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Abstract

Gas compressors are critical yet energy-intensive components of pipeline networks. Accurately predicting their performance is a
significant design and operational challenge, profoundly affected by the thermal behaviour of the transported gas. This study
introduces a novel application of a techno-economic and environmental risk analysis (TERA) framework to determine gas
compressor performance under three distinct gas flow temperature assumptions: isothermal, intermediate, and non-isothermal.
The analysis, performed in MATLAB R2024a, integrates thermodynamic gas properties, pipeline hydraulics (via the Weymouth
equation), and compressor characteristics, explicitly accounting for ambient temperature and altitude variations at each com-
pressor station along the pipeline route. The results demonstrate that the common assumption of isothermal flow yields fixed but
potentially inaccurate operating points. In contrast, non-isothermal analysis, which ties gas temperature to fluctuating ambient
conditions, reveals significant operational dynamics. Specifically, compressor power demand peaks at 15:00 hours during the
hottest season and reaches its lowest point at 06:00 hours during the coldest season, directly correlating with ambient temperature
cycles. This fluctuation, which can critically impact design and fuel consumption, is entirely masked in isothermal and intermediate
models. Furthermore, the findings show that for every 1% increase in the non-isothermal ambient temperature, the compressor
suction pressure decreases by an average 0.1% and the compressor power demand increases by an average 0.3%, corresponding to
an average increase of 0.3% in the polytropic head. A £5% parametric sensitivity analysis confirms that inlet temperature exerts the
strongest influence on power demand (x1.5%), followed by mechanical efficiency (+1.0%), pressure ratio (+0.8%), and gas
composition (£0.4%). The total estimated annual operational cost for the |8-station pipeline network under isothermal conditions
is approximately USD 90.66 million; however, a sensitivity analysis assuming a +10% increase in power demand during daily peaks
reveals that operational costs could be underestimated by more than USD 56,000 per year for a single station, demonstrating that
the isothermal assumption risks substantial under-estimation of long-term operational expenditures (OPEX). This study provides,
for the first time, a comparative analysis of these three scenarios within a unified TERA framework, delivering crucial insights for
selecting appropriately sized compressors. The MATLAB model was validated against Aspen HYSYS, showing excellent agreement
with a maximum deviation of only 0.348% and a mean absolute deviation of 0.035% across all 18 stations. Therefore, this work
offers a robust methodological advance that can assist designers in optimising the design and operation of existing or new long-
distance natural gas transmission pipelines, leading to improved economic and operational outcomes.

Keywords
Non-isothermal, intermediate, isothermal, operating point, ambient temperature, gas thermodynamics, techno-economic,
pipeline hydraulics

Introduction demand.'** The properties and composition of natural gas
significantly influence pipeline operating conditions. These
depend on the annual extraction period, the source of
production, and the degree of gas treatment.”> Therefore,
any change in the natural gas composition will ultimately
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Figure 1. Compressor stations and pipe segments schematic.’

affect its compressibility factor, gravity, density and other
thermophysical properties. These pipelines require that the
compressor stations be placed at appropriate distances.
This is to ensure the continuous operation of the various
components and meet end-users’ demands. These stations
are thoughtfully positioned at regular intervals along the
pipeline and require large areas of land.** It is estimated
that compressor stations consume about three to five per
cent of the total gas transported.'®*> They accommodate
compressors driven by prime movers and are usually in-
stalled some kilometres apart along the pipelines.?®>°
Figure 1 illustrates the schematic diagram of the com-
pressor station layout and pipe segments. It features five
compressor units arranged in parallel at each station. This
includes a gas plant supply node and a delivery terminal at
the demand node.

Efficient design of compressor stations and pipeline
systems is vital for meeting end-users’ demands and
minimising transportation costs. After all, an efficient gas
transmission network can reduce natural gas consumption
at compressor stations by at least 20%.>> The ambient
conditions at the location influence the performance of
compressor stations and pipeline systems, the flow rate, and
the operation of compressor stations.”> Hence, under-
standing the performance of gas compressors in natural gas
transmission pipelines is essential for the efficient

operation of the system and its components. Therefore, it is
crucial to examine various parameters when designing
compressor stations and pipelines. This includes ambient
conditions, pipe diameter, length, elevation, natural gas
properties, and gas compressor performance.”® Nasir stated
that the flow rates of the pipeline depend on factors such as
pipe diameter, length, pressure drop from friction, gas
suction temperature, suction pressure, and the properties of
the gas.34 Gas compressors are a crucial component of
compressor stations and pipeline systems. They supply the
pressure energy needed for a constant gas flow through the
pipeline. Most long-distance transmission pipelines operate
at pressures ranging from 60 to 100 bar. Therefore, it is
imperative to compress natural gas to pipeline pressur-
es.>> 7 Natural gas compression is achieved by converting
the driver’s mechanical energy to kinetic energy in the gas.
Multiple gas compressors can be installed in either parallel
or series configuration within a compressor station. This is
to enhance the pipeline flow rate or increase the outlet
pressure.”® When choosing a compressor for a specific
application, it is essential to consider factors such as
performance, reliability, availability, and cost. Gas com-
pression is an energy-consuming process since more than
67% of annual operating costs are usually used up by
energy utilised for this process.* Thus, a minuscule en-
hancement in efficiency will significantly impact operating

Figure 2. Siemens barrel-type STC-SV compressor.®
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costs. After all, the economic success of a gas compression
operation is dependent on gas  compressor
performance.”’~** The centrifugal compressor is pre-
ferred over other compressor types. This is due to its good
performance, high availability, low operation and main-
tenance costs, simple construction, low head, and suit-
ability for high-volume flows. Figure 2 shows Siemens’s
barrel-type single-shaft pipeline centrifugal compressor.
The operating point of the gas compressor is defined by
the compressor map, the driver power, and the head-flow
characteristics.>>***® The performance map is created
based on compressor selection and from performance
analysis. Thereafter, this is utilised to determine its oper-
ating conditions by evaluating its head-flow characteristics.
Centrifugal compressor performance is a function of inlet
volume flow rate, speed, isentropic head, isentropic
efficiency,’”** and compressor power requirement. The
interrelationships among these parameters are shown in
performance maps. The original equipment manufacturer
can supply the compressor’s power requirement, effi-
ciency, and speed after the performance analysis. The
compressor’s drivers are sized based on the above infor-
mation and the prevailing ambient conditions. The com-
pressor operating speed is usually varied to control the flow
through it. The parameters that affect the centrifugal
compressor’s operating range are surge flow, choke, driver
power, and maximum and minimum speeds. The perfor-
mance curve of a turbo-compressor at constant wheel
revolutions is restricted at both the low and high flow rates
by the surge and stonewall points. Compressor surge is
characterised by periodic gas flow in the compressor and
the connected piping system. During part of the cycle, there
is a backward flow. Surge flow occurs when the compressor
operates at a lower flow rate, resulting in flow reversal and
fluctuating bearing loads.***~° It is an unstable condition,
causing pressure oscillation that results in compressor
damage, including the connected piping system.”’ ¢!
Control systems are designed to detect and prevent
surges. This protects the compressor from damage. They
must keep the compressor’s operating point within its safe
operating range. This is done to avoid instabilities that
cause breakdowns and engine downtime.* The Stonewall
line is a phenomenon that occurs when the gas compressor

speed reaches the speed of sound. This produces shock-
waves that cause vibration in the parts.**> When the
machine is operating at the stonewall point, the flow in the
blade systems (wheel and bladed diffuser) is choked by
shock waves. The flow can be unsteady. The acceptable
operating range will be the enclosed area on the perfor-
mance map. This takes into account safety, stability, and
the anti-surge protection line. Figure 3 shows a typical
centrifugal compressor map.

Meira et al.> have proposed a new approach to per-
formance modelling of compressor maps for natural gas
pipelines. This work builds on the National Aeronautics
and Space Administration’s loss theory to estimate energy
losses. This includes accurately deriving the compressor
characteristic curves, as well as the surge and choke lines.
The results highlight the advantages of this modelling
approach over conventional models. Thus, demonstrating
its crucial role in reducing the operational costs of com-
pressor stations. The reliability and validity of off-design
simulations depend on performance maps. This should be
assessed using available data, provided the engine’s
design-point information is known.®>’° Therefore, the
efficient operation of the compressor station and pipeline
systems will depend significantly on the gas compressor
performance maps, which are influenced by ambient
conditions at the compressor station along the pipeline
route. Several authors have investigated the performance of
pipelines and gas compressors, accounting for ambient
conditions. Albusaidi and Pilidis present an iterative
method to determine the equivalent performance of cen-
trifugal  compressors  under  various  operating
conditions.”"”* This method accounts for changes in gas
properties and stage efficiency, making it appropriate for
hydrocarbon fuels. It was used to evaluate the performance
of two multistage centrifugal compressors and compare
their characteristics with measured data. The results
demonstrated a strong agreement with the original values.
Osiadacz and Chaczykowski compared isothermal and
non-isothermal models of gas flow in pipelines.”” The
analysis revealed significant differences in pressure profiles
along the gas pipeline.”*”> Sanaye and Mahmoudimehr
have conducted both isothermal and non-isothermal
modelling of a gas pipeline, accounting for ground
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temperature effects.”” They derived a new form of con-
servation equations for compressible flow.”® The results
indicate a maximum difference of approximately 33.7% in
the compressor head and 16.6% in rotational speed. This is
based on established natural gas properties at various points
along the pipeline. Lopez-Benito et al.”” developed a nu-
merical method to integrate a mathematical model that
describes the flow in a natural gas pipeline under non-
isothermal steady-state conditions. They transformed the
model equations into a system of three explicit expressions
for the spatial derivatives of the gas velocity, temperature,
and pressure. This proposed method enables the prediction
of gas pressure, temperature, and velocity at any point
along the pipeline. However, these studies did not estimate
the power requirements for gas compressors using the
TERA approach. More so, these studies did not simulta-
neously account for isothermal, intermediate, and non-
isothermal gas flow in pipelines. Additionally, they did
not evaluate the performance maps of gas compressors
under both design and off-design conditions, accounting
for variations in gas flow temperature to assess the per-
formance of both the gas compressor and the pipeline
system.

Recent developments in the field have increasingly
focused on thermodynamic optimisation and real-time
monitoring of compressor station performance. Yang
and Xuejiang.”® applied Modular Dynamic System
Greitzer (MDSG) compressor digital twin modelling and
Short-Time Fourier Transform, Convolutional neural
network (STFT-CNN) algorithm for recognising the surge
case of series compressor systems. The average errors in
the inlet and outlet pressures of a real suction compressor
system are 1.88% and 0.67%, respectively. The accuracies
of the training and test sets of the STFT-CNN method for
compressor anomaly monitoring are 99.58% and 98.75%,
respectively. Their results demonstrated that a digital twin
model integrated with a condition-monitoring network can
enable real-time simulation and monitoring of the com-
pressor system. Similarly, Kai et al.”’ proposed a digital
twin-driven intelligent control of a natural gas flowmeter
calibration station to improve the efficiency of flowmeter
calibration. The results show that the proposed method can
accurately obtain the hydraulic state and control strategy
and considerably enhance the calibration efficiency. Recent
studies have proposed various machine learning-enhanced
thermodynamic models for centrifugal compressor per-
formance prediction, including Whale Optimisation Al-
gorithm back-propagation neural network (WOA-
BPNN),*® similarity- and scaling-laws-informed neural
networks (SINN).®! The prediction accuracy of the pro-
posed models is found to be better than conventional
methods. Furthermore, Ojo et al.'"* conducted a techno-
economic optimisation of the compressor station and
pipeline segments for the proposed Trans-Saharan Gas
Pipeline (TSGP) project under variable ambient conditions.
The 4180 km pipeline would carry natural gas from Nigeria
to Algeria’s export terminal on the Mediterranean Sea and
eventually supply Europe. The optimisation problems were
formulated to minimise lifecycle cost, with the location of
the compressor stations as the decision variable. The results
showed 12 compressor station locations along the pipeline

INPUT PARAMETERS AMBIENT CONDITIONS
- Pipeline Route - Altitude
- Gas Composition - Temperature
- MAOP - Time of Day
- Flow Rate - Season

\

PIPELINE MODULE
- Weymouth Equation
- Calculates Pressure Drop (AP)
- Segment Analysis

GAS COMPRESSOR MODULE
- Calaulates Power (P_GC)
- Polytropic Head
- Discharge Temperature

l

SELECTION & OUTPUT
- OEM Compressor Models
- Number of Units
- Drive Power

Figure 4. Flowchart of the Techno-Economic and
Environmental Risk Analysis (TERA) framework used in the
present study. The integrated model processes input parameters
through sequential pipeline and compressor modules,
conditioned by the ambient data, to produce technical and
economic outputs for compressor selection.

route in one of the optimised cases. The optimised lifecycle
cost is reduced by 12.95% compared to the baseline case.
The optimised compressor station locations were at 1, 38,
76, 113, 150, 186, 222, 260, 296, 332, 368, and 408 seg-
ments of the pipeline. While these studies have advanced
the state of the art, none have simultaneously evaluated all
three thermal flow regimes (isothermal, intermediate, and
non-isothermal) within a unified TERA framework that
links pipeline hydraulics, compressor performance maps,
and economic analysis, as is done in the present study.
Therefore, the objective of this study is to determine the
power requirements of compressor stations under different
gas-flow temperature conditions. This analysis is based on
three flow assumptions: isothermal, intermediate, and non-
isothermal. The study utilises the techno-economic and
environmental risk analysis (TERA) framework to guide
the evaluation of natural gas flow in pipelines. This study
presents the following information for the first time:
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Figure 5. Pipeline elevation-distance profile.®>
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® What gas compressor sizes are needed for different
flow conditions at each compressor station location,
considering isothermal, intermediate, and non-
isothermal gas flow temperature assumptions
based on the TERA approach?

® What are the effects of gas compressor powers at
isothermal, intermediate, and non-isothermal gas
flow temperature conditions?

® What are the impacts of gas compressor operating
points at varying flow conditions?

* How do we select appropriate gas compressors based
on the analysis?

The remainder of this paper is organised as follows. The
Methodology presents and describes the modules that
comprise the TERA framework. Gas compressor powers
were evaluated under varying flow conditions, and per-
formance maps were generated using scaling
analysis. The essential outcome of the study is presented in
the results and discussion section. Subsequently, the
study’s conclusion and limitations are highlighted, and
directions for future research are suggested.

Methodology

This study employs an integrated analytical approach to
assess the power requirements of compressor stations under
varying thermal flow regimes. The core of the methodology
is the Techno-economic and Environmental Risk Analysis
(TERA) framework, implemented in MATLAB environ-
ment, which synthesises pipeline hydraulics, gas thermo-
dynamics, and compressor performance. The overarching
process, visualised in the flowchart in Figure 4, is sum-
marised as follows:

¢ Input & Initiation: The process begins with the
input of fixed parameters obtained from the pre-
liminary report on the proposed Trans-Saharan Gas
Pipeline.?” These include pipeline geometry (diam-
eter, length, elevation profile), natural gas compo-
sition, required flow rate, and the Maximum
Allowable Operating Pressure (MAOP).

* Pipeline Hydraulic Module: The input parameters
feed into the pipeline module, which calculates the
pressure drop along each pipeline segment between
compressor stations. Using the Weymouth equation,
it accounts for pipe geometry, gas properties,
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Figure 6. Ambient temperatures recorded at various stations
during the winter season.

elevation profile (Figure 5), and crucially, the gas
flowing temperature, which is defined by one of three
scenarios.

® Gas Compressor Module: The resulting outlet
pressure from the pipeline module defines the suction
pressure for a compressor station. This module then
calculates the required compressor power, polytropic
head, and discharge temperature based on this suc-
tion pressure and the gas suction temperature (again,
defined by the scenario).

* Ambient Conditioning: Crucially, both the pipeline
and gas compressor modules are continuously
influenced by the local ambient conditions (altitude,
temperature, time of day, season) at each station.
This is the key driver for simulating non-isothermal
flow. These ambient conditions are environmental
variable that influences compressor performance and
techno-economics. The ambient conditions at the
stations along the pipeline route correspond to the
environmental-risk component of the TERA
framework since the pipeline is assumed to be clean.
Therefore, the variation in local ambient conditions
at each station, as demonstrated by the considered
scenarios, serves as a key measure of environmental
risk that influences the techno-economic outputs.

® Output & Selection: The final outputs are the
compressor power requirements and performance
maps under each scenario. These results directly
guide the techno-economic selection of appropriate
compressor models from original equipment man-
ufacturer (OEM) databases, ensuring they can meet
the demands of all observed operating conditions.

The subsequent sections detail the assumptions, envi-
ronmental data, and specific mathematical models that
underlie this framework.

Environmental conditions

The altitude and ambient conditions at the compressor
station along the pipeline route will significantly affect the
gas compressor’s performance. The altitude at which the
compressor station and pipeline operate will affect the gas
compressor’s performance because altitude significantly
affects ambient temperature. Therefore, ambient tempera-
ture and altitude at the location should be considered when
assessing the gas compressor performance. The average
daily ambient temperature for the location where the
compressor station would be installed was obtained from the
Trans-Saharan Gas Pipeline report.>” The elevation-distance
profile was retrieved from Ref. 82. Figure 5 shows the
pipeline elevation-distance profile utilised in this study.®”
Figure 6 illustrates the cumulative three-hourly variation in
ambient temperature during one season of the year, relating
to the time of day at the compressor stations along the
pipeline route. This study uses the average temperature for
each season, assuming 4 months per season.

The ambient conditions form the basis for analysing
the pipeline and gas compressor models in this study.
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These operating conditions have a significant impact on
the techno-economics of the proposed Trans-Saharan
Gas Pipeline project.

Pipeline and gas compressor model assumptions

The following shows the assumptions utilised in the
analysis of the pipeline and gas compressor models:

1. Constant pipe diameter for the whole pipeline
length.

2. Constant natural gas composition.

3. The gas flow temperature is assumed to be equal to
the location’s ambient temperature at the com-
pressor station’s suction or discharge point.*

4. Baseline case comprises 18 compressor stations in a
predetermined location.

5. The pipeline is clean.

6. The operation of the gas compressors is based on the
variation in the station location ambient tempera-
tures at varying gas flow temperature conditions.

7. The selected gas compressors are expected to op-
erate over the project lifecycle.

The limitations introduced by assuming constant pipe di-
ameter, constant gas composition, clean pipeline conditions, and
steady-state thermal behaviour are that, with a constant pipe
diameter, variations in flow conditions are mostly influenced by
temperature and pressure changes along the pipeline. A constant
gas composition is valid for steady-state thermal analysis. A
steady state thermal treatment ignores the transient and therefore
limits full compressor analysis, while clean pipeline conditions
provide no information about degradation over the project
lifecycle.

Gas properties calculation and pipeline
pressure drop

The natural gas molecular weight is estimated using a
weighted average method from the known component’s gas
properties as follows:

N
MW =" MW, 1)

J=1

Where, MW; represents the molecular weight of the j th
component, and y denotes its volume fraction in a gas mixture.

The natural gas gravity G, an estimate of the degree of
its weight relative to air at a specified reference temperature
is calculated as follows:

MW

G =
M Wair

2

The ideal gas equation of state is modified to the real gas
equation of state by considering compressibility effects, as
natural gas pipelines often operate at higher pressures. The
real gas equation of state can be expressed as:

Pv = ZRT; 3)

Where:
P = Total pressure, kPa
v=S_S

pecific molar volume, m>/kmol
Z = Compressibility factor
R = Universal gas constant, kJ kg~ ' K™
Ty = Gas flow temperature, K

The compressibility factor Z is an important measure
that indicates how closely real gases behave like ideal
gases. This factor depends on various parameters, including
gas gravity, pressure, temperature, and the composition of
natural gas. It can be calculated using the method provided
by the California Natural Gas Association as follows:™

Z- 1 @

* ES 1.785G
|:1 + (344400 ngls(z;()) ):|
(1)

where, P, represents the average pressure of natural gas in the
pipe segment. As the compressibility factor changes with
pressure, it will vary along the length of the pipeline. Thus, the
compressibility factor is estimated using the average pressure of
the gas along the pipeline. The average gas pressure for a pipe
segment, with a discharge pressure of P;, and a suction
pressure of P, is defined by:**

2 P *P,
Pavg:_<Pl+P2_#) (5)

3 P+ P,

The average pressure is used to calculate the com-
pressibility factor of natural gas at the flowing temperature.
The equation for the compressibility factor is applicable
when the average gas pressure exceeds 690 kPa; Otherwise,
a value of one is assumed.

The Weymouth equation is used for pipelines that transport
natural gas over long distances, with high gas throughput and
pressure, and with large diameters. ™" It calculates the natural
gas flow rate at a given pressure without using a friction factor.
Instead, it accounts for the pipe’s internal conditions using a
pipeline efficiency factor. Thus, ensuring accurate evaluation of

Table I. Pipeline data for compressor station 2

SIN Parameters Values (Units)

Natural gas flow 30 (bcm/year)

I

2. Pipe nominal diameter 1422.4 (mm)
3. Pipe outer diameter 1422.4 (mm)
4. Pipe inner diameter 1381.2 (mm)
5. Wall thickness 20.62 (mm)
6. Gas gravity 0.6048 (mm)
7. Compressibility factor 0.8738

8. Gas temperature 308.56 (K)
9. Base temperature 288.15 (K)
10. Base pressure 101 (bar)
1. MAOP 95 (barg)

12. Elevation 200 (m)

13. Equivalent Length 243.7 (km)
14. Efficiency 0918

15 Pipe inlet pressure 95 (bar)

16. Pipe outlet pressure 63 (bar)
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pressure drop over other methods, such as the classical Darcy-
Weisbach method.

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 the Weymouth
gas flow equation in S.I. units as follows:

7.136 x 10*0*P,*GT,L.Z 03
P, = Kplz _ T 2 >exp(—s)}
(6)

The equivalent length L., accounts for elevation differences
between the ends of each pipe segment and is given by:

L= L& —1) )
s

Where:
L = Pipe length, km
s = Elevation adjustment parameter

The elevation adjustment parameter s, depends on
the compressibility factor, gravity, and flow temper-
ature of the gas, including the pipe segment’s elevation
difference and is given as:

®)

H,—H
s = 6.84x 102G< 2 1)

Tz

Where:
H; = Upstream elevation, m
H, = Downstream elevation, m
Z = Compressibility factor
T; = Gas flow temperature, KG = Gas gravity

Hence, the pressure drop along the natural gas trans-
mission pipeline segment is the algebraic difference be-
tween the estimated outlet pressure of the pipe and the
known inlet pressure defined by:

AP =P - P, )

Table 1 presents the pipeline data for Compressor Station 2.

Gas compressor model

The compression ratio of the gas compressor at each station
is evaluated as follows:

Compression ratio = % (10)
2

Where:
P, = Gas compressor discharge pressure, kPa
P, = Gas compressor suction pressure, kPa

The discharge temperature of the gas compressor for a
polytropic process depends on the gas compressor inlet
temperature, compression ratio, polytropic exponent and
the compressibility factors and is defined by:

(=1
Zz Pl n
T, =T, = ||— 11
=n(7)(7) (an
Where:

T1 = Gas compressor discharge temperature, K
T, = Gas compressor suction temperature, K
Z, = Compressibility factor at suction condition
Z, = Compressibility factor at discharge condition
P, = Gas compressor discharge pressure, kPa
P, = Gas compressor suction pressure, kPa
n = Polytropic exponent

The gas compressor discharge temperature can strain
the compressor components and reduce its reliability.
Therefore, it is crucial to regulate this temperature by
adequate cooling or maintaining it within an acceptable
range. Liu et al.®® have investigated a three-dimensional
simplified model of an air cooler for a natural gas
compressor station. This model is used to simulate and
study the cooling effect of a finned-tube dry air cooler

Table 2. Distance, elevation, and ambient temperatures recorded at various stations.

Average ambient temperature (°C)

Station no Distance (km) Elevation (m) Scenario | Scenarios 2 (Peak) Scenario 3
[ 240 100 22 317 24.5
2 240 200 22 354 236
3 240 600 22 319 212
4 240 402 22 347 23.0
5 240 400 22 347 23.0
6 240 400 22 347 23.0
7 230 480 22 356 242
8 250 600 22 320 21.2
9 230 800 22 319 17.0
10 230 1050 22 25.8 10.1
I 230 400 22 34.6 229
12 230 400 22 347 23.0
13 230 560 22 39.6 232
14 230 480 22 356 242
15 230 600 22 319 21.1
16 230 900 22 317 17.1
17 230 700 22 36.2 19.0
18 190 240 22 40.6 26.6
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Figure 7. Pressure drops along the pipeline for compressor
station 3

on high-temperature, high-pressure natural gas at the
compressor outlet. The polytropic head generated by the gas
compressor represents the amount of energy delivered to the
natural gas per unit mass.* It depends on the inlet temper-
ature, molecular weight, compression ratio, compressibility
factor, and polytropic exponent. It is defined by:

n Pz
H,=Z7,,RT—— || =
A KR)
Where:

H, = Polytropic head, kl/kg
Zavg = Average gas compressibility factor
R = Gas constant, kJ kg~! K™!
T = Gas flow temperature, K
The gas compressor power requirement can be written as:

_ _mh,
36007,

Psc (13)
Where:
Pgc = Gas compressor power, kW
H,, = Polytropic head, klJ/kg
1, = Polytropic efficiencym = Mass flow rate, kg/h
The polytropic efficiency
1, 18 independent of the thermodynamic properties of the
gas but depends on the isentropic exponent
k, and the polytropic exponent #. It is defined as follows:

_ (”/n— 1)
" )

The gas compressor’s actual volume flow rate at suction
conditions Q,, is given by:

_ Py (Ty
Qact - QZZ <P2) (Tb) (15)
Where:

Q. = Actual volume flow rate, m3/hour
0O = Gas volumetric flow rate, m3/day
Z, = Compressibility factor at suction
P, = Base pressure, kPa
P, = Gas compressor suction pressure, kPa
Ty = Gas flow temperature, K
T, = Base temperature, K
The gas compressor’s actual mass flow rate
Mg, at suction conditions is given by:

Myt = Qactps (16)

Where, p, is the suction density given by:

(14

Ps = ZzRTf

(17)

Changes in gas flow temperature will affect the actual
volumetric flow rate. This is because the gas compressor’s
suction conditions depend on pressure and temperature.

Gas compressor power evaluation at varying
flow conditions

The effect of gas compressor powers at varying gas flow
temperature conditions was evaluated in this study. This is
based on three scenarios that assume the gas flow tem-
perature matches the location’s ambient temperature at the
gas compressor station’s suction or discharge point.** The
scenarios are described as follows:

1. Scenario 1 depicts the isothermal gas flow tem-
perature condition. This condition assumes a con-
stant gas-flow temperature of 22°C at all times of the
day and in all seasons of the year.
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Figure 8. Pipeline pressure drops at various compressor station locations.
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Figure 9. Gas compressor suction pressure for Scenarios | and 3

2. Scenario 2 depicts the non-isothermal gas flow tem-
perature condition. This condition assumes that the
prevailing location time-based ambient temperature is
equivalent to the gas-flow temperature. This depends on
the ambient temperature variation across the three
seasons: winter, dry, and hot. A change in the ambient
temperature at the gas compressor station location leads
to an equivalent change in the gas flow temperature at
the reference time.

3. Scenario 3 depicts the intermediate gas flow temper-
ature condition. This scenario assumes a constant av-
erage value for the isothermal and non-isothermal gas
flow conditions described above. This value remains
constant, as in scenario 1, for all times of the day and
throughout all seasons of the year. However, they
depend on the prevailing time-based non-isothermal
ambient temperature at each gas compressor station.

Table 2 lists every compressor station, along with
distance, elevation, and average ambient temperature for
each scenario.

The pipeline inlet pressure is 9500 kPa. The operational
constraint is the pipeline’s maximum allowable operating
pressure of 9500 kPa. Furthermore, all gas compressors
installed at each compressor station along the pipeline route
are expected to have a pressure ratio between 1.40 and 1.66,

as suggested by the Trans-Saharan Gas pipeline report.”’
The three scenarios described the different operating
conditions of the gas compressor. The basis for the iso-
thermal modelling assumption (Scenario 1) is that trans-
mission pipelines at gas compressor stations may be
insulated, adiabatic, and installed at locations where heat
exchange between the gas and its surroundings is sufficient
to maintain a constant temperature. This is most applicable
to buried pipelines, which are installed below ground level,
where the ground temperature exerts a dominant thermal
influence, causing the gas temperature to approach it with
little or no change. An insulated pipeline is integrated with
insulating material to regulate gas temperature and prevent
heat losses. Therefore, the assumption of an isothermal
model is justified as one of the scenarios considered in this
study. However, in real life, ambient temperature varies
with the time of day and the season. Pipelines with above-
ground segments are usually installed partially or entirely
above the ground surface, exposing them to ambient
conditions. For the long-distance Trans-Saharan Gas
Pipeline route considered in this study, with above-ground
sections exposed to diurnal ambient variation, this iso-
thermal modelling assumption is expected to introduce a
systematic deviation in compressor power of approxi-
mately 2-5% relative to the non-isothermal case. It is
important to note that insulation can be applied to either
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Figure 10. Gas compressor suction pressures for Scenario 2
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Figure 1 1. Gas compressor pressure ratio for Scenarios | and 3

buried or above-ground pipelines. The intermediate
thermal model (Scenario 3) assumes a constant average
value between the isothermal and non-isothermal
models. The intermediate assumption uses a time-
averaged temperature that captures mean seasonal
conditions; it reduces the error relative to the isothermal
case but still underestimates peak power demand by
approximately 1-3%. The non-isothermal assumption
(Scenario 2), which directly equates gas flow tempera-
ture to the local time-varying ambient temperature,
represents the most physically realistic scenario for
above-ground and surface-laid segments and introduces
no systematic bias relative to real-world ambient-driven
operation; its residual uncertainty arises primarily from
the accuracy of the input ambient temperature data
(£0.5—-1°C typical for meteorological records), leading to
an estimated power uncertainty of less than £0.5%. All
three assumptions are valid for steady-state, fully de-
veloped flow in single-phase dry natural gas pipelines
operating within the pressure range of 60-100 bar
considered in this study. These conditions are expected
in the oil and gas industry, which deals with long-
distance transmission pipelines. Consequently, they

show the full range of temperatures experienced at the
gas compressor stations and along the pipeline routes.

By combining equations (12) and (13), the gas com-
pressor powers based on the three scenarios are defined as
follows:

)
P n
M7y RTp1 [(ﬁl) - 1]

Pser = (18)
36007,
7.136 x 10*Q*P,>GT L. Z .
Py = KP12 _ B exp(—s)
(19)

Where:

Pgc1 = Gas compressor power at isothermal flow condition,
kW

P,; = Gas compressor suction pressure at isothermal flow
condition, kPa

Tr1 = Gas flow temperature at isothermal flow condition, K
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Figure 12. Gas compressor pressure ratio for Scenario 2



Ojo et al.

—@— Scenario 3

9 10 11 12 13 14 15 16 17 18

ion Number

,  7.136x10°Q*P,>GTL.Z 03
- 5 exp(—s)
Tb E2D5.334

Pa=|(n

Where:

Pgc3 = Gas compressor power at intermediate flow con-
dition, kW

P»; = Gas compressor suction pressure at intermediate flow
condition, kPa

(23)
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Figure 13. Gas compressor discharge temperature for Scenarios | and 3
—(n=1)
n P: n
w7
Poer = 20
GC2 3 600% (20)
0.5
7.136 x 10*Q*P,*GTy,L.Z
_ 2 f2lee -
Py = |:<P1 Tb2E2D5.334 exp( S)
@n
Where:

Pger = Gas compressor power at non-isothermal flow
condition, kW

Py, = Gas compressor suction pressure at non-isothermal
flow condition, kPa

Ty, = Gas flow temperature at non-isothermal flow con-
dition, K

36007,

PGC3:

Tr3 Gas flow temperature at intermediate flow
condition, K

Gas compressor performance map

The performance maps of gas compressors illustrate how
power, polytropic head, pressure ratio, efficiency, and dis-
charge temperature vary with actual volume flow rates at
different speeds. The gas compressor performance maps were
generated from scaling analyses of the original equipment
manufacturer’s maps. The steps utilised in obtaining the cor-
rected volume flow rate for the new maps are outlined below:
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Figure 14. Gas compressor discharge temperature for Scenario 2
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15. Gas compressor power requirement for Scenarios | and 3

Obtain the actual volume flow at the design
point  from the  original equipment
manufacturer’s 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 volume
flows

Obtain the actual volume flow at off-design
conditions from the original equipment
manufacturer’s map

Correct these flows

Obtain the corrected volume flow at off-design
conditions for the new map using the scaling
factor obtained in item v

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

The corrected mass flow rate ni.., incorporating humidity
effects for a constant diameter machine, such as the gas
compressor, is given as:®’

Where p,,, is the reference gas density given by:

P ref
= 25
P Zg R Ty @
Pace 18 the actual gas density given by:
Pac
Pact = t (26)

ZactRact act

a,er 1s the sound speed at the reference condition defined
by:

Aref = \/ ket Zyer Rref Trep (27)
aqe 1s the actual sound speed defined by:
Aact = V/ kacrZgerRacet Tact (28)

Where:

kr.r = Polytropic exponent at reference condition

Z..,r = Compressibility factor at reference condition

R,.s = Gas constant at reference condition, kJ kg_1 K!
Trer = Reference temperature, K

kaer = Actual polytropic exponent

Zut = Actual compressibility factorR,,; = Actual gas

orad _ i
n, = mac,p”f il (24) constant, kJ kg~ K™
PaciGact Taer = Actual temperature, K
—@—Station1 —@— Station 2 Station3 —@—Station4
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Figure 16. Gas compressor power requirement for Scenario 2
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Table 3. Validation with aspen HYSYS.

Gas compressor power (kW)

Station number Analytical Aspen HYSYS Absolute deviation (%)
| 10463.2 10458.2 0.048
2 10872.8 10872.2 0.005
3 12560.0 12579.2 0.153
4 11714.8 11723.8 0.077
5 11706.4 117153 0.076
6 11706.4 117153 0.076
7 11313.7 11318.1 0.039
8 13359.8 13388.8 0.217
9 12645.4 12665.6 0.160
10 13721.2 13754.8 0.245
I 10988.2 10989.0 0.007
12 10988.2 10989.0 0.007
13 11642.1 11650.2 0.070
14 11313.7 11318.1 0.039
I5 11807.4 11817.5 0.085
16 13071.9 13097.3 0.194
17 12224.0 12239.0 0.123
18 7914.5 7886.9 0.348

Py, = Reference pressure, kPa
P,.; = Actual pressure, kPa

Substituting the corrected mass flow rate with the
corrected volume flow rate, noting that the gas compressor
under study is a constant-diameter machine. The simplified
form of the corrected volume flow rate is obtained by
substituting equations (25)—(28) into equation (24):

3 - Pref [Zact lRact lkref Tact
e = Ut = A | 5| 5 - 29
Q Q ' P act Zref Rref kact Trqf ( )

The actual volume flow for the new compressor map
was obtained using equation (29) and the scaling factor for
the corrected volume flow rate defined by:

L (30)
QC_OEM _DpP
Where:
Qc._SF = Scaling factor for corrected volume flow
Qc;Dp = Corrected volume flow at the design point, m>/h
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Figure 17. Pressure ratio curve for station 3
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Figure 18. Polytropic head curve for station 3

O._orm_pp = Corrected volume flow at design point from v. Compute the equivalent pressure ratio at off-design
OEM, m’/h conditions for the new map using the scaling factor
The following shows the steps utilised in obtaining the obtained from item iii

pressure ratio curves for the new maps:

New gas compressor maps for the pressure ratio were

i. Obtain the pressure ratio at the design point for the obtained by a scaling factor defined by:
new map PRpp — 1
ii. Obtain the pressure ratio at the design point from PRgr = PRopy op — 1 €2y
the original equipment manufacturer’s map B
iii. Obtain the scaling factor for the pressure ratio at the Where:
design point PRgr = Scaling factor for pressure ratio
iv. Generate pressure ratio data at off-design conditions PRpp = Pressure ratio at design point
from the original equipment manufacturer map PRogy_pp = Pressure ratio at design point from OEM
85 T T T
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Figure 19. Discharge temperature curve for station 3



Ojo et al.

0.8 T T :
>
u - .
5 075 105%
% 100%
= 98;76%
o 90%
s 80%
_g 70%
) 0.7 - | ‘ Design Point
5 o.
o
0.65 . - -
0.5 1 1.5 2 25
4
Actual Volume Flow (m3/h) x10

Figure 20. Polytropic efficiency curve for station 3

The steps utilised in obtaining the polytropic efficiency,
polytropic head and discharge temperature curves for the
new maps are as follows:

1.

iii.

Obtain the polytropic efficiency, polytropic head
and discharge temperature at the design point for
the new maps

Obtain the polytropic efficiency, polytropic head
and discharge temperature at the design point from
the original equipment manufacturer maps
Obtain the scaling factors for the polytropic effi-
ciency, polytropic head and discharge temperature
at the design point

Generate polytropic efficiency, polytropic head
and discharge temperature data at off-design
conditions from the original equipment
manufacturer maps

Compute the equivalent polytropic efficiency,
polytropic head and discharge temperature at off-
design conditions for the new maps using the
scaling factor obtained from item iii

New compressor maps were obtained for the com-
pressor polytropic efficiency, polytropic head and dis-
charge temperature by defining their scaling factors as
follows:
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Figure 21. Power curve for station 3
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Figure 22. Polytropic head curve for station 2 showing operating points in different flow conditions.

i Mpp (32) npp = Polytropic efficiency at design point
S Noe op Noew_pp = Polytropic efficiency at design point from OEM
Hgr = Scaling factor for polytropic head
Hgr — Hpp (33) Hpp = Polytropic head at design point, kJ/kg
Hogm_pp Hogy_pp = Polytropic head at design point from OEM,
T kJ/kg
Ty = —2F (34) Tsr = Scaling factor for discharge temperature
Torm_pp Tpp = Discharge temperature at design point, K
4
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Figure 23. Power curve for station 2 showing operating points in different flow conditions.

Where:
ngr = Scaling factor for polytropic efficiency

Toem_pp = Discharge temperature at design point from
OEM, K
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Table 4. Peak, average, and minimum operating-point shifts for station 2

Operating points
SIN Flow conditions Polytropic head (kJ/kg) Power (kW)
| Hot season peak 56.01 12950
2 Dry season average 45.79 10539
3 Winter season minimum 4351 10030

The following section presents and discusses the results
of the TERA framework method utilised in this study.

Results and discussion

Figure 7 illustrates the pressure gradient of the pipeline at
the location of Compressor Station 3.

The pipeline inlet pressure is 9500 kPa. The pressure
drops at compressor station 3 vary with pipe distance and
gas flow temperature, as described in scenarios 1, 2, and 3.
The pressure drop increases with pipe length until it reaches
its maximum at 240 km. This is at isothermal and inter-
mediate temperatures of 295.15 K and 305.05 K, depicted
by scenarios 1 and 3, respectively. These maximum
pressure drops are equivalent to the low pipe-discharge
pressures observed at compressor station 3. Considering
the non-isothermal condition with a variation in gas
flowing temperature, as described by scenario 2. A rise in
the gas flow temperature from 295.15 K to 305.05 K at a
pipe length of 240 km leads to an increase in the pressure
drop. Similarly, a decrease in gas temperature causes lower
pressure drops in the pipeline.

The pressure drop variation along the pipeline length at
maximum gas-flow temperatures is illustrated in Figure 8
for each compressor station.

The pressure drops to 6785 kPa and 6312 kPa at
compressor stations 2 and 3, respectively. Thus, gas
compressors are required at these locations to increase the
low pressures to the pipeline operating pressures of
9500 kPa. This ensures a continuous supply of natural gas
through the pipelines.

Effects of gas compressor suction pressure

Figure 9 displays the gas compressor suction pressure at
each compressor station along the pipeline route for sce-
narios 1 and 3. The suction pressure varies from one station
to another.

Compressor stations 10 in scenario 1 and 8 in scenario
3 have the lowest suction pressures. This is because these
station locations are associated with the lowest average
pipeline pressure. Therefore, high gas compressor power
requirements are needed at these locations. Conversely,
compressor station 18 has the highest gas-compressor
suction pressure in scenarios 1 and 3. This is because
this station location is associated with the highest average
pipeline pressure. Hence, low gas compressor power are
needed at these locations.

Figure 10 shows the gas compressor suction pressures
for the winter season at stations 1-4 under non-isothermal
gas-flow temperature conditions for scenario 2.

The gas compressor suction pressures are lowest at 15:
00 hours, when the ambient temperature is highest. Fur-
thermore, the average pipeline pressure is lowest at this
time of day. Therefore, high power is required for the gas
compressor. Conversely, the suction pressures are highest
at 06:00 hours, when the ambient temperature is lowest.
More so, the average pipeline pressure is highest at this
time of day. Consequently, low gas-compressor power is
required. Furthermore, the results show that for every 1%
increase in ambient temperature, the gas compressor
suction pressure decreases by an average 0.1%. This
finding is valid across the full range of ambient tempera-
tures considered in this study, provided other conditions
remain constant.

Therefore, the results indicate that the gas compressor
suction pressure depends on pipe distance, elevation, and
ambient temperature.

Gas compressor pressure ratio at different stations

The gas compressor pressure ratio, also known as the
compression ratio, is defined as the ratio of its discharge
pressure to its suction pressure. In this study, the maximum
allowable operating pressure (MAOP) of the pipeline is set
at 9500 kPa, which corresponds to the discharge pressure of
the gas compressor.

Figure 11 displays the compressor pressure ratio at each
station along the pipeline route for scenarios 1 and 3.

Compressor station 18 has the lowest pressure ratio for
scenarios 1 and 3, as shown in Figure 11. Therefore, this

P, Tq

Q

— &
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Py /4

Figure 24. Parallel gas compressors arrangement schematic
diagram.
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Figure 25. Gas compressor power based on maximum ambient temperature in scenarios |, 2, and 3

station location will require the lowest power from the gas
compressor. Conversely, stations 10 and 8 in scenarios
1 and 3, respectively, have the highest gas compressor
pressure ratios. Therefore, these station locations will re-
quire the highest compressor power.

Figure 12 shows the gas compressor pressure ratios for
the winter season at stations 1 to 4, under non-isothermal
gas flow temperature conditions for scenario 2. The highest
compressor pressure ratios at 15:00 hours will require the
highest compressor power. However, the lowest pressure
ratios experienced at 06:00 hours will require the lowest
COMpressor power.

Gas compressor discharge temperature at
different stations

The discharge temperature is the increase in gas tem-
perature resulting from compression of natural gas.
Figure 13 illustrates the gas compressor discharge
temperature at each station along the pipeline route for
scenarios 1 and 3.

Compressor station 10, which has the highest pressure ratio
in Figure 11 for scenario 1, also has the highest discharge
temperature. Similarly, Compressor Station 8, which has the
highest pressure ratio in Figure 11 for Scenario 3, also has the
highest discharge temperature, as shown in Figure 13.
Therefore, we conclude that the gas discharge temperature
increases with the compression ratio. Thus, a higher gas
compression ratio results in a higher discharge temperature of
the compressed natural gas. However, compressor station lo-
cation 10, with the second-highest gas compression ratio in
Figure 11 for scenario 3, has the lowest discharge temperature
as shown in Figure 13 for scenario 3. This observation is due to
the high elevation at this compressor station and the lower
suction intermediate temperature at this location compared to
other compressor stations.

Figure 14 shows the gas compressor discharge tem-
perature for the winter season at stations 1-4 under non-
isothermal gas-flow conditions for scenario 2. The highest
gas compressor discharge temperature occurs at 15:
00 hours, when the gas compression ratio is at its highest. In
contrast, the lowest discharge temperature occurs at 06:
00 hours, when the gas compression ratio is at its lowest.
Similar explanations can be given for other compressor
station locations.

It is beneficial to control the gas compressor discharge
temperature within specified limits to optimise gas trans-
port through the pipelines. One way of achieving this is to
install a cooling device at the gas compressor discharge
point.

Gas compressor power at varying flow conditions at
different stations

Figure 15 shows the gas compressor power requirements
at each station along the pipeline route for scenarios
1 and 3. Considering scenario 1, compressor station
10 has the highest gas compression power among all
stations. This station location is associated with the
lowest gas compressor suction pressure, the lowest av-
erage pressure, and the highest gas compression ratio.
The increase in pipeline distance and elevation results in
a corresponding decrease in the gas compressor suction
pressure. Therefore, this leads to an increase in the gas
compression ratio, the polytropic head, and, thus, the gas
compressor power requirement. Moreover, the lower gas
compressor power requirement at compressor station
10 in scenario 3, compared to the exact location in
scenario 1, is due to the lower suction intermediate
temperature at this station. However, the lowest gas
compressor power requirement for scenarios 1 and
3 occurs at compressor station 18. This location is as-
sociated with the highest gas compressor suction pres-
sure, the highest pipeline average pressure, and the
lowest gas compression ratio. Furthermore, gas com-
pressor power decreases with increasing gas compressor
suction pressure, due to a lower compression ratio and
polytropic head.

Similar explanations could be given for other com-
pressor stations. Consequently, the results indicate that the
gas compressor inlet temperature and the characteristics of
the compressor station location significantly affect the gas
compressor power requirements.

Figure 16 illustrates the gas compressor power re-
quirement for the winter season at stations 1 to 4 under non-
isothermal gas-flow temperature conditions for scenario 2.
The characteristics of the compressor station location
significantly impact the gas compressor’s power require-
ment. These location characteristics depend on the prevailing
ambient temperature, the time of day, and the season. More so,
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Table 5. Criteria for the choice of OEM compressor models.

Maximum allowable

Decisive

OEM maximum

Station  Peak ambient operating pressure  compressor power discharge pressure Required OEM  Gas compressor

No temperature (°C)  (bar) (kW) (bar) inlet flow (m"3/h) models

| 15.0 95 9369 155 19000 Siemens STC-SV
compressor

2 354 95 12950 155 23000 Siemens STC-SV
compressor

3 319 95 14171 190 23500 Dresser-Rand
DATUM P

4 347 95 13727 200 23500 Dresser-Rand
DATUM C

5 347 95 13722 200 23500 Dresser-Rand
DATUM C

6 347 95 13723 200 23500 Dresser-Rand
DATUM C

7 35.6 95 13309 155 23500 Siemens STC-SV
compressor

8 32.0 95 15131 130 24500 GE centrifugal
compressor

9 31.9 95 14158 190 23500 Dresser-Rand
DATUM P

10 25.8 95 14330 130 23500 GE centrifugal
compressor

I 34.6 95 12822 155 23000 Siemens STC-SV
compressor

12 347 95 12831 155 23000 Siemens STC-SV
compressor

13 39.6 95 14287 130 24000 GE centrifugal
compressor

14 35.6 95 13313 155 23500 Siemens STC-SV
compressor

15 319 95 13273 155 23000 Siemens STC-SV
compressor

16 31.7 95 14571 130 24000 GE centrifugal
compressor

17 36.2 95 14379 130 24000 GE centrifugal
compressor

18 40.6 95 9812 155 21000 Siemens STC-SV
compressor

since the pipe diameter, natural gas composition and flow rate
are constant. The highest gas compressor power requirement
occurs at 15:00 hours, when the ambient temperature is highest
across all compressor stations. Conversely, the lowest gas
compressor power requirement occurs at 06:00 hours, when the

ambient temperature is lowest across all compressor stations.
The variation in the gas compressor’s power requirement is due
to changes in ambient temperature with time of day and station
location characteristics. Additionally, the results show a 0.3%
average increase in the power required by the gas compressor to

Table 6. Parametric sensitivity of compressor power and polytropic head to +5% variations in key input parameters at station 2 design

point.

Parameter APgc (+5%) APgc (—5%) AH,, (+5%) AH, (—5%)

Inlet temperature, T, (K) +1.50% —1.47%
+1.52% —1.48%

Pressure ratio, PR +0.84% —0.80%
+0.83% —0.79%

Gas composition (MW, kg/kmol) +0.40% —0.38%
+0.41% —0.39%

Polytropic efficiency, hanical 0.00% 0.00%

olytropic efficiency, 77, (mechanical) _1.00% +1.05%

Note: APgc = percentage change in compressor power; AH, = percentage change in polytropic head. Efficiency (17,) does not influence the polytropic head
(a thermodynamic quantity independent of efficiency) but does inversely affect power. All results are evaluated at Station 2 design conditions: T = 308.56 K,
P; = 6312 kPa, PR = 1.505, MW = 17.54 kg/kmol, 77, = 0.76.
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Figure 26. Variation of inlet temperature on compressor (a) pressure ratio (b) polytropic head (c) discharge temperature (d) efficiency

(e) power.

move the gas for every 1% increase in ambient temperature,
across the temperature ranges considered in this study, as-
suming all other conditions remain the same.

Comparison with Aspen HYSYS

Aspen HYSYS® is a process simulation software that can
be used in natural gas pipeline applications. The gas
compressor power requirements for scenario 1, obtained

analytically using a developed MATLAB code, were
validated against simulation results from Aspen HYSYS.?’
The Peng-Robinson equation of state is used as the fluid
package to determine the natural gas thermodynamic
properties. The upstream and downstream material streams
were specified and defined in Aspen HYSYS. The cen-
trifugal compressor was connected to the material streams
by defining its inlet and outlet streams and specifying its
efficiency. Table 3 presents a comparison between the
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Table 7. Annual operational costs for compressor stations
based on Isothermal power requirements.

Station number Annual cost (million USD)

| 4,67
2 4.85
3 5.60
10 6.12
18 3.53
Total ~90.66

isothermal model results obtained in MATLAB and Aspen
HYSYS.

There is strong consistency between the analytical and
simulation results from Aspen HYSYS. The maximum
absolute percentage difference between the gas compressor
powers occurs at compressor station 18, at about 0.348%.
Nevertheless, this difference is negligible. Therefore, the
analytical methods employed in this study can be applied in
the natural gas pipeline industry.

To further characterise the accuracy of the analytical
model, the mean absolute percentage deviation (MAPD)
across all 18 stations is calculated as 0.035%, confirming that
the analytical approach is robust and not merely accurate at
isolated points. The relatively larger deviation at Station 18
(0.348%) is attributed to the combined effect of the lowest
compression ratio and highest suction pressure at that loca-
tion, where small absolute differences in thermodynamic
property calculations are proportionally amplified. Impor-
tantly, 0.348% remains well below the +1% tolerance
commonly accepted in compressor performance analysis for
engineering design purposes.

Measurement and modelling uncertainty analysis. A structured
uncertainty analysis was conducted to assess the combined
effect of instrument tolerance and modelling assumptions on
the key output performance indicators. The primary sources
of uncertainty in the present analytical framework are: (i)
ambient temperature measurement, for which meteorolog-
ical instruments typically carry a tolerance of +0.5°C; (ii)
pipeline inlet pressure specification, with a representative
gauge-instrument tolerance of +0.2%; (iii) compressibility
factor Z, estimated via the CNGA correlation equation (4)
with a reported accuracy of +1.5% for the pressure and
temperature ranges of this study; and (iv) polytropic effi-
ciency #p, which carries an OEM map-scaling uncertainty of
approximately +1.0%.

Error propagation through equations (12) and (13) was
estimated using a first-order Taylor series expansion. The re-
sulting combined uncertainty in the calculated compressor
power Pgc is approximately +2.1% at the 95% confidence
level (coverage factor & = 2). This bound is consistent with the
maximum observed deviation of 0.348% relative to Aspen
HYSYS and remains within the £3% uncertainty typically
associated with ISO 5389-compliant compressor performance
testing. These findings confirm that the analytical model is
suitable for engineering-level design decisions and compressor
selection. The ambient temperature measurement uncertainty

of =+0.5°C propagates to a power uncertainty of
approximately +0.15%, while the compressibility factor un-
certainty dominates at +1.8%, highlighting that improvements
in gas composition measurement or in the fidelity of the
thermodynamic equation of state (e.g., using GERG-2008)
would yield the most significant reduction in overall model
uncertainty.

Having validated the gas compressor power demand against
Aspen HYSYS and confirming strong consistency, the next
section analyses the gas compressor performance map.

Gas compressor performance map

The variation of the gas compressor pressure ratio,
polytropic head, and discharge temperature with the
actual inlet volume flow is illustrated in Figures 17-19,
respectively. They show the impact on gas compressor
performance.

The results show increases in the gas compressor
pressure ratio, polytropic head, discharge temperature, and
actual inlet volumetric flow rate with increasing gas
compressor shaft rotational speed. However, at a fixed gas
compressor shaft rotational speed, the gas volumetric flow
rate decreases as the suction pressure decreases, the pol-
ytropic head increases, and the gas compressor discharge
temperature increases. The increase in the polytropic head
is due to a reduction in the gas compressor suction pressure.
Moreover, the surge margin increases with rising discharge
temperature.

The performance maps above show the gas compressor
surge line, the choke line, and the design point.

Figure 20 illustrates the variation in gas compressor
polytropic efficiency with actual inlet volume flow at
different rotational speeds on the gas compressor perfor-
mance map for compressor station 3.

The gas compressor polytropic efficiency increases with
the actual inlet volume flow rate until it reaches a maxi-
mum. Thereafter, it starts to decrease. Additionally, the
working point at the design conditions of compressor
station 3 has a polytropic efficiency approximately 2%
lower than the maximum.

Figure 21 illustrates the variation in gas compressor
power requirement at design and off-design conditions, as
well as the actual inlet volume flow, at different rotational
speeds on the gas compressor performance map for station
location 3.

The results show an increase in gas compressor power
and actual inlet volumetric flow rate as gas compressor
shaft rotational speed increases. However, at a constant gas
compressor shaft rotational speed, the gas volumetric flow
rate decreases as the gas compressor power requirements
increase. This arises from an increase in the polytropic head
due to a rise in the gas flow temperature.

Impacts of operating points at varying
flow conditions
Figures 22 and 23 illustrate the polytropic head and the

power curves for station 2. They show operating points in
different flow conditions.
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The results illustrate the effects of varying operating
conditions at different points. A change in the location’s
ambient temperature from 15:00 hours in the hot season to
06:00 hours in the dry season to 03:00 hours in the winter
season for the non-isothermal flow conditions of scenario
two leads to new operating points. These are illustrated in
Figures 22 and 23. However, the gas compressor operating
points are fixed at isothermal conditions (scenario 1) and at
intermediate flow conditions (scenario 3). At these flow
conditions, the temperatures are constant.

Table 4 illustrates the shifts in peak, average, and
minimum operating points for station 2.

At 15:00 hours on a hot day, when the highest tem-
perature is recorded, the polytropic head is 56.01 kJ/kg, and
the required gas power is 12,950.0 kW. Similarly, at 06:
00 hours of the day in the dry season, the polytropic head is
45.79 kJ/kg, and the required gas power is 10,539.0 kW.
Furthermore, at 03:00 hours of the day during the winter
season, when the temperature is at its lowest, the polytropic
head is 43.51 kJ/kg, and the required gas power is
10,030.0 kW. The polytropic head shows a 28.7% oper-
ational range that is entirely invisible under the conven-
tional isothermal assumption. Similarly, the peak non-
isothermal power at Station 2 is approximately 19.1%
above the isothermal estimate, while off-peak power is
7.75% below it. We observed that the gas power required
increases with the polytropic head at a constant actual
volume flow rate. This occurs due to a rise in the gas
temperature. Furthermore, the gas compressor polytropic
head increases by an average of 0.3% for each 1% increase
in ambient temperature over the temperature range con-
sidered in this study. Therefore, the results show that, at
constant gas composition and volume flow rate, the natural
gas temperature significantly affects gas compressor
performance.

Consequently, it is recommended that the working point
be kept well away from the compressor stability curve. This
study recommends a minimum surge margin of approxi-
mately 10% relative to the compressor surge line. This is
important for steady operation and to prevent mechanical
damage to the compressor. Therefore, the results have
demonstrated that all operating points lie within the fea-
sible regions for each scenario considered in this study. The
subsequent section illustrates how the gas compressors are
selected based on the results of the performance analysis
using the TERA framework.

Gas compressor selection

Gas compressors are chosen based on the performance
analysis and economic considerations. This analysis ac-
counts for the highest ambient temperature, gas com-
pression ratio, and power requirements for the gas
compressors across all flow conditions considered in the
scenarios. This includes decisions on the economic cost of
the selected gas compressors. At each compressor station,
four identical gas compressors are arranged in parallel. The
baseline scenario includes 18 compressor stations along the
natural gas pipeline route. Each gas compressor produces
the same compression ratio and power and compresses an

equivalent volume of natural gas. Figure 24 illustrates a
schematic of gas compressors arranged in parallel.

The significant volume flow rate required to be trans-
ported through the Trans-Saharan Gas Pipeline route ne-
cessitates the selection of parallel gas compressor
arrangements. This selection has the advantage of lower
gas compressor discharge temperatures than the series
arrangement, as it eliminates the need for multiple com-
pression ratios. Therefore, the total gas compressor dis-
charge temperature for this selection will be equivalent to
that of a single gas compressor installed at the compressor
station with a similar compression ratio.

Figure 25 shows the gas compressor power requirement
based on the maximum ambient temperature for all flow
conditions described by scenarios 1, 2, and 3 at each
compressor station location.

The first gas compressor station is assumed to operate
under International Standard Atmosphere conditions. The
maximum temperatures were observed at 15:00 hours of
the day during the hot season of the year. These guidelines
are used to select the appropriate gas compressor models in
this study.

Four gas compressor models are chosen based on the gas
compressor power requirements at all flow conditions
described by scenarios 1, 2, and 3, while considering the
economic implications of the selected models. These gas
compressor models are inspired by: Siemens’ single-shaft
pipeline compressor packages STC-SV compressor,
General Electric centrifugal compressors, Dresser-Rand
DATUM P, and DATUM C compressor trains. The gas
compressor models are selected based on their small
footprints, engine availability, and project lifecycle costs.

Table 5 summarises the quantitative criteria used to
select the OEM-inspired compressor model at each station.
The selected compressor models are custom-designed to
cover the performance range required for this study. This is
in terms of the pipeline’s maximum allowable operating
pressures, compressor power, and inlet volume flows, with
the discharge pressure no less than 95 bar. A 16% power
margin is applied to the decisive power to cater for the off-
design fluctuations in line with the compressor maps.

Gas turbine models are selected based on the gas
compressor power requirements at all flow conditions.
However, these are outside the scope of this study. Future
studies will incorporate gas turbine performance analysis.
The following section utilised a parametric sensitivity
analysis to assess the effectiveness of the TERA framework
outputs in response to variations in the gas compressor
station’s key performance indicators.

Parametric sensitivity analysis

To assess the robustness of the TERA framework outputs to
plausible variations in key operational parameters, a one-
at-a-time (OAT) parametric sensitivity analysis was per-
formed at the design operating point of compressor station
2, used as the reference case. Each of the four parameters
was independently varied by £5% from its baseline value,
whilst all other parameters were held constant. The pa-
rameters evaluated were: (i) compressor suction (inlet)



Ojo et al.

23

temperature 7, (ii) compression pressure ratio
PR = P, /P>, (iii) gas molecular weight MW, as a proxy for
gas composition change, and (iv) polytropic efficiency 7,
as a proxy for variation in mechanical efficiency. The
resulting changes in two key station performance indicators
— compressor power Pgc and polytropic head H, — are
reported in Table 6 as percentage deviations from the
baseline.

The results in Table 6 confirm that inlet temperature is the
most influential parameter, with a +5% perturbation pro-
ducing a +1.5% change in compressor power and an
equivalent +1.5% change in polytropic head. This finding is
consistent with the diurnal power variation observed in the
section analysing the gas compressor power at varying flow
conditions at different station, where non-isothermal ambient
fluctuations directly drive compressor demand. The pressure
ratio ranks second in influence (+0.8%), followed by poly-
tropic efficiency (+1.0% on power only) and gas composition
through MW (£0.4%). The near-symmetric response across
all parameters confirms approximately linear sensitivity
within the +5% perturbation range. These results have two
important design implications: first, compressor sizing should
account for worst-case inlet temperature, not average con-
ditions; and second, the relatively modest influence of gas
composition (MW) variation supports the assumption of
constant gas composition adopted in this study, as a £5%
change in MW — far larger than normal production vari-
ability for this pipeline — produces only a +£0.4% change in
power demand. Figure 26 further shows how £1.5% variation
in inlet temperature at station 2 (Figure 26(a)—(c), (e)) and
station 3 (Figure 26(d)) influences the compressor pressure
ratio, polytropic head, discharge temperature, polytropic ef-
ficiency, and power, considering the isothermal temperature
conditions of scenario 1 as the baseline. There is a propor-
tional change in the compressor performance indicators with
the gas compressor inlet temperature as reported above.
Considering Figure 26(c), a +1.5% variation in inlet tem-
perature leads to a +2.73% proportional change in the station
discharge temperature. Thus, highlighting the need to install a
cooling device at the gas compressor discharge point to
maintain temperature within specified limits for optimal
performance.

Having performed a parametric sensitivity analysis to
assess the robustness of the TERA framework, the fol-
lowing section translates the gas compressor power de-
mand into operational costs to fully realise the techno-
economic aspect of the TERA framework.

Techno-economic and operational impact analysis

The technical performance analysis presented in the pre-
ceding sections has direct and significant implications for
the economic and operational viability of the compressor
stations. To fully realise the “Techno-economic” aspect of
the TERA framework, this section translates the gas
compressor power requirements into operational costs,
using the business electricity rate for Nigeria of USD
0.051 per kWh.*>*° However, this business electricity rate
does not reflect location-specific pricing but is justified
because it serves as a better approximation for financial

modelling and scenarios comparison purposes. Particu-
larly, since the project is in its conceptual phase.

The annual operational cost for each compressor station
was calculated based on the power requirements from
Scenario 1 (Isothermal) (see Table 3) using the formula:

Annual Cost (USD) =Power (kW) x 24 hours/day
x 365 days/year x 0.051 USD/kWh

The results, summarised in Table 7, reveal a total annual
operating cost of approximately USD 90.66 million for the
entire network of 18 stations under isothermal conditions.
Station 10, with the highest power requirement of
13,721.0 kW, is also the most expensive to operate, with an
annual cost of USD 6.12 million.

However, the critical finding from preceding sections is
that power demand is not constant but fluctuates under real-
world, non-isothermal conditions (Scenario 2). During the
hottest part of the day (15:00 hours), power requirements
can be significantly higher. A sensitivity analysis assuming
a +10% power increase during daily peaks reveals that
operational costs could be underestimated by over USD
56,000 per year for a single station, such as Station 3,
totalling millions of dollars across the entire pipeline
network. This demonstrates that the isothermal assumption,
while simplifying design, risks substantial under-
estimation of long-term operational expenditures (OPEX).

Furthermore, Nigeria’s electricity market is charac-
terised by volatility, with prices influenced by factors such
as exchange rates, gas prices, and regulatory changes.”®"
A sensitivity analysis of a £10% change in the electricity
rate would correspondingly alter the total annual cost by
approximately £USD 9.07 million, highlighting a signifi-
cant financial risk that must be managed.

These economic insights lead to several strategic op-
erational recommendations:

¢ Load Management: Scheduling energy-intensive
maintenance during cooler periods (e.g., early
morning) could reduce costs.

® Alternative Energy Sources: The high operational
cost strengthens the business case for investing in
onsite power generation, such as using pipeline gas
for turbine drive or integrating solar power in high-
potential regions like Northern Nigeria, to mitigate
grid price volatility.

¢ Financial Hedging: Securing long-term power pur-
chase agreements (PPAs) could provide price stability
and improve the project’s financial predictability.

Therefore, this economic analysis confirms that the non-
isothermal model is not merely a technical exercise but a
crucial tool for accurate financial forecasting, risk as-
sessment, and optimising the total lifecycle cost of the
pipeline system.

Conclusion

This study successfully implemented a Techno-Economic
and Environmental Risk Analysis (TERA) framework to
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evaluate the performance of gas compressor stations under
three distinct thermal-flow scenarios for natural gas
pipelines. The comprehensive analysis reveals that:

¢ Flow thermal regime significantly impacts system
performance:

The assumption of gas temperature behaviour
(i.e., isothermal, intermediate, or non-isothermal)
fundamentally affects pipeline pressure drops,
compressor suction conditions, and power re-
quirements. Non-isothermal analysis most accu-
rately captures real-world operational dynamics,
in which an increase in gas flow temperature leads
to an increase in pressure drop, and vice versa.

e Station location determines power demand:

Compressor stations with long pipeline segments and
high elevation gain (e.g., Station 10) experience
the most challenging operating conditions, char-
acterised by the lowest suction pressures, highest
compression ratios, and thus, the highest power
requirements.

* Non-isothermal conditions introduce operational
variability:

Under realistic non-isothermal conditions, com-
pressor power exhibits substantial diurnal and
seasonal fluctuations, peaking at 15:00 hours
during hot seasons and reaching minimums at 06:
00 hours during cold seasons. This variability
necessitates equipment sizing based on peak de-
mand rather than average conditions.

¢ Economic implications are substantial:

The estimated annual operational cost of $90 million
under isothermal conditions is subject to signifi-
cant increases due to non-isothermal fluctuations
and regional electricity price volatility, high-
lighting critical financial planning considerations.

The analytical methodology developed in MATLAB
demonstrated excellent agreement with industry-standard
Aspen HYSYS simulations, validating its accuracy for
compressor performance analysis. The maximum absolute
percentage difference in power calculations was merely
0.348% at Station 18 - well within acceptable engineering
tolerances. This strong correlation confirms the reliability
of the developed models for natural gas pipeline applica-
tions. Furthermore, the investigated scenarios compre-
hensively represent realistic operating conditions
encountered in long-distance transmission pipelines, en-
compassing the full spectrum of temperature variations
across geographical routes. Consequently, this study pro-
vides pipeline designers with a validated framework for
optimising compressor station design and operation in both
new projects and existing infrastructure.

Limitations and future research directions

This study has evaluated the performance of the gas
compressor and pipeline system under various gas flow
temperature conditions. However, the analysis was per-
formed under the assumption that the gas-flow temperature
is equivalent to the location’s ambient temperature at the

compressor station’s suction or discharge point. Future
studies could examine the derivation of equations de-
scribing the transient flow of gas in pipes. In this approach,
the gas temperature will be a function of the pipe length.
This would be computed using a numerical model devel-
oped to incorporate the energy equation. The analysis
would yield a time-dependent temperature profile based on
transient, non-isothermal gas flow in the natural gas
pipeline. The uncertainty analysis identifies the com-
pressibility factor as the dominant contributor to model
uncertainty. Future work will incorporate improvements to
the compressibility factor through better gas-composition
measurements and higher-fidelity real-gas models, such as
GERG-2008.
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