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Abstract
The determination of the actual size of pipelines and costs for CO2 compression and transportation based
on the emissions from Afam IV gas turbines was presented in this study. The pipeline cost was broken
down into five categories, the material cost, the labour cost, right-of-way cost, CO2 surge tank cost,
pipeline control system and total Operation and Maintenance (O&M) cost the miscellaneous cost. Labor
cost is the major cost of pipeline, gulping 69.57% of the total pipeline cost. The right cost is 7.83% of the
total cost of the pipeline. This study was able to establish the costs associated with the compression and
transportation of captured CO2 in Nigeria. The CO2 emission was evaluated from Afam IV gas turbines.
Such record should not be limited to CO2 emissions only, other effluents from the turbines should also be
recorded. This will usher in accurate and reliable data that will help in formulating policies that will drive
the establishment of Carbon capture and storage (CCS) facilities in Nigeria. The results obtained showed
that the material cost and miscellaneous costs are significant component parts of the pipeline cost, gulping
11.39% and 5.71% of the pipeline cost respectively. The pipeline control system cost and CO 2 surge tank
cost are the least component cost of the pipeline cost with CO2 surge tank costing only 3.51% of the entire
pipeline cost, and the pipeline control system costing a relatively insignificant 0.32%. Total O&M cost
which is an annual cost that is associated with the entire project life is very low compared with other costs.
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1. Introduction
Carbon capture and storage technology are the
two main technologies that removes CO2 or carbon
from flue gases for transportation and storage to
geological sites such as abandoned oil wells, unmineable coal seams, aquifers or oceans. The
means of transporting the CO2 for sequestration to
geologic sites could be by use of rail, trucks or
pipelines. Carbon emission has been on the rise
even with increasing carbon taxing; carbon capture
and storage are proving to be the only viable option
that would allow the continued use of fossil fuels
such as coal, natural gas and oils without a
detrimental effect to the environment. CCS is
suitable for carbon intensive sectors such as power
generation, cement production, oil mining and steel
production. It is understood that CCS technology
will be very difficult to be incorporated into non

stationary applications, thus large emissions from
stationary sources presents a good opportunity to
tap into the technology.CO2 capture technology has
been in use since 1920 for separating CO2,
sometimes found in natural gas reservoirs from
sealable coal mines. The idea of using CCS to
prevent CO2 from being released to the
environment was first suggested in 1977. A few
successful projects where CCS has been used
towards CO2 emission mitigation has been
completed. It is worthy to note that a few of these
pioneering projects are concentrated in Europe and
United States of America, hence the need for
developing countries like Nigeria being a signatory
to the Kyoto Protocol on reduction on emissions to
begin the process of implementing CCS. Nigeria is
still channelling huge resources toward discovery
of new fossil energy sources; its abundant coal still
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remains untapped and to sustain a clean
environment. It is paramount to create a proactive
means of mitigating the CO2 emissions. CCS is
hoped to make a significant contribution to this end
if the emission from large sources like fossil
fuelled power plants are sequestered. There are
inherent economic benefits of this technology
which shall be fully discussed. There are three key
aspects of CCS; capture, transportation and storage.
Based on the foregoing discussions, this work shall
tackle one strategic aspect of CCS. The work shall
be focusing on transportation of capturable CO2
from Afam IV gas turbines. Related works on
transportation of captured CO2 have been carried
out but attention has not been focused on the
Nigerian scenario. El-Suleiman et al. (2016)
presented the power requirements of compression
of CO2 using the Peng-Robinson’s equation of state
without actually computing the energy cost. Lazic
et al. (2013) did an extensive study of the cost of
installation of CCS system in Humber region of
UK adopting no specific method but rather
exploring data from different sources.

and immediate resolution of such identified
anomalies. Other factors to consider while
designing CO2 transportation pipeline are: costs,
and right-of-way. Transportation cost via pipeline
has been estimated at $1-3per tonne of CO2 per
100km, but it could be higher up to $15 (Herzog et.
al. 1997). Transporting CO2 as a refrigerated liquid
favors the use of trucks, rail and ships, but the
gaseous form favors pipeline. The main focus of
this paper is to find the influence of compression
and transportation of captured CO2 on the cost of
electricity in Nigeria. Essandola and Guilen (2009)
concluded that for CO2 transportation in CCS CO2
from ‘n’ source and ‘m’ sink pipeline network
allows for flexibility in both capture and storage
operations. CO2 supply would not suffer should a
source go offline for general maintenance or decide
to operate below its operating capacity due to
economic reasons. Other sources could pick up by
increasing their capacity factors. The pipeline
network can expand by adding new supply lines
from future power plants and new sinks through the
introduction of new suitable oil fields.

2. CO2 transport and associated risks
CO2 can be captured by adopting any of the
methods so far reviewed. The next challenge after
successful capture of CO2 from CO2 emitting plants
is transportation to sequestration site. There are
several options for the transportation of CO2; such
options include: pipelines, railways, boats and
trucks. But the pipeline transportation is considered
more viable. CO2 is not combustible and poses no
fire risk, but poor-quality design of pipelines for
CO2 transportation can lead to CO2 leakages
(Singh, 2013). CO2 is denser than air, if large
amount is released, it would displace the air at the
surface and cause asphyxiation. Rusin and Stolecka
(2014) identified migration of CO2 which can lead
to contamination of nearby fresh water, pipeline
failure from poor quality weld seams, corrosion
and human errors as the risks associated with
transportation and storage of captured CO2. These
identified risks have to be addressed before the
final commissioning of the CO2 transport and
storage facilities. This is achieved through proper
engineering design and strict implementation of all
the safety guidelines for the transportation and
storage of CO2. Beyond the construction and
commissioning of CO2 storage and transportation
facilities, a periodic maintenance and monitoring
programme should be designed and properly
implemented to identify any leakage or corrosion

3. Pipeline design modelling equations and
standard codes
In transporting CO2 through pipelines, a
thorough design analysis will ensure safe and
reliable transport network for the captured CO2
from emission points. Among other problems, three
design specifications are the major challenges in
pipeline designs; these are as listed by
Babajimopoulos and Terzidis (2013) as:
Determination of the discharge or flow rate (Q),
Determination of the head loss (hf) and
Computation of the pipe diameter (D). In addition
to these specifications; pressure per unit length,
CO2 density, CO2 viscosity, pipe material
roughness and topographic differences (the Darcy
Weisbach solution) and in addition the type and
number of bends are the other important parameters
that will affect the design of the piping system
(Vandeginste and Piessens, 2008). The continuity
equation is used to determine Q assuming constant
flow rate (Babajimopoulos and Terzidis, 2013;
Swamee and Jain, 2011).
ᴨD²v
Q=
(1)
4
The flow rate Q and the head loss hf are then
determined (Jack, 2012):
Q
V=
(2)
A
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where A = Area
ᴨD2
=
4
flV²
2gD

(4)

8fQ²
ᴨ²gD⁵

(5)

hf =

f=

(3)

The frictional factor depends on the Reynolds
number, Re, and the relative roughness of the pipe
ε
(Jack, 2012).
D

Re =

ρVD
µ

(6)

For both smooth and turbulent flows, the frictional
factor is estimated with the following equation
developed by Colebrook White (Salmasi et al.,
2012)
1
ε
2.35
= −2 log (
+
)
(7)
3.7D Re√f
√f
The main hurdle in obtaining a direct solution to
these equations has been the implicit form of
Colebrook-White equation. An accurate solution to
this equation involves many iterations (or trials); a
graphical representation of the Colebrook-White
equation is the Moody diagram which eliminates
trials otherwise involved in the evaluation of the
friction factors (Swamee and Jain, 2011). The use
of the diagram has two main disadvantages; the
accuracy is limited because of the errors in
logarithmic scale, and it is impossible to be used in
computerized calculations (Babajimopoulos and
Terzidis, 2013). The basic hydraulic equation for
turbulent flow in a circular shaped pipe is the
Bernoulli equation (Vandeginste and Piessens,
2008).
Z1 +

P1 v12
P2 v22
+
= Z2 + + ∆F
ρg 2
ρg 2

(8)

The losses due to the ends are tabulated in literature
and can be easily accessed based on the angle of
bend. Having determined the internal diameter of
the pipe, the wall thickness of the pipe is then
established. The factors affecting the wall thickness
are: maximum pressure, working pressure,
chemical properties of the fluid, fluid velocity, pipe
material and grade, and factor of safety considered

in the design. The determination of the required
wall thickness for ANSI/ASME B13.1 for power
fitting and steam piping is found thus (Miranda and
López, 2011):
Tm =

PDo
+A
2(SE + Py)

(9)

y = 0.4, for most geothermal application it is based
on temperature range and steel type and A = 3 mm
corrosion and erosion allowance. The ANSI/ASME
standards for wall thickness requirements for pipes
applied to different uses: (1) ANSI/ASME
Standard B31.1, power piping: for steam piping
systems; (2) ANSI/ASME Standard B31.3, for
chemical plants and petroleum refining, and applies
to major facilities onshore and offshore worldwide;
(3) ANSI/ASME Standard B31.4, for liquid
transportation systems for hydrocarbons, liquid
petroleum gas, anhydrous ammonia and alcohol,
and applies to onshore oil pipelines; (4)
ANSI/ASME Standard B31.8, for gas transmission
and distribution piping systems, and applies to gas
transmission, gathering and distribution pipelines
onshore. Each of the ANSI/ASME standard code
has an already developed equation for the
determination of the pipeline wall thickness. For
pipes, the materials used in geothermal application
are normally A53-B, A106-B and API 5L-B pipe,
with mill tolerance. Commercially available pipes
normally have a mill tolerance of 12.5% and pipe
schedule numbers based in B36.10 (Henríquez and
López, 2011).
4. CO2 pipeline design standards and codes
International standards and codes have been
developed to guarantee safe and reliable
transportation of fluids through pipelines. Specific
fluids are assigned specific codes based on the
properties of the fluid under consideration.CO2
pipeline safety and codes have no established
international standard. Most operators of CO2
pipelines adopt private standards like the Det
Norske Veritas (DNV-RO J202) Design and
Operations of CO2 Pipelines. According to Global
CCS Institute (2012), European and Australian
Standards are very extensive in pipelines in general
but CO2 transportation is not specifically covered.
Other pipeline standards like the US ASME B31.4
and B31.8 addresses the transportation of liquids
and other hazardous substances. Canadian Standard
Association (CSA) 2662-07 for Oil and Gas
Pipelines is considered relevant to CO2
transportation. The China’s Standard GB/T 9711-
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2005 and Australian Standard (AS2885) for
Pipeline and Gas and Liquid Petroleum is
considered applicable for CO2 transportation.
Health Safety Executives UK, also identifies HSE
IP6, BSE 14161, BS PP8010 and DNV OS-F 101
as standards that are applicable to CO2. These
standards are associated with non-flammable, nontoxic fluid that exist as gaseous fluid at ambient
temperature and pressure. HSE also stresses that
none of these standards specifically addresses the
transportation of CO2 above its critical point as
dense phase fluid. These lack of internationally
acceptable standards for CO2 transport is not
premeditated. This is because CO2 transport in the
past has not been envisaged to cover large quantity
of CO2 over long distances. With the experience
been gathered in CCS pilot projects and EOR
activities around the world, internationally
acceptable standards and codes for CO2 will be
developed in the near future. In Nigeria, the
Guidelines and Procedure for the Construction,
Operation and Maintenance of Oil and Gas
Pipelines released by the Department of Petroleum
Resources (DPR) in 2013 adopts ANSI/ASME
B31.4 for transportation of liquids. The Guidelines
defined applicable liquids to include: crude oil,
refined products, natural gas liquids, condensates
and liquefied petroleum gas (LPG). In section III of

the Guidelines that covers Gas Transmission and
Distribution Pipelines, the ANSI/ASME B31-8,
1986 is the applicable standard adopted. Specific
gaseous products were not mentioned in the
Guidelines.
5. Petroleum products pipeline network in
Nigeria
The 23 gas fired power plants in Nigeria receive
their gas supply via pipeline networks. Building
these pipelines requires various types of surveys to
be carried out. Such surveys allow for the planning,
design and laying of pipes from the gas source to
the power plants. The deployment of all export
pipelines to the power plants requires these factors
to be considered: right-of-way, alignment survey to
present the ground profile for pipeline design,
pipeline density, map crossing and other types of
maps (Ehiorobo, 2010). Currently, the Nigerian gas
to electricity has over 1000km of pipelines
supplying about 600MMscf/day and pipeline of
about 5000km for existing power stations. This
shows a wide shortfall of gas to generate electricity
(FGN, 2016). Since there are net shortfall; at full
capacity the emissions from these plants will be
much higher (Ndukwe, 2016). The various pipeline
networks are shown in Figures 1 to 4.

Fig. 1: Eastern gas transmission system (Ndukwe, 2016)
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Fig. 2: Western gas transmission system (Ndukwe, 2016)

Fig. 3: Gas supply to power stations (Ndukwe, 2016)
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Fig. 4: Existing gas pipeline network (Nigeria Oil and Gas Guide, 2014)

Label no.
on map
F33
F341
F35
F36
F392

F40

F42
F43

Table 1: Nigerian products pipeline distribution networks
Project name
Start point
End point
Diameter (in)

Length (km)

-----

Escravos
Kwale

--Trans-Nigeria
Pipeline
Offshore Gas
Gathering System
[OGGS]
Escravas-Lagos
Pipeline System
[ELPS]
Aladja System
Pipeline
Greater Ughelli
System

Ramuekpe
Warri

Kaduna
Brass
(offshore)
Bonny
Ramuekpe

16, 24
10, 14, 24, 36

674
206

24, 28, 48
16

134
-

Bonga field

Bonny
Terminal

32

268

Escravos

Lagos

36

340

Oben

Ajaokuta

24

294

Ughelli

Warri

-

-
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Table 2: Gas supply infrastructure for NDPHC power plants (Nigeria Oil and Gas Guide, 2014)
NDPHC Power Plant
Gas Infrastructure
Benin Power Plant
18’’x 1.2km Pipeline from ELP to the Ihovbor Pressure Reduction &
Meter-ing Station.
18’’x 610m pipeline from Ihovbor PRMS to Benin Power Plant.
16’’x 14km pipeline from Nigerian Petro-leum Development Company,
(NPDC), Oredo to the ELP.
Calabar Power Plant
Egbema Power Plant

Gbarain Power Plant
Geregu Power Plant
Ogorode Power Plant
Olorunsogo Power Plant
Omoku Power Plant
Omotosho Power Plant

24 x 53 Km pipeline from Oron to the Cala-bar power
plant.
18’’x 4km pipeline from SPDC/NPDC Egbema-East to Egbema
Power Plant.
18’’x 8km pipeline from SPDC/NPDC Egbema-West to Egbema
Power Plant
18’’x 1.5km pipeline from SPDC Gas plant to Gbarain Power Plant.
18’’x1.5km pipeline from NGC Geregu to Geregu Power Plant.
16’’x 810m pipeline from NGC Sapele to Sapele Power Plant
18’’ x 1.5km Pipeline from NAOC Facility to the Omoku Power
Station.
12’’x 810m from NGC Omotosho to the Omo-tosho Power Plant

6. Economic models of CO2 pipeline
transportation
Presently, there are no standardized economic
models for determining the cost of CO2
transportation via pipelines. Estimation of such
costs has been compared to the cost of constructing
natural gas pipelines, while most new CO2
pipelines are proposed based on the empirical data
from previous construction of CO2 pipelines.
Different researchers have proposed different
economic modelling equations as functions of
pipeline internal diameter and length. EssandoYeddu and Gülen (2009) compared several
economic models in terms of cost estimates and
their consistency with recent construction costs as
reported to the United States Federal Energy
Regulatory Commission (FERC). Essando-Yeddu
and Gülen (2009), proposed CO2 capital cost (Ccap),
O&M costs and levelized cost as a function of
location factor (Fr), terrain factor (Ft) and length
(km). CO2 capital cost (Ccap), O&M costs and
levelized cost as a function of location factor (Fr),
terrain factor (Ft) and length (km) can be
represented as:
Ccap = (9970) ∗ (ṁ0.35 ) ∗ (L0.13 )
(10)
Ctotal = FL ∗ FT ∗ L ∗ Ccap

(11)

FL: USA/Canada = 1.0, Europe = 1.0, UK = 1.2,
Japan = 1.0, and Australia = 1.0. FT: cultivated land

= 1.10, grassland = 1.00, wooded = 1.05, jungle =
1.10, stony desert = 1.10, <20%, mountainous = 1.3
> 50%. In analyzing CO2 pipeline costs, EssandoYeddu and Gülen (2009) compared three economic
models; the MIT model, Ecofys model and Parker
model. The MIT model gives the total capital cost
and levelized cost with input parameters included
as: pipeline roughness factor, CO2 viscosity,
frictional factors, Reynolds number, inlet pressure,
outlet pressure, pipeline length, CO2 mass flow
rate, capital cost recovery factor and plant capacity
factor.
The MIT model:
$
Total annual cost ( )
yr
= CC ∗ Ḋ ∗ L ∗ CRF
+ (O&M ∗ L)
(12)
$
Levelized cost (
CO2 )
tonne
total annual cost
=
(13)
ṁ ∗ CF ∗ DPY
The Ecofys model presented in Euros has total
capital cost and annual capital cost as output with
inputs functions as: correction factor, pipeline
diameter, pipeline length, discount rate and
operational life.
Total capital cost (£)
£
= 1100 ( 2 ) ∗ FCR ∗ ḋ ∗ L (14)
m
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£
Annual capital cost ( )
yr
total capital cost
=
(1+d )no −1
R

(15)

14®, and EES® (Engineering Equation Solver;
Commercial Version 2003). The flow chart for the
model is shown in Fig. 5.

dR (1+dR )no

The Parker model was developed using the Oil and
Gas Journal (OGJ) data just like the MIT model
and US DOE/NETL model. The Parker model
calculates four different cost categories as a
function of pipeline length and diameter. These
cost categories and the percentage costs as
presented by the Parker model are approximated
thus: the labour cost – 45%, material cost – 25%,
right-of-way (ROW) cost – 22% and miscellaneous
cost – 7%. The DOE/NETL model was adopted in
this work to compute the pipeline cost for CO2
sequestration in Nigeria.
Visits were made to the facilities of Afam
Power Plants in Obigbo Local Government Area of
Rivers State. The Manager of Afam IV and the
Staff of the control room facilitated the collection
of daily gas consumption data and daily Power
generation between the period of 1st January 2012
and 31st December 2017. Afam IV has two
functional gas turbine units –the gas turbine 17
(GT17) and the gas turbine 18 (GT18). GT 17 and
GT18 have installed capacity of 65MW each.
Neither of the turbine units were functional
between 30th of April 2014 and 31st of October
2017. A hand written hard copy of the daily gas
consumption and Power generation were provided.
7. Development of pipeline model
The economic analysis of the cost of
compression and transportation of sequestered CO2
on energy cost in N/kWh implemented in Multi
Year Tariff Order (MYTO) was performed using
Microsoft Excel® (2013), Pipe Flo Professional

Fig. 5: Flowchart for the development of the
models deployed in this work
The phase transformation of CO2 shows that it is
easy to transport CO2 in dense liquid phase if it is
compressed to suitable temperature and pressure. In
this section, it was established that dense phase
conditions of CO2 give similar results with liquid
phase. The process of transportation is in two
stages; stage one is the compression of CO2 to the
appropriate temperature and pressure from the
sequestration plant. The average flow mass rate of
emitted CO2 from Afam IV turbines is 0.68kg/s.
This captured CO2 is compressed to pressure of
200bar. After compression a pump is used for the
long distance (225 km) transportation from the
plant to the sequestration site. The parametric
values for viscosity and density for the design of
the pipeline in the Pipe Flo Professional 14
software were determined by deploying the EES
software.

Table 3: CO2 and pipeline design parameters
Parameters
Pressure, P1 before compression
Pressure, P2 after compression
Temperature T
Viscosity before compression
Viscosity after compression
Density before compression, ρ
Density after compression
Hydraulic gradient between turbine exhaust and capture point
Distance between exhaust and capture point
Hydraulic gradient between capture point and sequestration site
Distance between capture point and sequestration site
Compressor efficiency
Pump efficiency
Uniport Journal of Engineering & Scientific Research Vol. 6, Issue 1, 2021

Values
1bar
200bar
350C
0.00007344 (kg/m-s)
0.00009174 (kg/m-s)
1.725kg/m3
901.2 kg/m3
950m
0.5km
950m
225km
0.85
0.85
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The transportation of the capturable CO2 via
pipelines is analyzed in Pipe Flo Professional
software, a pipeline analytical tool. The modelling
is achieved by the use of the design points in Table
3. The compression process is achieved using two
stage compression, and the compression ratio is
obtained using equation (16).
Pcut−off N 1
CR = (
) stage
(16)
Pinitial
The use of pumps for the long distant
transportation of the compressed CO2 in condensed
phase form is achieved by a combination of two
pumps in series connection. The Pipe Flo
Professional is able to compute the total heads of
all the compressors and pumps. Thus, saving the
time and energy spent on manual iterations and
computation of the Darcy-Weisbach equation. The
pipeline flow model for the compression and
pumping stages are shown in equations 17 and 18.
The two compressors and the stage one pump are

installed at the point of capture. The stage two
pump is a booster pump located mid way between
the point of capture and the sequestration site. The
compression ratio calculated for the compression is
14.05, and the pressure ratio for the pumping
stages is 1.072. The total head of the compressors
and the pumps is evaluated by the silmulation
software, and this can now be applied in equation
(17) and (18) to evaluate the power consumed by
the compressors and the pumps.
Pcomp =

ṁ ∗ g ∗ HT
ηT

(17)

Ppump =

ṁ ∗ g ∗ HP
ηP

(18)

The flow sheet for the compression and pumping as
set up in the Pipe Flo Professional are shown in
Figures 6 and 7, respectively.

Fig. 6: Flow sheet for the compression stages of CO2
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Fig. 7: Flow sheet for the pumping stages of CO2 in condensed phase
8. Pipeline cost model
A regression analysis was used by DOE-NETL
to generate the cost curves as a function of pipe
diameter (in inches) and length (in miles). These
costs are: (1) Pipeline Materials cost, (2) Direct
Labour cost, (3) Miscellaneous Costs, and (4)
Right-of-way acquisition cost (DOE/NETL, 2013).
Miscellaneous costs: surveying, engineering,
supervision, contingencies, allowances for funds
used during construction, administration and
overheads, and regulatory filing fees. Capital
expenditures were based on the findings of a
previous study funded by the Department of
Energy
(DOE)/NETL,
Carbon
Dioxide

Sequestration in Saline Formations – Engineering
and Economic Assessment but added a CO2 surge
tank and pipeline control system to the project.
Pipeline O&M costs: the pipeline operation and
maintenance costs as a function of pipeline length
per year. These costs are reported as a function of
pipeline diameter in inches and length in miles and
the costs are in dollars, but the analysis here were
done by converting the metric lengths and
diameters to inches and using the current official
exchange rate of $1 to N310 for the energy cost
analysis. The original formulas as reported by
DOE/NETL is shown in Table 4.

Table 4: Pipeline costs breakdown (source: DOE/NETL, 2013)
Cost type
Units
Cost
Pipeline capital costs
Materials

Diameter (inches),
Length (miles)
Labour
Diameter (inches),
Length (miles)
Miscellaneous
Diameter (inches),
Length (miles)
Right-of-Way
Diameter (inches),
Length (miles)
Other capital costs

$70,350 + $2.01 * L * (330.5 * D2 * 686.7 * D +
26,960)
$371,850 + $2.01 * L * (343.2 * D2 + 2,074 * D + 170.013)

CO2
Surge
Tank
Pipeline control
system
Pipeline operation and maintenance

$1,244,724

Fixed O&M

8,454

$/mile/year

$147,250 + $1.55 * L * (8,417 * D + 7,234)
$51,200 + 1.28 * L * (577 * D + 29,788)

$111,907
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9. Energy cost model
To account for the cost of transportation of CO2,
the energy cost of CO2 compression and pipeline
cost must be included. In the pipeline cost, O&M is
variable cost, and other cost associated with the
pipelines are accounted for as the fixed costs. The
compression cost is also included in the variable
cost. The energy cost for the transportation of the

sequestered CO2 is included in the Nigeria
Electricity Regulatory Commission’s (NERC) 2015
to 2024 MYTO Industrial D3 billings for
Electricity Distribution Companies. In the 2015 to
2024 NERC MYTO, the cost of energy in ₦/kWh
for the Industrial D3 category for all the
distribution companies are listed Table 5.

Table 5: NERC MYTO for R3 category in Nigeria from 2015 to 2024 in ₦/kWh
Disco (Year)
2015 2016 2017 2018 2019 2020
2021 2022 2023
Abuja
32.25 46.23 47.09 45.72 38.82 37.46 37.56 37.12 36.91
Benin
26.52 38.56 40.46 40.46 40.08 39.96 35.32 31.69 31.50
Enugu
31.26 45.10 48.12 48.23 35.65 32.66 32.70 32.30 32.10
Ibadan
28.82 41.31 44.66 45.98 46.09 40.48 37.93 37.53 37.38
Jos
35.70 43.91 45.76 47.64 49.28 50.35 51.81 53.29 56.04
Kaduna
34.30 42.74 42.74 44.85 31.90 30.80 30.81 30.42 30.22
Kano
29.56 38.38 42.63 48.24 47.02 35.53 35.64 35.24 35.03
Ikeja
26.25 36.49 35.68 31.62 30.79 30.70 30.90 30.61 30.49
Port Harcourt 28.83 44.59 48.39 50.81 51.05 50.20 49.89 32.87 32.66
Eko
28.45 29.00 29.18 26.74 26.19 26.21 26.34 26.09 25.99
Yola
29.44 41.22 51.46 53.01 55.65 55.47 48.10 44.50 44.27
Average
30.13 40.68 43.29 43.94 41.14 39.07 37.91 35.61 35.69
10. Results and discussion
10.1 Pipe Flo Professional analysis of pipeline
report for the compression processes
In the compression process, the properties of the
fluid in each segment of the pipeline is presented in
the pipeline report of the Pipe Flo Professional.
These graphical reports are presented in Figures 8,
9 and 10. The first part of the report illustrates the
flow rate against the head loss and Reynolds
number. The Reynolds number tends increase
exponentially with increasing flow rate. The V&F
head loss increases with increment in flow rate but
at a degree less than that the rate of increment in
head loss. There is exponential drop in the pipe
frictional factor with increasing flow rate. This is a

2024
36.62
31.24
31.84
37.14
45.55
29.97
34.75
30.30
32.38
25.83
43.95
34.51

pointer to a fact; retrofitting as many power plants
as possible with CCS system will help in increasing
the amount of CO2 captured, thus increasing the
flow rate and minimizing the cost associated with
frictional losses. V&F pressure drop increases with
increasing flow rate. The pressure drop along the
pipeline equally increases with growing flow rate.
This has cost implication on the power
requirements of the compressors, leading to rise in
the size of compressors. The graphical
representation of each segment of the pipeline is
shown in figures 8, 9 and 10. There is also
similarities in the behaviors of the fluid at each
section of the pipeline as a result of the similarities
in geometry and pipe material.
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Fig. 8: Pipe Flo Professional Pipeline report for inlet pipe to stage 1 compressor
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Fig. 9: Pipe Flo Professional pipeline report for discharge pipe for stage 1 compressor
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Fig. 10: Pipe Flo Professional pipeline report for discharge pipe of stage 2 compressor
10.2 Pipe Flo Professional analysis of pipeline
report for the pumping processes
In transporting the captured CO2 that has been
transformed into the condensed phase through
compression, pumps are deployed. The resultant
characteristics of the fluid properties are presented
in Figures 11, 12 and 13. In the section A part of
the graphs, Figures 11, 12 and 13, the plots of flow
rate against the head loss and Reynolds number are
shown for each segment of the pipeline. The
Reynolds number tend to stabilize with increasing
flow rate. The V&F head loss and the head loss
tend to increase at the same rate with little
difference in their numeric value. Though the head

loss constantly maintains a higher value at all
points in the flow. This pattern is repetitive for all
sections of the pipeline because of the uniformity
in pipe size and pipe material throughout the flow.
In the second segment of the pipeline reports
presented in Figures 11, 12 and 13, the flow rate is
plotted against the pressure drop and pipe frictional
factor. The frictional factor decrease as
exponentially as the flow rate increases. The V&F
pressure drop and the pressure drop along the
pipeline increases at almost the same rate. This
same pattern is observed for all the segment of the
pipeline in the pumped section owing to the
homogeneity in pipe material and geometry.
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Fig. 11: Pipe Flo Professional pipeline report for inlet pipe to stage 1 pump
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Fig. 12: Pipe Flo Professional pipeline report for discharge pipe of stage 1 pump
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Fig. 13: Pipe Flo Professional pipeline report for discharge pipeline of stage 2 pump
The pipeline cost is broken down into five
categories, the material cost, the labour cost, the
miscellaneous cost, right-of-way cost, CO2 surge
tank cost, pipeline control system cost and total
O&M cost. Labour cost is the major cost of
pipeline, gulping 69.57% of the total pipeline cost.
Thus, it is right to draw the conclusion that one
major constraint to the pipeline is more of technical
than material. The right of way cost is 7.83% of the
total cost of the pipeline. The material cost and
miscellaneous costs are significant component part

of the pipeline cost, gulping 11.39% and 5.71% of
the pipeline cost respectively. The pipeline control
system cost and CO2 surge tank cost are the least
component cost of the pipeline cost with CO2 surge
tank costing only 3.51% of the entire pipeline cost,
and the pipeline control system costing a relatively
insignificant 0.32%. Total O&M cost which is an
annual cost that is associated with the entire project
life is very low compared with other costs. This
favours the establishment of the pipeline system as
the major cost are included in the fixed capital
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costs. This is presented on the chart of Figure 4.11.
The breakdown for the compression and pumping
costs is shown in Tables 6 and 7. These costs are
dependent on the prevailing inflation rate and
interest rate. The overall pipeline cost at exchange

L(mile)
D(inches)
Exchange rate

L(mile)
D(inches)
Exchange rate

rate of $1 to N310 is Twenty-One Billion, Nine
Hundred and Ninety-Four Million, Seven Hundred
and Twenty Thousand, Three Hundred and Sixty
Billion
Naira.
(₦21,994,720,360).

Table 6: cost of components of CO2 pipeline for compression
Cost type
0.01 Material
8.07 Labour
310 Miscellaneous
Right-of-way
CO2 surge tank
pipeline control system
Total O&M
Total Cost

Table 7: Cost of components of CO2 pipeline for pumping
Cost type
139.81 Material
1.2 Labour
310 Miscellaneous
Right-of-way
CO2 surge tank
Pipeline control system
Total O&M
Total Cost

Uniport Journal of Engineering & Scientific Research Vol. 6, Issue 1, 2021

Amount (₦)
22,121,568
116,485,205
45,983,360
15,999,108
385,864,440
34,691,170
24,373
621,169,224

Amount (₦)
2,483,692,182
15,185,926,437
1,210,150,044
1,706,821,202
385,864,440
34,691,170
366,405,659
21,373,551,136
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pipeline control
system
0.32%

Total O&M
1.67%
Material
11.39%

CO2 surge tank
3.51%

Right-of-way
7.83%
Miscellaneous
5.71%

Labour
69.57%

Fig. 14: Total CO2 pipeline component costs
11. Conclusions
The study’s aim of a comprehensive
investigation of the techno-economic cost of CO2
compression and transportation, is significant, and
its worthy for the policy makers to start considering
the implementation CCS. For a country seeking for
ways to mitigate against the global warming while
continuing to deploy fossil fuelled power plants for
power generation, development of a comprehensive
CCS implementation plan is of great importance.
Through a systematic combination of three
different computer software packages; EES®, Pipe
Flo® Professional and Microsoft Excel® the
analysis and modelling of CO2 pipeline is achieved.
This eliminates the rigidities imposed by the
manual traditional method of evaluation of flows
through pipeline. The use of such software as EES
has usually been restricted to thermodynamic
analysis of fluids. But the strength of EES in
thermodynamic analysis is being combined with
Pipe Flo Professional to study the fluid properties
and subsequent use in simulating the characteristics
of fluids under consideration at all conditions.
Through these method, different design approach
of pipelines can be easily simulated, such
simulations can among others include, the analysis
of elevation changes in pipelines; combination of

fittings and bends in pipelines and associated minor
losses that results from their inclusion; variation in
flow rate through pipelines and the required
dimension of the pipelines for such flows. The
pipeline materials required for designs becomes
easily quantifiable and changes in materials can be
easily analyzed. The properties of the fluids is now
easily determined at specified point within the flow
through this systemic combination of computer
aided tools in pipeline flow. In construction of
pipeline, cost analysis is of utmost importance. The
study has created a good source of easy analysis of
component cost of CO2 pipeline designs. The
specific contributions of each component cost is
now handy for analysis and study of the potentials
of deployment of CCS in Nigeria. It is hoped that
this could become a template for subsequent
development of costing tools for future CO2
pipeline constructions in the country. Though little
modifications are required over time to reflect
certain changes in factors such as exchange rate,
inflation and interest rate. One of the major
challenges militating against the deployment of
CCS is the determination of the power costs
associated with each component of CCS. This work
has established a good analysis of power costs
associated with compression and transportation of
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captured CO2 for the Nigerian power sector. This
power cost analysis has been achieved in such a
form that it is easily included in NERC’s MYTO.
With minor and major reviews that could be
implemented by NERC over time occasioned by
such factors as inflation rate, exchange rate and
power generation. The costing method developed
by this work is flexible that implementations in
such changes are straightforward and highly
flexible. The variations in the cost of electricity as
a result of inclusion of CCS in power plants in
Nigeria for sustainable environment is established
by this work. This will help NERC and other
operators in adjustment of prices to reflect an
effective and profitable but yet non exploitative
pricing framework.
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