local employees and
the incomes generated. Results show promising improved stakeholders’
engagement. This will minimise potential future delays and conflict of interests by
creating cooperation, stable long-term policies and trust relationship between the
organisation and stakeholders due to the resulting positive social benefits
obtained from the installation and operation of the gas turbine compressor

stations and pipeline project.

The accuracy of the results obtained is dependent on the relevant assumptions
made based on literature studies. The adopted scenarios could give
policymakers insights in maximising the positive direct social impacts and socio-
economic benefits brought about by the gas turbine compressor stations. The
results obtained could help in forecasting the lifecycle cost, expected
performance of the compressor station systems, the economic, social impacts,
and social benefits. These results could assist policy makers in decision making
and on the feasibility of the proposed Trans-Saharan gas pipeline project. The
results obtained in this study has shown a novel contribution investment in the
proposed Trans-Saharan gas pipeline project will have through potential local
jobs and new roads creations. This could serve as an indicator of the quality of
life of the local communities. The developed method can guide in the
quantification of social impacts and socio-economic benefits during the design
and development stage of any compressor station for pipelines application and
other related projects. It is hoped that the considered social impacts in terms of
the potential jobs and new roads creations will serve as useful methodological
basis for further studies in the techno socio-economic benefits. It will also serve
as an important driver for the implementation of the proposed Trans Saharan gas

pipeline and any pipeline projects.
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8 ECONOMIC OPTIMISATION WITH COMPRESSOR
STATION LOCATION AS THE DECISION VARIABLE

8.1 Introduction

This study looks at the economic optimisation of the compressor stations and
pipeline systems, which makes up the proposed Trans-Saharan Gas Pipeline
project. The compressor stations cost is a major factor determining the total
cost of the natural gas transportation system. It has been estimated that the
compressor stations operating cost could constitute between 25% and 50%
of the whole company’s operating budget [22]; [23]. Thus, determining the
optimal compressor station locations along the pipeline route through
optimisation studies can help in minimising the total lifecycle cost. Since
capital and lifecycle cost estimates are the major factors influencing the
economic success of any project. The complexity and non-linear behaviour of
compressor stations and pipeline systems require an appropriate optimisation
scheme to improve its efficiency in operation and flexibility. The optimisation
scheme aims to reduce the lifecycle cost in the compressor stations and
pipeline systems considering station location optimisation. Lifecycle cost
optimisation of the compressor stations and pipeline systems is very
significant from an economic perspective. It is important that considerable
attention be focused on lifecycle cost optimisation with particular emphasis on
compressor station location optimisation. Thus, there is a need to perform
studies on lifecycle cost optimisation of compressor station and pipeline
system considering station location as a decision variable where station
location optimisation can result in large economic savings. As at the time of
this study, there is little work done with respect to compressor station location

optimisation.

The objectives of this study are to perform economic optimisations of the
compressor station and pipeline system lifecycle cost as a function of the
compressor station location, pipeline characteristics, availability, and social
context. The optimisation problems are formulated considering compressor

station location and lifecycle cost of the compressor station and pipeline
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system. Scenarios-based techno-economic and techno socio-economic
optimisation studies are performed to illustrate the most usual compressor
station and pipeline system network configurations that could be found in real
life situations. They form the basis for exploring sophisticated network
configurations and for future research in these interesting aspects of the

compressor stations and pipeline systems optimisation studies.

8.2 Method of Analysis

A techno-economic model of the proposed Trans-Saharan gas pipeline project
has been developed in SIMULINK. The techno socio-economic model is
developed using computer code implemented in a MATLAB environment. The
techno-economic optimisation scheme is carried out using the SIMULINK
Graphical User Interface response optimisation tool. A gradient descent
optimisation method with a sequential quadratic programming algorithm is utilised
by the SIMULINK optimisation tool to evaluate the optimal lifecycle cost at the
optimised compressor station locations. The results are compared with a Genetic
Algorithm optimisation technique available in the MATLAB toolbox.
Subsequently, the techno socio-economic optimisation scheme is implemented

using a Genetic Algorithm optimisation method.

8.2.1 Optimisation Assumptions

Project life of 30 years

Pipeline distance of 4180 km same for all considered scenarios
Pipeline maximum allowable operating pressure of 10000 kPa
Pipe configurations are the same with the baseline case

Same economic assumptions with the baseline case

o gk~ 0N R

Pipeline is divided into discrete segments, each 10 km long

For the optimiser to use station location as a decision variable, a location
identification system was developed. This was linked to the distance from the
source of the gas being transmitted. So, the source is at point 0 (0 km), and the
gas delivery point is at 4180 km from the source. The pipeline was divided into

segments. The source is in segment 1, representing 0-9 km length of the pipeline.
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Each pipeline segment is 10 km long while segment ‘n’ is ‘20(n) — 10’ to ‘10(n) —
1' km in length. The optimising algorithm will come out with a sequence of
numbers at the optimised station locations along the pipeline route. Such an
arrangement gives an automatic station position and sufficient resolution for the

analysis.

8.2.2 SIMULINK Optimisation Procedures

The first step in optimisation using SIMULINK is to create the optimisation model
using SIMULINK block diagrams. The SIMULINK Graphical User Interface is
brought up by selecting ‘Response Optimisation’ from the Analysis tab. Response
optimisation in SIMULINK provides an environment for incorporating the objective
function, constraints, decision variable(s) and choosing the optimisation method.
The SIMULINK software uses a two-level optimisation algorithm to evaluate the
optimisation model. The selected optimisation method in SIMULINK is a gradient
descent method with a sequential quadratic programming algorithm. The gradient
descent optimisation algorithm uses a first-order iteration technique to find a local
minimum of the objective function [92]. It is a robust optimisation method that
appreciably minimises the simulation time. The sequential quadratic
programming algorithm converts the nonlinear optimisation problem into a
sequence of quadratic programming sub-problems [94]. Although, manual
adjustment is tedious, the optimisation process is relatively easy to implement as
fewer number of iterations are involved and takes less time for convergence to
be achieved. Figure 8-1 shows the SIMULINK optimisation flowchart utilised for

the techno-economic scenarios.
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Figure 8-1 SIMULINK Optimisation Flowchart

The optimisation problem is set as follows:

% The author starts the optimisation process in SIMULINK by specifying the
initial values of the decision variable to optimise in the MATLAB command
window

* A new set of decision variables to be optimised is created in SIMULINK by
specifying the decision variable's initial, minimum, and maximum values
and the scaling factor if needed. The decision variable can be seen in the
SIMULINK model workspace. The decision variable will be changing
during optimisation, and the values can be seen in the design optimisation
workspace

% The constraint requirements are specified by adding them from the
graphical user interface. The model signal to be logged for evaluating
against the constraint requirements are specified. The model signal in the

present study is the lifecycle cost
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% The constraint on the gas compressor power requirement dependent on
the maximum allowable operating pressure of the pipeline of 10000 kPa is
specified by selecting the signal bound. The requirement type is less than
or equal to the power constraint

% The custom requirement is created by calling the MATLAB function that
specifies this custom requirement. The minimum requirement type is
selected because the lifecycle cost for the imposed gas compressor power
requirement is being minimised. The MATLAB function processes the
structured data, which contains the decision variable being optimised as
well as the model signal in the form of an objective function

« The optimisation method was selected. A gradient descent optimisation
method with a sequential quadratic programming method is chosen. The
parameter tolerance, function tolerance, and constraint tolerance were set
to 1e-9, respectively

% The author runs the optimisation scheme by selecting the optimise button.
The optimisation tool starts working, and one can see how the decision
variable being optimised changes in the design optimisation workspace
and the model during the iteration process

% Convergence was achieved after a few iterations, and the optimisation
stopped

« The techno-economic model was running to see that the signal is variable

after the optimisation process, and the results were post-processed

8.2.3 Genetic Algorithm Optimisation Procedures

This section describes the optimisation of the techno socio-economic model of
the complete TERA framework using a developed code written in MATLAB
environment and a genetic algorithm optimisation method available in the

MATLAB toolbox. Figure 8-2 shows the genetic algorithm optimisation flowchart.
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Figure 8-2 Genetic Algorithm Optimization Flowchart

The genetic algorithm optimisation process is started by creating initial population
of solutions. The compressor station locations are selected as the decision
variable. The objective function and constraint are defined. Subsequently, more
suitable individuals from the population are selected based on their objective
function and constraint values. This process of selecting more suitable individuals
is known as selection and reproduction. The cross over operator starts after the
selection of suitable individuals. In this process, each pair of newly formed
chromosomes pass through the cross over stage with an applied probability
value, say, 0.8. In most cases, the newly formed chromosomes take the best
features from each parent’s genes and are often better than either parent. A cross
over value of 0.8 denotes that the process successfully takes place 80% of the
time mating takes place while 20% of the time the selected individuals move to

the subsequent generation unchanged.

A constraint dependent mutation was applied to the optimisation process. A
mutation is attained by modifying a small fraction of an individual in a population.
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The mutation operator makes it feasible to attain the entire search domain by
introducing new characteristics not found in the original population. In the survival
of the fittest, otherwise known as elitism operator, the most suitable individual is
considered as the result of the genetic algorithm optimisation process. The
genetic algorithm optimisation result is outputted if convergence criterion is

achieved, otherwise the process is repeated until convergence is obtained.

8.2.4 Formulation of the Optimisation Problem

The optimisation problem is formulated with the objective of optimising the
lifecycle cost of the compressor stations and pipeline systems considering station
location as a decision variable. The baseline case comprises eighteen
compressor stations at predetermined locations along the pipeline route. The
study considers four scenarios for both the techno-economic and the techno

SOCi0-economic cases:

1. Scenario 1: Four units of installed simple cycle triple shafts aero-derivative
gas turbine of 15.2 MW capacity driving four gas compressors arranged in
parallel per compressor station

2. Scenario 2: Three units of installed simple cycle two shafts gas turbine of
30.1 MW capacity driving three gas compressors arranged in parallel per
compressor station

3. Scenario 3: Two units of installed simple cycle two shafts gas turbine of 50
MW capacity driving two gas compressors arranged in parallel per
compressor station

4. Scenario 4: One unit of installed intercooled aero-derivative gas turbine of

117 MW capacity driving one gas compressor per compressor station

The optimisation scheme incorporated the performance, availability, social, and
economic modules. The gas compressor and gas turbine performance modules
estimate the gas compressor power requirement and the gas turbine power that
matches the gas compressor drive power based on the fuel consumption and the
turbine entry temperatures. The availability module evaluates the turbo-
compressor availability required to estimate the availability-based maintenance
cost. The social module evaluates the social impacts and benefits of compressor
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station location along the pipeline route. The economic module estimates the
techno-economic and the techno socio-economic lifecycle costs arising from the

integrated TERA framework.

Figure 8-3 shows the flowchart of the optimisation process utilised in this study.

Figure 8-3 TERA Optimisation Flowchart

The required sizes and numbers of gas turbine models are selected based on the
local conditions at each station. The baseline case comprising eighteen numbers
of compressor station at predetermined locations with known data are defined.
Subsequently, the ambient conditions at each compressor station at non-
isothermal conditions and at varying times of the day at different seasons of the
year for the optimised cases are determined based on the first run of the

optimiser. The ambient conditions take into account changes in elevation along
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the pipeline route obtained from the pipeline elevation-distance profile in Figure
3-2. The outcome is the ambient temperatures at the optimised location. The
optimisation scheme estimates the gas compressor power requirement at these
temperatures for winter, dry, and hot seasons of the year at non-isothermal
conditions. The gas turbine fuel consumption and turbine entry temperature
required by the gas compressor is evaluated. The result of this matching is noted
if convergence is attained. If the fractional difference between the gas
compressor power requirement and gas turbine power is less than 0.1, the
iteration process is repeated until convergence is achieved. The optimisation
scheme subsequently evaluates the techno-economics and the techno
socioeconomics of the project accordingly. The optimisation process is repeated
by varying the compressor station location until an optimal station location is
attained that gives the optimal lifecycle cost for the compressor station and

pipeline system with the considered scenarios.

Ground level

Figure 8-4 Compressor Station Locations Schematic

Consider compressor station locations A, B, C, D, E, and F as shown in Figure
8-4. Location B is at the origin while locations B, D, and F are at ground level.
The local conditions at locations A and E are known while ambient condition for
location C is unknown. The ambient conditions for a station at location C are to
be determined. The steps involved in the solution is to interpolate for distance,

altitude, and to adjust for altitude on an approximate international standard
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atmosphere basis. The interpolated altitude adjustment y, for the hypothetical

new station location C can be written as:

u(z —x) (8-1)
(u+v)

Where:

x= Altitude at compressor station location A, (m)

z= Altitude at compressor station location E, (m)

u = Ground level distance between compressor station location B and D, (km)
v = Ground level distance between compressor station location D and F, (km)

The ambient temperatures based on the lapse rate at international standard
atmospheric conditions for that altitude at locations A, E, and the new location C

required for adjustment purposes are given by:

T, = 288.15 — 0.0065x (8-2)
Ty = 288.15 — 0.0065z (8-3)
Ten = 288.15 — 0.0065y (8-4)
Tcq = 288.15 — 0.0065y, (8-5)

Where:

T, = Ambient temperature at compressor station location A, K

Tr = Ambient temperature at compressor station location E, K

Tc n = Ambient temperature at hypothetical compressor station location C, K
T¢ o = Ambient temperature at actual compressor station location C, K

y: is the real station altitude from topography information obtained from the

pipeline elevation-distance profile in Figure 3-2. The ambient temperature
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difference, AT, required for the new location C altitude temperature correction is

given by:

AT =Teo—Ten (8-6)

The hypothetical new station ground level ambient temperature T, at interpolated

altitude is given by:

u(Tr — Tg) (8-7)

T, =
b B (u+v)

Where:
Tz = Ambient temperature at compressor station location B, K
Tr = Ambient temperature at compressor station location F, K

The real station ambient temperature T,, at the real station altitude from
topography information obtained from the pipeline elevation-distance profile in

Figure 3-2 is given by:

T, = Tp + AT (8-8)

Equation (8-8) is the determined location ambient temperature. The above
procedures are utilised in the optimisation scheme to determine the temperatures
at non-isothermal conditions for the three seasons of the year. A change in the
compressor station location leads to a corresponding change in the ambient
conditions. These ambient conditions vary at non-isothermal conditions across
the winter, dry, and hot seasons of the year. The optimisation scheme utilised this
change in value to estimate the gas compressor power requirement and
corresponding gas turbine power needed to match the gas compressor drive
power considering the imposed constraint. As the optimiser changes compressor
station location, the algorithm interpolates to find the ambient conditions at the
new location. The inputs for the optimiser are station positioned and location
dependent. This will also trigger a social benefit calculation that is different for
each location. The social benefits changes with a change in compressor station

location.
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For the optimiser to use station location as a decision variable, a location
identification system was developed. This was linked to the distance from the
source of the gas being transmitted. So, the source is at point 0 (O km) and the
gas delivery point is at 4180 km from the source. | considered discrete pipeline
segments each 10 km long for the station location optimisation. The source
compressor station is in segment 1, representing 0-9 km length of the pipeline.
Other compressor stations can be located either in the middle or within the
kilometre range of each pipe segment. Segment ‘n’ is ‘10(n) — 10’ to ‘10(n) — 1
km in length. Thus, the optimising algorithm will come out with a sequence of
numbers at the optimised station locations along the pipeline route. Such an
arrangement gives an automatic station position and sufficient resolution for the

computation.

8.2.5 The Optimisation Database

The database and search domain for the optimiser is the compressor station
location characteristics comprising the pipeline elevation-distance profile (see
Figure 3-2) and the ambient temperatures at each location. The pipeline
maximum allowable operating pressure, gas compressor suction pressures,
pressure ratios, polytropic head, and power requirements are other database
components. The database has columns: sets of compressor station locations
ambient temperatures and their corresponding Z, P1, P2, rp, Q, m, Hp, and Pac.
The highlighted symbols have their usual meaning. The lower and upper bounds
vary for each scenario at the different compressor station locations. The step size
between datapoints is fixed at 10 km. The optimiser searches the database for
the gas compressor power dependent on the selected gas turbine models for
each scenario which will give the optimal compressor station locations along the
pipeline route. The optimiser interpolates between steps for values that lie
between the data. See Appendices M, N, O, and P for part of the MATLAB and
genetic algorithm optimisation codes and the optimisation database developed.

8.2.6 Decision Variable, Objective Function and Constraint

The desired compressor station location L, was selected as the decision variable

whose value is required to be optimised. The decision variable L, was initialised
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with a value of 200 km at the start of the techno-economic optimisation process
using the SIMULINK approach. The decision variable L, was allowed to vary from
a minimum of 200 km to a maximum of 400 km for the first compressor station
location. The optimisation boundaries for the techno socio-economic study using
genetic algorithm were set between a minimum of [200 580 960 1330 1690 2060
2420 2800 3160 3520 3880] and a maximum of [390 770 1150 1520 1880 2250
2610 2990 3350 3710 4090] for scenario 4, respectively. Similarly, minimum, and
maximum boundaries were specified for the other scenarios using the genetic
algorithm approach. The selected gas turbine installed power output is kept
constant for each scenario considered in this study. The reason is that a fixed
pipeline thickness was utilised in this research. Thus, compressor station size
was not included as another decision variable not to exceed pipeline strength
requirements. However, it is anticipated that the inclusion of compressor station
size as another decision variable under varying pipeline thickness will be
considered in future work. The final optimised compressor station location
depends on the pipeline elevation-distance profile and the prevailing ambient
temperatures experienced at each location along the pipeline route. However, the
selected gas turbine models are different for each scenario considered in this
study. The different models ensure that the power variation is also considered in

optimisation.

The lifecycle cost of the compressor stations and pipeline systems represents the
objective function of the optimisation scheme. The lifecycle cost comprises the
gas compressor, pipeline, gas turbine, auxiliaries, fuel, and maintenance costs.
The job cost and road cost constitute the additional costs element of the lifecycle
cost for the techno socio-economic case study. They are another novel aspect of
the optimisation scheme. In this research, the lifecycle cost for each considered
scenario is to be minimised. The scenario that gives the lowest lifecycle cost
estimation and possibly highest net present value is considered the best scenario.

The constraint is the maximum allowable operating pressure of the pipeline,
dependent on the gas compressor power requirement based on the selected gas

turbine models. This constraint was imposed to ensure the gas compressor
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provided the required pressure at the pipe inlet for natural gas transportation. The
gas compressor power must be less than or equal to 90% of the selected gas
turbine installed power output to ensure adequate matching of the gas turbine

power with the gas compressor power for each considered scenario.

The Optimisation problem to optimise the compressor station and pipeline system

Is formulated as follows:
Minimise the objective function:

Le(L) = Pe(L) + GC(L) + GT(L) + Py (L) + Fie (L) + My (L) (8-9)

Subject to the constraint:

P, < 10000 (8-10)

P; < 0.9P; (8-11)

200 < L; <390 (8-12)
580 < L, < 770 (8-13)
960 < L; < 1150 (8-14)
Lymin < Ln < Ly max (8-15)

Where:

L. = Techno-economic lifecycle cost, $

P; = Maximum allowable operating pressure at the pipe inlet, kPa
Pc = Gas compressor power, KW

Pt = Gas turbine power, kW

Ly, Ly,... L, = Optimised compressor station locations

Pt = Total pipeline cost, $

GC: = Total gas compressor cost, $
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GT. = Gas turbine capital cost, $

Paux = Auxiliaries cost, $

Fic = Lifecycle fuel consumption cost, $
Mic = Lifecycle maintenance cost, $

The objective function to be minimised for the techno socio-economic case can

be written as:
Minimise the objective function:

Lr(L) = Pe(L) + GCe(L) + GTo(L) + Poux (L) + Fic(L) + My (L) + Ec(L) + Rc(L)  (8-16)

Where:
Lt = Techno socio-economic lifecycle cost, $
Ec = Employment cost, $

Rc = Road construction cost, $

8.2.7 The Techno socio-economic Optimisation Settings
8.2.7.1 Population Size

Population size shows how many individuals are in a generation. This study used
different values for the population size. The author used population sizes of 50,
100, 200, 300, 400, 500 and above. The optimal solutions obtained for the
different population sizes from 500 to 800 for scenario 1, 300 to 400 for scenario
2, 300 to 450 for scenario 3, and 200 to 500 for scenario 4 were observed to be
the same for the objective function and decision variable. This observation
confirms the convergence of the genetic algorithm optimisation process. The
computational time for the optimal solution to be attained increases with an

increase in the population size.

8.2.7.2 Lower and Upper Bounds

The lower and upper bounds vary for the different power settings and compressor

station locations. For all scenarios, the lower and upper bound for the first
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compressor station location were set at 200 km and 390 km, respectively. The
bounds were specified to ensure optimal compressor station distances and
locations for the selected gas turbine models of each scenario considered in this

study.

8.2.7.3 Maximum Generation and Convergence Criteria

The maximum generation shows the maximum number of iterations for the
optimisation algorithm. The maximum number of generations of 25 was specified
in the algorithm for all scenarios. Although, convergence was achieved at a

relatively lower number of generations.

The function tolerance and constraint tolerance were set to 1e-9 for all considered
scenarios. These tolerances are stopping criteria that determine conditions for

the termination of the algorithm.

8.2.7.4 The effect of the Mutation Function

The mutation function provides genetic diversity by modifying a small fraction of
an individual in the population. They make it feasible to attain the entire search
domain. Adaptive feasible, a constraint-dependent mutation was selected for all
scenarios in the optimisation algorithm. This mutation function ensures that
feasible parents produce feasible children where feasibility depends on bounds

and constraints.

8.2.7.5 Scaling Function, Selection Function and Reproduction

The scaling function turns raw fitness scores returned by the objective function to
a range of values appropriate for the selection function. Rank fitness scaling was
selected for all scenarios. Rank scaled the raw fitness scores based on each

individual rank.

The selection function selects parents for the next generation based on their
scaled values from the rank fitness scaling. Roulette was selected for all

scenarios.

Reproduction regulates how the algorithm produces children for each new

generation. An elite count of 2 was specified for scenarios 3 and 4. An elite count
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of 3 was specified for scenarios 1 and 2. The elite count shows the number of
individuals assured to survive to the next generation. A crossover fraction of 0.7
was specified for scenario 4, while a value of 0.8 was specified for scenarios 1,
2, and 3 in the optimisation algorithm. Crossover shows the fraction of the next

generation produced by crossover.

8.3 Results and Discussion

8.3.1 Case A: Techno-Economic Optimisation using SIMULINK

Figure 8-5 shows the optimised lifecycle cost using SIMULINK for scenario 1,
assuming a discount rate (DR) of zero and 15%, respectively. This consists of
four units of installed simple cycle triple shafts aero-derivative gas turbine of 15.2
MW capacity driving four gas compressors arranged in parallel per compressor
station. Convergence was achieved after the 2nd iteration, and optimisation runs
continued until the 6™ iteration, demonstrating the time savings involved in the
optimisation process. Optimisation shows 16 numbers of compressor station
locations along the pipeline route with a reduction in the lifecycle costs from
$36.56 billion in the baseline to $32.45 billion in scenario 1 assuming a DR of

Zero.
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Figure 8-5 Optimised Lifecycle Cost for Techno-economic Scenario 1
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The lifecycle cost reduces from $22.24 billion in the baseline to $19.77 billion in
scenario 1, assuming a DR of 15%. The optimised compressor station locations
are at 1, 28, 55, 82, 109, 135, 162, 188, 213, 240, 266, 292, 318, 344,369, and
395 segments of the pipeline.

Figure 8-6 shows the optimised lifecycle cost using SIMULINK for scenario 2,
assuming a discount rate (DR) of zero and 15%, respectively. This consists of
three units of installed simple cycle two shafts gas turbine of 30.1 MW capacity
driving three gas compressors arranged in parallel per compressor station.
Convergence was achieved after the 2nd iteration and optimisation runs continue
until the 7™ iteration, demonstrating the time savings involved in the optimisation
process. Optimisation shows 13 numbers of compressor station locations along
the pipeline route with reduction in the lifecycle costs from $36.56 billion in the

baseline to $33.08 billion in scenario 2 assuming a DR of zero.
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Figure 8-6 Optimised Lifecycle Cost for Techno-economic Scenario 2

The lifecycle cost reduces from $22.24 billion in the baseline to $20.00 billion in
scenario 2, assuming a DR of 15%. The optimised compressor station locations
are at 1, 35, 68, 101, 134, 167, 200, 233, 266, 298, 331, 363, and 395 segments

of the pipeline.

Figure 8-7 shows the optimised lifecycle cost using SIMULINK for scenario 3,
assuming a discount rate (DR) of zero and 15%, respectively. This consists of
two units of installed simple cycle two shafts gas turbine of 50 MW capacity

driving two gas compressors arranged in parallel per compressor station.
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Figure 8-7 Optimised Lifecycle Cost for Techno-economic Scenario 3
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Convergence was achieved after the 3rd iteration and optimisation runs continue
until the 8™ iteration, demonstrating the time savings involved in the optimisation
process. Optimisation shows 12 numbers of compressor station locations along
the pipeline route with reduction in the lifecycle costs from $36.56 billion in the

baseline to $33.29 billion in scenario 3 assuming a DR of zero.

The lifecycle cost reduces from $22.24 billion in the baseline to $20.19 billion in
scenario 3, assuming a DR of 15%. The optimised compressor station locations
are at 1, 36, 71, 106, 141, 175, 209, 244, 277, 312, 346, and 379 segments of
the pipeline.

Figure 8-8 shows the optimised lifecycle cost using SIMULINK for scenario 4,
assuming a discount rate (DR) of zero and 15%, respectively. This consists of
one unit of installed intercooled aero-derivative gas turbine of 117 MW capacity

driving one gas compressor per compressor station.
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Figure 8-8 Optimised Lifecycle Cost for Techno-economic Scenario 4

Convergence was achieved after the 2nd iteration and optimisation runs continue
until the 8™ iteration, demonstrating the time savings involved in the optimisation
process. Optimisation shows 12 numbers of compressor stations along the
pipeline route with reduction in the lifecycle costs from $36.56 billion in the

baseline to $32.24 billion in scenario 4 assuming a DR of zero.

The lifecycle cost reduces from $22.24 billion in the baseline to $19.36 billion in
scenario 4, assuming a DR of 15%. The optimised compressor station locations
are at 1, 38, 76, 113, 150, 186, 222, 260, 296, 332, 368, and 408 segments of

the pipeline.

The results are compared with genetic algorithm optimisation techniques and
computer code written in MATLAB. Figure 8-9 shows the comparison results for

one of the scenarios using the genetic algorithm approach.
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Figure 8-9 Comparison of Lifecycle Cost for Techno-economic Scenario 2 (DR =
15%)

Table 8-1 and Table 8-2 show the overview of the results obtained for the

comparison process of the techno-economic case at a 15% discount rate.

Table 8-1 Comparison of Lifecycle Cost for Techno-economic Scenario 2

Location (km)

Station No Simulink GA

1 0 0

2 341.3 341.4

3 674.0 673.7

4 1007.9 1007.9
5 1339.0 1339.1
6 1669.4 1669.3
7 1990.4 1990.0
8 2322.4 2322.0
9 2653.1 2652.7
10 2976.0 2975.8
11 3306.4 3306.5
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Location (km)

Station No Simulink GA
12 3622.9 3622.5
13 3948.6 3948.7
Lifecycle cost
($ billion) 20.003 20.005

Table 8-2 Comparison of the Techno-economic Optimisation Process

Lifecycle Cost ($ billion)
Scenarios SIMULINK Approach Genetic Algorithm Method
1. 19.768 19.765
2. 20.003 20.005
3. 20.190 20.189
4. 19.362 19.367

The SIMULINK optimisation process utilising a gradient descent method with a
sequential quadratic programming algorithm yields good results. The optimal
compressor station locations converge to the desired local minimum of the
lifecycle cost based on the specified tolerance limits of 1e-9. The optimal
compressor station locations are close to the global optimal solution. The results
show that the lifecycle cost is a differentiable convex function of the compressor
station locations. Since for a convex function, the local minimum solution is also
the global minimum [93]. However, the genetic algorithm optimisation method
generally finds the global optimal solution of the lifecycle cost. The results show
good agreement with the same number of compressor station locations and
lifecycle cost estimation for each scenario. They show that the optimum locations
are near the global optimum. They demonstrate the benefits of the SIMULINK
optimisation method. Since this is the first time this optimisation technique is
applied to compressor station location optimisation. This further illustrates the
novelty of the developed integrated TERA and optimisation model in this present

research.
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Figure 8-10 Comparison of the Techno-economic Lifecycle Project Cost

Figure 8-10 compares the techno-economic lifecycle project cost for the
considered scenarios. The results show significant savings in the optimised
lifecycle cost estimation for the considered scenarios compared to the baseline
case. Scenarios 1, 2, 3, and 4 shows improvement of 12.67%, 10.52%, 9.82%,
and 13.40%, respectively, from the baseline case. Scenario 4 has the lowest
lifecycle cost among the scenarios.

8.3.2 Case B: Techno Socio-Economic Optimisation using Genetic
Algorithm

Figure 8-11 shows the optimised lifecycle cost using genetic algorithm for the
techno socio-economic case of scenario 1. This consists of four units of installed
simple cycle triple-shafts aero-derivative gas turbine of 15.2 MW capacity driving

four gas compressors arranged in parallel per compressor station.
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Figure 8-11 Optimised Lifecycle Cost for Techno socio-economic Scenario 1

The lifecycle cost is represented as best fithess and mean fitness values. The
fitness values change during the optimisation process until convergence is
attained. The negative sign shown in the figure indicates that the lifecycle cost is
being minimised. The best fithess value representing the optimised lifecycle cost
is $20.86 billion. The lower left graph shows the average distance between
individuals during the optimisation process. The upper right graph shows
optimised station locations. The results show good convergence with 16 numbers
of compressor station locations along the pipeline route. The source is at the
origin. The optimised compressor station locations are at 1, 28, 55, 82, 109, 136,
163, 189, 215, 242, 269, 295, 322, 348, 371, and 397 segments of the pipeline.

Figure 8-12 shows the optimised lifecycle cost using genetic algorithm for the
techno socio-economic case of scenario 2. This consists of three units of installed
simple cycle two-shafts gas turbine of 30.1 MW capacity driving three gas

compressors arranged in parallel per compressor station.
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Figure 8-12 Optimised Lifecycle Cost for Techno socio-economic Scenario 2

The lifecycle cost is represented as best fithess and mean fitness values. The
fitness values change during the optimisation process until convergence is
attained. The best fitness value representing the optimised lifecycle cost is $21.21
billion. The lower left graph shows the average distance between individuals
during the optimisation process. The upper right graph shows optimised
compressor station locations. The results show good convergence with 13
numbers of compressor station locations along the pipeline route. The source is
at the origin. The optimised compressor station locations are at 1, 35, 68, 102,
136, 169, 201, 235, 268, 301, 334, 366, and 399 segments of the pipeline.

Figure 8-13 shows the optimised lifecycle cost using genetic algorithm for the
techno socio-economic case of scenario 3. This consists of two units of installed
simple cycle two-shafts gas turbine of 50 MW capacity driving two gas

compressors arranged in parallel per compressor station.
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Figure 8-13 Optimised Lifecycle Cost for Techno socio-economic Scenario 3

The best fithess value representing the optimised lifecycle cost is $21.39 billion.
The results show good convergence with 12 numbers of compressor station
locations along the pipeline route. The source is at the origin. The optimised
compressor station locations are at 1, 36, 71, 106, 141, 176, 210, 243, 279, 314,
348, and 382 segments of the pipeline.

Figure 8-14 shows the optimised lifecycle cost using genetic algorithm for the
techno socio-economic case of scenario 4. This consists of one unit of installed
intercooled aero-derivative gas turbine of 117 MW capacity driving one gas

compressor per compressor station.
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Figure 8-14 Optimised Lifecycle Cost for Techno socio-economic Scenario 4

The best fitness value representing the optimised lifecycle cost is $20.67 billion.
The results show good convergence with 12 numbers of compressor station
locations along the pipeline route. The source is at the origin. The optimised
compressor station locations are at 1, 37, 76, 114, 150, 186, 223, 259, 297, 333,
368, and 408 segments of the pipeline.

8.3.3 Sensitivity Analyses on the Effects of different Population Size
and Genetic Algorithm Parameters on the Results

Sensitivity analyses were carried out on the effects of different population sizes
and optimisation algorithm parameters on the results. Different values of the
population size and optimisation algorithm parameters were used. The
optimisation algorithm was run multiple times with these different values. The
optimal solutions were attained for population sizes in the range of 500 to 800 for
scenario 1, 300 to 400 for scenario 2, 200 to 450 for scenario 3, and 200 to 500

for scenario 4 and have been the same. The sensitivity analysis shows that
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variation in the population size affects the accuracy of the results. Although, the
computational time increases with an increase in the population size. These
values of population sizes used when the optimal solutions are attained are
acceptable. They demonstrate the convergence of the optimisation algorithm.
The following shows the optimisation algorithm parameters used when the

optimal solutions are achieved:

+ Population sizes in the range of 500 to 800 for scenario 1, 300 to 400 for
scenario 2, 200 to 450 for scenario 3, and 200 to 500 for scenario 4

s Maximum number of generations of 25 was specified for all scenarios

% Rank fitness scaling was selected for all scenarios

% Roulette was selected for all scenarios

+« Constraint dependent crossover was applied to all scenarios

% Adaptive feasible mutation was chosen for all scenarios

 Elite count of 2 was specified for scenarios 3 and 4. Elite count of 3 was
specified for scenarios 1 and 2

% Crossover fraction of 0.7 was specified for scenario 4 while a value of 0.8
was specified for scenarios 1, 2, and 3

% Function tolerance of 1e-9 was specified for all scenarios

+ Constraint tolerance of 1e-9 was specified for all scenarios

8.3.4 Dynamic Convergence Characteristics

The dynamic convergence characteristics of the optimisation algorithm are
shown in Figure 8-15 to Figure 8-18. The standard deviation of the objective
function value (lifecycle cost) of all individuals in the population in each generation
is plotted against the number of generations. The standard deviation is important
in checking the dynamic convergence speed of the optimisation algorithm.

The standard deviation of the objective function value for scenario 1 is shown in
Figure 8-15. The standard deviation has a significant decrease between
generations 1 and 2. It continues at a relatively low level in subsequent
generations except for generations 5 and 6, which experienced a slight increase.
The increase in standard deviation at generations 5 and 6 may be due to the

mutation operator, which makes small random changes in the individuals in the
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population to produce high objective function value. The standard deviation finally

reduces in the last two generations.
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Figure 8-15 Standard deviation of the fitness value at each generation for Scenario 1

The standard deviation of the objective function value for scenario 2 is shown in
Figure 8-16. The standard deviation has a great decrease in generations 1. It
continues at a relatively low level in the second, third and fifth generations and
experiences a moderate increase in generations 4 and 6. The increase in
standard deviation may be due to the mutation operator, which makes small
random changes in the individuals in the population to produce a high objective
function value. The standard deviation was finally reduced in the last two

generations.
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Figure 8-16 Standard deviation of the fitness value at each generation for Scenario 2

The standard deviation of the objective function value for scenario 3 is shown in
Figure 8-17. The standard deviation significantly decreases in the first generation
and experiences a moderate decrease in the second generation. It slightly
increases in generation 3. The increase in standard deviation may be due to the
mutation operator, which makes small random changes in the individuals in the
population to produce a high objective function value. The standard deviation was

finally reduced in the last 5 generations.
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Figure 8-17 Standard deviation of the fitness value at each generation for Scenario 3

The standard deviation of the objective function value for scenario 4 is shown in
Figure 8-18. The standard deviation has a significant decrease in the first
generation. It experiences a further reduction in the 2" and 3rd generations. It
slightly increases in the 4" generation. The increase in standard deviation may
be due to the mutation operator, which makes small random changes in the
individuals in the population to produce a high objective function value. The

standard deviation was finally reduced in the last 4 generations.
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Figure 8-18 Standard deviation of the fitness value at each generation for Scenario 4

The results show a nearly continuous variation in the population's standard
deviation with the number of generations. These demonstrate the reliability and
validity of the genetic algorithm. Thus, the results show that the optimisation

algorithm can obtain a faster dynamic convergence rate.

Tukur [18] attempted to try the genetic algorithm optimisation for the whole
distance at once in his techno-economic studies but could not do so as it did not
work for him and the others. Their simulations continue to fail despite attempting
to use different scenarios. Consequently, their optimisation was done based on
station by station. In this research, station location optimisation was done
considering the whole compressor stations and pipeline systems for the techno-
economic and the techno socio-economic cases. The proposed approach can
also be employed for compressor station location optimisation at the unit and
station level. This further demonstrates the ingenuity of this study in the techno-
economic and techno socio-economic optimisation using the compressor station

location as the decision variable.
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Figure 8-19 shows the optimised lifecycle cost of the considered scenarios for the

techno-economic and techno socio-economic cases, respectively.

—e—Techno-economic  —e—Techno socio-economic
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Figure 8-19 Comparison of Optimised Lifecycle Cost

In both cases, the lowest lifecycle cost is obtained for scenario 4 consisting of
one number of installed intercooled aero-derivative gas turbine of 117 MW
capacity driving one gas compressor per compressor station. This might be
because scenario 4 has fewer number of compressor station locations along the
pipeline route leading to low capital and operating cost. Furthermore, scenario 3
has the highest lifecycle cost estimation. Nonetheless, it is tempting to make a
selection on the best scenario alternatives based on the lifecycle cost alone. The
sensitivity analysis result based on a discounted cash flow method will guide the
final selection of the best scenario among all the considered cases for this study.

Figure 8-20 and Figure 8-21 show the pipeline pressure profiles showing
compressor station locations for the considered scenarios and the baseline case

for the 419 segments Trans-Saharan gas pipeline.
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Figure 8-20 Pipeline Pressure Profile showing Compressor Station Locations
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Figure 8-21 Pressure Profile showing Optimised Compressor Station Locations

Considering Figure 8-20, the maximum allowable operating pressures of the
pipeline are 9500 kPa and 10000kPa for the baseline and scenario 1,

respectively. At the 25" and 28" pipeline segments, these discharge pressures
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drop to 6785 kPa and 6456.7 kPa, respectively. Thus, a second compressor
station is needed at these pipeline segment locations since the first station has
attained its maximum compression ratio required to compress the natural gas to
the maximum distance. Considering Figure 8-21, the pipeline discharge pressure
is fixed at 10000 kPa for all considered scenarios. This pressure drops to 5373.6
kPa, 5066.3 kPa, and 4589.6 kPa at pipeline segments 35, 36, and 38 for
scenarios 2, 3, and 4, respectively. These are the maximum pipeline segment
locations the installed gas compressors can compress the natural gas. Thus, a
second compressor station is needed at these locations since the first station has
attained its maximum compression ratio required to compress the gas to the
maximum distance. This optimisation process continues until the required
number of compressor stations needed to compress the given amount of natural
gas through the 419 pipeline segments is attained. It is important to note that
identical unit's configurations were utilised for this scenario-based techno-
economic and techno socio-economic optimisation studies. This will lead to spare

part management and a reduction in the frequency of maintenance required.

The exceptions occur at the last compressor station location for each scenario.
This location requires smaller gas compressor power to compress the natural gas
through the pipeline to the delivery point of 4180 km. Scenario 1 requires two
units of installed simple cycle triple-shafts aero-derivative gas turbine of 15.2 MW
capacity driving two gas compressors arranged in parallel at the last compressor
station location. Scenario 2 requires one unit of installed simple cycle two-shafts
gas turbine of 30.1 MW capacity driving one gas compressor at the last
compressor station location. Scenario 3 requires one unit each of installed simple
cycle two-shafts gas turbine of 50 MW and 30.1 MW capacity driving one gas
compressor at the last compressor station location. Finally, scenario 4 requires
one unit of installed simple cycle two-shafts gas turbine of 13.4 MW capacity

driving one gas compressor at the last compressor station location.
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The results obtained for the net present value analysis show that at a 15%
discount rate, scenario 1 has a net present value of $16.07 billion and $15.70
billion for the techno-economic and techno socio-economic cases, respectively.
At the same discount rate, the net present values are $21.58 billion and $20.41
billion for scenario 2, $24.97 billion and $24.38 billion for scenario 3, $28.77 billion
and $28.60 billion for scenario 4, respectively. All project alternatives have
positive net present value. At a 15% discount rate, scenario 4 consisting of one
unit of installed intercooled aero-derivative gas turbine of 117 MW capacity
driving one gas compressor per compressor station should be selected since it is

the project with the highest net present value among the considered scenarios.

Sensitivity analyses are carried out to determine the effect of the discount rate on
the net present value. Figure 8-22 and Figure 8-23 show the variation of the net
present value with discount rates for techno-economic and techno socio-

economic cases, respectively.
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Figure 8-22 Variation of NPV with discount rate for techno-economic case
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Figure 8-23 Variation of NPV with discount rate for techno socio-economic case

Sensitivity analyses show an increase in net present value with decreasing
discount rate for all scenarios and cases. Scenario 4 has the highest net present
value at all discount rates. Results show a preference for the selection of
scenario 4 in both cases with the lowest lifecycle cost and highest net present
value among all the project alternatives. Although the net present value of
scenario 4, techno-economic case A is higher than techno socio-economic case
B at all discount rates. The additional socio-economic benefits make scenario 4,
case B, the preferred choice for the proposed Trans-Saharan gas pipeline and

any pipeline projects.

The results obtained have shown the inherent advantages of the developed
models and the significance of the proposed optimisation approaches utilised in

this research for station location optimisation of the integrated pipeline TERA.

8.4 Summary

The objectives of this study were to evaluate the economic optimisation of the

compressor station and pipeline system lifecycle cost as a function of the
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compressor station location, pipeline characteristics, availability, and social

context.

This study has performed a techno-economic optimisation of the compressor
stations and pipeline systems using the SIMULINK optimisation procedure. The
techno socio-economic optimisation was analysed using a genetic algorithm and
a computer code developed in MATLAB. The optimisation problems are
formulated considering compressor station location and lifecycle cost of the
compressor stations and pipeline systems. Scenarios-based techno-economic
and techno socio-economic optimisation studies are performed to illustrate the
most usual compressor stations and pipeline systems network configurations that
could be found in real life situations. Sensitivity analyses were carried out to
determine the effect of the discount rate on the net present value. As evident in
the public domain, this is the first time this research aspect has been done on
optimising the natural gas transmission pipeline system using the compressor

station location as a decision variable.

The evaluated techno-economic optimisation using the SIMULINK method
agrees with the genetic algorithm optimisation approach. The challenges
encountered during modelling and optimisation are due to the complexities of the
compressor station and pipeline system, station location characteristics, and the
non-linearity of the optimisation problem. However, they were effectively
resolved. The validated results show the same number of compressor station
locations and lifecycle cost estimation for each scenario. They demonstrate the
benefits of the SIMULINK optimisation method since this is the first time this
optimisation technique is applied to compressor station location optimisation. The
validated results form the basis for further analysis of the techno socio-economic
optimisation. They illustrate the novelty of the developed integrated TERA and
optimisation model in this study. The results show significant savings in the
optimised lifecycle cost estimation for the considered scenarios compared to the
baseline case. The sensitivity analyses on net present value show a preference
for the selection of techno socio-economic scenario 4, case B, among the

considered scenarios and cases.
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The results have shown the inherent advantages of the developed models and
the significance of the proposed optimisation approaches utilised in this research
for station locations optimisation of the integrated pipeline TERA. They show the
potential of the modelling and optimisation approaches in guiding decision-
makers on the ultimate selection of engine configurations that will give the
optimum lifecycle cost and socio-economic benefits at the optimised station
location. This will maximise profits and bring about improved economic
performance. The analysed optimisation techniques form the basis for exploring
sophisticated network configurations and for future research in these interesting

aspects of compressor station and pipeline system optimisation studies.
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9 CONCLUSION AND RECOMMENDATION

9.1 Conclusion

This thesis aimed to investigate the impact of the social context opportunities and
engine availability on the specification, with a first step on the socioeconomics,
and techno-economics of natural gas transportation in pipelines while focusing

on compressor station location optimisation.

This thesis has developed a method for evaluating the integrated pipeline and
gas compressor models analytically, considering the variation in the ambient
temperature and location characteristics. The pipeline characteristics and
pressure drop, gas compressor power requirements and performance curves at
design and off-design conditions were evaluated considering segmented pipe
length, elevation, and ambient temperature variation at varying flow conditions.
The gas compressor and gas turbine models were selected based on the
analysed gas compressor power requirements. The design and off-design points
performance of the selected gas turbine models were simulated using
Turbomatch to draw out essential performance data required for the economic
analysis. The design point performance simulation results were validated with
available original equipment manufacturers’ data. The off-design performances
of the selected gas turbine models were simulated at varying ambient conditions
at each compressor station location with the objective that the gas turbine prime
mover can supply the power required by the gas compressor under all flow
conditions. The ambient temperature variation under all flow conditions and the

gas turbine entry temperature were considered for the simulation.

The gas compressor, gas turbine, and turbo-compressor units’ availability were
evaluated based on a developed local maintenance schedule and failure rate
retrieved from literature studies. The analysis considered the impact of
compressor station subsystem configuration on the whole compressor station
system availability. A scenarios-based approach was performed to show the
sensitivities of the compressor station systems to availabilities in terms of the

number of installed standby units. The economic assessment of the project was
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achieved using a discounted cash flow method based on the lifecycle cost and
net present value. The techno-economic model was developed using SIMULINK
block diagrams and a developed code in MATLAB environment. This is based on
the variation in compressor station location ambient temperatures at varying flow
conditions. The gas compressor powers at isothermal, intermediate and non-
isothermal flow conditions were considered. Their corresponding gas turbine
shaft power, fuel flow, and turbine entry temperatures required to drive the gas
compressor, which is expected to have a major impact on the projects fuel
consumption and engine availability-based maintenance costs, were also
considered in the analysis. These represent a contribution to the pipeline TERA
literature. The author could not find any public studies that have adapted TERA
by applying a typical original equipment manufacturer maintenance schedule to
determine the impact of turbo-compressor availability on the whole compressor

station and pipeline system investments.

For the first time, the analysis considered the potential social impacts and social
benefits of gas turbine compressor station locations. The predicted jobs creation
was quantified by the number of local jobs created and the equivalent
employment cost and benefits in monetary units of employees’ salaries and
income taxes generated. Road infrastructures are quantified in terms of road
benefits, road construction cost, and road tax. A scenario-based techno socio-
economic analysis was performed to show the sensitivities of compressor
stations and pipeline systems to social and technical aspects of the project in
terms of social benefits and availabilities. The techno socio-economic
assessment of the project was achieved using a discounted cash flow method
based on the lifecycle cost and net present value. The techno socio-economic
model was developed using a code written in MATLAB environment based on
social benefit algorithms and the variation in compressor station location ambient

temperatures at varying flow conditions.

For the first time, the techno-economic optimisation of the compressor stations
and pipeline systems was performed using the SIMULINK optimisation

procedure. The techno socio-economic optimisation was analysed using genetic
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algorithm and a computer code developed in MATLAB environment. The
optimisation problems were formulated considering compressor station location
and lifecycle cost of the compressor stations and pipeline systems. A scenarios-
based economic optimisation studies were performed to illustrate the most usual
compressor station and pipeline system network configurations that could be
found in real life situations. Sensitivity analyses were carried out to determine the
effect of the discount rates on the net present value. As evident in the public
domain, this is the first time this research aspect has been done on optimising
the natural gas transmission pipeline system using the compressor station

location as a decision variable.

Results show that the gas compressor inlet temperature and compressor station
location characteristics, including the prevailing ambient temperature, distance,
and elevation, have a strong influence on the gas compressor power
requirements and affect the selection of the most appropriate turbo-compressor
models. Comparison of results shows good agreement between the present
study and Aspen HYSYS. The maximum absolute percentage difference
between the gas compressor powers is equivalent to 0.048% at all compressor
station locations except for compressor station location 18 with a percentage
difference of 0.348%. Nevertheless, this difference is negligible and could be

applied in the pipeline natural gas industry.

Comparison of performance results at design point show good agreement
between the Turbomatch simulation and the literature. The off-design
performance results show an increase in power output and efficiency with
increasing turbine entry temperature due to increasing fuel flow into the engine.
As the ambient temperature increases, the power output and efficiency decrease
with a consequent reduction in the fuel flow. For the isothermal and intermediate
flow conditions with constant ambient temperatures, the power output, efficiency,
and fuel flow are constant at fixed turbine entry temperatures, respectively. The
results show that the gas turbine power output is enough for the gas compressor
power requirements at all flow conditions even for the worst case of the locations’

ambient temperature.
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The evaluated units’ availability was in good agreement with literature reports and
was within the recommended original equipment manufacturer operational
requirement. Results show that increasing the compressor station availability
demonstrated through scenarios-based study has a great impact on the
compressor station system availability and the techno-economics of the proposed
Trans-Saharan gas pipeline project. These findings represent one of the major
contributions to knowledge in this research. Therefore, the availability analysis of
compressor station components, subsystems, and systems could be beneficial in
the techno-economic assessment of the compressor station and pipeline system.
This is because the profitability of the project is greatly dependent on turbo-
compressor availability. Considering the installation of standby turbo-compressor
units at some or all compressor station locations could enhance the system
availability and mitigate potential risk or uncertainties associated with the

proposed Trans-Saharan gas pipeline and any gas pipeline projects.

The evaluated gas turbine impact area aligns with literature reports. The
differences observed present no serious implications since this is the first-time
direct land-use impact is applied to compressor station and pipeline system. The
potential social benefits created is expected to bring about the socio-economic
development of the local communities. This may be through human skills and
resources development brought about by technological training of the local
employees and the incomes generated. Results show promising improved
stakeholder engagement. This will minimise potential future delays and conflict
of interests by creating cooperation, stable long-term policies and trust
relationship between the organisation and stakeholders due to the resulting
positive social benefits obtained from the installation and operation of the gas

turbine compressor stations and pipeline project.

The evaluated techno-economic optimisation using SIMULINK method aligns
with the genetic algorithm optimisation approach. The validated results show the
same number of compressor station locations and lifecycle cost estimation for
each scenario. Thus, demonstrating the benefits of the SIMULINK optimisation

method since this is the first time this optimisation technique is applied to
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compressor station location optimisation. The results show significant savings in
the optimised lifecycle cost estimation for the considered scenarios compared to
the baseline case. The sensitivity analysis on net present value show preference
for the selection of techno socio-economic scenario 4, case B, among the

considered scenarios and cases.

The accuracy of the results obtained depended on the relevant assumptions
made based on literature studies. The adopted methodology will provide the
decision-maker with better insight into the expected risks and uncertainties
associated with investment into the proposed Trans-Saharan gas pipeline and
any gas pipeline projects. It will guide the selection of appropriate strategies
needed to mitigate them. The results obtained could help in forecasting the
lifecycle cost, expected performance of the compressor station system, the
economic and social impacts. This could assist policymakers in decision-making
and the feasibility of the proposed Trans-Saharan gas pipeline project. The
models developed will aid in evaluating the social impacts of any compressor
station and pipeline projects for the first time and the benefits of compressor
station locations to the remote communities along the pipeline route. These will
lead to faster and more economical pipeline system specifications. They will
serve as useful decision-making tools for potential investors in compressor
stations and pipeline systems and the Nigerian government on developing the

proposed Trans-Saharan gas pipeline project.

The results have shown a novel contribution investment in the proposed Trans-
Saharan gas pipeline project will have through potential local jobs and new roads
creations. This could serve as an indicator of the quality of life of the local
communities. The developed method can guide in the quantification of social
impacts and socio-economic benefits during the design and development stage
of any compressor station for pipelines application and other related projects. The
results obtained have shown the inherent advantages of the developed models
and significance of the proposed optimisation approaches utilised in this research
for station locations optimisation of the integrated pipeline TERA. They show the

potential of the modeling and optimisation approaches in guiding decision-
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makers on the ultimate selection of engine configurations that will give the
optimum lifecycle cost and socio-economic benefits at the optimised station
locations. This will maximise profits and bring about an improved economic
performance. The developed social benefit algorithms will open a new field of
research closely aligned to the evolution of organisational goals to encompass
stakeholders. It is hoped that the considered social benefit algorithms will serve
as a useful methodological basis for further studies in the techno socio-economic
benefits and an important driver for the implementation of the proposed Trans-

Saharan gas pipeline and any pipeline projects.

The challenges encountered during modelling and optimisation are due to the
complexities of the compressor station and pipeline system, station location
characteristics, and the non-linearity of the optimisation problem. However, they
were effectively resolved. The analysed optimisation techniques form the basis
for exploring sophisticated network configurations and for future research in these
interesting aspects of compressor station and pipeline system TERA and

optimisation studies.

In summary, the main contributions to knowledge of this research work are:

1. Development of a model and method for evaluating gas turbine availability
on pipeline TERA

2. Development of a model and method based on pipeline TERA for
evaluating the social impacts and social benefits of compressor station
locations along the pipeline route

3. Novel combination of TERA with socio-economic considerations in a first
step

4. An economic optimisation analysis using the compressor station location

as a decision variable
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9.2 Recommendation for Future Work

The following shows potential areas for future work:

1.

It was not easy to find data primarily for the social aspects of this research.
However, the limited available data obtained from the literature, relevant
assumptions and informed engineering judgement were utilised in this
thesis and provided accurate results. Nonetheless, it is anticipated that
data collection and use would need to be improved in future work.

The benefits examined focus primarily on direct benefits. Thus, they are
an underestimate. Indirect benefits need to be included and should be the
focus of more research.

This research considered two positive social impacts and benefits. Other
positive social impacts of compressor station locations along pipeline
route, such as water infrastructure impact and provision of electricity, could
be explored. The water use associated with the construction, installation,
and operation of the compressor station and pipeline system and its
impacts on the local communities could be examined. The detailed
analysis of water usage in each compressor station location along the
pipeline route could help alleviate local water stress, thus providing
socioeconomic benefits. The socioeconomic implications of supplying
electricity from the gas turbine compressor stations to the local
communities could be evaluated in future research. The willingness-to-pay
approach based on the revealed preference method and stated preference
method could be explored in future studies for the value of travel time
savings estimation of road benefits.

In addition to other positive social impacts, negative social impacts such
as accident fatalities, including the potential death of employees over the
lifecycle of the proposed project, could be investigated using different
methods. The subsequent interference in the local communities’
socioeconomic activities arising because of their displacement from the
social influence areas within the station locations could also be explored.
Unplanned downtimes were excluded from the developed local

maintenance schedule. Although engine failure rates were integrated with

291



the developed maintenance schedule, the effects of unplanned downtime
on the availability of the system deserve further attention in future work.

. The maintenance cost analysis could be improved by conducting statistical
analysis to find the correlations between engine availability and
maintenance cost for each selected engine model. This analysis could be
based on engine availability and maintenance database retrieved from
further literature studies or the developed maintenance schedule
incorporating unplanned downtimes. The outcome of this additional
investigation would be some developed trendline equations to estimate
maintenance costs. In this, trendline equation or curve at any availability
factor will give an equivalent maintenance factor, which can further be
included in the availability-based maintenance cost models developed in
this thesis.

. The optimisation aspects could be further improved by performing a multi-
objective optimisation study combining two objective functions
simultaneously while maintaining station location as the decision variable.
The project’s techno-economic and socio-economic costs may be the two
competing objectives to be optimised. The inclusion of compressor station
size as another decision variable under varying pipeline thickness could
be considered in future work.

. The transmission pipeline could be integrated with the gas distribution
network, and the model could be enhanced by employing varying natural
gas compositions. Future work could encompass more simulation and
optimisation models to cater for the increased complexity due to the
additional gas distribution network and varying gas composition.

292



REFERENCES

[1] BP (2020) Statistical review of world energy. 69th edn. Available at:
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-
world-energy/natural-gas.html (Accessed: 8 July 2020).

[2] Szoplik, J. (2015) ‘Forecasting of natural gas consumption with artificial
neural networks’, Energy, 85(2015), pp. 208-220. doi:
10.1016/j.energy.2015.03.084.

[3] Dilaver, O., Dilaver, Z. and Hunt, L. C. (2014) ‘What drives natural gas
consumption in Europe? Analysis and projections’, Journal of Natural Gas
Science and Engineering, 19(2014), pp. 125-136. doi:
10.1016/j.jngse.2014.04.002.

[4] Truscott, P. (2009) ‘Algeria, Nigeria and the Trans-Saharan pipeline’,
Whitehall Papers, 73(1), pp. 47-53. doi: 10.1080/02681300903415491.

[5] Augé, B. (2010) The Trans-Saharan gas pipeline : An illusion or a real
prospect ? Paris. Available at:
https://www.ifri.org/sites/default/files/atoms/files/auge_the trans_saharan_gas

pipeline.pdf (Accessed: 15 February 2019).

[6] Meibodi, A. L. I. E. and Ali, S. S. (2010) ‘Oil and natural gas pipelines to
Europe’, in International Conference On Applied Economics. Athens, 26-28
August 2010: Springer, pp. 515-522.

[7] The World Bank (2021) Global gas flaring tracker report. Available at:
https://www.worldbank.org/en/topic/extractiveindustries/publication/global-gas-

flaring-tracker-report (Accessed: 28 April 2021).

[8] Price Water House Coopers (2020) Assessing the impact of gas flaring on
the Nigerian economy. Available at: https://www.pwc.com/ng/en/assets/pdf/gas-

flaring-impactl.pdf (Accessed: 6 September 2021).

[9] Okoro, E. E., Adeleye, B. N., Okoye, L. U. and Maxwell, O. (2021) ‘Gas

flaring, ineffective utilization of energy resource and associated economic

293



impact in Nigeria: Evidence from ARDL and Bayer-Hanck cointegration
techniques’, Energy Policy, 153(2021), p. 112260. doi:
10.1016/j.enpol.2021.112260.

[10] Premium Times Nigeria (2021) ‘Analysis: As Nigeria continues to miss gas
flaring deadlines, huge revenue is lost’, 30 April. Available at:
https://www.premiumtimesng.com/news/headlines/458507-analysis-as-nigeria-
continues-to-miss-gas-flaring-deadlines-huge-revenue-is-lost.html (Accessed:
30 April 2021).

[11] Global Energy Monitor (2021) Trans-Saharan gas pipeline. Available at:

https://www.gem.wiki/Trans-Saharan_Gas_Pipeline (Accessed: 27 June 2021).

[12] Oil Review Africa (2018) ‘Trans Saharan gas pipeline is the longest in the
Europe, Middle East and Africa, says GlobalData’. Available at:
https://www.oilreviewafrica.com/gas/gas/trans-saharan-gas-pipeline-is-the-
longest-in-the-europe-middle-east-and-africa-says-globaldata (Accessed: 30
July 2019).

[13] Premium Times Nigeria (2021) ‘AKK gas pipeline: Nigeria targets trans-
saharan, European markets’, 27 June. Available at:
https://www.premiumtimesng.com/news/top-news/470188-akk-gas-pipeline-
nigeria-targets-trans-saharan-european-markets.html (Accessed: 29 June
2021).

[14] International Energy Agency (2015) Secure sustainable together: World
Energy Outlook. Paris: OECD/IEA. Available at:
http://www.iea.org/publications/freepublications/publication/WEB_WorldEnergy
Outlook2015ExecutiveSummaryEnglishFinal.pdf (Accessed: 16 September
2019).

[15] Nasir, A; Pilidis, P; Ogaji, S; Mohamed, W. (2013) ‘Some economic
implications of deploying gas turbine in natural gas pipeline networks’,
International Journal of Engineering and Technology, 5(1), pp. 141-145. doi:
10.7763/ijet.2013.v5.528.

294



[16] Nasir, A. (2013) Techno-economic study of gas turbine in pipeline
applications. PhD Thesis. Cranfield University, United Kingdom.

[17] El-Suleiman, A. (2014) Gas turbine application to CO2 pipeline: A techno-
economic and environmental risk analysis. PhD Thesis. Cranfield University,

United Kingdom.

[18] Tukur, N. (2018) Techno-economics of natural gas pipeline compression

system. PhD Thesis. Cranfield University, United Kingdom.

[19] Aziaka, D. (2020) Techno-economic study of degraded gas turbine and
centrifugal compressor on pipeline application in the oil and gas industry. PhD
Thesis. Cranfield University, United Kingdom.

[20] El-Shiekh, T. M. (2013) ‘The optimal design of natural gas transmission
pipelines’, Energy Sources, Part B: Economics, Planning and Policy, 8(1), pp.
7-13. doi: 10.1080/15567240802534193.

[21] Olsen, B., Kurz, R., Hughes, M. and Winkelmann, B. (2011) ‘Economic
evaluation model for various drivers and driven equipment technologies in gas
compression applications’, in Gas Machinery Conference. Nashville, TN,
October 3-6, 2011, pp. 1-15. doi: 10.13140/RG.2.1.4198.8007.

[22] Rios-Mercado, R. Z., Kim, S. and Boyd, E. A. (2006) ‘Efficient operation of
natural gas transmission systems: A network-based heuristic for cyclic
structures’, Computers and Operations Research, 33(8), pp. 2323-2351. doi:
10.1016/j.cor.2005.02.003.

[23] Demissie, A., Zhu, W. and Belachew, C. (2017) ‘A multi-objective
optimization model for gas pipeline operations’, Computers and Chemical
Engineering, 100(2017), pp. 94-103.

[24] Speight, J. G. (2015) ‘Liquid fuels from natural gas’, in Lee, S., Speight,
J.G., Loyalka, S. K. (ed.) Handbook of Alternative Fuel Technologies. 2nd edn.
Boca Raton, FL: Taylor and Francis, pp. 157-178.

[25] Mokhatab, S., Poe, W.A., Mak, J. Y. (2015) Handbook of natural gas

295



transmission and processing: Principles and practices. 3rd edn. Oxford: Gulf

Professional Publishing.

[26] Abd, A. A., Naji, S. Z. and Hashim, A. S. (2020) ‘Effects of non-
hydrocarbons impurities on the typical natural gas mixture flows through a
pipeline’, Journal of Natural Gas Science and Engineering, 76(2020), pp. 1-6.
doi: 10.1016/j.jngse.2020.103218.

[27] Fatemi, S. M., Salooki, M. K.- and Keshavarz, M. (2019) ‘Impact of different
parameters on the hydraulic and flow capacity of gas transmission pipelines’,
Gas Technology, 4(1), pp. 46-57.

[28] Thomas, S. and Dawe, R. A. (2003) ‘Review of ways to transport natural
gas energy from countries which do not need the gas for domestic use’, Energy,
28(14), pp. 1461-1477. doi: 10.1016/S0360-5442(03)00124-5.

[29] Szoplik, J. (2017) ‘Changes in gas flow in the pipeline depending on the
network foundation in the area’, Natural Gas Science and Engineering,
43(2017), pp. 1-12.

[30] Woldeyohannes, A. D. and Majid, M. A. A. (2011) ‘Simulation model for
natural gas transmission pipeline network system’, Simulation Modelling
Practice and Theory, 19(1), pp. 196-212. doi: 10.1016/j.simpat.2010.06.006.

[31] Ekhtiari, A., Dassios, I., Liu, M. and Syron, E. (2019) ‘A novel approach to
model a gas network’, Applied Sciences, 9(6), pp. 1-26. doi:
10.3390/app9061047.

[32] Cabalu, H. (2010) ‘Indicators of security of natural gas supply in Asia’,
Energy Policy, 38(1), pp. 218-225. doi: 10.1016/].enpol.2009.09.008.

[33] Najibi, H. and Taghavi, N. (2011) ‘Effect of different parameters on optimum
design for high pressure natural gas trunk-lines’, Natural Gas Science and
Engineering, 3(2011), pp. 547-554.

[34] Zhou, W. and Nessim, M. A. (2011) ‘Optimal design of onshore natural gas

pipelines’, Journal of Pressure Vessel Technology, Transactions of the ASME,

296



133(3), p. (031702-1)-(031702-11). doi: 10.1115/1.4002496.

[35] Chen, Y., Zhang, H., Zhang, J., Liu, X., Li, X. and Zhou, J. (2015) ‘Failure
assessment of X80 pipeline with interacting corrosion defects’, Engineering
Failure Analysis, 47(2015), pp. 67-76.

[36] Fallahnejad, M. H. (2013) ‘Delay causes in Iran gas pipeline projects’,
Project Management, 31(2013), pp. 136-146.

[37] Mahmoudimehr, J. and Sanaye, S. (2014) ‘Minimization of fuel
consumption of natural gas compressor stations with similar and dissimilar
turbo-compressor units’, Journal of Energy Engineering, 140(1), p. 04013001.
doi: 10.1061/(asce)ey.1943-7897.0000129.

[38] Menon, E. S. (2005) Gas pipeline hydraulics. Boca Raton, FL: Taylor and
Francis. doi: 10.1201/9781420038224.

[39] FERC (2015) Fact sheet: an interstate natural gas facility on my land?
What do | need to know? Washington, DC: Federal Energy Regulatory

Commission. Available at: www.ferc.gov (Accessed: 19 April 2020).

[40] Liang, Y. and Hui, C. W. (2018) ‘Convexification for natural gas
transmission networks optimization’, Energy, 158(2018), pp. 1001-1016.

[41] Pambour, K. A., Bolado-Lavin, R. and Dijkema, G. P. J. (2016) ‘An
integrated transient model for simulating the operation of natural gas transport
systems’, Journal of Natural Gas Science and Engineering, 28(2016), pp. 672—
690. doi: 10.1016/j.jngse.2015.11.036.

[42] Kurz, R., Lubomirsky, M. and Brun, K. (2012) ‘Gas compressor station
economic optimization’, International Journal of Rotating Machinery, 2012, pp.
1-9. doi: 10.1155/2012/715017.

[43] Rios-Mercado, R. Z. and Borraz-Sanchez, C. (2015) ‘Optimization
problems in natural gas transportation systems: A state-of-the-art review’,
Applied Energy, 147(2015), pp. 536-555.

[44] Uster, H. and Dilaveroglu, S. (2014) ‘Optimization for design and operation

297



of natural gas transmission networks’, Applied Energy, 133(2014), pp. 56—69.
doi: 10.1016/j.apenergy.2014.06.042.

[45] Marcoulaki, E. C., Papazoglou, I. A. and Pixopoulou, N. (2012) ‘Integrated
framework for the design of pipeline systems using stochastic optimisation and
GIS tools’, Chemical Engineering Research and Design. Institution of Chemical
Engineers, 90(12), pp. 2209-2222. doi: 10.1016/j.cherd.2012.05.012.

[46] Sanaye, S. and Mahmoudimehr, J. (2013) ‘Optimal design of a natural gas
transmission network layout’, Chemical Engineering Research and Design.
Institution of Chemical Engineers, 91(2013), pp. 2465-2476. doi:
10.1016/j.cherd.2013.04.005.

[47] Carroll, J. J. (2010) Acid gas injection and carbon dioxide sequestration.
Salem, MA, USA: Scrivener Publishing. doi: 10.1002/9780470893210.

[48] Rasmussen, P. and Kurz, R. (2009) ‘Centrifugal compressor applications—
Upstream and midstream’, in Proceedings of the Thirty-eight Turbomachinery
Symposium. Houston, Texas, September 14-17, 2009: Turbomachinery
Laboratory, Texas A & M University, pp. 169-186.

[49] Siemens Energy (2020) Efficient and robust single-shaft centrifugal
compressors. Available at: https://www.siemens-
energy.com/global/en/offerings/compression/single-shaft-centrifugal-
compressors.html (Accessed: 21 October 2020).

[50] Osiadacz, A. J. and Chaczykowski, M. (2017) ‘Compressor fuel
minimization under transient conditions’, in Pipeline Simulation Interest Group.
Atlanta, Georgia, 9-12 May 2017, pp. 1-14.

[51] Cortinovis, A., Ferreau, H., Lewandowski, D. and Mercangos, M. (2015)
‘Experimental evaluation of MPC-based anti-surge and process control for
electric driven centrifugal gas compressors’, Process Control, 34(2015), pp. 13—
25.

[52] Jones, K., Cortinovis, A., Mercangoez, M., Ferreau, H. J., Jones, K.,
Cortinovis, A., Mercangoez, M. and Ferreau, H. J. (2017) ‘Distributed model

298



predictive control of centrifugal compressor systems’, International Federation
of Automatic Control, 50-1(2017), pp. 10796-10801. doi:
10.1016/j.ifacol.2017.08.2343.

[53] Meira, R., Costa, G., Kalid, R. and Martins, M. (2021) ‘Improving the
centrifugal compressor map through rigorous thermodynamic modeling: An
analysis on a natural gas compression station pipeline’, Natural Gas Science
and Engineering, 92(2021), p. 104006.

[54] Behrooz, H. A. (2016) ‘Managing demand uncertainty in natural gas
transmission networks’, Natural Gas Science and Engineering, 34(2016), pp.
100-111.

[55] Saravanamuttoo, H. I. H., Rogers, G. F. C., Cohen, H., Straznicky, P. V.
and Nix, A. C. (2017) Gas turbine theory. 7th edn. Harlow: Pearson Education.

[56] Hosseinimaab, S. M. and Tousi, A. M. (2021) ‘A new approach to off-design
performance analysis of gas turbine engines and its application’, Energy
Conversion and Management, 243(2021), p. 114411. doi:
10.1016/j.enconman.2021.114411.

[57] Lubomirsky, M., Kurz, R., Klimov, P. and Mokhatab, S. (2010)
‘Configuration impacts availability, fuel consumption and pipeline capacity’,
Pipeline and Gas Journal, 237(1), pp. 48-54.

[58] Agwu, O. and Eleghasim, C. (2017) ‘Mechanical drive gas turbine selection
for service in two natural gas pipelines in Nigeria’, Case Studies in Thermal
Engineering, 10(2017), pp. 19-27. doi: 10.1016/j.csite.2017.02.003.

[59] De Sa, A. and Al Zubaidy, S. (2011) ‘Gas turbine performance at varying
ambient temperature’, Applied Thermal Engineering, 31(2011), pp. 2735-2739.
doi: 10.1016/j.applthermaleng.2011.04.045.

[60] MacCapani, M., Khan, R. S. R., Burgmann, P. J., Di Lorenzo, G., Ogaji, S.
O. T., Pilidis, P. and Bennett, I. (2014) ‘A TERA based comparison of heavy
duty engines and their artificial design variants for liquified natural gas service’,
Journal of Engineering for Gas Turbines and Power, 136(2), pp. 1-10. doi:

299



10.1115/1.4025474.

[61] Tahan, M., Muhammad, M. and Abdul Karim, Z. A. (2017) ‘Performance
evaluation of a twin-shaft gas turbine engine in mechanical drive service’,
Journal of Mechanical Science and Technology, 31(2), pp. 937-948. doi:
10.1007/s12206-017-0146-9.

[62] Razak, A. M. . (2007) Industrial gas turbines: Performance and operability.
Cambridge: Woodhead Publishing.

[63] Scotti Del Greco, A., Jurek, T., Michelassi, V. and Di Benedetto, D. (2021)
‘Design, testing, and performance impact of exhaust diffusers in aero-derivative
gas turbines for mechanical drive applications’, Journal of Turbomachinery,
143(6), p. (061016-1)-(061016-13). doi: 10.1115/1.4048795.

[64] Meher-Homji, C. B., Taher, M., Meher-Homji, F. J. and Pillai, P. (2018)
‘Aeroderivative engines in LNG liquefaction mechanical drive applications’, in
Proceedings of the ASME Turbo Expo Turbomachinery Technical Conference
and Exposition. Oslo, Norway, June 11-15, 2018: ASME, pp. 1-11. doi:
10.1115/GT2018-75567.

[65] Eti, M. C., Ogaji, S. O. T. and Probert, S. D. (2007) ‘Integrating reliability,
availability, maintainability and supportability with risk analysis for improved
operation of the Afam thermal power-station’, Applied Energy, 84(2), pp. 202—
221. doi: 10.1016/j.apenergy.2006.05.001.

[66] Tran, T. H., French, S., Ashman, R. and Kent, E. (2018) ‘Impact of
compressor failures on gas transmission network capability’, Applied
Mathematical Modelling, 55(2018), pp. 741-757. doi:
10.1016/j.apm.2017.11.034.

[67] Boyce, M. P. (2012) Gas turbine engineering handbook. 4th Edn. Oxford:

Elsevier.

[68] Haghifam, M. R. and Manbachi, M. (2011) ‘Reliability and availability
modelling of combined heat and power (CHP) systems’, Electrical Power and
Energy Systems, 33(2011), pp. 385-393.

300



[69] Santos, S.P., Bittencourt, M. A. S., Vasconcellos, L. D. (2006) ‘Compressor
station availability — Managing its effects on gas pipeline operation’, in 6th
International Pipeline Conference. Calgary, Canada, September 25-29, 2006:
ASME, pp. IPC2006-10560.

[70] Santos, S. P. (2008) ‘Availability and risk analysis effects on gas pipeline
tariff making’, in 7th International Pipeline Conference. Calgary, Canada,
September 29 - October 3, 2008: ASME, pp. 1-9.

[71] Santos, S. P., Leal, J. E. and Oliveira, F. (2011) ‘The development of a
natural gas transportation logistics management system’, Energy Policy,
39(2011), pp. 4774-4784.

[72] Lubomirsky, M., Kurz, R. and Zamotorin, R. (2016) ‘Calculation of gas
pipeline compressor station availability factors using the monte carlo simulation
method’, in Pipeline Simulation Interest Group. Vancouver, British Columbia,
11-13 May 2016: PSIG, pp. 1-25.

[73] Yasseri, S. F. and Bahai, H. (2018) ‘Availability assessment of subsea
distribution systems at the architectural level’, Ocean Engineering, 153(2018),
pp. 399-411. doi: 10.1016/j.oceaneng.2018.01.099.

[74] Carazas, F. J. G. and De Souza, G. F. M. (2009) ‘Availability analysis of
gas turbines used in power plants’, International Journal of Thermodynamics,
12(1), pp. 28-37.

[75] Yuan, J., Luo, D., Xia, L. and Feng, L. (2015) ‘Policy recommendations to
promote shale gas development in China based on a technical and economic
evaluation’, Energy Policy, 85(2015), pp. 194-206. doi:
10.1016/j.enpol.2015.06.006.

[76] Giacchetta, G., Leporini, M. and Marchetti, B. (2015) ‘Economic and
environmental analysis of a Steam Assisted Gravity Drainage (SAGD) facility for
oil recovery from Canadian oil sands’, Applied Energy, 142(2015), pp. 1-9. doi:
10.1016/j.apenergy.2014.12.057.

[77] Park, C. S. (2016) Contemporary engineering economics. 6th Edn. Harlow:

301



Pearson Education.

[78] Berk, J. and DeMarzo, P. (2019) Corporate Finance. 5th edn. Harlow:

Peason Education.

[79] Gaspars-Wieloch, H. (2019) ‘Project Net Present Value estimation under
uncertainty’, Central European Journal of Operations Research. Springer Berlin
Heidelberg, 27(1), pp. 179-197. doi: 10.1007/s10100-017-0500-0.

[80] Farr, J. V. and Faber, I. (2019) Engineering economics of life cycle cost

analysis. Boca Raton, FL: Taylor and Francis.

[81] Ogaji, S. O. T., Pilidis, P. and Hales, R. (2007) ‘TERA- A tool for aero-
engine modelling and management’, in Second Word Conference on
Engineering Asset Management and the Fourth International Conference on
Condition Monitoring. Harrogate, UK, 11-14 June, 2007, pp. 1-12.

[82] Zhang, D., Kurz, R., Lubomirsky, M., Garcia, D., Singh, A. and Troya, A.
(2016) ‘Gas compression optimization for changing pipeline landscape’, in
Proceedings of the ASME Turbo Expo: Turbomachinery Technical Conference
and Exposition. Seoul, South Korea, June 13-17, 2016: ASME, pp. 1-11. doi:
10.1115/GT2016-56112.

[83] Kurz, R., Ohanian, S. and Brun, K. (2010) ‘Compressors in high pressure
pipeline applications’, in Proceedings of the ASME Turbo Expo: Power for Land,
Sea and Air. Glasgow, UK, June 14-18, 2010: ASME, pp. 1-10.

[84] Haupt, R.L; Haupt, S. E. (2004) Practical genetic algorithms. 2nd Edn. New
Jersey: John Wiley & Sons.

[85] Dao, S. D., Abhary, K. and Marian, R. (2016) ‘Maximising performance of
genetic algorithm solver in matlab’, Engineering Letters, 24(1), pp. 75-83.

[86] Zhang, X. and Wu, C. (2015) ‘Energy cost minimization of a compressor
station by modified genetic algorithms’, Engineering Letters, 23(4), pp. 258—
268.

[87] Knight, R., Linder, U., Markworth, N. and Perz, E. (2004) ‘Thermo-

302



economic optimization of whole gas turbine plant (GTPOM)’, Applied Thermal
Engineering, 24(11-12), pp. 1725-1733. doi:
10.1016/j.applthermaleng.2003.11.016.

[88] Nguyen, H. H., Uraikul, V., Chan, C. W. and Tontiwachwuthikul, P. (2008)
‘A comparison of automation techniques for optimization of compressor
scheduling’, Advances in Engineering Software, 39(3), pp. 178-188. doi:
10.1016/j.advengsoft.2007.02.003.

[89] Elshiekh, T. M. (2014) ‘Optimization of fuel consumption in compressor
stations’, Oil and Gas Facilities, 4(1), pp. 59-65. doi: 10.2118/173888-pa.

[90] Fahimnia, B., Molaei, R. and Ebrahimi, M. (2008) ‘Genetic algorithm
optimization of fuel consumption in compressor stations’, WSEAS Transaction

on Systems and Control, 3(1), pp. 1-10.

[91] Habibvand, G. and Mossayebi Behbahani, R. (2012) ‘Using genetic
algorithm for fuel consumption optimization of a natural gas transmission
compressor station’, International Journal of Computer Applications, 43(1), pp.
1-6. doi: 10.5120/6064-8180.

[92] Spall, J. C. (2005) Introduction to Stochastic Search and Optimization:
Estimation, Simulation, and Control. John Wiley & Sons. doi:
10.1002/0471722138.

[93] Wikipedia (2022) Gradient descent. Available at:
https://en.wikipedia.org/wiki/Gradient_descent (Accessed: 16 May 2022).

[94] Han, X. H., Quan, L. and Xiong, X. (2015) ‘A modified gravitational search
algorithm based on sequential quadratic programming and chaotic map for ELD
optimization’, Knowledge and Information Systems, 42(3), pp. 689—-708. doi:
10.1007/s10115-013-0701-3.

[95] Bazaraa, M. ., Sherali, H. . and Shetty, C. . (2006) Nonlinear Programming:
Theory and Algorithms. 3rd Edn. New Jersey: John Wiley & Sons.

[96] Heavner, B. and Churchill, S. (2002) Renewables work: Job growth from

303



renewable energy development in California, CALPIRG Charitable Trust.
California. Available at: https://www.policyarchive.org/handle/10207/5556
(Accessed: 15 February 2020).

[97] Hartley, P. R., Medlock, K. B., Temzelides, T. and Zhang, X. (2015) ‘Local
employment impact from competing energy sources: Shale gas versus wind
generation in Texas’, Energy Economics, 49, pp. 610-619. doi:
10.1016/j.eneco.2015.02.023.

[98] Chatzimouratidis, A. I. and Pilavachi, P. A. (2008) ‘Multicriteria evaluation of
power plants impact on the living standard using the analytic hierarchy process’,
Energy Policy, 36(3), pp. 1074-1089. doi: 10.1016/j.enpol.2007.11.028.

[99] Simas, M. and Pacca, S. (2014) ‘Assessing employment in renewable
energy technologies: A case study for wind power in Brazil’, Renewable and
Sustainable Energy Reviews, 31, pp. 83—-90. doi: 10.1016/j.rser.2013.11.046.

[100] Cartelle Barros, J. J., Lara Coira, M., de la Cruz Lopez, M. P. and del
Cafo Gochi, A. (2017) ‘Comparative analysis of direct employment generated
by renewable and non-renewable power plants’, Energy, 139, pp. 542-554. doi:
10.1016/j.energy.2017.08.025.

[101] Tourkolias, C., Mirasgedis, S., Damigos, D. and Diakoulaki, D. (2009)
‘Employment benefits of electricity generation: A comparative assessment of
lignite and natural gas power plants in Greece’, Energy Policy, 37(10), pp.
4155-4166. doi: 10.1016/j.enpol.2009.05.015.

[102] Afgan, N. H. and Carvalho, M. G. (2004) ‘Sustainability assessment of
hydrogen energy systems’, International Journal of Hydrogen Energy, 29(13),
pp. 1327-1342. doi: 10.1016/j.ijhydene.2004.01.005.

[103] Fthenakis, V. and Kim, H. C. (2009) ‘Land use and electricity generation:
A life-cycle analysis’, Renewable and Sustainable Energy Reviews, 13(6-7), pp.
1465-1474. doi: 10.1016/j.rser.2008.09.017.

[104] Klein, S. J. W. and Whalley, S. (2015) ‘Comparing the sustainability of
U.S. electricity options through multi-criteria decision analysis’, Energy Policy,

304



79(2015), pp. 127-149. doi: 10.1016/j.enpol.2015.01.007.

[105] Maxim, A. (2014) ‘Sustainability assessment of electricity generation
technologies using weighted multi-criteria decision analysis’, Energy Policy,
65(2014), pp. 284—297. doi: 10.1016/j.enpol.2013.09.059.

[106] Trainor, A. M., McDonald, R. I. and Fargione, J. (2016) ‘Energy sprawl is
the largest driver of land use change in United States’, PLoS ONE, 11(9), pp. 1-
16. doi: 10.1371/journal.pone.0162269.

[107] van Zalk, J. and Behrens, P. (2018) ‘The spatial extent of renewable and
non-renewable power generation: A review and meta-analysis of power
densities and their application in the U.S.’, Energy Policy, 123(2018), pp. 83-91.
doi: 10.1016/j.enpol.2018.08.023.

[108] Smil, V. (2008) Energy in nature and society: general energetics of

complex systems. Cambridge: The MIT Press.

[109] Athira, I. C., Muneera, C. P., Krishnamurthy, K. and Anjaneyulu, M. V. L.
R. (2016) ‘Estimation of value of travel time for work trips’, Transportation
Research Procedia, 17(2016), pp. 116-123. doi: 10.1016/j.trpro.2016.11.067.

[110] Ettema, D. and Verschuren, L. (2007) ‘Multitasking and value of travel
time savings’, Transportation Research Record, (2010), pp. 19-25. doi:
10.3141/2010-03.

[111] Fayyaz, M., Bliemer, M. C. J., Beck, M. J., Hess, S. and van Lint, J. W. C.
(2021) ‘Stated choices and simulated experiences: Differences in the value of
travel time and reliability’, Transportation Research Part C: Emerging
Technologies, 128(2021), pp. 103145(1)-103145(19). doi:
10.1016/j.trc.2021.103145.

[112] Schmid, B., Jokubauskaite, S., Aschauer, F., Peer, S., Hossinger, R.,
Gerike, R., Jara-Diaz, S. and Axhausen, K. (2019) ‘A pooled RP/SP mode,
route and destination choice model to investigate mode and user-type effects in
the value of travel time savings’, Transportation Research Part A, 124(2019),
pp. 262—-294.

305



[113] Wardman, M. and Lyons, G. (2016) ‘The digital revolution and worthwhile
use of travel time: implications for appraisal and forecasting’, Transportation,
43(3), pp- 507-530. doi: 10.1007/s11116-015-9587-0.

[114] Hensher, D. and Wang, B. (2016) ‘Productivity foregone and leisure time
corrections of the value of business travel time savings for land passenger

transport in Australia’, Road and Transport Research, 25(2), p. 15.

[115] Wardman, M., Batley, R., Laird, J., Mackie, P., Fowkes, A. S., Lyons, G.,
Bates, J. and Eliasson, J. (2013) Valuation of travel time savings for business

travellers: Annexes to main report. Leeds.

[116] Department for Transport (2012) Values of time and operating costs:
WebTAG unit 3.5.6, Transportation Analysis Guidance. Available at:
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.375.1581&rep=repl&t
ype=pdf (Accessed: 15 June 2022).

[117] Hensher, D. (1977) The value of business travel time. Oxford: Pergamon

Press.

[118] Ghajar, 1., Najafi, A., Karimimajd, A. M., Boston, K. and Ali Torabi, S.
(2013) ‘A program for cost estimation of forest road construction using
engineer’'s method’, Forest Science and Technology, 9(3), pp. 111-117. doi:
10.1080/21580103.2012.759163.

[119] Stuckelberger, J. A., Heinimann, H. R. and Burlet, E. C. (2006) ‘Modeling
spatial variability in the life-cycle costs of low-volume forest roads’, European
Journal of Forest Research, 125(4), pp. 377—-390. doi: 10.1007/s10342-006-
0123-9.

[120] Mahamid, I. (2011) ‘Early cost estimating for road construction projects
using multiple regression techniques’, Australasian Journal of Construction
Economics and Building, 11(4), pp. 87-101. doi: 10.5130/ajceb.v11i4.2195.

[121] Mahamid, I. (2013) ‘Conceptual cost estimate of road construction
projects in Saudi Arabia’, Jordan Journal of Civil Engineering, 7(3), pp. 285—
294,

306



[122] Markow, M. J. and Aw, W. B. (1983) ‘Estimating road construction costs
for sector planning in developing countries’, Transportation Research Record,
(898), pp. 52-61.

[123] Fankhauser, S., Sehlleier, F. and Stern, N. (2008) ‘Climate change,
innovation and jobs’, Climate Policy, 8(4), pp. 421-429. doi:
10.3763/cpol.2008.0513.

[124] Lambert, R. J. and Silva, P. P. (2012) ‘The challenges of determining the
employment effects of renewable energy’, Renewable and Sustainable Energy
Reviews, 16(7), pp. 4667-4674. doi: 10.1016/j.rser.2012.03.072.

[125] Wei, M., Patadia, S. and Kammen, D. M. (2010) ‘Putting renewables and
energy efficiency to work: How many jobs can the clean energy industry
generate in the US?’, Energy Policy, 38(2), pp. 919-931. doi:
10.1016/j.enpol.2009.10.044.

[126] Cai, W., Wang, C., Chen, J. and Wang, S. (2011) ‘Green economy and
green jobs: Myth or reality? The case of China’s power generation sector’,
Energy, 36(10), pp. 5994-6003. doi: 10.1016/j.energy.2011.08.016.

[127] The World Bank (2018) Population density (people per sg. km of land
area) - Niger. Available at:
https://data.worldbank.org/indicator/EN.POP.DNST?locations=NE (Accessed: 6
April 2021).

[128] Tiffen, M. (2001) Profile of demographic change in the Kano-Maradi
region, 1960-2000, Drylands Research Working Paper 24. Somerset, UK.

[129] Weber, E. M., Seaman, V. Y., Stewart, R. N., Bird, T. J., Tatem, A. J.,
McKee, J. J., Bhaduri, B. L., Moehl, J. J. and Reith, A. E. (2018) ‘Census-
independent population mapping in northern Nigeria’, Remote Sensing of
Environment, 204(September 2017), pp. 786—798. doi:
10.1016/j.rse.2017.09.024.

[130] Wikipedia (2008) Population densities in Hassi R’Mel town, Algeria.
Avalilable at: https://en.wikipedia.org/wiki/Hassi_R%27Mel (Accessed: 6 April

307



2021).

[131] Global Energy Monitor (2020) Trans-Saharan gas pipeline. Available at:
https://www.gem.wiki/Trans-Saharan_Gas_Pipeline (Accessed: 6 April 2021).

[132] Ministry of Petroleum Resources (2017) Nigeria national gas policy.
Nigeria government policy and action. Available at:
http://www.petroleumindustrybill.com/wp-content/uploads/2017/06/National-
Gas-Policy-Approved-By-FEC-in-June-2017.pdf (Accessed: 28 November
2018).

[133] Aspen Technology Incorporation (2021) Gas compression analysis.
Available at: https://www.aspentech.com/en/applications/engineering/gas-

compression-analysis (Accessed: 22 September 2021).

[134] Berdanier, R. A., Smith, N. R., Fabian, J. C. and Key, N. L. (2015)
‘Humidity effects on experimental compressor performance-corrected conditions
for real gases’, Journal of Turbomachinery, 137(3), pp. 1-10. doi:
10.1115/1.4028356.

[135] Siemens AG (2005) Siemens STC-SV centrifugal compressors with
vertically split casing. Available at:
https://www.yumpu.com/en/document/read/12343389/siemens-stc-sv-
centrifugal-compressors-with-vertically-split-casing (Accessed: 21 October
2020).

[136] General Electric (2005) GE centrifugal and axial compressors. Available
at: https://pdf.directindustry.com/pdf/ge-compressors/centrifugal-axial-
compressors/115061-389559- 4.html (Accessed: 21 October 2020).

[137] Dresser-Rand (2010) Datum centrifugal compressors. Available at:
https://hickman-shearer.co.uk/wp-
content/uploads/2020/06/vdocuments.mx_dresser-rand-datum-compressors.pdf
(Accessed: 21 October 2020).

[138] Ward, S. A. and Johnson-Hirt, M. (2010) ‘SGT-400 industrial gas turbine

power enhancement to 15mw design and product validation’, in Proceedings of

308



the ASME 2010 Power Conference. Chicago, lllinois, July 13-15, 2010: A, pp.
1-10.

[139] Siemens Energy (2020) SGT-400 Industrial Gas Turbine. Available at:
https://www.siemens-energy.com/global/en/offerings/power-generation/gas-
turbines/sgt-400.html (Accessed: 7 August 2020).

[140] Lipton, M. (2005) Fuel flexibility in GE LM engines, GE Energy. Available
at:
https://www.socalgas.com/documents/business/gasquality/elec_gen_fuel_flexibi

lity_ge Im_engines.pdf (Accessed: 7 August 2020).

[141] Siemens Energy (2020) SGT-500 industrial gas turbine. Available at:
http://www.heinkel-systeme.de/data/simple/0056/Heinkel_Gas_Turbine_SGT-
500_EN.pdf (Accessed: 7 August 2020).

[142] Siemens (2007) Siemens industrial turbomachinery AB. Available at:
https://smartcitysweden.com/companies/1405/siemens-industrial-

turbomachinery-ab/ (Accessed: 7 August 2020).

[143] Spuntrup, F. S., Londoiio, J. G., Skourup, C., Thornhill, N. F. and Imsland,
L. (2018) ‘Reliability improvement of compressors based on asset fleet reliability
data’, IFAC-PapersOnLine, 51(8), pp. 217-224. doi:
10.1016/j.ifacol.2018.06.380.

[144] Wang, J. J., Fu, C., Yang, K., Zhang, X. T., Shi, G. hua and Zhai, J.
(2013) ‘Reliability and availability analysis of redundant BCHP (building cooling,
heating and power) system’, Energy, 61, pp. 531-540. doi:
10.1016/j.energy.2013.09.018.

[145] Marquez, A. C., Heguedas, A. S. and lung, B. (2005) ‘Monte Carlo-based
assessment of system availability. A case study for cogeneration plants’,
Reliability Engineering and System Safety, 88(3), pp. 273—-289. doi:
10.1016/j.ress.2004.07.018.

[146] North American Electric Reliability Corporation (2019) Generating unit
statistical brochures. Available at:

309



https://www.nerc.com/pa/RAPA/gads/Pages/Reports.aspx (Accessed: 27 June
2020).

[147] Inner City Fund (2017) Feasibility and impacts of domestic content

requirements for U.S. oil and gas pipelines. Fairfax, Virginia.

[148] Directorate-General for Energy (2020) European gas market report,
Market Observatory for Energy. Available at:
https://ec.europa.eu/energy/sites/ener/files/quarterly _report_on_european_gas
markets g4 2019 final.pdf (Accessed: 5 July 2020).

[149] ESSOM Co. LTD. (2019) Heating values of hydrogen and fuels. Available
at: https://chemeng.queensu.ca/courses/CHEE332/files/ethanol_heating-
values.pdf (Accessed: 5 July 2020).

[150] National Renewable Energy Laboratory (2019) Annual technology
baseline (ATB) data. Available at: https://atb.nrel.gov/electricity/2019/data.html
(Accessed: 3 June 2020).

[151] Sargent and Lundy (2020) Capital cost and performance characteristic
estimates for utility scale electric power generating technologies, U.S Energy
Information Administration. Available at:
https://www.eia.gov/analysis/studies/powerplants/capitalcost/pdf/capital_cost A
EO2020.pdf (Accessed: 25 April 2020).

[152] Obhuo, M. (2017) Techno-economic and environmental risk assessment
of gas turbines for use with flared associated gases. PhD Thesis. Cranfield

University, United Kingdom.

[153] MathWorks (2020) Simulink. Available at:
https://uk.mathworks.com/help/simulink/index.html?s_tid=srchtitle (Accessed:
11 September 2020).

[154] Parker, N. (2004) Using natural gas transmission pipeline costs to
estimate hydrogen pipeline costs. California. Available at:
http://escholarship.org/uc/item/9m40m75r (Accessed: 27 July 2019).

310



[155] Marshall Swift Valuation Services (2018) Report - Inventory index factors.

[156] Gas Turbine World (2018) Gas turbine world. Volume 33. Fairfield, CT:
Pequot Publishing.

[157] Aziaka D; Tukur N; Pilidis P. (2019) ‘Techno-economic evaluation of
pipeline compression system : Economic evaluation of the natural gas pipeline
compression system’, International Journal of Mechanical Engineering and
Technology (IJMET), 10(11), pp. 133-154.

[158] Gad-Briggs, A., Haslam, A. and Laskaridis, P. (2013) ‘Effect of change in
role of an aircraft on engine life’, Aeronautical Journal, 117(1196), pp. 1053—
1070. doi: 10.1017/S000192400000868X.

[159] Kammen, D. and Kapadia, K. (2004) Putting renewables to work: How
many jobs can the clean energy industry generate, RAEL Report, University of
California. Available at: http://community-wealth.org/sites/clone.community-

wealth.org/files/downloads/paper-kammen-et-al.pdf (Accessed: 25 May 2020).

[160] Mu, Y., Cai, W., Evans, S., Wang, C. and Roland-Holst, D. (2018)
‘Employment impacts of renewable energy policies in China: A decomposition
analysis based on a CGE modeling framework’, Applied Energy, 210(May
2017), pp. 256-267. doi: 10.1016/j.apenergy.2017.10.086.

[161] Wang, C., Zhang, W., Cai, W. and Xie, X. (2013) ‘Employment impacts of
CDM projects in China’s power sector’, Energy Policy, 59, pp. 481-491. doi:
10.1016/j.enpol.2013.04.010.

[162] American Petroleum Institute (API) Standard 616 (2011) Gas turbines for
the petroleum, chemical, and gas industry services. 5th Edn. Washington, DC.
Available at: https://1filedownload.com/wp-content/uploads/2020/12/Api-St-616-
2011.pdf (Accessed: 20 June 2020).

[163] U.S. Bureau of Labor Statistics (2019) Occupational employment
statistics. Available at: https://www.bls.gov/oes/current/oes_nat.htm (Accessed:
18 January 2021).

311



[164] Global Living Wage Coalition (2020) Anker Living Income Reference
Value - Rural Nigeria. Available at: https://globallivingwage.org/wp-
content/uploads/2021/01/Rural-Nigeria-LI-Reference-Value.pdf (Accessed: 31
May 2022).

[165] Salaryexplorer (2022) Salary and Cost of Living Comparison in Nigeria.
Available at: http://www.salaryexplorer.com/salary-

survey.php?loc=158&loctype=1 (Accessed: 31 May 2022).

[166] Warusawitharana, M. (2014) ‘The Social Discount Rate in Developing
Countries’, FEDS Notes, 2014(0029). doi: 10.17016/2380-7172.0029.

[167] Litman, T. A. (2020) Transportation cost and benefit analysis Il - Travel
time costs. Available at: https://www.vtpi.org/tca/tca0502.pdf (Accessed: 26
April 2021).

[168] U.S. Department of Agriculture (2020) Cost estimating guide for road
construction, Costos. Available at: http://www.fs.fed.us/r1/projects (Accessed:
22 February 2021).

[169] Wikipedia (2022) List of countries by GDP (PPP) per capita. Available at:
https://en.wikipedia.org/wiki/List_of countries_by GDP_(PPP)_per_capita
(Accessed: 15 June 2022).

[170] Manitoba (2021) Cost of production farm machinery. Available at:
https://gov.mb.ca/search/agriculture/?q=cost+of+production+farm+machinery
(Accessed: 24 February 2021).

[171] Caterpillar (2015) Caterpillar performance handbook. 45th Edn, Catapillar.
45th Edn.

[172] KEATING, K., KITCHEN, A. & PETTIT, A. (2014) Cost estimation for

culverts — summary of evidence. Bristol: UK Environment Agency.

[173] checkatrade (2021) Driveway cost calculator and guide. Available at:
https://www.checkatrade.com/blog/cost-guides/driveway-resurfacing-cost/
(Accessed: 25 February 2021).

312



[174] Oanda (2020) Currency converter. Available at:

https://www1.0anda.com/currency/converter/ (Accessed: 25 February 2021).

[175] Shale-Hester, T. (2021) VED road tax: how does car tax work and how
much will it cost? Available at: https://www.autoexpress.co.uk/consumer-
news/88361/ved-road-tax-how-does-car-tax-work-and-how-much-will-it-cost
(Accessed: 15 February 2021).

[176] GOV.UK (2020) Vehicle tax rates. Available at:
https://www.gov.uk/vehicle-tax-rate-tables (Accessed: 15 February 2021).

[177] Lagos Bureau of Statistics (2010) Motor vehicles statistics. Available at:
https://mepb.lagosstate.gov.ng/wp-content/uploads/sites/29/2017/08/Motor-
Vehicle-Statistics-Publication-2010.pdf (Accessed: 25 February 2021).

[178] Personal Income Tax (Amendment) Act (2011) Federal Republic of
Nigeria official gazette. Available at: https://pwcnigeria.typepad.com/files/pit-

amendment---gazetted-14-june-2011.pdf (Accessed: 18 January 2021).

313






APPENDICES

Appendix A Ambient Temperature at Station Locations
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Figure A-1 Ambient Temperature at Stations 1-7 (Dry & Hot) & 8-13 (Winter & Dry)
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Figure A-2 Ambient Temperature at Stations 8-13 (Hot) &14-18 (Winter, dry & hot)
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Appendix B Gas Compressor Curves from Original
Equipment Manufacturer

Figure B-1 Pressure Ratio and Discharge Temperature Curves
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Figure B-2 Polytropic Head and Polytropic Efficiency Curves
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Appendix C Gas Compressor Suction Pressures and
Pressure Ratios at Non-Isothermal Conditions
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Figure C-2 GC Suction Pressures for Stations 13-18 (Dry) & 1-18 (Hot)

318




Pressure R

0 3 6 9 12 15 18 21 2%
Time (hr)

Time (hr)

156

ey

0 3 6 9 12 15 18 21 24
Time (hr) R :

Time (hr)

Figure C-3 GC Pressures Ratio for Stations 7-18 (Winter) & 1-12 (Dry)

T
8 145
[
g
3
@ 14
14
<
o
135
13
0 3 6 9 12 15 18 21 2 .
Time (hr) Time (hr)
164
0 3 6 9 12 15 18 21 % ) 12
Time (hr) Time (hr)
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Appendix D Gas Compressor Discharge Temperature at
Non-Isothermal Conditions
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Figure D-1 GC Discharge Temperature for Stations 7-18 (Winter) & 1-12 (Dry)
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Figure D-2 GC Discharge Temperature for Stations 13-18 (Dry) & 1-18 (Hot)

320




Appendix E Gas Compressor Power Requirement at
Non-lsothermal Conditions
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Appendix F Mixture Properties

Table F-1 Natural Gas Mixture Properties

Gas
j  Components MW Yj MW *y; P, T, w M k
1 Methane (C1) 16.04 0.9218 14.78567 46.04 190.58 0.0115 0.000107 1.31
2 Ethane (C2) 30.07 0.0493 1.482451 48.8 305.32  0.0995 0.000089 1.19
3 Propane (C3) 441 0.0056 0.24696 42.5 369.83 0.1523 0.000075 1.13
4 Iso-Butane (IC4) 58.12 0.0031 0.180172 36.4 407.8 0.1835 0.000071 1.09
5 N-Butane (nC4) 58.12 0.0011 0.063932 37.97 425.12 0.2002 0.000073 1.1
Iso-Pentane
6 (IC5) 72.15 0.0011 0.079365 33.8 460.4 0.2279 0.000066 1.08
N-Pentane
7 (nC5) 72.15 0.0004 0.02886 33.69 469.7 0.2515 0.000066 1.07
8 N-Hexane (nC6) 86.18 0.0005 0.04309 30.12 507.6 0.3013 0.000063 1.06
N-Heptane
9 (nC7) 100.2 0.0003 0.03006 27.4 540.2 0.3495 0.000059 1.05
10 N-Octane 114.23 0.0001 0.011423 249 568.7 0.3996 0.00005 1.05
11 Nitrogen (N2) 28.01 0.0091 0.254891 34 126.2 0.0377 0.000173 1.4
Carbon dioxide
12 (CO2) 44,01 0.0076 0.334476 73.83 304.21 0.2236 0.000147 1.3
Mixture
Properties 1.0000 17.5414 46.18505 199.1592 0.019837 0.000106295 1.302328
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Appendix G Turbomatch Design Point Input Files

G.1 Design Point Input Files for SGT-400 Gas Turbine

Design Point Simulation for SGT-400 Industrial Gas Turbine
Inspired by Siemens SGT-400
BY OJO, OLUWATAYO BABATOPE

1
DP SI GM VA FP

-1

-1

INTAKE S1,2 D1-6 R200

COMPRE S2,3 D7-18 R205 V7 V8

PREMAS S3,10,4 D19-22

BURNER S4,5 D23-30 R215

MIXEES S5,10,6

TURBIN S6,7 D31-45 V32

TURBIN S7,8 D46-60 V46 V47
NOZCON S8,9,1 D61-62 R220

PLOTBD D50,57

PERFOR S1,0,0 D46,64-66,220,200,215,0,0,0,0

CODEND

DATA ITEMS /Il

10.0 I INTAKE: Altitude [m]

20.0 ! Deviation from ISA temperature [K]

30.0 I Mach number

4 0.995 ! Pressure recovery, according to USAF

50.0 ! Deviation from ISA pressure [atm]

6 60.0 ! Relative humidity [%]

7-1.0 I COMPRESSOR I: Z = (R-R[choke])/(R[surge]-R[choke])
8 0.876 ! Relative rotational speed PCN

916.8 ! DP Pressure ratio

10 0.87 ! DP ETA

11 0.0 ! Error selection

12 3.0 I Compressor map number

131.0 ! Shaft number

14 1.0 ! PR degradation scaling factor

151.0 ! NDMF degradation scaling factor

16 1.0 I ETA degradation scaling factor

17 0.0 | Effective component volume [m”3] (only for transient)
18 0.0 ! Stator angle (VSV) relative to DP

190.01 ! PREMAS: LAMDA W Cooling bypass (Wout1/Win)
200.0 I DELTA W

211.0 ! LAMBDA P

22 0.0 | DELTAP

230.05 I COMBUSTOR: Pressure loss (=DP/P inlet total)
24 0.999 ! Combustion efficiency

25-1.0 ! Fuel flow (if -1.0, TET must be defined)

26 0.0 ! (>0) Water flow [kg s-1 or Ib s-1] or (<0) WAR

27 288 ! Temperature of water stream [K]

28 0.0 ! Phase of water (O=liquid, 1=vapour)

291.0 ! ETA degradation scaling factor

30-1.0 ! Effective component volume [m”3] (only for transient)
310.0 ! COMPRESSOR TURBINE: Auxiliary or power output [W]
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320.8 ! Relative to max enthalpy drop to temperature ratio:ZT

331.0 ! Relative non-dim speed CN

34 0.90 | DP ETA

35-1.0 ! Relative non-dim PCN (= -1 for compressor turbine)
361.0 ! Shaft Number (for power turbine, the value 0 is used)
374.0 ! Turbine map number

38-1.0 ! Power law index "n" (POWER = PCN”n)

391.0 ! TF degradation scaling factor

401.0 ! DH degradation scaling factor

411.0 ! ETA degradation scaling factor

42 0.0 ! Rotor rotational speed [RPS] (only for transient)

43 0.0 ! Rotor moment of inertia [kg.m”2] (only for transient)

44 0.0 | Effective component volume [m”3] (only for transient)
450.0 I NGV angle, relative to D.P.

46 13400000.0 ! FPT TURBINE: Auxiliary or power output [W]

47 -1.0 ! Relative to max enthalpy drop to temperature ratio:ZT
48 -1.0 ! Relative non-dim speed CN

49 0.90 ! DP ETA

501.0 ! Relative non-dim PCN (= -1 for compressor turbine)
510.0 ! Shaft Number (for power turbine, the value 0 is used)
524.0 ! Turbine map number

53-1.0 ! Power law index "n" (POWER = PCN"n)

541.0 I TF degradation scaling factor

551.0 ! DH degradation scaling factor

56 1.0 I ETA degradation scaling factor

57 200 ! Rotor rotational speed [RPS] (only for transient)

58 20.0 I Rotor moment of inertia [kg.m”2] (only for transient)
59-1.0 ! Effective component volume [m”3] (only for transient)
60 0.0 I NGV angle, relative to D.P.

61-1.0 I CONVERGENT NOZZLE: = "-1" exit area is fixed

62 1.0 ! Scaling factor

63 1.0 I ENGINE RESULTS: Power output - Power or Power turbine
64 0.0 ! Propeller efficiency (= -1 for turbojet/turbofan)

65 0.0 ! Scaling index ("1" = scaling needed, "0" = no scaling)

66 0.0 ! Required DP shaft power (no scaling is needed)

-1

1238.6 litem 2 at station 1 = Mass flow(kg/s)

56 1450 litem 6 at station 5 = Total temperature (K)

-1 ! End of DP data

-3

G.2 Design Point Input Files for LM1600 Gas Turbine
Design Point Simulation for LM1600 Industrial Gas Turbine

Inspired by GE LM1600

BY OJO, OLUWATAYO BABATOPE

1
DP SI GM VA FP

-1

-1

INTAKE S12 D16 R200

COMPRE  S2,3 D7-18 R205 V7 V8
COMPRE S34 D19-30 R205 V19 V20

PREMAS  S4,255 D31-34

PREMAS  S5,26,6 D35-38

BURNER  S6,7 D39-46 R215
MIXEES S7,26,8
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TURBIN S8,9 D47-61 V438

MIXEES S$9,25,10

TURBIN §10,11  D62-76 V63

TURBIN S11,12 D77-91 V77 V78
NOZCON S12,13,1 D92,93 R220

PERFOR  S1,0,0 D77,94-96,220,200,215,0,0,0,0,0,0

CODEND

DATA ITEMS //i/

10.0 I INTAKE: ALTITUDE [m]

20.0 | DEVIATION FROM ISA TEMPERATURE [K]

30.0 I MACH NO

40.9954 | PRESSURE RECOVERY ACCORDING TO USAF

50.0 | DEVIATION FROM ISA PRESSURE [atm]

6 60.0 | RELATIVE HUMIDITY [%]

7-1.0 | COMPRESSOR - FAN: SURGE MARGIN

8-1.0 | RELATIVE ROTATIONAL SPEED PCN

92,509 ! DESIGN POINT PRESSURE RATIO

100.87  !ISENTROPIC EFFICIENCY

11 0.0 | ERROR SELECTION

12 5.0 | COMPRESSOR MAP NO

131.0 | SHAFT NO

1410 ! SCALING FACTOR OF PRESSURE RATIO - DEGRADATION FACTOR

151.0 | SCALING FACTOR OF NON-DIM MASS FLOW - DEGRADATION FACTOR
161.0 ! SCALING FACTOR OF ISENTROPIC EFFICIENCY - DEGRADATION FACTOR
1715 | EFFECTIVE COMPONENT VOLUME [m"3]

18 0.0 | STATOR ANGLE (VSV) RELATIVE TO DP

19-1.0 | COMPRESSOR - HP: SURGE MARGIN

20-1.0 | RELATIVE ROTATIONAL SPEED PCN

218.784 | DESIGN POINT PRESSURE RATIO

220.87 I ISENTROPIC EFFICIENCY

231.0 | ERROR SELECTION

24 5.0 | COMPRESSOR MAP NO

252.0 | SHAFT NO

261.0 !SCALING FACTOR OF PRESSURE RATIO - DEGRADATION FACTOR

271.0 | SCALING FACTOR OF NON-DIM MASS FLOW - DEGRADATION FACTOR
281.0 ! SCALING FACTOR OF ISENTROPIC EFFICIENCY - DEGRADATION FACTOR
29-1.0 | EFFECTIVE COMPONENT VOLUME [m"3]

30 0.0 | STATOR ANGLE (VSV) RELATIVE TO DP

310.085 ! PREMAS: BYPASS (Wout/Win)

320.0 | DELTAW

331.0 | LAMBDA P

34 0.0 | DELTA P

350.0725 ! PREMAS: BYPASS (Wout/Win)

36 0.0 | DELTA W

371.0 | LAMBDA P

380.0 | DELTA P

39 0.05 | BURNER PRESSURE LOSS

400.999 ! COMBUSTION EFFICIENCY

41-1.0 | FUEL FLOW (IF -1, TET MUST BE DEFINED)

4200 !(>0) WATER FLOW [kgs-1 OR Ib s-1] OR (<0) WATER TO AIR RATIO
43288.0 ! TEMPERATURE OF WATER STREAM [K]

440.0 | PHASE OF WATER (0=LIQUID, 1=VAPOUR)

451.0 !SCALING FACTOR OF ETAb (COMBUSTION EFFICIENCY)-DEGRADATION FACTOR
46 -1.0 | EFFECTIVE COMPONENT VOLUME [MA3]
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47 0.0 I COMPRESSOR TURBINE: AUXILIARY OR POWER OUTPUT [W]

48 -1 I RELATIVE ENTHALPY DROP TO TEMPERATURE RATIO: ZT

49 -1 I RELATIVE NON-DIMENSIONAL SPEED CN

50 0.88 I DESIGN ISENTROPIC EFFICIENCY

51 -1.0 ! RELATIVE NON-DIMENSIONAL SPEED PCN (=-1 FOR COMPRESSOR TURBINE)

522.0 I SHAFT NO

533.0 ! TURBINE MAP NO

54-1.0 !POWER LAW INDEX "n" (POWER=PCN"n) IF =-1, POWER IS ASSUMED TO BE A CONSTANT
55 1.0 ! SCALING FACTOR OF TF (NON-D INLET MASS FLOW)-DEGRADATION FACTOR

56 1.0 I SCALING FACTOR OF DH (ENTHALPY CHANGE)-DEGRADATION FACTOR

57 1.0 | SCALING FACTOR OF ETAc IS (TURBINE ISENTROPIC EFFICIENCY)-DEGRADATION FACTOR
58 200 ! ROTOR ROTATIONAL SPEED [RPS]

59 15.0 ! ROTOR MOMENT OF INERTIA [kg.m"2]

60-1.0 | EFFECTIVE COMPONENT VOLUME [m”3]

61 0.0 I' NGV ANGLE, RELATIVE TO DP

62 0.0 ! COMPRESSOR TURBINE: AUXILIARY OR POWER OUTPUT [W]
63 0.8 I RELATIVE ENTHALPY DROP TO TEMPERATURE RATIO: ZT

64 0.6 I RELATIVE NON-DIMENSIONAL SPEED CN

65 0.89 I DESIGN ISENTROPIC EFFICIENCY

66 -1.0 ! RELATIVE NON-DIMENSIONAL SPEED PCN (=-1 FOR COMPRESSOR TURBINE)

67 1.0 I SHAFT NO

68 3.0 ! TURBINE MAP NO

69-1.0 ! POWER LAW INDEX "n" (POWER=PCN”"n) IF =-1, POWER IS ASSUMED TO BE A CONSTANT
70 1.0 ! SCALING FACTOR OF TF (NON-D INLET MASS FLOW)-DEGRADATION FACTOR

711.0 I SCALING FACTOR OF DH (ENTHALPY CHANGE)-DEGRADATION FACTOR

72 1.0 SCALING FACTOR OF ETAC IS (TURBINE ISENTROPIC EFFICIENCY)-DEGRADATION FACTOR
73 200 I ROTOR ROTATIONAL SPEED [RPS]

74 15.0 I ROTOR MOMENT OF INERTIA [kg.m"2]

75-1.0 | EFFECTIVE COMPONENT VOLUME [m”3]

76 0.0 I'NGV ANGLE, RELATIVE TO DP

77 15200000 ! POWER TURBINE: AUXILIARY OR POWER OUTPUT [W]

78 -1 I RELATIVE ENTHALPY DROP TO TEMPERATURE RATIO: ZT

79 -1 I RELATIVE NON-DIMENSIONAL SPEED CN

80 0.89 | DESIGN ISENTROPIC EFFICIENCY

81 1.0 ! RELATIVE NON-DIMENSIONAL SPEED PCN (=-1 FOR COMPRESSOR TURBINE)
820.0 I SHAFT NO (FOR POWER TURBINE, THE VALUE "0" IS USED)

83 3.0 ! TURBINE MAP NO

84 -1.0 ! POWER LAW INDEX "n" (POWER=PCN"n) IF = -1, POWER IS ASSUMED TO BE A
CONSTANT

851.0 !SCALING FACTOR OF TF (NON-D INLET MASS FLOW)-DEGRADATION FACTOR
86 1.0 I SCALING FACTOR OF DH (ENTHALPY CHANGE)-DEGRADATION FACTOR

87 1.0 I SCALING FACTOR OF ETAc IS (TURBINE ISENTROPIC EFFICIENCY)-DEGRADATION
FACTOR

88 200 I ROTOR ROTATIONAL SPEED [RPS]

89 20.0 I ROTOR MOMENT OF INERTIA [kg.m"2]

90-1.0 | EFFECTIVE COMPONENT VOLUME [m”3]

910.0 I'NGV ANGLE, RELATIVE TO DP

92-1.0 I CONVERGENT NOZZLE: ="-1" EXIT AREA IS FIXED

931.0 I SCALING FACTOR

941.0 ! PERFORMANCE-ENGINE RESULTS- PERFOR: POWER OUTPUT

950.0 I SCALING INDEX ("1"= SCALING NEEDED, "0"= NO SCALING)

96 0.0 ! REQUIRED DP NET THRUST (TURBOJET/TURBOFAN) OR SHAFT POWER

(TURBOPROP/TURBOSHAFT)(=0 IF SCALING INDEX=0)

-1

1246.0 I'ITEM 2 AT STATION 1 = MASS FLOW (kg/s)
7 6 1560 I'ITEM 6 AT STATION 7 = TOTAL TEMPERATURE (k)
-1 I END OF DP DATA

-3
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Appendix H Gas Turbine Off-Design Performance
Results at each Compressor Station Location

13
\ .
12 e
— TET=1450K
§ 11 u — TET=1400K
5 10
§. e TET=1300K
o 9 TET=1250K
Oh) ® Isothermal
3 3 _
o] Intermediate
a
7
6
293 295 297 299 301 303 305
Ambient Temperature (T,,,,)(K)
Figure H-1 Power Output against Tamp at different TET for Station 1
16

15 \

14 .
§ - \ e TET=1560K
g = TET=1510K
12
‘5 ——TET=1460K
£n
8 ——— TET=1410K
th 10 ——— TET=1360K
g 9 © Isothermal
a
8 * Intermediate
7
6

285 290 295 300 305 310
Ambient Temperature (K)

Figure H-2 Power Output against Tamp at different TET for Station 2

327



20
18

S 16 —
s ) —— —— TET=1190K
E \’\ — TET=1140K
g1 \

e TET=1090K
>
o 10
th 8 e TET=1040K
g 6 \ = TET=990K
e 4 @® Isothermal

2 Intermediate

280 285 290 295 300 305 310
Ambient Temperature (K)

Figure H-3 Power Output against Tamp at different TET for Station 4

20
18

e TET=1140K

12
e TET=1090K

10
8 \ ——— TET=1040K
6 \ = TET=990K
4 ® Isothermal
2 .

Intermediate

Power Output (MW)

280 285 290 295 300 305 310
Ambient Temperature (K)

Figure H-4 Power Output against Tamp at different TET for Station 5

20
— 18 e TET=1190K
= 16 \
g \ e TET=1140K
) 14 \.\ —
3 12 \ TET=1090K
ey
3 e TET=1040K
o 10
g @ ——— TET=990K
g 6 \ @ Isothermal
e 4

©  Intermediate
2
280 285 290 295 300 305 310

Ambient Temperature (K)

Figure H-5 Power Output against Tamp at different TET for Station 6

328



20
18

16 \ ) ——— TET=1190K
14 \Q —— TET=1140K
12 ——— TET=1090K
10 \ ——— TET=1040K
——— TET=990K
\ @ Isothermal
\ - Intermediate

280 285 290 295 300 305 310
Ambient Temperature (K)

Power Output (MW)

N B O

Figure H-6 Power Output against Tamp at different TET for Station 7

20

i \ -

16

14 \.\ ——— TET=1170K

12

2 \ ——— TET=1120K
8 \ = TET=1070K
6
4 | — ——— TET=1020K
2 T T

285.00 290.00 295.00 300.00 305.00 310.00

Power Output (MW)

Ambient Temperature (K)

Figure H-7 Power Output against Tamp at different TET for Station 8

20
S 16 \ —— TET=1190K
8 14 ——— TET=1140K
Q.
"5 12 \ e TET=1090K
© 10 —— TET=1040K
(<))
3
[e]
a.

8 ——— TET=990K
6 @ Isothermal
4 © Intermediate

Ambient Temperature (K)

Figure H-8 Power Output against Tamp at different TET for Station 9

329



25 \

2 20 \\.\ = TET=1220K

= e TET=1170K

>

2 15

5 ——— TET=1120K
10

9 e TET=1070K

(]

g 5 ——— TET=1020K

e 0 ® Isothermal

265 275 285 295 305 ©  Intermediate

Ambient Temperature (K)

Figure H-9 Power Output against Tamp at different TET for Station 10

18.00

16.00 \ .

14.00 \‘§ ——— TET=1190K
12.00 ——— TET=1140K
10.00 \ ——— TET=1090K

4.00

@ Isothermal
2.00

280 285 290 295 300 305 310
Ambient Temperature (K)

Power Output (MW)

Intermediate

Figure H-10 Power Output against Tamp at different TET for Station 11

18.00

16.00 B .

14.00 \'§ —— TET=1190K
12.00 —— TET=1140K
10.00 \ ——— TET=1090K

4.00 (-]

Isothermal

Power Output (MW)

2.00 ©  Intermediate
280 285 290 295 300 305 310

Ambient Temperature (K)

Figure H-11 Power Output against Tamp at different TET for Station 12

330



18.00

16.00 [ E—

14.00 \.§ —— TET=1190K
12.00 —— TET=1140K
10.00 \ ——— TET=1090K

4.00

@ Isothermal
2.00

280 285 290 295 300 305 310

Power Output (MW)

Intermediate
Ambient Temperature (K)

Figure H-12 Power Output against Tamp at different TET for Station 13

20
2 . \ . T ——— TET=1190K
§- \ e TET=1140K
E 10 e TET=1090K
o
3 \ e TET=1040K
g 5
3 = TET=990K
a

@ Isothermal
0

280 285 290 295 300 305 310 ® Intermediate
Ambient Temperature (K)

Figure H-13 Power Output against Tamp at different TET for Station 14

18.0

16.0 \\ ——TET=1190K

14.0 \‘\ —— TET=1140K
12.0
10.0
6.0 \ —— TET=990K
4.0

© Isothermal
285 290 295 300 305 310
Ambient Temperature (K)

Power Output (MW)

Intermediate

Figure H-14 Power Output against Tamp at different TET for Station 15

331



25

g \ e TET=1220K
"5 15 = TET=1180K
Q.
"5 e TET=1140K
9 10 = TET=1100K
[
g < ——— TET=1060K
a

@ Isothermal

0 +  Intermediate
270 275 280 285 290 295 300 305 310

Ambient Temperature (K)

Figure H-15 Power Output against Tamp at different TET for Station 16

25
E 20 \ = TET=1220K
E : \ — TET=1180K
ey
g_ 15 = TET=1140K
5
O 10 = TET=1100K
-
Q . -
g 5 \ TET=1060K
o © Isothermal

0

275 280 285 290 295 300 305 310 315
Ambient Temperature (K)

Figure H-16 Power Output against Tamp at different TET for Station 17

14
S 12 \ ——— TET=1450K
s 1 \.\ —— TET=1400K
o 10
= e TET=1350K
= 8 \ —— TET=1300K
3 7 ——— TET=1250K
a 6

5 @ Isothermal

290 295 300 305 310 315 320 ©  Intermediate

Ambient Temperature (K)

Figure H-17 Power Output against Tamp at different TET for Station 18

332



Appendix | Gas Turbine Shaft Power, Fuel Flow and
TET Required by Gas Compressor at Non-Isothermal

Flow

Table 1-1 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas

Compressor for Station 1 at 100 m Altitude, 0 km from Origin

Seasons
Winter

Dry

Hot

Day
00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

00:00
03:00
06:00
09:00
12:00
15:00
18:00
21:00

Average
Ambient
Time of the Temperature

(K)
295.49
294.49
293.74
295.24
298.49
300.87
298.99
297.24

296.99
295.99
294.74
296.74
300.99
303.99
300.99
298.99

297.99
296.74
295.99
298.99
301.74
304.87
301.99
299.99

TET (K)

1400
1400
1390
1400
1420
1440
1430
1410

1410
1410
1400
1410
1440
1460
1440
1430

1420
1410
1410
1430
1440
1460
1450
1430

333

GC Power

Mw)
10.508
10.362
10.254
10.471
10.951
11.309
11.026
10.765

10.728
10.581
10.398
10.691
11.328
11.789
11.328
11.026

10.877
10.691
10.581
11.026
11.442
11.926
11.481
11.176

Shaft
Power

Mw)

10.607
10714
10.407
10.633
11.06

11.583
11.389
10.813

10.839
10.948
10.687
10.869
11.573
12.023
11.571
11.389

11.118
10.871
10.948
11.389
11.495
11.937
11.848
11.294

Fuel Flow
(Kg/s)
0.67914
0.68392
0.67086
0.6803
0.69837
0.72117
0.71288
0.6876

0.68877
0.6934
0.68271
0.6899
0.72071
0.74112
0.72062
0.71286

0.70103
0.69002
0.6934
0.71288
0.71721
0.73726
0.73306
0.70851



Table 1-2 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 2 at 200 m Altitude, 240 km from Origin

Average
Ambient Shaft
Time of the Temperature GC Power Power Fuel Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 290.38 1430 10.180 10.438 0.64908
03:00 289.13 1420 10.003 10.254 0.63903
06:00 289.38 1420 10.038 10.227 0.63781
09:00 295.12 1460 10.868 10.895 0.6753
12:00 300.6 1510 11.692 11.96 0.73369
15:00 301.85 1520 11.884 12.16 0.7451
18:00 300.1 1500 11.616 11.679 0.71891
21:00 292.87 1450 10.539 10.817 0.66972
Dry
00:00 293.87 1450 10.685 10.702 0.66475
03:00 292.87 1450 10.539 10.816 0.6697
06:00 292.87 1450 10.539 10.816 0.6697
09:00 297.11 1480 11.164 11.345 0.69938
12:00 301.1 1510 11.769 11.9 0.73128
15:00 302.84 1520 12.039 12.049 0.74041
18:00 299.6 1500 11.540 11.729 0.72123
21:00 295.62 1470 10.941 11.169 0.68968
Hot
00:00 296.86 1480 11.127 11.37 0.70058
03:00 295.37 1470 10.904 11.202 0.69092
06:00 294.37 1460 10.758 10.98 0.67899
09:00 296.61 1480 11.089 11.404 0.70194
12:00 304.09 1530 12.234 12.254 0.7521
15:00 308.56 1570 12.950 13.153 0.8035
18:00 304.83 1540 12.352 12.513 0.76635
21:00 299.36 1500 11.502 11.762 0.72246
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Table 1-3 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 5 at 400 m Altitude, 960 km from Origin

GC Fuel
Average Ambient Power Shaft Power Flow
Seasons Time of the Day Temperature (K) TET(K) (MW) (MW) (Kg/s)
Winter 00:00 286.97 1070 10.524 10.88 0.8286
03:00 285.52 1060 10.319 10.56 0.81094
06:00 284.13 1050 10.124 10.25 0.7931
09:00 291 1090 11.107 11.32 0.85617
12:00 297.99 1130 12.157 12.39 0.92154
15:00 300.97 1150 12.622 13.01 0.95903
18:00 298.52 1130 12.239 12.32 0.91819
21:00 290.85 1090 11.084 11.34 0.85716
Dry
00:00 294.62 1110 11.644 11.84 0.88756
03:00 293.51 1100 11.477 11.48 0.86713
06:00 292.7 1100 11.357 11.59 0.87243
09:00 295.76 1120 11.816 12.19 0.90805
12:00 299.67 1140 12.417 12.68 0.93898
15:00 301.63 1150 12.725 12.92 0.95489
18:00 299.74 1140 12.429 12.66 0.93854
21:00 297.07 1130 12.016 12.52 0.92742
Hot
00:00 297.42 1130 12.070 12.47 0.92518
03:00 295.95 1120 11.845 12.17 0.90698
06:00 294.65 1110 11.648 11.83 0.88734
09:00 298.74 1130 12.273 12.29 0.91678
12:00 304.16 1170 13.129 13.61 0.99635
15:00 307.82 1190 13.727 14.15 1.0322
18:00 305.28 1170 13.311 13.47 0.98987
21:00 300.46 1140 12.541 12.57 0.93401
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Table 1-4 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 7 at 480 m Altitude, 1440 km from Origin

Average
Ambient Fuel
Time of the Temperature GC Power Shaft Power Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 286.81 1060 10.181 10.389 0.80244
03:00 286.79 1060 10.178 10.389  0.80256
06:00 284.78 1050 9.913 10.155 0.7888
09:00 292.61 1090 10.965 11.096 0.8457
12:00 297.99 1120 11.720 11.879 0.89373
15:00 299.80 1130 11.981 12.141  0.91019
18:00 296.51 1110 11.509 11.569  0.87535
21:00 291.86 1090 10.862 11.2 0.85054
Dry
00:00 294.43 1100 11.217 11.347  0.86118
03:00 296.65 1110 11.529 11.549  0.87453
06:00 294.64 1100 11.247 11.316 0.85983
09:00 300.43 1140 12.072 12.569 0.9342
12:00 305.25 1160 12.783 12.946 0.9614
15:00 306.29 1170 12.940 13.328  0.98386
18:00 305.00 1160 12.746 12.978  0.96286
21:00 301.70 1140 12.257 12.392  0.92639
Hot
00:00 297.73 1120 11.683 11.916  0.89538
03:00 296.70 1110 11.536 11.541 0.87413
06:00 297.17 1120 11.603 11.997  0.89905
09:00 301.00 1140 12.154 12.491  0.93066
12:00 306.36 1170 12.951 13.317 0.9834
15:00 308.71 1180 13.309 13.52 0.99848
18:00 305.90 1170 12.881 13.378 0.98614
21:00 300.04 1130 12.015 12.111  0.90874
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Table 1-5 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 8 at 600 m Altitude, 1670 km from Origin

Average
Ambient Fuel
Time of the Temperature GC Power Shaft Power Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 285.82 1110 11.874 12.243  0.88041
03:00 287.06 1120 12.071 12.697  0.90346
06:00 286.05 1110 11.910 12.208 0.8788
09:00 291.87 1140 12.844 13.11 0.92845
12:00 297.44 1170 13.777 14.107 0.9834
15:00 298.47 1180 13.954 14.611 1.0093
18:00 301.91 1190 14.555 14.611 1.0143
21:00 289.62 1130 12.478 12.86 0.91415
Dry
00:00 290.65 1140 12.645 13.406  0.94086
03:00 289.68 1130 12.487 12.85 0.91364
06:00 289.65 1130 12.483 12.85 0.91386
09:00 293.98 1150 13.192 13.399  0.94466
12:00 294.06 1150 13.207 13.399  0.94408
15:00 299.82 1180 13.768 14.322  0.99723
18:00 296.55 1170 13.626 14.296 0.99139
21:00 292.50 1140 12.948 12.971  0.92251
Hot
00:00 293.69 1150 13.145 13.466  0.94754
03:00 292.18 1140 12.895 13.038  0.92552
06:00 291.18 1140 12.732 13.269 0.93524
09:00 293.49 1150 13.112 13.516  0.94968
12:00 300.33 1190 14.277 14.95 1.0284
15:00 305.12 1210 15.131 15.375 1.0571
18:00 301.07 1190 14.407 14.789 1.0217
21:00 296.22 1160 13.570 13.649  0.95946
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Table 1-6 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 9 at 800 m Altitude, 1920 km from Origin

Average
Ambient Shaft Fuel
Time of Temperature TET  GCPower Power Flow
Seasons the Day (K) (K) (MW) (MW)  (Kg/s)
Winter 00:00 279.17 1050 10.466 10.983 0.82753
03:00 277.69 1040 10.274 10.675 0.81036
06:00 276.42 1030 10.110 10.337 0.79179
09:00 279.03 1040 10.448 10.471 0.80095
12:00 282.65 1060 10.926 10.987 0.83064
15:00 284.68 1070 11.199 11.204 0.84403
18:00 283.76 1070 11.074 11.34 0.85033
21:00 280.24 1050 10.606 10.82 0.81991
Dry
00:00 283.76 1070 11.074 11.34 0.85033
03:00 281.99 1060 10.838 11.083 0.83517
06:00 280.49 1050 10.639 10.784 0.8182
09:00 285.58 1080 11.321 11.593 0.86539
12:00 287.84 1090 11.631 11.778 0.87749
15:00 290.73 1110 12.033 12.399 0.91371
18:00 289.90 1110 11.916 12.526 0.91945
21:00 287.30 1090 11.556 11.857 0.88128
Hot
00:00 296.30 1140 12.833 13.156 0.96084
03:00 294.52 1130 12.575 12.891 0.94439
06:00 292.76 1120 12.321 12.623 0.92793
09:00 297.55 1150 13.017 13.505 0.98127
12:00 302.46 1170 13.753 13.845 1.0068
15:00 305.09 1190 14.158 14.525 1.0488
18:00 303.97 1180 13.985 14.156 1.0263
21:00 300.35 1160 13.433 13.625 0.9918
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Table 1-7 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 10 at 1050 m Altitude, 2150 km from Origin

Average
Ambient Shaft Fuel
Time of Temperature GCPower Power Flow
Seasons the Day (K) TET(K) (MW) (MW) (Kg/s)
Winter 00:00 268.47 1040 10.112 10.92  0.80347
03:00 266.71 1030 9.892 10.46 0.78194
06:00 266.70 1030 9.890 10.46  0.78201
09:00 268.73 1040 10.144 10.838 0.80007
12:00 272.28 1050 10.593 10.752 0.79904
15:00 274.31 1060 10.855 11.076 0.81542
18:00 272.54 1050 10.628 10.677 0.79587
21:00 269.74 1040 10.271 10.53 0.78727
Dry
00:00 273.28 1060 10.723 11.319 0.82596
03:00 272.01 1050 10.559 10.835 0.80239
06:00 271.49 1050 10.493 10.965 0.80808
09:00 277.81 1080 11.316 11.804 0.85227
12:00 282.60 1100 11.961 12.227 0.8764
15:00 284.15 1110 12.175 12.606 0.89635
18:00 280.63 1090 11.694 11.914 0.85997
21:00 276.59 1070 11.153 11.314 0.82841
Hot
00:00 285.50 1120 12.362 13.053 0.91867
03:00 283.96 1110 12.148 12.657 0.89826
06:00 282.93 1100 12.006 12.153 0.87334
09:00 291.77 1150 13.256 13.885 0.96537
12:00 297.13 1170 14.053 14.174 0.98623
15:00 298.96 1180 14.330 14.503  1.0049
18:00 296.18 1170 13.909 14.375 0.99475
21:00 289.84 1140 12.977 13.579 0.9484
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Table 1-8 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 12 at 400 m Altitude, 2610 km from Origin

Average
Ambient Shaft
Time of Temperature GC Power Power Fuel Flow
Seasons the Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 286.93 1050 9.9 9.9 0.77533
03:00 285.45 1050 9.851 10.071 0.78489
06:00 284.06 1040 9.504 9.759 0.76733
09:00 290.93 1080 10.411 10.85 0.83065
12:00 297.93 1110 11.378  11.407 0.86804
15:00 300.94 1130 11.810 12.02  0.9049
18:00 298.47 1120 11.456  11.843 0.89226
21:00 290.81 1080 10.395 10.866 0.83136
Dry
00:00 294.62 1100 10916 11.346 0.86111
03:00 293.51 1090 10.762  10.994 0.84105
06:00 292.69 1090 10.649 11.107 0.84627
09:00 295.73 1100 11.070 11.185 0.85389
12:00 299.64 1120 11.622 11.675 0.88452
15:00 301.60 1130 11.906 11.925 0.90047
18:00 299.75 1120 11.638 11.663 0.88399
21:00 297.09 1110 11.260 11.514 0.87298
Hot
00:00 297.44 1110 11.310 11.451 0.87
03:00 295.97 1100 11.103  11.148 0.85206
06:00 294.66 1100 10.921 11.325 0.86021
09:00 298.79 1120 11.501 11.768 0.88869
12:00 304.21 1150 12.287 12.575 0.93952
15:00 307.84 1170 12.831  13.133 0.97552
18:00 305.34 1160 12.455 12.942 0.96126
21:00 300.50 1130 11.746  12.059 0.90642
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Table 1-9 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 13 at 560 m Altitude, 2840 km from Origin

Average
Ambient Fuel
Time of Temperature GC Power Shaft Power Flow
Seasons the Day (K) TET(K) (MW) (MW) (Kg/s)
Winter 00:00 284.13 1050 10.148 10.247  0.79309
03:00 282.86 1050 9.982 10.432  0.80173
06:00 281.10 1040 9.754 10.164 0.78647
09:00 282.69 1050 9.959 10.456  0.80292
12:00 288.55 1080 10.738 11.162 0.8452
15:00 292.36 1100 11.260 11.64 0.87466
18:00 290.56 1090 11.011 11.383  0.85911
21:00 285.68 1060 10.353 10.542  0.80985
Dry
00:00 295.23 1110 11.661 11.748 0.88357
03:00 293.71 1110 11.448 11.966 0.8936
06:00 292.45 1100 11.272 11.627  0.87408
09:00 296.00 1100 11.770 12.157  0.90658
12:00 302.55 1150 12.723 12.792  0.94925
15:00 306.08 1170 13.254 13.354  0.98508
18:00 304.29 1160 12.984 13.074  0.96708
21:00 299.26 1140 12.240 12.732  0.94155
Hot
00:00 301.01 1150 12.496 13.005 0.95876
03:00 299.24 1140 12.237 12.734  0.94173
06:00 297.22 1120 11.945 11.984  0.89864
09:00 303.78 1160 12.907 13.145 0.97016
12:00 311.36 1200 14.074 14.208 1.0416
15:00 312.70 1210 14.287 14.56 1.0639
18:00 312.63 1210 14.275 14.56 1.0639
21:00 305.31 1170 13.137 13.457 0.98952
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Table 1-10 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 14 at 480 m Altitude, 3070 km from Origin

Average
Ambient
Time of the Temperature GC Power Shaft Power Fuel Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 286.77 1060 10.175 10.388 0.80256
03:00 286.75 1060 10.173 10.388 0.80268
06:00 284.74 1050 9.908 10.161 0.78905
09:00 292.50 1090 10.949 11.111 0.84641
12:00 297.80 1120 11.693 11.905 0.89492
15:00 299.60 1130 11.951 12.169 0.91143
18:00 296.33 1110 11.484 11.594 0.8765
21:00 291.78 1090 10.850 11.212 0.85109
Dry
00:00 294.40 1100 11.213 11.352 0.86138
03:00 296.62 1110 11.525 11.553 0.87467
06:00 294.60 1100 11.242 11.322 0.8601
09:00 300.39 1140 12.066 12.575 0.93445
12:00 305.25 1160 12.783 12.945 0.96138
15:00 306.32 1170 12.945 13.324 0.98367
18:00 305.03 1160 12.751 12.974 0.96268
21:00 301.69 1140 12.256 12.392 0.92644
Hot
00:00 297.74 1120 11.684 11.914 0.89532
03:00 296.71 1110 11.538 11.541 0.87411
06:00 297.17 1120 11.603 11.996 0.89904
09:00 301.04 1140 12.160 12.485 0.9304
12:00 306.45 1170 12.964 13.305 0.98289
15:00 308.73 1180 13.313 13.517 0.99836
18:00 305.99 1170 12.895 13.367 0.98562
21:00 300.07 1130 12.020 12.107 0.90855
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Table I-11 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 16 at 900 m Altitude, 3530 km from Origin

Average
Ambient Shaft

Time of Temperature GCPower Power Fuel Flow

Seasons the Day (K) TET (K) (MW) (MW) (Kg/s)
Winter ~ 00:00 277.78 1070 10.692  11.035 0.81636

03:00 276.30 1060 10.499 10.536  0.7926

06:00 274.03 1050 10.208  10.228 0.77727

09:00 274.37 1060 10.251  11.061  0.8148

12:00 281.73 1090 11.214 11.658  0.84898

15:00 283.25 1100 11.420 12.077 0.87013

18:00 282.46 1090 11.314 11.484 0.84159

21:00 278.09 1070 10.732  10.962 0.81321

Dry

00:00 287.35 1110 11.983  12.815 0.90521

03:00 285.59 1110 11.739  12.296 0.88264

06:00 284.09 1100 11.534 11.889 0.86196

09:00 285.42 1110 11.715 12.335 0.88428

12:00 289.00 1120 12.213  12.275 0.88519

15:00 290.04 1130 12.360 12.77  0.91027

18:00 289.72 1130 12.315 12.844 0.91332

21:00 286.89 1110 11919 12.016 0.87049

Hot

00:00 298.87 1170 13.650 13.81  0.97078

03:00 297.10 1160 13.385  13.462  0.9517

06:00 293.60 1150 12.871  13.486 0.94834

09:00 297.13 1160 13.390 13.456 0.95131

12:00 301.51 1190 14.051 14.695 1.0178

15:00 304.87 1200 14.571 14.729 1.0245

18:00 304.76 1200 14555 14751  1.0255

21:00 301.41 1190 14.036 14.716 1.0187
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Table |-12 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 17 at 700 m Altitude, 3760 km from Origin

Average
Ambient
Time of the Temperature GC Power Shaft Power Fuel Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 280.68 1080 10.260 11.131 0.82335
03:00 280.18 1070 10.195 10.372 0.78849
06:00 278.87 1070 10.025 10.756 0.80447
09:00 280.38 1070 10.219 10.313 0.78603
12:00 284.95 1090 10.824 10.913 0.81693
15:00 286.97 1100 11.097 11.23 0.83378
18:00 285.71 1100 10.926 11.516 0.84588
21:00 281.41 1080 10.354 10.965 0.81609
Dry
00:00 285.0255 1090 10.834 10.894 0.8161
03:00 283.0006 1090 10.564 11.366 0.83641
06:00 281.4809 1080 10.364 10.948 0.81531
09:00 285.9997 1100 10.965 11.45 0.84307
12:00 292.299 1130 11.834 12.283 0.8893
15:00 294.5632 1140 12.155 12.526 0.90355
18:00 293.3068 1130 11.976 12.076 0.88041
21:00 290.5123 1120 11.583 11.954 0.87138
Hot
00:00 299.72 1170 12.905 13.64 0.96358
03:00 297.68 1160 12.605 13.326 0.94619
06:00 294.12 1140 12.091 12.621 0.90757
09:00 300.67 1170 13.047 13.442 0.95531
12:00 307.26 1200 14.051 14.253 1.0051
15:00 309.35 1210 14.379 14.563 1.024
18:00 308.34 1210 14.220 14.76 1.0318
21:00 304.51 1190 13.626 14.086 0.99247
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Table |-13 Gas Turbine Shaft Power, Fuel Flow, and TET Required by Gas
Compressor for Station 18 at 240 m Altitude, 3990 km from Origin

Average

Ambient Shaft Fuel

Time of the Temperature GC Power Power Flow
Seasons Day (K) TET (K) (MW) (MW) (Kg/s)
Winter 00:00 294.31 1330 7.804 8.357 0.57842
03:00 291.82 1330 7.562 8.464 0.58531
06:00 291.29 1330 7.512 8.485 0.58729
09:00 294.3 1330 7.804 8.396 0.57655
12:00 300.62 1360 8.432 8.681 0.59456
15:00 303.64 1370 8.741 8.794 0.59838
18:00 301.88 1360 8.560 8.574 0.59005
21:00 296.81 1330 8.051 8.149 0.56665

Dry

00:00 300.38 1360 8.408 8.7 0.59543
03:00 299.09 1350 8.278 8.444 0.58564
06:00 298.06 1330 8.175 8.233 0.56557

09:00 300.16 1360 8.386 8.715 0.5961

12:00 301.61 1360 8.532 8.597 0.591
15:00 300.46 1360 8.416 8.694 0.59515
18:00 300.9 1360 8.461 8.657 0.59354
21:00 299.07 1350 8.276 8.445 0.58571

Hot

00:00 303.91 1370 8.768 8.772 0.59745

03:00 301.84 1360 8.556 8.577 0.5902
06:00 299.95 1350 8.365 8.385 0.58259
09:00 304.44 1380 8.823 9.069 0.61009
12:00 310.45 1410 9.454 9.612 0.63455

15:00 313.78 1430 9.812 10.071 0.6548
18:00 312.99 1420 9.726 9.773 0.64172
21:00 308.34 1400 9.230 9.427 0.62633
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Appendix J Local Maintenance Schedule

Annual Gas Turbine Local

echadul.

January

February March

April

June

July

August September

October

November | December

Compressor
Station No
7-Unitl

7-Unitil

7= Unit

B

7-Unit IV

[ W

8-Unit!

8- Unitll

8- Unitll

8-Unit1v

9-Unit|

9-Unitll

9-Unit il

9-UnitIv

10- Unit|

10-Unit Il

10- Unit il

"

11- Unit!

11-Unit Il

11-Unit In

£

11-Unit IV

12- Unitl

12 - Unitli

12-Unit

S

12 - Unit IV

KEY

Bl Preventive maintenance Schedule [ll Overhaul with standby unit

Overhaul without standby unit

Figure J-1 Annual Gas Turbine Local Maintenance Schedule for Station 7-12

Figure J-2 Annual Gas Turbine Local Maintenance Schedule for Station 13-18

H Preventive maintenance >cneaule [l Uvernaul with standpy unit
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Annual Gas Compressor Local Maintenance Schedule

Il Preventive maintenance Schedule [l Overhaul with standby unit Overhaul without standby unit

Figure J-3 Annual Gas Compressor Local Maintenance Schedule for Station 1-7

Bl TSVCIHUVE HIQIILCHaNLT JUHCUUIC g W VeIiiaul Wil Jtaliumy Ui VCT AU WILHIUUL JLal iUy Ui

Figure J-4 Annual Gas Compressor Local Maintenance Schedule for Station 7-12

347



Appendix K Breakdown of Project Cost for Availability
Scenarios

Auxiliaries
15.15%

Pipeline
20.55%

0
fompresspr wedlahe

Figure K-1 Breakdown of Project Cost for Availability Scenario 1

Auxiliaries
15.47%

Pipeline
20.08%

Maintenance

Figure K-2 Breakdown of Project Cost for Availability Scenario 2
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Appendix L Breakdown of Project Cost for Techno

socio-economic Scenarios
Job

RnaAd

Job Road

Job Road

Figure L-1 Breakdown of Project Cost for Techno socio-economic Scenario 1,2,3
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Appendix M MATLAB and Genetic Algorithm
Optimisation Code for Objective Function

4\ MATLAB R2019a - academic use

PLOTS VIEW

|—i-..i EL'B qu:-' \J L] Find Files L&, L]_é Liz, New Variable l}—iﬁ [ Analyze Code

ti» Open Variable v {7 Run and Time
New New New Open QQCﬂﬂ!ﬂ Import Save . Favorites
Script Live Script - - Data Workspace EztuuuHWthumn - - -3 Clear Commands ~
FILE i VARIABLE i CODE

e T P C: v Users » 5302885 » OneDrive - Cranfield University * Documents » Techno socie-econemic

b
3 fitness_function.m | man.m | constraintsm 3| + |
E 1 F Modellad by CLEE;E;?C BABATOPE éJC,-:'::
§ 2
3 % Objective function
E 4 function Lifecycle cost = fitness function (L)
= 5
& — Filename = "czcationl.csv';
= cstationl = csvread(filename);
g
g - filename = ‘cstation2.csv'}
10 = cstationZ = csvread(filename) ;
11
= filename = 'cstation3.csv';
13 = cstation3 = csvread(filename) ;
14
1= filename = 'cstationd.csv';
16 — cstationd = cavread(filename);
17
18 = filename = 'cstationS.csv';
1% - cstation5 = csvread(filename) ;
20
21 — filename = 'cstationé.csv';
22 — cstationé = csvread(filename);
23
24 — filename = 'cstation7.csv';
25 — cstationT = csvread(filename) ;
26
27 = filename = 'cstationB.csv';
28 = cstationg = csvread(filename);
29
30 - filename = 'cstation9.csv';
31 — cstationd = csvread(filename):
32
33 = filename = 'cstationlO.csv';
34 - cstationld = csvread(filename) ;
35
36 - filename = 'cstationll.csv';
37 — cstationll = csvread(filename);
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291 — Uexist(3) = Interpl(cstationd_L,cstationd_Uexist,L(3), 'spline’);

298 — Uexist (4) = interpl(cstation4 L,cstation4_Uexist,L(4),'spline'});
338 — GC_puxchasEd_costé = (H_S/280) *517.5.*bhp4.*Fc;
339 — GC_installed costd = (H_S/ZEO) *517.5.*bhp4.*(2.11+4Fc);
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382 - GC_Cost = w.*(GC_purchased cost + GC_installed cost)

383 - d = 56;

323 — HKUW = U.UB"FFLIL; ¥ Klgnt OI way Ccost, »

424 - Engr const Mgt = 0.15*PPIC; % Engineering construction and mani

431 - Lifecycle_cost = -1*(GC_Cost + Pipeline_cost + GI_CAPEX + Fuel_cost + O_M cost + Auxiliaries)

432 - ~end
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Appendix N MATLAB and Genetic Algorithm
Optimisation Code for Constraint Function

4\ MATLAB R2019a - academic use

EDITOR PUBLISH
- Li» Open Variable ~ (i Run and Time
Newr New New Open Egtmmpug Import Save Favorites -
Script Live Script « - I Data Workspace E&(ﬂurumnnnua - | - EzINHICNInuHh'
FILE | VARIABLE | CODE
L=
5
s | fitness_functionm | constm | main.m +
:E; _i__ % Modelled by COLUWATAYO BABATOPE OJO, 2022
é 2
ot - wiJilS L AL w LUNCLLJI
E 4 | function [c, ceqg] = const (L)
2| s
6 - Power(l) = interpl (cstationsl L,cstationsl Power,L(l), "spline'):
7= Power (2) = interpl (cstations2 L,cscations2 Power,L(2),'spline'):
= Power (3) = interpl (cstations3_L,cstations3_Power,L(3),"spline');
4 = Power (4) = interpl(cstationsd4 L,cstations¢ Power,L(4),'sp
o= Power(S) = interpl {cstationsS L,cstationsS Power, L[S}, "splin
Jhlf= Power (6) = inte:l:pltcstationsﬁ:l.,cstationsG:Power,L{E)  "Spline');
12 - Power (7) = interpl (cstations?_L,cstations? Power,L(7),'spline'):;
= Power (3) = intexpl:cstationsB_L,cstationsS_Power,L(El) r"Spline');
14 - Power (9) = interpl (cstations9 L,cstationsS Power,L(9),'spline');
15 - Power (10) = interpl(cstationslO_L,cstationsl0_Power,L (10}, spline’);
16 - Power(l1l) = interpl (cstationsll L,cstationsll Power,L(ll), 'spline'):
vl = Power (12) = interpl (cstationsl? L,.cstationsl?2 Power L(12),'spline'}:
18 |
18 - c(l) [Powexr(l) - 106363.6]:
20 — ci{2) [Powexr(2) - l06363.6]:
21 - c(3) [Power(3) - 10€363.6]:
&= c{%) [Fower{4) - 10€383.8j];
Flll= c(S) [Power (5) - 10€363.6]:
24 - c(6) [Powexr (&) - 10€3863.61:
25 — c(T) [Power(7) - 106363.6]1;
26 — c(8) [Fowexr (8) - 10€363.6]:
27 - ci(9) [Powexr (%) - 10&3863.86];
28 — c(10) = [Power(10) - 106363.6];
29 - c{ll} = [Powsxr{ll}) = 106383.8];
30 - c(l2) = [Power(l2) - 10274.7]:
31
32 - c = [c(l) c(2) c(3) c(4) c(5) c(6) c(T) c(8) c(9) c(l0) c(ll) c(12)]:
33
34 - ceq = []:
== end
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Appendix O MATLAB Code and Genetic Algorithm
Optimisation Solver used in Optimising Station
Location

17
18 — [x,fval] = ga(Lifecycle_cost,nvar,[],[],[],[],LB,UB,constraint,options)’
[ Population
i v
O Population type: | Double vector
Fitness function: @obj_function Population size: (O Use default: 50 for five or fewer vi
Number of variables: |12 (O] Specify: 400
Constraints: Creation function: | Constraint dependent
Linear inequalities: A b:
Linear equalities: Aeg: beg: Initial population: ®) Use default: []
Bounds: Lower: |[200 580 960 1330 1690 2060 2420 2800 316 Upper: |[390 770 1150 1520 1880 2250 2610 2990 33 O Specify:
Nonlinear constraint function: @const e ® Use default: ]
Integer variable indices:
< O Specify:
Run solver and view results
Initial range: (® Use default: [-10;10]
D Use random states from previous run
O Specify:
Start Pause Stop - -
] Fitness scaling
Current iteration: & Clear Results Scaling function KBk
Optimization running.
Objective function value: -3.2235520724414467E10
Optimization terminated: average change in the fitness value less than options.FunctionTolerance
and constraint violation is less than options.ConstraintTolerance. B Selection

Selection function: | Roulette

= Reproduction

Elite count: () Use default: 0.05*PepulaticnSize
@) Specify: |2
Crossover fraction: () Use default: 0.8
@ Specify: 0.7
AW ) Mutation
Final point:
M function: Adaptive feasible
14 2 3 4 5 6 7 8 9 10 n 12

379.824)  751.801| 1,131.802| 1,496.924] 1,853.404| 2,225.968| 2,591.761| 2,960.295| 3,327.457| 3,675.843| 4,078.801) 4,180
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Appendix P Temperature, Pressure, Polytropic Head,
and Power Relationship for Compressor Station 2

L (km) Elevation(m) Tf(K) MW Z P1 P2 rp Q m Hp GC_Power
200 160 305.31 17.54 0.85 10000 7673 1.3 40578 3E+06 34.3 31695.9
210 170 308.32 17.54 0.86 10000 7495 1.3 42237 3E+06 38.2 35237.5
220 180 308.65 17.54 0.86 10000 7347 1.4 43204 3E+06 41.1 37917.4
230 190 308.62 17.54 0.86 10000 7201 1.4 44119 3E+06 43.9 40575.2
240 200 308.56 17.54 0.86 10000 7053 1.4 45082 3E+06 47 433545
250 50 309.50 17.54 0.86 10000 7018 1.4 45529 3E+06 47.9 44229.2
260 100 309.14 17.54 0.86 10000 6834 1.5 46729 3E+06 51.7 47755.6
270 150 308.78 17.54 0.86 10000 6647 1.5 48020 3E+06 55.8 51484.5
280 200 308.42 17.54 0.86 10000 6457 1.6 49417 3E+06 60 @ 55440.2
290 250 308.05 17.54 0.86 10000 6262 1.6 50929 3E+06 64.6 59643.7
300 300 307.69 17.54 0.87 10000 6062 1.7 52584 3E+06 69.5 64144.6
310 290 307.72 17.54 0.87 10000 5901 1.7 54085 3E+06 73.7 68031.4
320 280 307.75 17.54 0.87 10000 5735 1.7 55724 3E+06 78.2 72209.2
330 270 307.78 17.54 0.87 10000 5563 1.8 57523 3E+06 83.1 76719

340 260 307.81 17.54 0.87 10000 5384 1.9 59509 3E+06 88.4 81611.2
350 250 307.84 17.54 0.87 10000 5198 1.9 61718 3E+06 94.2 86947.6
360 240 307.87 17.54 0.87 10000 5005 2 64194 3E+06 101 92806.2
370 230 307.89 17.54 0.87 10000 4802 2.1 66988 3E+06 108 99269.2
380 220 307.92 17.54 0.87 10000 4590 2.2 70194 3E+06 115 106498
390 210 307.95 17.54 0.87 10000 4365 2.3 73913 3E+06 124 114651
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Appendix Q Road benefit — Test case

This test case illustrates the benefits of new road infrastructure creation in a way
easy to understand. The mode of transportation for the existing and new road
infrastructure routes is bus mode. Both routes have the same origin and
destination. The origin could be denoted as point A, for example, a location in
Cranfield. The destination could be denoted as point B, for example, a location in
Bedford.

The road benefit is a function of the travel time, road infrastructure impact,
performance characteristics, road width, population characteristics, and the travel
speed (see Equations (7-35) to (7-44) on pages 192-193). By assuming the

following values for the existing route:

Bus speed = 3 mph; road infrastructure impact = 0.004 km?/MW per 10000
populations; gas turbine performance characteristics = 40 MW, road width =
0.011 km; social influence area population density = 5.8 persons/km?; social
benefit width = 100 km. Assuming the compressor station is located on a pipeline
segment of 10 km in length. This is equivalent to a social benefit area of 1000
km?. Utilising the above information and employing Equation (7-40), the travel

time (te) for the existing route is estimated as:

km? 1000km? 5.8 persons 40MW 1 hr

t, = 0.004 —
e MW " 10000 persons  km?  0.011km (3 * 1.60934) km

t. = 1 hour 45 minutes

Therefore, travel time for existing route is 1 hour 45 minutes.

For the new road infrastructure route, improvements in the new road are reflected
by an increased bus speed. Assuming a 20-mph bus speed with all other
conditions remaining the same. Employing Equation (7-43), the travel time (tn) for

the new route is estimated as:

km? 1000km? 5.8 persons  40MW 1 hr

t, = 0.004 =
n MW " 10000 persons . km? _ 0.011km (20  1.60934) km
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t, = 16 minutes

Therefore, travel time for new route is 16 minutes.

The travel time savings is the difference between the travel times for the existing
and the new road infrastructure routes. Itis equivalent to 1 hour 29 minutes (1.483

hour).

Employing the value of travel time savings (VTTS) values of $4.74 per hour for
the middle-income groups as shown in Table 7-4. The travel time cost savings

between the existing and the new road infrastructure routes is estimated as:

$
(T, — T,,) = 1.483 hr * E4'74 = $7.03 per road trip per job

The annual road benefit for one job assuming 248 road trips per job are made
per year is estimated as:

$
Rp = (T, = TNeJy = ———-7.03 % 248 trips » Ljob = $1743.4

p.job

By assuming the same values of annual road benefits over the project lifecycle.
This annual road benefits would be discounted over the project lifecycle to the
reference year at the beginning of the project using the assumed social discount
rate of 5%.
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Appendix R Direct Employment benefit — Test case

This section uses two hypothetical compressor station locations scenarios to
illustrates the employment benefit in a manner easy to understand. It is assumed
that the compressor station locations under scenario 1 is at Abuja. The

compressor station locations under scenario 2 is at Niger-Delta.

The compressor station locations under scenario 1 is characterised by urban area
with high standard of living, high population density, and a higher existing level of
wealth. Conversely, the compressor station locations under scenario 2 is
characterised by rural area with low standard of living, low population density,

and a lower existing level of wealth compared to scenario 1.

The employment benefit is a function of the annual jobs created, the population
characteristics, and the income level. It depends on the compressor station

locations.
Scenario 1
By assuming the following values for scenario 1:

Annual jobs produced = 0.1 jobs per 10000 population; average annual salaries
per jobs according to income level = $43,704/job; social influence area population
density = 415 persons/km?; social discount rate = 5%; social benefit width = 100
km. Assuming the compressor station is located on a pipeline segment of 10 km
in length. This is equivalent to a social benefit area of 1000 km?. Project life is 30
years. Utilising the above information and employing Equation (7-18), the

employment benefit (Sn) for scenario 1 is estimated as:

= 0.1job 415 persons $

=30 2 $

s = lz 10000 persons k2 * 1000km* = 43704j0b
v (1.05)]

i=1
Sy = $2.79 million

Therefore, the employment benefit for scenario 1 is about $2.79 million.
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Existing level of wealth is defined as the product of the population and the
average salaries according to income groups for the 10 km pipeline segment
where the compressor station is located. The existing level of wealth is estimated

for scenario 1 as:
__ 415 persons

2
E= g * 1000km* x 43704 person

Sg = $18.14 billion

The employment benefit ratio is the ratio of the employment benefit and the
existing level of wealth. It represents the degree of social uplift from the jobs
created within the social influence area of the compressor station location. The

employment benefit ratio is estimated for scenario 1 as:

$ 2.79 million

EBR = 9814 billion
EBR = 0.0002
Scenario 2

By assuming the following values for scenario 2:

Annual jobs produced = 2 jobs per 10000 population; average annual salaries
per jobs according to income level = $4,380/job; social influence area population
density = 11.2 persons/km?; social discount rate = 5%; social benefit width = 100
km. Assuming the compressor station is located on a pipeline segment of 10 km
in length. This is equivalent to a social benefit area of 1000 km?. Project life is 30
years. Utilising the above information and employing Equation (7-18), the

employment benefit (Sn) for scenario 2 is estimated as:

= 2job 11.2 persons $
=30 2 $
. lz 10000 persons * — Jamz* 1000km? + 4380 -7
Y (1.05)!
=1
Sy = $151,000

Therefore, the employment benefit for scenario 2 is about $151,000.
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The existing level of wealth is estimated for scenario 2 as:

11.2 persons $
r = ———————x 1000km? = 4380
km? person

Sg = $49.06 million

The employment benefit ratio is estimated for scenario 2 as:

pR — 151,000

~ $49.06 million
EBR = 0.0031
Discussion

It is observed that the employment benefit for scenario 1 is considerably higher

than scenario 2. However, the employment benefit ratio which represent the

degree of social uplift derived from scenario 2 is about ten times higher than the

EBR of scenario 1. This indicate that high social uplifts are obtained from the jobs

created under scenario 2 associated with rural communities compared to

scenario 1 which is associated with urban dwellers.
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