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Abstract

This study aims to examine the impact of compressor station availability on the techno-
economic aspects of natural gas pipeline transportation, using the proposed Trans-Saharan
Gas Pipeline (TSGP) project as a case study. A scenario-based technical and economic
analysis was conducted to highlight the economic sensitivities of the systems to availabil-
ity. The economic assessment of the project was performed using a discounted cash flow
method, considering lifecycle costs. The techno-economic model was developed using
MATLAB R2020b, accounting for variations in ambient temperatures at the compressor
station under different flow conditions. Findings indicate an 8.41% increase in project
lifecycle cost in one scenario compared to the baseline, assuming a 15% discount rate.
However, the baseline case with a 100% compressor station availability assumption appears
unrealistic, as shown by its lifecycle cost and net present value estimates. This is because
constant operating conditions throughout the project lifecycle are impossible. Addition-
ally, when station availability increases by 7.87% and the cost of standby units rises by
10.24%, avoided income loss due to station unavailability increases by 14.06%. This reveals
a trade-off between the extra capital expenditure on standby units and the savings from
avoiding income loss. Furthermore, the impact of 2% and 4% escalation rates of fuel and
maintenance costs on lifecycle costs results in a rise of 2.70% and 6.15%, respectively, in
one scenario compared to the 0% escalation rate. The results demonstrate the significant
influence of compressor station availability analysis on pipeline projects, particularly in
reducing engine downtime costs and enhancing project revenue. Therefore, the methods
presented here help in understanding the importance of compressor station availability in
pipeline techno-economics, leading to more effective resource and financial management.

Keywords: gas turbine; gas compressor; net present value; lifecycle cost; maintenance cost;
fuel cost; capital cost; TERA; downtime; revenue; escalation rate; inflation

1. Introduction

An efficient and reliable transmission system is needed to meet the demand for natural
gas from locations with abundant reserves to consumption areas [1–3]. This transmission
system requires the installation of compressor stations at appropriate distances along the
pipeline to ensure the required pressure is maintained for gas transportation [4,5]. In many
cases, the continuous operation of this system will require the availability of the equipment
used in the compressor stations, including the gas compressors and gas turbines that drive
them. The size and complexity of natural gas pipeline networks have increased in response
to growing demand. Consequently, decisions regarding the design of a new natural gas
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transmission network or the expansion of an existing one must be made about their long-
term benefits [6–8]. This is in terms of the availability of compression stations, considering
the economic impact on pipeline transportation. Centrifugal Compressors are used for
gas transmission to boost pipeline pressure to the required operating pressure. They are
usually driven by gas turbines or electric motors [9]. However, this study considers gas
turbine-driven centrifugal compressors as recommended by Nasir [10] as the main station
components in transmission pipelines. Compressor stations can contain more than one
gas turbine-driven compressor to boost the pipeline flow rate. The compressors in the
pipeline are evenly spaced and typically positioned to optimise pressure ratios [11,12]. The
selection of an appropriate compressor for a particular application will partly depend on
its availability and reliability, which can influence the lifecycle costs of pipeline systems.
A gas compression system can consume about fifty per cent of the available energy [13].
According to Kurz et al. [14], gas compression is an energy-intensive process with more
than 67 per cent of annual operating costs spent on energy. Therefore, reducing compressor
station and pipeline systems operating costs without reducing availability and reliability
is essential [15]. Thus, small improvements in efficiency by considering the effects of
compressor station availability will significantly impact operating costs [11,16,17].

Engine availability is crucial in the economics of the compressor station and pipeline
system. The unavailability of the plant to generate power can be very costly in terms of the
compressor station’s operation. This is reduced if scheduled outages are planned for non-
peak periods. The increase in plant efficiency, from seven to ten per cent, between smaller
capacity units and larger units has led to an equivalent reduction in plant availability,
as larger plants take more time to repair. This will have a significant impact on the
plant’s economy. A 1% reduction in the engine availability could cost a yearly income
loss of USD 500,000 on larger capacity plants [18]. The loss of income can be due to the
unavailability of the commodity, penalties estimated because contractual agreements are
not met, or the pipeline flow rate reduction [14]. However, when denoted as a reduction in
system unavailability, the potential cost savings could exceed one thousand per cent [19].
Therefore, compressor station availability must be considered in pipeline planning and
CAPEX analyses to give a better understanding of pipeline capacity [20].

There are minimal studies on the techno-economic and environmental risk analy-
sis (TERA) techniques used in gas turbine applications for transporting natural gas via
pipelines. The only known work on this area of research was performed by Nasir [10],
Tukur [21], Aziaka [22] and Ojo [23] at Cranfield University, United Kingdom. Nasir [10]
examined the TERA of electric motor drives and gas turbines in pipeline applications. His
study concluded that while electric motor drives may initially seem more environmentally
friendly, a closer look at the electricity generation sources for these drives, both now and
in the future, reveals that they contribute more to environmental pollution than gas tur-
bines do. Consequently, electric motor drives may not be a feasible option for interstate
pipelines in areas with an insufficient electricity supply. Additionally, the study indicates
that increasing the size of the pipeline reduces compression costs due to higher pressure,
which in turn decreases the power required for compression. However, the study does
not consider the impact of engine availability on investment. Tukur [21] researched the
techno-economics of gas turbine compressor stations used in natural gas pipelines. His
economic model was based on a life-cycle cost analysis, assuming constant annual values
for maintenance and fuel costs, while taking into account local conditions at the stations.
However, he did not consider the availability of turbo-compressors and their effect on the
lifecycle costs. Aziaka [22] investigated the techno-economics of degraded gas turbines in
compressor station locations along a pipeline. Nonetheless, he did not look at the impact
of compressor station availability on pipeline techno-economics. Ojo et al. [24] carried
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out a techno-economic optimisation of the compressor station and pipeline segments for
the proposed Trans-Saharan Gas Pipeline (TSGP) project. The 4180 km pipeline would
carry natural gas from Nigeria to Algeria’s export terminal on the Mediterranean Sea and
eventually supply natural gas to Europe. Recently, the TSGP was mentioned in planning
documents. The Nigeria 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 optimisation problems were formulated with
the goal of minimising the lifecycle cost, taking the location of the compressor stations as
the decision variable. The baseline case consists of eighteen compressor stations located
at fixed points along the pipeline route. A compressor station and pipe segment location
identification system were incorporated into the optimisation scheme. This was connected
to the distance from the source of the natural gas being transported. The complete natu-
ral gas pipeline consists of pipe segments each 10 km long. The results showed twelve
compressor station locations along the pipeline route in one of the optimised cases. The
optimised lifecycle cost reduces by 12.95 percent compared to the baseline case. The opti-
mised compressor station locations were at 1, 38, 76, 113, 150, 186, 222, 260, 296, 332, 368,
and 408 segments of the pipeline. However, the study did not show the impact of engine
availability on the investment. El-Suleiman [25] investigated TERA regarding the power
requirements for CO2 compression in gas turbine-driven pumps and compressors. The
economic model was developed based on net present value. However, neither natural gas
pipeline nor compressor station availability were considered in his study.

The increase in the equivalent operating hours (EOH) of a compressor is primarily due
to a rise in the number of machine start-ups. Each start-up reduces the interval between
maintenance inspections, which moves the compressor closer to needing an overhaul.
As a result, this leads to a decrease in the time between overhauls or repairs, ultimately
reducing the availability of both the compressor station and the pipeline system [23,26–28].
Regular maintenance can appreciably affect the degree of availability and consequently, the
time between overhauls or repairs of turbo-compressor unit in the compressor station and
pipeline system. This is because any non-performance of the turbo-compressor unit within
the pipeline system could increase the operation and maintenance cost. After all, main-
tenance decisions are usually made by considering economic risk [23,29]. Safie et al. [19]
presented a report on an assessment conducted to aid the renovation of the air compressor
at NASA’s Langley Research Centre. The findings indicated that the air compressors had
surpassed their design life. This raises concerns about the potential for costly failures
after compressor overhauls if the compressors are not replaced. To address this issue,
a compressor replacement strategy was proposed. This strategy aims to ensure sustainable
operations by enhancing reliability and availability, as well as increasing the likelihood of
meeting air demand, all while maintaining an acceptable investment cost and generating
cost savings. However, while the report anticipated improvement in reliability and avail-
ability through investment cost, the effects of station availability on the techno-economics
of gas transportation was not assessed. More so, the report did not consider natural gas
compressor stations. Li et al. [15] proposed a reliability-based approach to determine the
number and placement of standby compressors, aiming to minimise investment costs while
ensuring reliability. The case study results indicated that the number of standby compres-
sors could be reduced by seven, achieving a pipeline reliability of 0.9686. Nevertheless,
while the study focuses on reliability, compressor stations availability and their impacts on
investments were not considered. Jiao et al. [30] proposed a multi-objective optimisation
model to evaluate the reliability and operating costs of a natural gas pipeline network. The
reliability of the pipeline network was assessed by taking into account the potential failures
of its components and the network’s condition during these failure events. The results
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demonstrated that the proposed model effectively illustrates the relationship between
reliability and operating costs across different flow rates, informing the development of
an optimal operational scheme. Zhou et al. [31] developed a maintenance model that
takes into account the economics and reliability of a compressor unit system arranged in
a series-parallel layout. This proposed model was compared with two traditional methods
to assess its economic viability and efficiency in the series-parallel pipeline system. The
method, which focuses on optimising the maintenance time window, can reduce mainte-
nance costs by 27.7% and 25.1%, respectively. However, these studies did not account for
the availability of compressor stations regarding investment impact.

Research has been conducted on the techno-economic analysis of compressor stations
and pipeline systems [32–43]. Wen et al. [44] analysed the net present value of the costs
associated with gas transmission through pipeline networks, including relevant gas storage
costs, over different periods. He conducted a case study with varying characteristics
to examine the effects on decision-making. The results of the case study revealed that
economic efficiency was optimised by 15.58 per cent, effectively compensating for the excess
demand generated during the initial stage. The researchers concluded that this approach
could yield significant economic benefits while meeting the needs of downstream users.
Shan et al. [45] proposed a method to assess the reliability of natural gas supply in pipeline
systems through cost–benefit analysis. The objective function was designed to maximise the
difference between the benefits of improved reliability and the associated investment costs.
This study considered both the investment required and the benefits gained from reducing
costs due to unreliability as a result of implementing various reliability improvement
measures. The results indicated that for the scenario with the lowest operational age,
the difference between benefits and investment for optimal solutions was 1.9 × 104 CNY.
Xenos et al. [26] presented an optimisation framework which integrates maintenance
and optimal operation of compressors. The outcome of the framework is a multiperiod
plan which provides the schedule of the operation of the compressors that gives the best
decision alternative. These decision leads to the minimisation of the operational costs of the
compressors while meeting plant’s demand. Nevertheless, these studies did not examine
the impact of compressor station availability on pipeline techno-economics using the TERA
approach. Therefore, there exists a gap in knowledge in the literature that this research
aims to cover. For the first time, this study examines the impact of compressor station
availability on the techno-economic aspects of natural gas transportation in pipelines. As
evident from the information available in the public domain, this is the first study of its
kind to be conducted on a natural gas pipeline using the TERA approach. Consequently,
this study looks at the following objectives for the first time:

(1) What are the concept and implication of availability on compressor station and
pipeline system operations and techno-economics?

(2) What is the lifecycle cost for different considered compressor station availability scenarios?
(3) Which compressor station availability scenario have the lowest lifecycle cost and

highest net present value?

The rest of this paper is organised as follows. Section 2 presents and describes the
methodology and the various modules that make up the TERA framework. Section 3
discusses the results of the study. Section 4 provides the study’s conclusions, while Section 5
outlines the limitations and suggests directions for future research.

2. Methodology

The TERA framework employed in this research constitutes an integrated computa-
tional architecture, designed to comprehensively evaluate the impact of compressor station
availability on natural gas pipeline economics. As illustrated in Figure 1, this framework



Energies 2025, 18, 4243 5 of 28

synthesises five interdependent yet interlocking analytical modules that systematically
process physical, operational, and economic parameters. The novelty of this approach
lies in its innovative integration of an availability quantification module within the TERA
paradigm—a significant advancement for pipeline analysis. Outlined below are the details
of each module’s structure, governing equations, interconnections with other modules and
data exchange protocols.

Figure 1. Integrated TERA (Techno-Economic and Environmental Risk Analysis) framework for
natural gas pipeline systems used in the present study. Arrows indicate critical data exchange
pathways. Dashed boxes denote external inputs.

The figure illustrates the five interconnected computational modules:

1. Pipeline Module (Blue): Computes pressure drops (∆P) and flow rate (Q) using the
Weymouth equation, ingesting ambient conditions and pipe geometry.

2. Gas Compressor Module (Green): Calculates drive power (PGC) via adiabatic com-
pression, determining compressor sizing/number.

3. Gas Turbine Module (Orange): Simulates fuel consumption (Ff ) and turbine entry
temperature (TET) using TURBOMATCH, incorporating ambient conditions.
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4. Maintenance/Availability Module (Purple): Quantifies downtime (Da) and availabil-
ity (P(K)) via reliability algorithms, generating availability-based maintenance costs.

5. Economic Module (Red): Synthesises lifecycle cost (Lc) and net present value (NPV)
from capital expenditures (GC/GT Captex, auxiliaries) and operational outputs.

2.1. Pipeline Module: Hydraulic Characterisation and Flow Dynamics

The first module within the TERA framework considers the hydraulic modelling of
natural gas transit through the pipeline network. It simulates the thermodynamic and fluid
mechanical behaviour of the gas mixtures under transient operational regimes, accounting
for spatial and temporal variations in ambient temperature, pipeline topography, and gas
composition. The computational core of this module is the Weymouth equation, an industry-
standard empirical correlation for high-pressure gas flow that has been implemented within
a MATLAB environment.

The governing equation is expressed as:

Q = 3.7435 × 10−3
· E ·

(

Tb

Pb

)

·

(

P2
1 − esP2

2

Le · G · Tf · Z

)0.5

. D2.667 (1)

where (Q) is the volumetric flow rate (m3/day), (E) is the pipeline efficiency factor, (Tb)
and (Pb) are the standard base temperature (K) and pressure values (kPa), (P1) and (P2)
are the inlet and outlet pressure values (kPa), (Le) is the pipe segment equivalent length
(km), (s) is the elevation adjustment parameter-dimensionless, (G) is the gas specific gravity
(dimensionless), (Tf ) is the flowing gas temperature (K), (Z) is the compressibility factor
(dimensionless), and (D) is the pipe diameter (mm).

The computed outputs of this module are the daily pressure gradients (∆P) and flow
rates (Q). These outputs, generated for each 10 km pipeline segment, are subsequently
relayed to the Gas Compressor Module to determine compression power requirements.

2.2. Gas Compressor Module: Thermodynamic Power Demand Estimation

The Gas Compressor Module translates hydraulic outputs from the Pipeline Module
into mechanical power prerequisites for gas recompression. It employs adiabatic compression
thermodynamics to calculate the drive power (PGC) demanded by centrifugal compressors to
restore pipeline pressure to operational thresholds. The governing equation is expressed as:

PGC = 2.778 × 10−4
· m ·

n

n − 1
· Z · R · Tf ·

[

(

P1

P2

)
n−1

n

− 1

]

·

1
ηpoly

(2)

where (m) is the compressor actual mass flow rate at suction conditions (kg/s), (n) denotes
the polytropic exponent, (R) is the gas constant (KJ kg−1 K−1), (Tf ) is the average flowing
gas temperature (K), (P1/P2) is the pressure ratio across the compressor, and (ηpoly) is the
polytropic efficiency (calibrated between 0.75 and 0.85 based on OEM data).

This module evaluates (PGC) under three distinct flow regimes: isothermal, inter-
mediate, and non-isothermal, to capture seasonal and daily ambient variations. This
MATLAB-implemented algorithm was validated against Aspen HYSYS V14 [23], maintain-
ing <2% deviation across operating conditions. Outputs guide gas turbine selection and
feed the performance simulation module.

2.3. Gas Turbine Performance Module: Prime Mover Energy Conversion Simulation

The Gas Turbine Performance Module simulates the operational characteristics of turbine-
driven compressors under design and off-design conditions. Utilising TURBOMATCH—a zero-
dimensional thermodynamic performance code developed at Cranfield University [23]—this
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module resolves mass and energy balances across turbine components (compressor, com-
bustor, power turbine) to predict fuel consumption rates (Ff) and turbine entry temperatures
(TET). The computational procedure involves

• Component Matching: Solving continuity and energy equations at component interfaces;
• Characteristic Maps: Interpolating compressor/turbine performance maps (pressure

ratio, efficiency vs. corrected flow);
• Ambient Corrections: Adjusting ISO conditions to site-specific temperatures via

scaling laws.

The module receives (PGC) from the preceding module and ambient temperature
data, to simulate part-load performance. Outputs include fuel flow (kg/s) and TET (◦C),
where these parameters are channelled to the Maintenance/Availability Module for
downtime quantification.

2.4. Maintenance/Availability Module: Reliability-Informed Downtime Economics

This innovative module of the TERA framework introduces a mathematically robust
protocol to quantify compressor station availability (P(K)) and its economic consequences.
Availability is computed via a reliability-centred algorithm that synthesises Mean Time
Between Failures (MTBF), Mean Time To Repair (MTTR), and scheduled maintenance
intervals as follows:

P(K) =
MTBF

MTBF + MTTR
· ∏

N

i=1 (1 − λiti) (3)

where (λi) represents the failure rate of subsystem i (e.g., compressor bearings, turbine
blades) and (ti) is the exposure duration. MTBF/MTTR values were sourced from field
data collated by Ojo [23]. The algorithm further incorporates

• Creep Life Consumption: Estimated from TET deviations using Larson-Miller parame-
ter correlations;

• Start-Up Degradation: Quantified via Equivalent Operating Hours (EOH) models.

Availability directly modulates maintenance expenditures through two principal cost
vectors: the Variable Maintenance Costs, and the Major Overhaul Costs, as detailed and
quantified (via equations) in the next section.

The outputs of this module (the annual downtime (Da) and availability (P(K)) are
both fed to the Economic Module for lifecycle cost integration.

2.5. Economic Module: Lifecycle Value Integration

The last module synthesises all preceding outputs into techno-economic metrics. It
employs a discounted cash flow (DCF) methodology to compute

• Lifecycle Cost (Lc): Aggregating capital, operational, and maintenance expenditures;
• Net Present Value (NPV): Evaluating profitability through discounted cash flows.

Capital costs are estimated using OEM quotes and scaling laws (Equations (4)–(13)),
while operational expenditures (fuel, maintenance) derive from module outputs. Critical
computations include Fuel Costs and Revenue Losses (both of which are detailed in the
following subsections), and NPV Sensitivity (considered across discount rates (10–15%)
and availability scenarios).

2.6. Details and Specifics of the Framework

2.6.1. Economic Assumptions

The economic assumptions are shown in Table 1. The economic input data are based
on the United States currency in dollars with a 2020 base year.
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Table 1. Economic Assumptions.

S/N Parameter (Unit) Value References

1. Plant Life (years) 30
2. Natural gas flow (BCM/year) 30 [7]
3. Pipe Material Cost (USD/metric ton) 1312 [46]
4. Pipe Thickness (mm) 20.574 [21]
5. Pipe Outer Diameter (mm) 1422.4 [21]
6. Pipe inner diameter (mm) 1381.2 [7]
7. Coating and wrapping (USD/m) 16.4 [47]
8. Pipe Grade API 5L X70 [21]
9. Design Pressure (barg) 100 [7]

10. MAOP (barg) 95 [7]
11. Design Code 0.72 [7]
12. Design Factor ASME B31.8 [7]
13. Pipe Roughness (µm) 7.62 [7]
14. Fuel Cost (USD/kg) 0.168 [21]
15. Discount Rate (%) 15 [21]
16. Natural Gas Price (USD/J) 6.44 × 10−9 [48]
17. Natural Gas Lower Heating Value (MJ/m3) 40.6 [49]
18. Fixed O and M Cost (USD/kW-year) 12 [50]
19. Variable O and M Cost (USD/MWh) 4.7 [51]
20. Maintenance Factor 1 20% of Variable O and M Cost [22,23,52]

A maintenance factor 1 was assumed in the major maintenance cost evaluation. This
is utilised by [22,23,52] to estimate the cost of maintenance of gas turbines. The major
maintenance cost is a turbine entry temperature-based cost where the shaft power was
constant during operation with variation in the engine TET and the fuel consumed.

2.6.2. Pipeline Cost Estimate

Pipeline cost consists of the costs of pipeline material, coatings, wrappings, and
pipeline installation [47].

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

Pmat = 2.46 × 10−2(D − T)TLC (4)

where
L = Pipe length, km
D = Pipe outside diameter, mm
T = Pipe wall thickness, mm
C = Pipe material cost (USD/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 [46] was assumed in this research.

Pipeline installation cost was estimated based on the Institute of Transportation
studies [53] generalised estimate. A quadratic best-fit curve was obtained for the installation
cost; this is expressed in the following equation:

y = 2.13 × 102x2 + 1.29 × 103x + 1.06 × 105 (5)

where
y = Installation cost (USD/km)
x = Outer diameter.
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It is assumed that the pipe is externally coated and wrapped at an extra cost of Pc_w in
USD/km. The total pipeline cost Pt in USD is estimated using the following equation:

Pt = Pmat + (y + Pc_w)L (6)

2.6.3. Gas Compressor Cost

The gas compressor purchased, and installation costs are estimated using the follow-
ing equations:

Pp = 1.453M
(

P0.82
GC

)

Fc (7)

PI = 1.453M
(

P0.82
GC

)

(2.11 + Fc) (8)

where
Pp = Gas compressor purchased cost (USD)
PI = Gas compressor installation cost (USD)
M = Marshall and Swift cost index, equivalent to 1638.2 for 2018 [54]
Fc = Correction factor, equivalent to 1.15 for gas turbine-driven centrifugal compressors
PGC = Gas compressor power, kW.
The total cost of the gas compressor GCc, is the sum of the purchased and installation

costs given by
GCc = Pp + PI (9)

2.6.4. Gas Turbine Cost

Equation (7) shows the equipment cost of gas turbine GTeq. It was estimated using the
best-fit curve equation developed for gas turbine cost estimation [55] and is given by

GTeq = 8.848 × 103
(

P−0.294
T

)

(10)

where PT is the gas turbine power in kW. Assuming factors of 2 and 1.38 to cater for
installation and shipping cost, respectively [21], gas turbine capital cost GTc, is estimated
using the following equation:

GTc = 2.76NGTeq (11)

where N is the number of gas turbine installed per compressor station location.
The pipeline project initial cost Pi is given by

Pi = Pt + GCc + GTc (12)

2.6.5. Auxiliaries Cost

Pipeline accessories are estimated as percentages of the pipeline project initial cost Pi,
as recommended by [47]. Table 2 shows the assumed percentages based on [47] recommen-
dations for pipeline accessories.

Table 2. Pipeline Accessories Assumptions.

S/N Accessories Percentage of Pi

1. Main Valve Station 0.5%
2. SCADA 2%
3. Environmental and permitting 10%
4. Right of Way (ROW) 6%
5. Engineering and Construction Mgt. 15%
6. Contingency 10%
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The auxiliaries’ cost Paux, is the algebraic sum of each accessory cost as shown in
Table 2.

The total project capital expenditure Pto, is given by

Pto = Pi + Paux (13)

2.7. Operation and Maintenance Cost

The operation and maintenance costs refer to the expenses associated with running
and maintaining the compressor station and pipeline system under varying operating
conditions, comprising both fixed and variable costs. As with other pipeline projects,
after the construction and installation of the pipeline project, there will be operation and
maintenance costs over the project’s duration. In this study, the operational lifespan of the
compressor station and pipeline system is projected to be 30 years. The operating condi-
tions of the compressor station equipment and fuel consumption expenses influence the
operating costs. The fuel consumption cost is an essential component of the variable cost. It
contributes to one of the project’s highest operating costs. 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 varying ambient conditions have
been obtained from the gas turbine performance simulation using TURBOMATCH 3.0 soft-
ware. They are applied to evaluate the operation and maintenance costs. These costs were
assessed by compressor station availability analysis in terms of the following scenarios:

(1) Scenario 1, Baseline case: Availability is 100% or 1. This is an ideal case defined as
a theoretical upper limit of the availability analysis.

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

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

The baseline scenario features eighteen compressor stations located at fixed positions
along the pipeline route. The selected scenarios are justified because the baseline scenario
represented an idealised case with a theoretical upper limit. Additionally, scenarios 2 and
3 illustrate typical configurations of compressor stations and the range of availability
commonly seen in natural gas transmission pipelines.

2.7.1. 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 at varying flow
conditions. The fuel flow results at varying flow conditions obtained from the gas turbine
performance analysis enables the evaluation of the 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 at
varying flow conditions are evaluated using the following equations:

Fac = 3600FuFf O f N (14)

Flc = Fact (15)

where
Fac = Annual fuel consumption cost, USD
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Fu = Fuel cost per kg of fuel, (USD/kg)
Ff = Fuel Flow at varying flow conditions (kg/s)
O f = Operational period at varying flow conditions (hrs)
Flc = Lifecycle fuel consumption cost, USD
t = Project lifecycle
N = Number of installed units

2.7.2. Maintenance Cost

These costs result from engine downtime due to overhauls and replacements. They
depend on the maintenance pattern adopted, whether scheduled or unscheduled mainte-
nance, operating ambient conditions, compressor station availability, type of technology
employed, and station location. This includes the overall decision made in the design and
development of the proposed Trans-Saharan gas pipeline project. The availability of the
compressor station, particularly in relation to maintenance costs, will impact the viability
of the project. Therefore, this study evaluates maintenance costs by taking into account the
availability of the compressor station. This availability is used to assess these costs over the
project’s lifecycle.

Fixed Maintenance Cost

These cost estimates are based on the 2019 Annual Technology Baseline data retrieved
from [50]. The annual and lifecycle fixed maintenance costs at each compressor station
location at varying flow conditions are evaluated using the following equations:

Ma f c = 1000PTm f N (16)

Ml f c = Ma f ct (17)

where
Ma f c = Annual fixed maintenance cost, USD
PT = Gas turbine power at varying flow conditions, (MW)
m f = Fixed maintenance cost factor, (USD/kW-year)
Ml f c = Lifecycle fixed maintenance cost, USD
t = Project lifecycle
N = Number of installed units

Availability-Based Variable Maintenance Cost

The availability-based variable maintenance cost estimates are based on the evaluated
compressor station availability [23] and 2020 cost data estimated by [51] for the United
States Energy Information Administration. The operation and maintenance costs were
evaluated based on compressor station availability analysis in terms of the scenarios
highlighted in Section 2.7.

The baseline includes eighteen fixed compressor station locations along the pipeline route.
The annual and lifecycle availability-based variable maintenance costs at each compres-

sor station location at varying flow conditions are evaluated using the following equations:

Mavc = PTmvO f P(K)N (18)

Mlvc = Mavct (19)

where
Mavc = Annual availability-based variable maintenance cost, USD
mv = Variable maintenance cost factor, (USD/MWh)
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Mlvc = Lifecycle availability-based variable maintenance cost, USD
P(K) = Compressor station availability
t = Project lifecycle
N = Number of installed units
PT = Gas turbine power at varying flow conditions, (MW)
O f = Operational period at varying flow conditions (hrs)
Reference [23] give further information on the compressor station availability analysis.

Nasir [10] and Tukur [21] assumed an annual value of USD 30 per kW for the maintenance
cost in their pipeline TERA. Aziaka et al. [56] 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 [23].

Availability-Based Major Maintenance Cost

The creep life values of the engine at varying 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 [23,52]. According to this rela-
tionship, the creep life reduces by half for every 20 K increase in turbine entry temperature
and vice versa [57]. The turbine entry temperature at the design condition was taken as the
baseline with a creep life of 25,000 h. These estimated values were then used to compute
the availability-based major maintenance cost based on the scenarios highlighted in Section
Availability-Based Variable Maintenance Cost.

In this study, the gas turbine engine operates at constant shaft power at all flow
conditions. Therefore, a fixed shaft power under varying ambient conditions will have
a major effect on the engine TET and thus the fuel consumed. Consequently, this will
affect the engine life. Therefore, it is necessary to consider this as major maintenance. The
annual and lifecycle availability-based major maintenance costs at each compressor station
locations at varying flow conditions are evaluated using the following equations:

Mamc = PTmv2OfP(K)N (20)

Mlmc = Mamct (21)

Mv2 = mv1

(

Cdp

C

)

(22)

where
Mamc = Annual availability-based major maintenance cost, USD
mv2 = maintenance cost factor 2, (USD/MWh)
mv1 = maintenance cost factor 1, (USD/MWh)
Mlmc = Lifecycle availability-based major maintenance cost, USD
P(K) = Compressor station availability
Cdp = Expected engine life, hours
C = Engine creep life, hours
t = Project lifecycle
N = Number of installed units
PT = Gas turbine power at varying flow conditions, (MW)
O f = Operational period at varying flow conditions (hrs)
The expected engine life used in Equation (22) [52] is the assumed engine creep life

at design point. A maintenance factor 1 was assumed in the major maintenance cost
evaluation. This is utilised by [22,23,52] to estimate the cost of maintenance of gas turbines.
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The major maintenance cost is a turbine entry temperature-based cost where the shaft power
was constant during operation with variation in the engine TET and the fuel consumed.

The total annual and lifecycle maintenance cost Mac, and Mlc respectively, is given by

Mac = Ma f c + Mavc + Mamc (23)

Mlc = Ml f c + Mlvc + Mlmc (24)

where
Mac = Total annual maintenance cost, USD
Ma f c = Annual fixed maintenance cost, USD
Mavc = Annual availability-based variable maintenance cost, USD
Mamc = Annual availability-based major maintenance cost, USD
Mlc = Total lifecycle maintenance cost, USD
Ml f c = Lifecycle fixed maintenance cost, USD
Mlvc = Lifecycle availability-based variable maintenance cost, USD
Mlmc = Lifecycle availability-based major maintenance cost, USD
The steps in which the maintenance cost analysis could be improved are explained in

the conclusion section.

2.8. Project Lifecycle Cost

The lifecycle cost is the total cost incurred during the construction, operation, installa-
tion, and maintenance of the pipeline system. This cost consists of the gas compressor cost,
gas turbine cost, pipeline cost, auxiliaries, fuel, and total maintenance costs. The lifecycle
cost Lc, for the techno-economic study in this research can be written as

Lc = Pt + GCc + GTc + Paux + Flc + Mlc (25)

where
Lc = Techno-economic lifecycle cost, USD
Pt = Total pipeline cost, USD
GCc = Gas compressor cost, USD
GTc = Gas turbine cost, USD
Paux = Auxiliaries cost, USD
Flc = Lifecycle fuel consumption cost, USD
Mlc = Total lifecycle maintenance cost, USD

2.9. Net Present Value Analysis

This is typically used to assess the economic viability of projects. It can be calculated
using the following equation:

NPV =
n

∑
j=1

CFj

(1 + r)j
− Co (26)

where
CFj = Net cash flow for year j
j = Year of project cash flow
r = Assumed discount rate
Co = 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.
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The annual cash inflow is the annual revenue generated from selling natural gas to the
end-users. A negative net present value suggests that the project may not break even and
thus, economically not viable. The converse is the case for a feasible project. The rate used
to convert future cash flows into present values is the discount rate. 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 Rg, generated from the project
is estimated using the following equation:

Rg = Gp Hv pg (27)

where
Gp = Gas price, (USD/J)
Hv = Gas higher heating value, (MJ/m3)
pg = Annual gas production, (MMm3)
The lost annual revenue Rl , from the project due to engine downtime is estimated

using the following equation:
Rl = Darl (28)

where
Da = Total annual downtime, hours
rl = Estimated lost revenue per hour
The net annual revenue Rnet, from the project is the algebraic difference between the

gross annual revenue and the lost annual revenue. It is evaluated as

Rnet = Rg − Rl (29)

The annual cash outflow CFa, is given by

CFa = Fac + Mac (30)

The annual cash flow CF, is written as

CF = Rnet − CFa (31)

3. Results and Discussion

The results obtained were based on comparisons between the compressor station
system availability analysis which was performed in terms of the scenarios highlighted in
Section 2.7.

The baseline case consists of eighteen compressor station locations, fixed along the
pipeline route.

3.1. The Impact of Turbo-Compressor Availability on Capital Cost

Figure 2 shows the effect of station availability on capital cost for the three availability
scenarios. The project capital cost is USD 18.23 billion for scenario 1, consisting of the
baseline case with 100% availability. The capital cost remains constant in scenario 2,
consisting of no standby turbo-compressor units at all compressor station locations. This
case yields a compressor station availability of 92.67% [23]. However, the capital cost
increases by 10.24% in scenario 3, consisting of one standby turbo-compressor unit at all
compressor station locations. This scenario yields a compressor station availability of
99.96% [23]. Availability directly impacts the project’s capital cost in terms of the additional
first cost incurred from the installed standby units. An increase in compressor station
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availability in terms of the number of installed standby unit leads to a corresponding
increase in the capital cost estimate.
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Figure 2. Impact of availability on capital cost on different availability scenarios.

3.2. The Impact of Turbo-Compressor Availability on Fuel Cost

Figure 3 shows that the fuel cost is the same for each availability scenario, irrespective
of an increase in the compressor station availability. There is no additional cost related
to the standby unit’s fuel consumption. Consequently, 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.
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Figure 3. Impact of availability on fuel cost.

3.3. The Impact of Turbo-Compressor Availability on Maintenance Cost

Figure 4 shows that the maintenance cost is USD 1.86 billion in scenario 1, assuming
a discount rate of 15%. At the same discount rate, the maintenance cost decreases by
0.944% in scenario 2 with 92.67% station availability. Similarly, the maintenance cost
decreases by 0.005% in scenario 3 with 99.96% station availability. The operational cost of
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the project is impacted by the decrease in maintenance cost with a decrease in compressor
station system availability. Therefore, a decrease in the compressor station availability leads
to a corresponding decrease in the maintenance cost and vice versa.
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Figure 4. Impact of availability on maintenance cost.

3.4. The Impact of Turbo-Compressor Availability on Lifecycle Cost

Figures 5 and 6 show the breakdown of project cost for the baseline case and one of
the availability scenarios.
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Figure 5. Breakdown of Project Cost for Scenario 1.

The lifecycle cost of the proposed Trans-Saharan gas pipeline project consists of
compressor-turbine, auxiliaries, fuel, pipeline, and maintenance costs. The maintenance
costs accounted for 8.35% and 7.70% of the project lifecycle costs for scenarios 1 and 3,
respectively. The fuel cost, pipeline, gas compressor, gas turbine and auxiliaries’ costs
accounted for 8.94%, 31.10%, 17.01%, 9.97% and 25.27%, respectively, of the lifecycle cost
for scenario 3.
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Figure 6. Breakdown of Project Cost for Availability Scenario 3.

Figure 7 shows that at a 15% discount rate, the project lifecycle cost is USD 22.24 billion
for scenario 1. At the same discount rate, the project lifecycle cost decreases by 0.09% in
scenario 2 where the availability is 92.67% and increases by 8.41% in scenario 3 with
a 99.96% station availability compared to scenario 1, respectively. Availability significantly
impacts the lifecycle cost. These are confirmed from scenarios 1 and 2 with the same
number of operational turbo-compressor units but different availability. Both have the
same capital cost estimate but different maintenance costs due to their different availability
values, as reflected in their lifecycle cost estimate.
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Figure 7. Impact of availability on lifecycle cost.

Therefore, an increase in availability results in a corresponding rise in the lifecycle cost
estimate. This arises from the increase in capital cost due to additional installed standby
units and increased maintenance cost due to increased availability. However, the increase in
compressor station availability is more reflected in the high capital cost, a major component
of the lifecycle cost due to the additional standby units.
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3.5. The Impact of Turbo-Compressor Availability on Net Revenue

The unavailability of compressor station components can lead to a significant loss
in revenue. Figure 8 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
USD 51.54 billion for scenario 1 assuming a continuous operation of the compressor stations
with 100% availability. The net revenue generated from the project decreases by 31.12% in
scenario 2 with 92.67% station availability compared to scenario 1. Similarly, it decreases by
26.74% in scenario 3 with 99.96% station availability compared to scenario 1. Scenario 3 has
high amount of revenue generated from the project than scenario 2. This is due to its
higher availability value. Therefore, 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.
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Figure 8. Impact of availability on net revenue.

In contrast, the impact of the compressor station components and subsystem unavail-
ability may be the reduction in 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 income. Figure 9 shows the lost income while the pipeline is not
running due to unavailability. Table 3 compares the additional cost of standby equipment
with income loss.

Table 3. Comparison of standby units’ additional cost with income loss.

Scenarios Availability
Additional Cost of

Standby Units
(USD)

Present Value of
Loss of Income

(USD)

Present Value of Avoided
Loss of Income Due to
Unavailability (USD)

Net Present
Value
(USD)

Scenario 1 1 - - - -
Scenario 2 0.9267 - −1.604 × 1010 - −1.604 × 1010

Scenario 3 0.9996 1.867 × 109
−1.378 × 1010 2.255 × 109 3.874 × 108

There is no standby unit installed at each compressor station location for the baseline
case of scenario 1 and scenario 2. Thus, there is no additional cost for installing standby
units in these scenarios. However, for scenario 3, the cost of installing a standby unit at each
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compressor station location increases by 10.24%. This cost represents the additional capital
investment for scenario 3 to ensure the pipeline keeps running and available. Table 3 shows
that there is no income loss for the baseline case of scenario 1 with an assumed availability
of 100%. Realistically, this is not achievable in a real-life scenario as this would mean
a perfect system with no losses. The reason for this will become apparent in the next
section. Therefore, the avoided loss of income due to unavailability and subsequent net
present value were not considered for this scenario. Nevertheless, the lost income while
the pipeline is not running due to station unavailability is about USD 16.04 billion for
scenario 2 and USD 13.78 billion for scenario 3, respectively, as shown in Figure 9 and
Table 3. Scenario 3 has a lower income loss than scenario 2. Therefore, the avoided loss
of income due to station unavailability increases by 14.06% in scenario 3 compared to
scenario 2. This value represents the additional revenue that would be accumulated when
the station availability increases by 7.87% in scenario 3 compared to scenario 2 due to the
installation of additional standby units. More so, the results in Table 3 reveal that there is
a trade-off between the extra capital investment in terms of the additional cost of standby
units with the avoided loss of income due to station unavailability as reflected in the
additional net revenue obtained in scenario 3. Therefore, the benefits associated with the
installation of additional standby unit at each compressor station location are demonstrated
through an increase in the income generated and the reduction in the station unavailability.
This will allow the reclamation of the additional capital investment in standby units.
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Figure 9. Impact of Availability on lost income.

Furthermore, since there is no additional capital investment in terms of standby unit
installation for scenario 2, the net present value for scenario 2 is equivalent to the present
value of loss income due to unavailability as shown in Table 3. Hence, the results show that
scenario 3 has a higher positive net present value compared to scenario 2. Therefore, it is
advantageous to consider the scenario of installing standby units at each compressor station
location. This is due to the resulting higher positive net present value for this scenario.

3.6. Sensitivity Analysis on Net Present Value

This approach enhances better comprehension of the relationship between the rev-
enues accrued from the project and the cash outflows. Including selecting the best alterna-
tives among the considered scenarios. The results obtained for the NPV analysis show that
scenario 1 with an assumed 100% availability value at a 15% discount rate, has a net present
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value of USD 29.30 billion. At the same discount rate, the NPVs are USD13.28 billion
for scenario 2 and USD 13.65 billion for scenario 3. All project alternatives have positive
net present value. However, there is high margins in the NPV of scenario 1 compared to
scenarios 2 and 3. This indicates that scenario 1 is unrealistic in real-life situation with
perpetual operating conditions. Consequently, at a 15% discount rate, scenario 3, consisting
of one standby turbo-compressor unit at all compressor station locations, should be selected.
This is due to its higher NPV and thus is associated with a lower risk in investments in
the project.

Figure 10 illustrates how the NPV changes with different discount rates for the avail-
ability scenarios.

Figure 10. Variation in NPV with discount rates for availability scenarios.

Sensitivity analysis shows a rise in NPV with a decreasing discount rate for all scenar-
ios. 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 station locations. Consequently, scenario 3 is expected to produce the lowest risk
associated with an investment in the project. The results further confirm that assuming
a 100% availability value, as seen in the baseline case of scenario 1, is not realistic because it
is nearly impossible to achieve perfect operating conditions throughout the project life.

Sensitivity analyses evaluate the effect of station availability on the pipeline project’s
techno-economics. Three different values of compressor station availability of 98%,
94%, and 90%, respectively, were considered for these analyses. If all other conditions
remain the same and considering standby units at each station location. Table 4 shows the
results of the analyses.

The maintenance cost increases by 0.52% and 1.04% when station availability increases
from 90% to 94% and 98%, respectively. Therefore, a rise in station availability results
in a corresponding rise in the maintenance cost. Similarly, the net revenue generated
from the project increases by 42.2% and 97.2% when the station availability increases from
90% to 94% and 98%, respectively. Consequently, a rise in station availability results in
a corresponding rise in the income generated from the project. Furthermore, the avoided
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loss of income due to station unavailability increases by 17.36% and 40.0% when the station
availability rises from 90% to 94% and 98%, respectively. Therefore, the rise in the cost
of maintenance due to a rise in the station availability yields an increase in the avoided
income loss in terms of the additional income that is accrued during the project lifecycle.
Thus, given the same number of stations and spare units and assuming all other conditions
remain the same. The trade-off between extra investment in terms of a rise in maintenance
cost due to a rise in the station availability with the avoided loss of income due to station
unavailability is compensated with an increase in the net income obtained from the project.
Thus, ensuring that the extra investment in the station operating cost is fully recovered.

Table 4. Comparison of station availability with pipeline project techno-economics.

Station
Availability

Increase in
Maintenance Cost

(USD)

Net Income
(USD)

Present Value of
Loss Income

(USD)

Present Value of Avoided Loss
of Income Due to

Unavailability (USD)

0.98 1.914 × 107 2.964 × 1010
−2.191 × 1010 1.461 × 1010

0.94 9.568 × 106 2.137 × 1010
−3.017 × 1010 6.34 × 109

0.90 - 1.503 × 1010
−3.651 × 1010 -

The results of the NPV analysis show that negative net present values are obtained
at a 15% discount rate when the station availabilities are 90% and 94%, respectively, as
shown in Figure 11. However, a station availability of 98% yields a positive net present
value for the project. Consequently, a 98% station availability is more economically viable
among the three different values of availability. It will lead to a lower risk and uncertainty
in investment in the compressor station and pipeline project. The results obtained have
shown the importance of incorporating an availability analysis into the pipeline TERA.

 

Figure 11. Variation in NPV with station availability.

3.7. The Effects of Inflation on the Lifecycle Cost

Economic sensitivity analysis was carried out to assess the effect of inflation on the fuel
cost, maintenance cost, and the project lifecycle cost using annual escalation rates of 0%,
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2%, and 4%. The escalated annual fuel consumption cost for the scenarios is illustrated in
Figure 12. The annual fuel cost remains constant each year because the engine is assumed
to operate under clean conditions over its lifecycle. Therefore, these costs were discounted
with the assumed discount rate of 15% to their present values to obtain the equivalent base
cost for the reference year. Subsequently, annual escalation rates of 0%, 2%, and 4% were
utilised to estimate the escalated fuel cost.
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Figure 12. Annual escalated fuel cost.

The results show an increase in fuel cost with increasing escalation rates due to
the positive effect of annual inflation compared to the 0% escalation rate. However, the
yearly decrease in fuel cost reveals the influence of the fluctuating natural gas prices in
subsequent years.

Figure 13 illustrates the annual escalated maintenance cost for one of the scenarios.
The annual maintenance cost remains constant each year because the engine is assumed to
operate under clean conditions over its lifecycle. Therefore, these costs were discounted
using an assumed discount rate of 15% to their present values to obtain the equivalent base
cost for the reference year. Subsequently, annual escalation rates of 0%, 2%, and 4% were
utilised to estimate the escalated maintenance cost.

The results show an increase in maintenance costs with increasing escalation rates due
to the positive effect of annual inflation compared to the 0% escalation rate. The decrease
in the maintenance costs is due to the discounted constant future yearly values to their
present cost to obtain the equivalent base cost, thus reflecting the fluctuating costs in the
following years. Hence, ensuring internal consistency of the discounting, inflation, and
escalation assumptions utilised in this study.

The lifecycle cost at different escalation rates for the scenarios is illustrated in Figure 14.
The lifecycle cost for scenario 1 was USD 22.24 billion for the 0% escalation rate. The lifecycle
cost increases by 2.92% and 6.66% assuming 2% and 4% escalation rates, respectively.
Similarly, the lifecycle cost for scenario 2 was USD 22.22 billion for the 0% escalation
rate. The lifecycle cost increases by 2.92% and 6.64% assuming escalation rates of 2% and
4%, respectively.

Additionally, the lifecycle cost for scenario 3 was USD 24.11 billion for the 0% escalation
rate. The lifecycle cost increases by 2.70% and 6.15% assuming 2% and 4% escalation rates,
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respectively, over the project life. Thus, illustrating the influence of inflation on the project
lifecycle cost.
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Figure 13. Escalated maintenance cost for scenario 3.
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Figure 14. Lifecycle cost for availability scenarios at different escalation rates.

4. Conclusions

This study assessed how compressor station availability affects the techno-economics
of natural gas pipeline transportation. The following was established:

• The capital cost increased by 10.24% in scenario 3 compared to scenarios 1 and 2.
Compressor station availability has a direct impact on the project’s capital cost in
terms of the additional first cost incurred from the installed standby units.

• The maintenance costs decrease by 0.94% in scenario 2 and 0.005% in scenario 3,
compared to scenario 1. The operational cost of the project is impacted by the decrease
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in maintenance costs with a decrease in compressor station availability due to the
installation of standby units and vice versa.

• At a 15% discount rate, the project lifecycle cost decreases by 0.09% in scenario 2
and increases by 8.41% in scenario 3, compared to scenario 1. Compressor station
availability has a significant impact on the lifecycle cost. A rise in compressor station
availability results in a corresponding rise in the lifecycle cost estimate. This arises from
an increase in capital cost due to additional installed standby units and an increase in
maintenance cost due to the increased availability.

• Scenario 3 is the most economically viable alternative among the considered scenarios.
This is due to its high compressor station availability and high net present value.

• When the station availability increases by 7.87% with a corresponding increase in
additional cost of standby units by 10.24%, the avoided income loss due to station
unavailability increases by 14.06% in scenario 3 compared to scenario 2.

• There is a trade-off between the extra capital investment in terms of the additional
cost of standby units and operational cost with the avoided loss of income due to
station unavailability. More so, the baseline case with a hundred percent compressor
station availability is observed to be unrealistic. This is because perpetual operating
conditions, even throughout the project lifecycle, are impossible.

The findings have shown the significant impact compressor station availability has
on various components of the project lifecycle cost. More so, its importance in minimising
engine downtime and improving the revenue generated from the project. The authors
could not find any information available in the public domain that has adapted TERA
through the inclusion of maintenance/availability modules to assess the effects of station
availability on a natural gas pipeline system investment. Consequently, the findings show
the significance of this research work as a major contribution to knowledge in this study.

Therefore, compressor station availability analysis could be beneficial in the technical
and economic assessment of any transmission pipeline project. This is because the prof-
itability of the project is greatly dependent on compressor station availability. Its ability to
minimise engine downtime could mitigate risk or uncertainties associated with the pro-
posed Trans-Saharan gas pipeline or any gas pipeline project. Consequently, the adopted
methodology will provide the decision-makers with better insight into the expected risks
associated with investment into the proposed Trans-Saharan gas pipeline and any gas
pipeline project. The findings in this study could help in forecasting the lifecycle cost and
expected performance of the compressor station systems. Furthermore, it could assist in
predicting the techno-economic impact that could assist policy makers in decision-making
and on the feasibility of the proposed Trans-Saharan gas pipeline and any gas pipeline
project. Therefore, the proposed approach utilised in this study will guide decision-makers
in the better understanding of the importance of compressor station availability on pipeline
techno-economics, thus leading to effective resource and financial management.

5. Limitations and Future Research Directions

Although this study has made some progress to assess the impact of compressor
station availability on pipeline techno-economics, some aspects of the economic analysis,
particularly the maintenance cost, could be improved in future studies. Future research
could focus on finding the correlations between engine availability and maintenance cost for
different fleets of engine models. Availability and maintenance databases could be retrieved
from either further literature studies or the developed maintenance schedule from [23]
while incorporating unplanned downtimes. The outcomes of these further studies would
be some developed trendline equations or curves to estimate maintenance cost. These
equations could be included in the availability-based maintenance cost models developed
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in this study. Therefore, future studies should focus on these issues to further improve the
accuracy of the analysis.
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Nomenclature

C
Pipe material cost (USD/metric ton);

Mlmc
Lifecycle availability-based major

Engine creep life (hours) maintenance cost (USD)

Cdp Expected engine life (hours) Mlvc
Lifecycle availability-based variable

maintenance cost (USD)

Co Initial capital investment mv Variable maintenance cost factor (USD/MWh)

CF Annual net cash flow (USD) mv1 Maintenance cost factor 1 (USD/MWh)

CFa Annual cash outflow (USD) mv2 Maintenance cost factor 2 (USD/MWh)

CFj Net cash flow for year j (USD) n Project duration

CS Compressor station N Number, Number of installed units

D Pipe diameter (mm) NPV Net present value

Da Total Annual downtime (hours) Of Operational period (hours)

EOH Equivalent operating hour O&M Operation and Maintenance

Fac Annual fuel consumption cost (USD) Paux Auxiliaries cost (USD)

FC Compressor correction factor Pc_w Pipe coatings and wrapping cost (USD/km)

Ff Fuel flow (kg/s) Pg Annual gas production (MMm3)

Flc Lifecycle fuel consumption cost (USD) PGC Gas compressor power (kW)

Fu Fuel cost per kg of fuel (USD/kg) Pi Pipeline initial project cost (USD)

Gp Gas price USD/MMBtu PI Gas compressor installation cost (USD)

GC Gas Compressor P(K) Compressor station availability

GCC Gas Compressor cost (USD) Pmat Pipeline material cost (USD)

GT Gas turbine Pp Gas compressor purchased cost (USD)

GTC Gas turbine capital cost (USD) Pt Pipeline cost (USD)

GTeq Gas turbine equipment cost (USD) PT Gas turbine power (kW)

Hv Gas higher heating value (Btu/m3) Pto Total project capital expenditure

j Year of project cash flow r Discount rate

L Pipe length (km) rl Lost revenue per hour

LC Techno-economic lifecycle cost (USD) Rg Gross annual revenue (USD)

M Marshall & Swift cost index Rl Lost annual revenue (USD)

MAOP Maximum allowable operating pressure Rnet Net revenue (USD)

Mac Total annual maintenance cost (USD) t Project lifecycle

Mafc Annual fixed maintenance cost (USD) T Pipe wall thickness (mm)
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Mamc
Annual availability-based major

TERA
Techno-economic environmental

maintenance cost (USD) risk analysis

Mavc
Annual availability-based variable

TET Turbine entry temperature
maintenance cost (USD)

mf Fixed maintenance cost factor (USD/kW-year) TSGP Trans-Saharan gas pipeline

Mlc Total lifecycle maintenance cost (USD) x Outer diameter

Mlfc Lifecycle fixed maintenance cost (USD) y Pipeline installation cost (USD/km)

Subscripts

a Annual lc Lifecycle cost

ac Annual cost lmc Lifecycle maintenance cost

afc Annual fixed cost lvc Lifecycle variable cost

amc Annual maintenance cost mat material

aux Auxiliary o operation

avc Annual variable cost p purchase

c Cost to Total

dp Design point T Turbine

eq Equipment u unit

f Flow, factor v Variable

g Gas, gross

i Initial

I Installation

j Year

l Lifecycle, lost
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