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Abstract
This study characterized the AA-01 depleted hydrocarbon reservoir in the KOKA field, Niger Delta, using a multidimensional approach. This 
investigation involved data validation analysis, evaluation of site suitability for CO2 storage, and compositional simulation of hydrocarbon 
components. The primary objective was to determine the initial components and behavior of the hydrocarbon system required to optimize the 
injection of CO2 and accompanying impurities, establishing a robust basis for subsequent sequestration efforts in the six wells in the depleted 
KOKA AA-01 reservoir. The process, simulated using industry software such as ECLIPSE, PVTi, SCAL, and Petrel, included a compositional 
fluid analysis to confirm the pressure volume temperature (PVT) hydrocarbon phases and components. This involved performing a material 
balance on the quality of the measured data and matching the initial reservoir pressure with the supplied data source. The compositional PVT 
analysis adopted the Peng–Robinson equation of state to model fluid flow in porous media and estimate the necessary number of phases and 
components to describe the system accurately. Results from this investigation indicate that the KOKA AA-01 reservoir is suitable for CO2 
sequestration. This conclusion is based on the reservoir's good quality, evidenced by an average porosity of 0.21 and permeability of 1 111.0 mD, a 
measured lithological depth of 9 300 ft, and characteristic reservoir – seal properties correlated from well logs. The study confirmed that 
volumetric behavior predictions are directly linked to compositional behavior predictions, which are essential during reservoir initialization and 
data quality checks. Additionally, it highlighted that a safe design for CO2 storage relies on accurately representing multiphase behaviour across 
wide-ranging pressure–temperature–composition conditions.
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1 Introduction

Carbon dioxide (CO2) sequestration, also known as car‐
bon dioxide capture and storage (CCS), is among the most 

effective technologies to mitigate the effect of greenhouse 
gas emissions and combat climate change. The continuous 
rise in Earth’s temperature owing to hydrocarbon utiliza‐
tion can be significantly reduced through this method 
(Lackner, 2003; Pacala and Socolow, 2004). If fully imple‐
mented, CCS could potentially reduce global hydrocarbon 
emissions by 20% by 2050 and by 55% by the end of the 
century (Metz et al., 2005). The CCS process involves cap‐
turing CO2 from primary stationary sources, transporting it 
via pipelines, and injecting it into appropriate deep geolog‐
ical formations to prevent its release into the atmosphere 
(Bachu et al., 2007). Specifically, CO2 sequestration involves 
capturing and transporting CO2 from anthropogenic sources 
and then injecting supercritical CO2 into underground geo‐
logic formations (Figure 1). This method not only reduces 
carbon emissions but also facilitates CO2 storage and utili‐
zation on the seabed, employing pipelines or ships to trans‐
port captured CO2 to permanent storage sites such as depleted 
hydrocarbon reservoirs and saline aquifers or by injecting 
it to replace and displace subsea resources (Figure 2). Earth’s 
carbon reservoirs include carbonate reservoir rocks, coals, 
oil and gas reservoirs, and organic-rich shales.

Article Highlights

•  Offshore geologic settings worldwide provide high volume of storage 
capacity needed to reduce CO2 emissions at global scale.

•  Characterizing potential CO2 storage sites is critical to ensuring the 
integrity and safety of a CO2 storage scheme, making site selection 
for a CCS chain critical.

•  This study involved data validation analysis, evaluation of site suit‐
ability for CO2 storage, and compositional simulation of hydrocar‐
bon components using industry software such as ECLIPSE and 
PETREL.

•  The result from the simulation indicates that the KOKA AA-01 reser‐
voir is suitable for CO2 sequestration.

* Adekunle O. Adelaja
aadelaja@unilag.edu.ng

1 Department of Mechanical Engineering, University of Lagos, Akoka, 
Lagos State, 100213, Nigeria

2 Department of Aerospace Engineering, Lagos State University, Epe 
Campus, Lagos State, 106101, Nigeria



Eigbe et al.: Characterization of Depleted Hydrocarbon Reservoir AA-01 of KOKA Field in the Niger Delta Basin for Sustainable Sub-Sea Carbon Dioxide Storage

In Nigeria, CO2 emissions are primarily anthropogenic, 
driven largely by industrial activities and gas flaring in the 
Niger Delta region owing to oil and gas exploration and 
exploitation. The industrial revolution of the 19th century, 
which saw extensive fossil fuel use, contributed signifi‐
cantly to these emissions. Natural resources are used exten‐
sively in construction, industries, transportation, and house‐
hold consumption (Badru, 2020). Human activities have 
accelerated climate change, with scientific consensus indi‐
cating that human activity is very likely the cause of the 
rapid increase in global average temperature over the past 
several decades. The consequences of climate change in 
Nigeria are severe, including irregular rainfall patterns, 
which may sometimes be excessive. Irregular rainfall can 
lead to excessive rainfalls, causing flooding that devastates 
people and properties. For example, in 2002, more than 16 
states experienced catastrophic flooding, resulting in numer‐
ous deaths and the displacement of over 2 million people 
(Badru, 2020).

In this study, CCS comprises capturing CO2 from station‐
ary sources, compressing it into a supercritical fluid, and 
re-injecting it into deep geological formations for long-
term storage (Orr, 2009). CCS is essential since it allows 
the continuous use of hydrocarbons, which presently sup‐
plies over 80% of the primary energy while offering signif‐
icant emission mitigation compared to other technologies 

(Hoffert et al., 2002).
Key to successful CCS implementation is identifying 

geologic formations with sufficient pore space (porosity) 
in which CO2 can be contained for storage and pathways 
connecting these pores (permeability) to enable effective 
CO2 injectionand movement (Eigbe et al., 2022). Charac‐
terizing potential CO2 storage sites is critical to ensuring 
the integrity and safety of a CO2 storage scheme, making 
site selection for a CCS chain critical.

Abandoned hydrocarbon fields, considered uneconomic 
for further production, are suitable sites for CO2 under‐
ground storage. The geological characteristics crucial for 
storage sites are comparable to those used for underground 
storage. The depleted hydrocarbon fields have been exten‐
sively characterized during the exploration and production 
phases, making them suitable for geological storage owing 
to their proven capability to trap hydrocarbon over long 
periods (Ajayi et al., 2019). Numerical models of compara‐
ble underground formations that were previously history-
matched provided insights into the geological environ‐
ment. Wells and infrastructures used for hydrocarbon pro‐
duction from depleted fields could be repurposed for CO2 
injection. Determining optimum injection pressures is impor‐
tant to avoid exceeding the caprock’s pressure limits, which 
could result in CO2 leakage from the abandoned wells, 
especially around the back of well casings. This signifi‐
cantly limits the practical storage capacities of depleted 
reservoirs.

Extensive research has been conducted on the viability 
of CO2 underground storage in depleted hydrocarbon reser‐
voirs worldwide (Zhou et al., 2020; Mkemai and Gong, 
2020; Raza et al., 2017). The studies have shown that depleted 
hydrocarbon reservoirs are well characterized and outlined 
over long periods of research and production. The reser‐
voirs have demonstrated the capability to hold buoyant flu‐
ids, with model outputs indicating that CO2 injection can 
facilitate the production of additional CH4 (Oldenburg et al., 
2001). A review by Eigbe et al. (2023) indicated that injec‐
tivity and trapping mechanisms are significantly affected 
by precipitation (Raza et al., 2017; Shariatipour et al., 2016). 
However, the review found that authors could not correctly 
explain CO2 plume behavior below sealing rocks and, there‐
fore, suggested a more focused approach to investigate this 
phenomenon to validate these predictions.

This study involves reservoir characterization by apply‐
ing a multidimensional method, including compositional 
simulations and analyses of different hydrocarbon compo‐
nents in the Niger Delta basin subsea. This area has not 
been sufficiently studied, possibly owing to the complexi‐
ties involved. The relevance of this approach to reservoir 
characterization lies in the fact that it considers possible 
interactions among other hydrocarbon fluid components 
when CO2 is injected into geological formations for stor‐
age. In essence, these interactions could lead to undesired 

Figure 2　Carbon dioxide storage options (Orr, 2009)

Figure 1　Carbon capture, use, and storage supply chain (Source: 
Rocky Mountain Coal Mining Institute. Atlas iv, 2012)
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leakages during CO2 sequestration. The focus of this study 
is on reservoir characterization through compositional sim‐
ulations of various hydrocarbon components using six wells 
(Koka-01, Koka-02, Koka-03, Koka-04, Koka-05ST1, and 
Koka-05ST2) in the KOKA AA-01 field in the Niger Delta 
as a test case.

2  Background of the geology and CO2 storage 
in the niger delta

2.1  Geological setting of the niger delta

The Niger Delta basin is situated around the Gulf of 
Guinea and covers the entire Niger Delta area (Klett et al., 
1997). The delta prograded southwest from the Eocene to 
the present, creating depobelts that characterize the most 
active areas of the delta during its development stages (Doust 
and Omatsola, 1990). These depobelts developed into one 
of the world’s major regressive deltas, covering approxi‐
mately 300 000 km2 (Kulke, 1995), with a sediment vol‐
ume of 500 000 km3 (Hospers, 1965) and a sediment thick‐
ness exceeding 10 km in the basin depocenter (Kaplan et al., 
1994).

According to Kulke (1995), there is only one recognized 
petroleum system in the Niger Delta: the Tertiary Niger 
Delta (Akata-Agbada) Petroleum System. This system’s 
highest range corresponds with the province boundaries, 
while its minimum extent is defined by the area coverage 
of the oil fields. It comprises identified resources (aggre‐
gate production and proved reserves) totaling 34.5 billion 
barrels of oil (BBO) and 93.8 trillion cubic feet of gas, 
equivalent to 14.9 billion barrels of oil equivalent. Pres‐
ently, most of the oil is found in onshore fields or on the 
continental shelf in waters less than 200 meters deep, pre‐
dominantly in large, relatively simple structures. A few 
giant fields exist within the delta, the largest of which 
comprises just over 1.0 BBO (Petro Consultant, 1996).

The Niger Delta onshore area is described by the geology 
of Southern Nigeria and south western Cameroon. The 
northern border is marked by the Benin flank, an east-
north-east trending hinge line south of the West Africa 
basement massif. The north-eastern border is defined by 
Cretaceous outcrops on the Abakaliki High, extending 
southeast to the Calabar flank, a hinge line adjoining the 
nearby Precambrian terrain.

The offshore section of the Niger Delta area is bounded 
by the Cameroon volcanic line to the east, the eastern bor‐
der of the Dahomey Basin (the easternmost West African 
transform-fault passive margin) to the west, and the 2 km 
sediment thickness contour or the 4 000 m bathymetric con‐
tour in sections where sediment thickness exceeds 2 km to the 
south and southwest. This region spans about 300 000 km2 
and comprises the geologic extent of the Tertiary Niger 

Delta (Akata-Agbada) Petroleum System, as illustrated in 
Figure 3.

2.2  Lithostratigraphy of niger delta

The Tertiary unit of the Niger Delta is divided into three 
formations, characterized by prograding depositional facies 
distinguished primarily based on sand-shale ratios, as shown 
in Figure 4. These formations are documented in different 
papers (Avbovbo, 1978; Doust and Omatsola, 1990; Kulke, 
1995).

The Akata formation at the lower part of the delta is of 
marine origin. It comprises thick shale sequences (poten‐
tial source rock), turbidite sands (potential reservoirs in deep 
water), and minor amounts of clay and silt. Formed from 
the Paleocene to the Recent, the Akata formation devel‐
oped during low stands when terrestrial organic matter and 
clays were transported to deep water areas characterized 

Figure 4　Stratigraphic column of the Niger Delta basin. Modified 
from Doust and Omatsola (1990)

Figure 3　 Geological map showing the Niger Delta and environs 
(Whiteman, 1982)
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by low energy conditions and oxygen deficiency (Stacher, 
1995). The top of the Akata Formation is considered the 
economic basement for oil exploration and production.

The Agbada formation consists of a paralic succession 
of alternating sandstones and shales. The sandstones within 
this formation are the primary reservoirs for oil and gas in 
the Niger Delta (Doust and Omatsola, 1990). The forma‐
tion consists of an alternating sequence of sandstones and 
shales of delta-front, distributary-channel, and deltaic-plain 
origins. The sandstones are medium to fine-grained, clean, 
locally calcareous, glauconitic, and shelly. The shales are 
medium to dark gray, fairly consolidated, and silty with 
local glauconite. In this formation, the sand beds serve as 
the main hydrocarbon reservoirs, while the shale beds form 
the cap rock.

The Benin Formation is composed of continental sands 
from Eocene to Recent deposits. These alluvial and upper 
coastal plain sands can be up to 2 000 m thick (Avbovbo, 
1978). The composition, structure, and grain size of the 
sequence indicate deposition of the formation in a conti‐
nental, probably upper deltaic environment. The age of 
the formation varies from Oligocene (or earlier) to Recent 
(Avbovbo, 1978). The Benin Formation also serves as the 
aquifer in the Niger Delta.

2.3  Necessity for CO2 sequestration in the niger 
delta

Burning fossil fuels has led to the emission of CO2 as 
the main greenhouse gas into the atmosphere. Gas flaring 
and venting produce CO2, methane, and other gases that 
increase the concentration of greenhouse gas (GHG) emis‐
sions, resulting in the depletion of the ozone layer and neg‐
atively affecting the global environment. This contributes 
significantly to global warming and climate change (U. S 
Environmental Protection Agency, 2015). Nigeria is among 
the top countries responsible for 75% of global gas flaring 
emissions, flaring 16% of the total associated gas with a 
conservative estimate of 56.6 million m3 (World Bank, 2004; 
Ishisone, 2004). Global climate change, driven by escalat‐
ing GHG emissions, is one of the most pressing challenges 
of our time. In Nigeria, the rise in GHG concentrations, 
particularly CO2, fundamentally alters the Earth’s climate, 
leading to various adverse effects, including rising temper‐
atures, extreme weather events, and sea-level rise (Masson-
Delmotte et al., 2021). Man-made emissions of GHGs 
have increased by 70% from 29 Gtons of CO2 equivalent 
(GtCO2e) in 1970 to 49 GtCO2e in 2004, with 25.8 Gtons of 
CO2 emissions coming from fossil fuel combustion (OECD/
ITF, 2009). In developing countries like Nigeria, particu‐
larly in Lagos (Nigeria), automotive emissions, power plants, 
factories, and other stationary sources contribute to the 
increase in GHG emissions owing to high levels of traffic 
and industrialization (OECD/ITF, 2009). The Niger Delta, 
covering an estimated area of 75 000 km3, has the largest 

flaring activities, significantly contributing to environmental 
problems such as increased atmospheric temperature (Oseji, 
2007; Sonibare et al., 2008). Over a period of 49 years, gas 
flaring activities in the Niger Delta have emitted an esti‐
mated 4.56×108 tons of CO2 equivalent into the atmosphere, 
corresponding to a yearly emission of 9 315.46 tons in the 
region (Giwa et al., 2014). A consideration of countries 
with high emission levels and sequestration capacity shows 
that some of the greatest CO2 emitters are located in regions 
with substantial sequestration potential. This requires CCS 
initiatives, which will likely begin in regions with large emis‐
sion sources and sequestration potential.

2.4  Geological conditions for CO2 storage

When selectinga suitable geological site for CO2 storage, 
three major conditions must be met: storage capacity, injec‐
tivity, and containment. The selected geological site’s stor‐
age capacity must havea suitable pore pace to accommo‐
date large volumes of injected CO2. This requires the site 
to exhibit excellent porosity and/or cover a substantial area. 
Optimal injectability is achieved when the geological for‐
mation allows for lower wellhead pressures to maintain 
desired injection rates. A high permeability value makes 
the selected geologic formation a good candidate for CO2 
injectivity. Another essential requirement is the presence 
of suitable cap rocks and sealing faults that guarantee that 
they prevent the injected CO2 from escaping to the atmo‐
sphere or leaking into underground water sources. CO2, 
having a lower density than the original brine in place, 
must be contained effectively to avoid leakage.

For successful storage, CO2 should be stored in a super‐
critical state, achieved by compressing it to higher pres‐
sures and temperatures (about 89 °F and 7.4 MPa). In such 
a state, CO2 exhibits the characteristics of a liquid but flows 
like a gas, significantly decreasing the buoyancy disparity 
between the CO2 and in situ fluids (Grobe et al., 2009).

3  Materials and methods

3.1  Primary and secondary variables for the 
system under study

Primary variables determine the system’s thermodynamic 
equilibrium and are typically solved directly during the 
simulation. In this context, the primary variables for this 
study are the following:

1) Pressure (P): The pressure of each phase (oil, gas, 
and brine) in the reservoir.

2) Temperature (T ): The temperature within the reservoir.
Secondary variables are derived from the primary vari‐

ables and provide additional information about the system. 
They are not directly solved in the governing equations 
but are computed from the primary variables. Standard sec‐

547



Journal of Marine Science and Application 

ondary variables in reservoir simulations and CO2 seques‐
tration include phase compositions, pressure gradients, and 
temperature gradients.

Phase compositions: The compositions of each compo‐
nent (oil, water, CO2, and CH4) in each phase (oil, gas, and 
brine) are calculated based on phase equilibrium models or 
state equations.

Saturation: The fraction of each phase (oil, gas, and 
brine) in a specific reservoir volume, calculated based on 
the fluid properties and phase behavior.

Pressure and temperature gradients: Pressure and tem‐
perature slopes in the reservoir are applied to understand 
fluid flow, heat transfer, and pressure variations.

Phase properties: Various thermodynamic properties of 
each phase (density, viscosity, and compressibility) are 
derived from the primary variables using equations of state 
or correlations.

Phase mobility and relative permeability: The mobility 
and relative permeability of each phase depend on the phase 
saturations and are essential for describing flow behavior.

3.2  Determination of independent state variables

The thermodynamic system in this study can be described 
unambiguously by a set of state variables that are indepen‐
dent of each other. To determine the number of indepen‐
dent state variables required to describe the system involves 
applying Gibb’s rule to a non-isothermal three-phase four-
component system (oil, gas, brine, and components: oil, 
water, CO2, and CH4). Gibbs’ phase rule states:

F = C − P + 2 (1)

where F is the degrees of freedom (number of independent 
state variables), C is the number of components in the sys‐
tem, and P is the number of phases in the system.

In the given system, we have: C  =  4 components (oil, 
water, CO2, and CH4), P  =  3 phases (oil, gas, and brine). 
Calculating the degrees of freedom, F = 3.

This indicates hat in a non-isothermal three-phase, four-
component system comprising oil, gas, and brine, and the 
component composition, namely oil, water, CO2, and CH4, 
three independent state variables must be solved to fully 
describe the system. These state variables could be the 
pressure, temperature, and composition (mole fractions) of 
the components in each phase.

3.3  Mathematical relations for primary and 
secondary variables

The mathematical relations utilized to express the phase 
state of the reservoir fluid components and the associated 
primary and secondary variables applied for this study are 
outlined in Table 1. In this table, the phase state “oil phase” 
refers to the presence of only a single oil-rich phase. Simi‐
larly, “gas phase” indicates the presence of only a gas-rich 
phase, while “brine phase” refers to the presence of only a 
brine-rich phase.

Equations of state are critical for forecasting or equating 
the fluid phase behavior in complex systems, such as 
hydrocarbon fluid components in oil and gas reservoirs. 
Successful simulations depend on extrapolating the num‐
ber and the compositions of phases existing at a given pres‐
sure, temperature, and overall fluid composition using Gibbs 
energy analysis of phase equilibria.

Table 1　Primary and secondary variables with phase changes

S/N

1

2

3

4

5

6

7

Phase state

All 3 Phases (Oil, Gas and Brine)

2 Phases (Brine and Gas)

2 Phases (Oil and Brine)

2 Phases (Oil and Gas)

Brine Phase

Oil Rich Phase

Gas Rich Phase

Present component

O, W, CO2, CH4

W, CO2, CH4

O, W

O

W

O

CO2, CH4

Primary variables

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

P, T, Sw , p_i, µ_i, B_i,
cp_i, k_i

Secondary variables (Phase vhanges)

Oil phase 
appearance

K_i, ϕ_i, ∇P, ∇T

nil

nil

x_oil> 0

X o
b ≥ ( X o

b )max

x_oil> 0

X o
g ≥ ( X o

g )max

nil

xgas< 0>x_brine

x_oil> 0

nil

Gas phase 
appearance

nil

x_gas> 0

X g
b ≥ ( X g

b )max

nil

x_gas> 0

X g
o ≥ ( X g

o )max

nil

nil

xoil< 0>x_brine

x_gas> 0

Brine phase 
appearance

nil

X_brine> 0

X b
g ≥ ( X b

g )max

X_brine> 0

X b
o ≥ ( X b

o )max

nil

xgas< 0>x_oil

X_brine> 0

nil

nil
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Regarding fluid saturations or relative permeability, the 
hydrocarbon reservoir can be divided into two regions. 
Single-phase regions represent areas in the P – T diagram 
where each component or phase can exist alone, while 
two-phase regions represent areas where two phases coex‐
ist, typically termed vapor and liquid. It is crucial to note 
that the liquid state may include water and oil, which 
makes it a phase system with fluid mobility determined by 
the critical point. In this study, oil and gas initially exist 
under undersaturated oil conditions and then separate at 
the saturation pressure. The phase diagram generated after 
matching the initial conditions of the fluid in PVTi is 
shown in Figure 5. The critical temperature and pressure 
were estimated as 802.91 °F and 1 570.12 psia, respectively. 
In addition to the injection depth, these vital conditions are 
crucial in designing the CO2 injection and sequestration 
system (Sengul, 2006). To maintain accuracy in the simula‐
tion, a material balance validation is performed on the data 
subsequently.

3.4  Data set and analysis

This study’s major data set is derived from the static 
model for the KOKA AA-01 reservoir. The primary param‐
eters included in this model are grid dimensions, facies, 
zones, horizons, wells, and well tops. The data does not 
include fluid and rock properties like oil-water contact 
(OWC), gas-oil contact (GOC), datum depth, oil PVT, and 
gas PVT. However, it included well logs from five (05) 
wells, well data like their coordinates and deviations, and 
well logs including neuron logs, resistivity, gamma ray, 
and spontaneous potential. Other data utilized in this study 
included contacts, SCAL data, initial pressure/pressure data, 
and separate PVT data. A detailed data set for this study is 
shown in Table 2.

The data from the reservoir static model and the suite of 
separate data, as highlighted above, were analyzed using 
specialized modeling software, Petrel 2022. This software 
provides a transparent correlation canvas that integrates 

various types of data over time. Key features include seis‐
mic data integration, grid data visualization, log data corre‐
lation, core image display, even completions, and simula‐
tion outputs.

3.5  Reservoir fluid compositional analysis

3.5.1 Compositional fluid simulation
The compositional simulation was conducted to under‐

stand the variation in petrophysical properties with depth, 
the hydrocarbon fluid variation with depth, and the distri‐
bution of the petrophysical reservoir model. This simula‐
tion utilized parameters outlined in Tables 3 and 4 and was 
performed using ECLIPSE 300. The hydrocarbon fluids in 
this study comprise both hydrocarbon and non-hydrocarbon 
constituents, ranging from light molecular weight compo‐
nents like CH4 to heavier fractions (Igwe et al., 2020). The 
compositions of these constituents in oil and gas states 
vary owing to specific reservoir conditions like tempera‐
ture and gravity. Understanding fluid behavior at surface 
and reservoir conditions, along with the compositions and 
constituents of reservoir fluids, is critical. This entails rec‐
ognizing the causes and practices influencing fluid behav‐
ior. The above responsibilities could be accomplished 
through reservoir simulation practice, and these will also 
assist in the efficient production of petroleum reservoir flu‐
ids from the reservoir to the ground level.

There is an assumption that compositions of the several 
fluid constituents are similar in all areas around the reser‐
voir system in many compositional reservoir simulation 
operations like this study. Conversely, the assumption of 
constant composition is improper and impracticable because 
it completely ignores the phenomenon of certain less obvi‐
ous physical procedures in some reservoirs, as revealed in 
recent studies. Factors like thermal diffusion, temperature 
variation with depth, gravitational force, and others con‐
tribute significantly to the spreading and variation in hydro‐
carbon fluid compositions within the reservoir (Bogatyrev 
et al., 2015). The compositional variation in the KOKA 
AA-01 reservoir increases variations in fluid characteris‐
tics like molecular weight, density, gas-oil ratio (GOR), and 
saturation pressure (Pedersen and Hjermstad, 2015).

For this study, it is necessary to initialize the existing 
reservoir simulation model with a compositional gradient 
model that sufficiently describes the elements causing the 
compositional gradation in the reservoir system and prop‐
erly calculates in-place volumes and reservoir performance. 
Existing literature shows little application of composition‐
algradient models for reservoir model initialization, with 
the isothermal compositional gradient model being the pri‐
mary compositional gradient model used to achieve this 
goal (Jaramillo and Barrufet, 2001; Vo and Horne, 2015).

Research has shown that relying solely on gravity influ‐
ence and constant temperature theories in isothermal com‐
positional gradient models is inadequate. Temperature vari‐

Figure 5　Phase diagram matching the initial conditions of fluid in 
PVTi
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ations and thermal diffusion also significantly contribute 
to compositional gradations relative to depth in the reser‐
voir (Pedersen and Hjermstad, 2015; Nikpoor et al., 2013). 
Furthermore, few publications exist on reservoir models 
initialized with compositional gradient models (specifically, 
non-isothermal compositional gradient models) that accu‐
rately account for all factors causing compositional gradi‐
ents in hydrocarbon reservoirs. This gap in knowledge 

Table 3　Reservoir parameters

Parameter

Initial reservoir pressure (psia)

Reservoir temperature (℉)

Range of porosity values

Mean porosity

Average permeability value (mD)

Maximum number of wells

Maximum number of separators

Grid dimension (ft3)

Total grids cells

Reservoir crest (ftss)

OWC (fts)

Hydrocarbon column (ftss)

Value

4 056

177

0.11–0.27

0.21

1 111.0

0

5

50×42×63

132 300

9 238

9 314

76.0

Table 2　List of data and validation procedures

S/N

1

2

3

4

5

6

7

8

File

Static Model

GRID

PVT Data

Well Data

Contacts

SCAL Data

Initial Pressure/ 
Pressure Data

Production 
History Data

Remark

The entire geologic model 
can help confirm the given 

input data in PETREL.

The ASCII format is 
preferable

Reservoir Formation Test if 
available will suffice

Well Logs, etc

OWC/GOC logged from 
respective wells

Relative Permeability and 
Capillary Pressure

Example, 30 years of Oil 
and Gas production up to 
depleted (mature stage). 

With/Without CO2 
Recovery.

Format

ASCII (*GRDE 
CL) and BINARY 
(*GRID, *EGRID) 

formats.

PDF or EXCEL

ASCII or EXCEL

ASCII or EXCEL

Any of ASCII, 
EXCEL, and PDF

ASCII or EXCEL

Parent folder

PG

Same as 
1 above

RE

PP

PP

RE

RE

PT

Provided as

1. KOKA Petrel 
Project.ptd

2. KOKA Petrel 
Project.pet

Same as 1 above

KOKA.PVT.xlsx

Koka-001.asc, 
Koka-002.asc, 
Koka-003.asc, 
Koka-004.asc, 
Koka-005.asc,

Koka Reservoir 
Average.xlsx

1 Koka_SCAL_
Kr_PC.xlsx

KOKA.PVT.xlsx,
Koka_Production_

Pressure.xlsx

Koka_Production_
Pressure.xls/
Koka Well 
Production

Validation

Was loaded into Petrel and 
model confirmed.

Same as 1 above

1. Conclusively validated by 
Model Initialization

2 Indicates crude is 
undersaturated Oil

3 Indicates Initial Pressure, 
Pi@4056 psia

Loaded in a separated model 
and still confirmed in the 

given static model

To be loaded in PETREL, 
and ECLIPSE as a final 

confirmation

Loaded in PETREL, and 
ECLIPSE as and confirm to 
have different classes of Rel 
Perm endpoint for Oil/Water.

Validated during 
initialization in Petrel and 

Eclipse

To be loaded in PETREL and 
ECLIPSE as a final 

confirmation.

Table 4　Initialized volume of reservoir fluids

Fluid Component

Oil (Res Vol) (fb)

Water (Res Vol) (rb)

Gas (Res Vol) (rb)

Water (Surf Vol) (stb)

Oil (wrt separator) (stb)

Gas (wrt separator) (Mscf)

Value

0

9 374 013.1

51 854 046

9 477 775.2

1.897 465 2×108

0
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highlights the need for advanced modeling approaches. 
Consequently, this study utilizes the compositional gradi‐
ent models, which sufficiently account for the discrete and 
mutual resultant effects of thermal diffusion, gravitational 
forces, and temperature gradients, to initialize reservoir 
simulation models.

3.5.2 Equation of state for hydrocarbon mixtures
A classic hydrocarbon consists of millions of individual 

components. The equation of state used to model the phase 
behavior of this mixture utilizes values for parameters A 
and B.

For instance, the Peng-Robinson equation of state is stated 
as follows:

P =
RT

V − B
+

A
V ( )V + B + B ( )V − B

(2)

This reservoir simulation approach uses about four com‐
ponents and pseudo-components to describe the mixture. 
Each component has associated values for Tc, Pc, Vc or Zc, 
ω, Ωa , and Ωb. Additionally, binary interaction coefficients 
δij, which modify the forces among component pairs, must 
be determined during fluid description analysis. The quan‐
tified parameters are normally considered fixed for pure 
components like nitrogen or CH4. However, to ensure that 
the estimated phase aligns with experimental data, the 
residual component factors need to be changed. This phase 
behavior equilibration practice is conducted using the PVT 
i software (Chang et al., 1998).

The next step involves applying ECLIPSE 300 to define 
the volume of liquid and phase compositions in a single 
grid at equilibrium. ECLIPSE 300 employs linear, non-
linear (Newton), and flash programs to achieve a con‐
verged solution. After each time step, the output for every 
grid block comprises oil and gas saturations, water, pres‐
sure, and oil mole fractions of each component in the liq‐
uid and vapor phases, and liquid and vapor molar fractions.

A stability test was carried out to determine the number 
of hydrocarbon phases present. If three hydrocarbon phases 
are identified, as is applicable in this study, K-values, Ki, 
are assigned to each component, i.

These values are either derived from the former itera‐
tion or obtained using Wilson’s formula:

Ki =
e
é

ë

ê
êê
ê ù

û

ú
úú
ú5.37 ( )1 + ωi ( )1 − 1

Tri

Pri

(3)

Then, given zi and Ki, ECLIPSE 300 solves the flash 
equation to produce the molar portion of vapor, V. The 
flash equation solved by ECLIPSE 300 is as follows:

g (V ) = ∑
i = 1

Ncomps zi( )Ki − 1

1 + V ( )Ki − 1
= 0 (4)

ECLIPSE 300 solves this equation to obtain the mole 
portions of every component in the liquid and vapor phases:

xi = zi / [ ]1 + V ( )Ki − 1 , i = 1, 2, ⋯, Ncomps (5)

yi = ( )Ki zi / [ ]1 + V ( )Ki − 1 , i = 1, 2, ⋯, Ncomps (6)

Applying these mole fractions, the Peng-Robinson equa‐
tion of state could be stated as a cubic equation of the com‐
pressibility factor Z:

Z 3 − Z 2(1 − b) + Z (a − 3b2 − 2b) − (ab − b2 − b3 ) = 0

(7)

where Z is defined by Z =
PV
RT

, and the two remaining 

parameters are defined by:

a =
AP

R2T 2
(8)

b =
BP
RT

(9)

The solution of this above cubic equation is given in a 
two-phase region with three real roots. The largest root 
represents the compressibility factor of the vapor phase, 
and the smallest positive root indicates the compressibility 
factor of the liquid phase. The ECLIPSE 300 iteration uses 
these compressibility factors to calculate the fugacity of 
every component in the liquid and vapor phases (Chang et al., 
1998).

3.6  Model initialization

The initialization of the reservoir using equilibration 
was conducted with the ECLIPSE 300 tool. The primary 
goal of this initialization was to determine the initial condi‐
tions in the model and ensure that the reservoir reached 
hydrostatic equilibrium before starting the simulation. The 
reservoir model was successfully initialized, with all fluid 
properties at static equilibrium, indicated by an oil mobility 
ratio of zero. The simulation also provided the initial val‐
ues of the oil and gas originally in place. Dynamic models 
are standard tools in reservoir engineering for generating 
production profiles and carrying out robust reservoir char‐
acterization. Constructing and initializing 3D dynamic res‐
ervoir models is challenging owing to the complex prereq‐
uisites, which involve using subsurface data across differ‐
ent scales (rock and fluid) and iterative algorithms h. Proper 
initialization is critical for 3D dynamic reservoir models to 
accurately distribute the reservoir fluid and estimate the 
original hydrocarbons in place.

The first run of the initialization process aims to identify 
data entry errors. This step determines the pressure, fluid 
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saturation distribution, and fluid volumes in place for dif‐
ferent fluids inside the reservoir. The results of this initial 
run will guide the subsequent steps in the 3D dynamic 
modeling process. A good definition of the reservoir rock 
types is necessary to develop proper saturation distribution 
at the model’s initial conditions. Processes related to model 
initialization processes include rock typing, model grid 
design (Guo et al., 2007), and incorporating additional data 
such as fluid contacts, fluid properties (PVT), capillary 
pressure profiles, reservoir thickness, and relative permea‐
bility curves. The efficiency of a hydrocarbon reservoir 
simulator is determined by how dependable the initializa‐
tion process is, which is controlled by the quality of the 
reservoir modeling and its realization (Yemez et al., 2013). 
The Standard assessments of initialization ensure accurate 
volumetric distributions of fluids around the grid cells that 
represent the reservoir at its initial condition and anticipated 
hydrostatic equilibrium (Carlson, 2006).

This study demonstrates an approach based on a dynamic 
model for characterizing depleted hydrocarbon in the 
Niger Delta area for CO2 underground storage.

3.7  Reservoir characterization

This study involved the characterization of reservoir prop‐
erties to assess the feasibility of carbon sequestration, 
emphasizing storage capacity and injectivity. This involved 
evaluating the reservoir capacity to receive the projected 
volume of CO2 and its ability to allow CO2 injection at the 
rate provided by the CO2 emitters. This assessment was 
based on data obtained from well logs prior to implement‐
ing these practices:

1) Wireline logs, consisting of resistivity logs, neutron 
logs, gamma-ray logs, and spontaneous potential logs, were 
applied to determine the rock type and reservoir delineation.

2) In addition to other experimental relationships, data 
from the analyzed well logs aided in quantitatively describ‐
ing important reservoir properties.

3.7.1 Calculation of reservoir storage capacity
Estimating the theoretical storage capacity of CO2 for 

sequestration is crucial for determining the amount of CO2 
that can be sequestered in a hydrocarbon reservoir (Ojo 
and Tse, 2016). In this study, the storage capacity of the 
KOKA AA-01 reservoir is estimated according to methods 
outlined by NETL (2007) and Davis et al. (2018):

MCO2
= A × hn × ϕe × (1 − Sw ) × Bo × ρCO2

× E (10)

where MCO2
 is the mass estimate of the underground reser‐

voir CO2 storage capacity, megaton (MT); A is the area of 
reservoir accessed for CO2 storage capacity estimation, 
km2; hn is the average thickness of the reservoir column, 
km; ϕe is the average porosity over net thickness hn (ratio 
of effective reservoir porosity to hn); Sw is the average 

water saturation within the reservoir; B0 is the volume fac‐
tor of the reservoir, converting standard oil/gas volume to 
subsurface volume at reservoir pressure and temperature; 
ρCO2

 is CO2 density calculated at pressure and temperature 

representing storage conditions in the reservoir, kgm−3; E 
is the storage efficiency factor, reflecting the fraction of 
the total pore volume from the reservoir that can be occu‐
pied by CO2.

To apply this estimation in a 3D geo-cellular model, the 
equation was modified to ensure that the calculation of 
CO2 storage mass was directly on discrete cells. This ensures 
that the CO2 approximations can be put together to gener‐
ate CO2 storage mass estimations.

3.7.2 Reservoir porosity estimation
Porosity estimation from density logs provides improved 

estimations for in situ porosity values for reservoirs within 
the Niger Delta basin (Davis et al., 2018). In this study, 
porosity estimations are derived from the density logs using 
the method defined by Krygowski (2003):

ϕD =
ρma − ρb

ρma − ρfi

(11)

where ϕD is the density log-derived porosity; ρma is the matrix 
density of sandstone, 2.69 gcm−3; ρb is the formation bulk 
density from the density log, gcm−3; ρfi is the fluid density 
of oil contained in drilling mud, 0.75 gcm−3.

Several correlations have been established for estimat‐
ing the CO2 density. A conventional approach was devel‐
oped by Bahadori et al. (2009) for calculating CO2 density 
within a specific range of temperatures (293–433 K) and 
pressures (25–700 bar). Ouyang (2011) developed a method 
for estimating the density of supercritical CO2 in situations 
that are appropriate for carbon geological storage:

ρCO2
= a0 + a1 p + a2 p2 + a3 p3 + a4 p4 (12)

a1 = bi0 + bi1t + bi2t2 + bi3t3 + bi4t4 (13)

for i = 0, 1, 2, 3, and 4, where ρCO2
 is the density of carbon 

dioxide, kgm−3; a0 − a4 is the correlation coefficients (as 
defined by Equation (5)); P is the pressure (1 070.38 psi); 
T is the temperature (31.1 ℃ ); bi0–bi4 is the correlation 
coefficients (as defined by Table 5)

Table 5　 Value of bif coefficients in Equation (5) for pressures 
below 3 000 psi (Ouyang, 2011)

i

0

1

2

3

4

bi0

−2.15×105

4.76×102

−3.71×10−1

1.23×10−4

−1.47×10−8

bi1

1.17×104

−2.62×101

2.07×10−2

−6.3×10−6

−8.34×10−10

bi2

−2.30×102

5.22×10−1

−4.17×10−4

1.41×10−7

−1.70×10−11

bi3

1.97

−4.49×10−3

3.62×10−6

−1.23×10−9

1.50×10−13

bi4

−6.18×102

1.42×10−5

−1.16×10−8

3.95×10−12

−4.84×10−16
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3.7.3 Calculation of reservoir injectivity
Injectivity describes the ability of a geological forma‐

tion to accept injected fluids or gases, which is crucial for 
evaluating a prospective carbon sequestration reservoir. 
Adequate permeability ensures that CO2 can flow out more 
readily into the porous media.

Comparative to irreducible water saturation and porosity, 
the vertical permeability, kv , in this study is determined 
based on the experimental relationship outlined by (Owolabi 
et al., 1994) as

kv (mD ) = 307 + (2 655 × ϕ2 ) − (34 540 × ϕ × S 2
wirr ) (14)

where ϕ and Swirr represent the porosity and irreducible water 
saturation of the reservoir the reservoir area. Porosity is 
calculated as explained in Equation (6). Irreducible water 
saturation refers to the portion of the pore space that remains 
saturated with water when the reservoir reaches maximum 
hydrocarbon saturation (Torskaya et al., 2007). In this study, 
the minimum water saturation in the reservoir area is accepted 
as the irreducible water saturation.

3.7.4 Near critical oil and gas relative permeabilities
Inhydrocarbon compositional modeling, a cell can directly 

transition from an oil phase to a gas without passing through 
a sequence of intermediary saturations, which can cause a 
sudden jump in relative permeability. To prevent this dis‐
continuity, the relative permeabilities of oil and gas are 
carefully defined and inserted as follows: Consider a sys‐
tem with moveable hydrocarbons, originally in an oil phase. 
When gas injection occurs, the impact is to change the 
phase envelope toward the left, potentially passing the sys‐
tem’s critical temperature through the reservoir tempera‐
ture (Figure 6).

The hydrocarbon relative permeability is Kro if the sys‐
tem remains in the oil phase, and Krg if the system transi‐
tions to the gas phase, for arbitrary Sw. To achieve this, a 
water-hydrocarbon relative permeability is used for single-
phase hydrocarbon states. Oil-gas and gas-oil relative per‐
meabilities are especially important when the oil and gas 
phases exist. This permeability needs to be user-defined. 
Krh should correspond to Kro when the composition is oil-

like, and to Krg when it is a gas-like. To facilitate the inter‐
polation between these two values, a pseudo-critical tem‐
perature Tcrit is defined using the Li correlation as follows:

Tcrit =
ΣjTcjVcj Zj

ΣjCcj Zj

(15)

Then, f is defined as:

f =
Tcrit

Tres

(16)

f will be unity when the reservoir temperature Tres equals 
the critical temperature but becomes greater than 1 for an 
oil phase when Tcrit > T > Tres and less than 1 for a gas phase. 
To interpolate between oil-like and gas-like compositions, 
specific values are chosen where the system is regarded 
completely as oil or gas. For instance, fo = 1.25 and fg = 
0.75 represent oil-like and gas-like states, respectively. With 
these values, an interpolating function is defined as follows:

E =
f − fg

fo − fg

(17)

In the region fg < f < fo, f ranges between 0 and 1. Specif‐
ically, f is 0 when the system is gas-like (f < fg) and 1 when 
the system is oil-like (f > fo). This transition is achieved 
through a linear interpolation. The hydrocarbon-water rela‐
tive permeability is then defined as follows:

Krhw = EK u
row + (1 − E2 ) K u

rgw (18)

where K u
row and K u

rgw are the user-input oil and gas relative 
permeabilities in water, with their endpoints scaled, to 
force the endpoints of Krhw to vary between those of K u

row 
and K u

rgw as E changes. This is used for both oil and gas 
phases. A cell will transition from an oil-filled to a gas-
filled state when Tcrit passes Tres, but the change from Krgw 
will be continuous (Chang et al., 1998).

4  Analysis of results

4.1  Discussion of the data validation

The data validation is discussed below with respect to 
the static model, fluid parameter, well data, contact, Scal/Pc, 
and other data:

1) Static model: This was successfully loaded into Petrel, 
with the grid dimensions confirmed as (X: 50, Y: 42, Z: 63) 
using Cartesian corner point geometry. The model included 
facies, zones, horizons, wells, and well tops but lacked fluid 
and rock properties such as OWC, GOC, datum depth, 
PVTO, and PVTG, which were supplied as extracts in sep‐
arate directories. The wells in the static model, as shown 

Figure 6　Effect of gas injection
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in Figure 7, indicated their positions, contours (part of the 
grids), and fault lines (black lines) without their well tops. 
Figure 8 shows the six wells with their well tops and well 
logs, indicating that the well tops and horizons correspond 
to zones of interest since these perforations target these points 
to flow the hydrocarbon fluids from the reservoir through 
the wells.

2) Fluid parameters: The oil PVT or PVTO parameters 
were tabulated, including GOR (MSCF/STB), pressure 
(psi), oil formation volume factor, Bo (RB/STB), and oil 
viscosity (cP). The formation volume factor Bo decreases 
with increasing pressure up to the initial reservoir pressure 
of 4 056 psi at specified GOR values, while oil viscosity 
Cp increases with increasing pressure up to the initial reser‐
voir pressure up to the same level (Figure 9). Similarly, the 
gas PVT or PVTG parameters were included but without 
GOR. These values were loaded into Petrel, and the quality 
was checked. The FVF (Bo) and cP (V ) plots for the live 
oil PVT properties demonstrated similar trends to the plots 
for the dry gas PVT properties (Figure 10). The software 
has built-in capability to confirm data validity. For exam‐
ple, it will warn the user if the parameters are not decreas‐
ing in the right order. Finally, the data was plotted and 
viewed to confirm accuracy.

3) Well data: Six wells supplied as Koka-01, Koka-02, 

Koka-03, Koka-04, Koka-05ST1, and Koka-05ST2, were 
successfully loaded into Petrel and inspected.

4) Contacts: OWC and oil up to were identified at 9 413 ft 
and 9 242 ft, respectively. The OWC was added as an ini‐
tial condition at a datum of 6 500 ft. Since the GOC was 
not supplied, it was estimated and set at 6 500 ft during 
initialization, following the recommendation of the Petrel 
software.

5) SCAL/Pc: Relative permeability data was provided 
in various classes matching six groups of porosities rang‐
ing from 0.11 to 0.27, with a mean of 0.21. Each class con‐
tained 30 rows of data. These groups are useful for end‐
point scaling, which assigns saturation functions to differ‐
ent regions. For this task, only class 6 data were loaded 
and plotted in Petrel and confirmed to be accurate at this 
stage.

In this case, the plots show that the nonwetting phase 
relative permeability curve is “S”-shaped, with the nonwet‐
ting phase starting to flow at the comparatively low satura‐
tion (Figure 11). By contrast, the wetting phase’s compara‐
tive permeability curve is concave upward, starting to flow 
at a comparatively high saturation (Figure 12). However, 
relative permeability functions are complex entities and 
often require iterative modifications to match desired results 
during engineering simulations. In this regard, a correla‐
tion with the appropriate equation in the Petrel software 
may be required to produce values for relative permeability 
for the simulation process.

Figure 7　Static model showing six wells lacking well tops

Figure 9　Dry Gas PVT properties with no vaporized oil

Figure 8　Static model showing six wells containing well tops and 
logs

Figure 10　Live oil PVT properties with dissolved gas
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6) Other data: Other quality-checked data included the 
initial pressure, which was used as reference pressure for 
the PVT properties and initial reservoir contacts.

The reservoir under study is named AA-01. At this 
stage, the production history data has not been loaded or 
confirmed.

7) Initialization: To validate our data further and set a 
standard background for future simulations, the reservoir 
was initialized using equilibration to determine its initial 
conditions and ensure hydrostatic equilibrium before the 
start of the simulation. The time-dependent properties that 
were defined include pressure (P), phase saturations (Sw, 
So, Sg), and solution gas-oil ratio (Rs). The initialization 
started with black oil initialization, followed by compo‐
nent model initialization.

During this process, no wells are required as the simula‐
tion proceeds. The reservoir model was successfully initial‐
ized, and it was noted that all fluid properties were at static 
equilibrium, indicated by an oil mobility ratio of zero. 
(Figure 13). The simulation also provided initial estimates 
of the oil and gas originally in place. The final phase of 
the initialization process will involve compositional fluid 
initialization of various hydrocarbon compositions.

Reservoir pressure and temperature conditions signifi‐
cantly influence the storage capacity of supercritical CO2 
(Qi et al., 2010). When the supercritical condition is reached, 

CO2 attains a high density and gas-like viscosity, enhanc‐
ing the utilization of total pore space and mobility around 
the reservoir (Ketzer et al., 2012). CO2 is generally stored 
in a supercritical phase; the density of stored CO2 was 
appraised at a minimum supercritical temperature (31.1 ℃) 
and pressure (1 070.38 psi), providing an estimate of mini‐
mum density for supercritical CO2 of 154.31 kgm−3. Litera‐
ture (Hojjati et al., 2007) indicates that these values range 
within densities ranging from 79.08 to 996.16 kgm−3 for 
supercritical CO2 at supercritical temperatures and pressures.

4.2  Storage capacity and injectivity determinations 
for KOKA AA-01 reservoir

The geological storage prospect of the reservoir, specifi‐
cally in terms of reservoir capacity and injectivity, has 
been quantitatively studied. To achieve this, valuable pet‐
rophysical measurements were assessed using information 
acquired from the well logs.

4.2.1 Reservoir capacity
The calculated porosity values of the reservoirs range 

from 12% to 25%, signifying that the reservoir sands are 
of excellent quality (Figure 14). This suggests that the reser‐
voir has a good storage capacity for CO2 sequestration, as the 
sequestered CO2 is intended to replace the depleted voids 
in the reservoir. The available storage space in a depleted 
reservoir depends on the spore volume previously occu‐
pied by the produced hydrocarbon and the compaction of 
the pore spaces. The major lithologies encountered in the 
reservoir units are sand and shale, which indicates that the 
lithology is within the Agbada formation (Figure 19). In 
this study, interactive petrophysics and Microsoft Excel 
were used to estimate the quantity of CO2 that could be 
stored in the reservoirs. At the same time, some petrophysi‐
cal properties were taken out from the well logs, analyzed, 
and quantitatively established to explain very important 
properties that could help assess the carbon geological stor‐
age capacity of the reservoir. According to relevant litera‐
ture (Bachu et al., 2007; Ojo and Tse, 2016), parameters 
such as the density of the CO2 to be stored, average porosity, 
and water saturation of the reservoir are essential for esti‐

Figure 12　Relative permeability curve (Water/oil saturation functions)

Figure 11　Relative permeability curve (Gas/oil saturation functions)

Figure 13　Initialized black oil model
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mating the quantity of CO2 that can be stored in a prospec‐
tive geological site and for describing the promising stor‐
age site adequately.

Geological carbon storage capacity estimates the maxi‐
mum volume of CO2 that can be stored in porous media. 
The approaches used for estimating geological carbon stor‐
age capacities differ based on the specific set-up of the 
geologic formation to be utilized for storage. All methods 
begin with estimating the pore spaces available for CO2 
injection based on established volumetric theories.

The total pore volume available for CO2 storage can be 
determined by assuming that all the pore space created by 
the produced oil and gas is filled by CO2. This is achieved 
by applying the following inputs:

• reservoir temperature
• the characterized PVT parameters of the reservoir fluids
• recharge to initial pressure.
This calculation provides the CO2 storage capacity, con‐

sidering the overall aggregate hydrocarbon production till 
the end of production from the reservoir.

4.2.2 Reservoir injectivity
The estimated permeability distribution shows an aver‐

age value of 1 111.0 mD for the reservoirs within the study 
area (Figure 15). This range of permeability value is suffi‐
cient to enhance injectivity for CO2 geological storage in 
the region. The entire reservoir exhibits excellent flow 
capability, which is crucial for a geological sequestration 
system to possess sufficient injectivity for the project scale. 
The ease with which CO2 can be injected into the reservoir 
is referred to as the permeability, and this permeability and 
thickness of storage media are connected to the injectivity 
(Ambrose et al., 2008). During site selection and descrip‐
tion for CO2 geological storage, injectivity is a critical fac‐
tor. It controls how fast stored CO2 is injected into the geo‐
logical formation, affecting the overall cost of the storage 
operation by indicating that a smaller number of wells will 
be required for the scheme (Metz et al., 2005).

Reservoir pressure also plays a significant role in explain‐
ing the injectivity of the reservoir (Xie et al., 2016). The 
rate at which fluid is pumped in or out of a reservoir is sig‐

nificantly affected by reservoir pressure, as established by 
Birkholzer et al. (2009) and Mathias et al. (2009). By describ‐
ing porosity and permeability, the injectivity of a geologi‐
cal formation for CO2 sequestration (Xie et al., 2016) can 
be sufficiently characterized. According to the International 
Energy Agency (2009), the reservoir in the study area pos‐
sesses adequate injectivity to permit CO2 sequestration, 
relying on the results of this study.

4.3  Compositional simulation analysis

The compositional simulation was conducted to estab‐
lish the petrophysical property variation with depth, the 
hydrocarbon fluid variation with depth, and the petrophysi‐
cal reservoir model distribution. The parameters in Tables 3 
and 4 were applied to run the compositional simulation 
using ECLIPSE 300.

4.3.1 Variation in fluid components with depth
The results of the simulation showing the compositional 

variation in hydrocarbon fluid components with depth are 
shown in Tables A.1 –  A.3 of Appendix A. These tables 
indicate the composition of the hydrocarbon fluid compo‐
nents CO2, H2O, NaCl, and CH4 in both the oil and gas 
phases, as well as the total composition. The compositions 
of CO2, H2O, NaCl, and CH4 in oil and gas, including the 
total composition, are 0.000 00, 0.910 19, 0.074 0, and 
0.015 00, respectively. These consistent values indicate a 
single phase, and the results obtained for the compositional 
components show that the reservoir is at static equilibrium.

4.3.2 Petrophysical properties model distribution
Applying a fully implicit simulation technique in 

ECLIPSE 300 generated the representative saturation table 
(Table A.4 in Appendix A). At static equilibrium, the repre‐
sentative petrophysical reservoir distribution models for 
the gas-oil ratio (MSCF/STB), pressure, and initialized res‐
ervoir cell structure are shown in Figures 16, 17, and 18. 
Determining whether the validated system-level model is 
suitable for its planned usage involves technical and non‐
technical requirements (Thacker et al., 2004).

The GOR is described by the relationship GOR=Vg /Vo, 
where Vg and Vo represent the volumes of gas and oil pro‐

Figure 14　Porosity distribution

Figure 15　Permeability distribution
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duced at the surface under standard conditions. The GOR 
distribution, which indicates the quantity of gas (“scf  ”) 
that comes out of solution to the quantity of oil at standard 
conditions, is shown in Figure 16.

The compositional study results show that the GOC and 
water-oil contact are the same, suggesting a single-phase 
fluid at reservoir conditions. The fluid composition in both 
oil and gas phases is identical, indicating a single phase. 
This study also reveals a single gas phase at the reservoir 
conditions driven by the absence of the GOC, while the oil 
phase becomes evident at surface conditions. The pressure 
variation with reservoir depth is relatively constant under 
static equilibrium, with values ranging from 4 025.6 psia 
to 4 101.1 psia. This was an outcome of initializing the res‐
ervoir model with an undersaturated pressure of 4 056 psia.

The pressure distribution for the KOKA AA-01 reser‐

voir is shown in Figure 17. The available PVT data com‐
bined with a comprehensible analysis of the different data 
types allows for a qualitative examination of reservoir fluid 
distribution. A two-phase region of fluid will emerge when 
the pressure falls below the saturation pressure, preventing 
the attainment of an original fluid sample. PVT parameters 
are essential during reservoir characterization to define the 
oil and gas phases. Therefore, when the formed pore vol‐
ume mixture is at a single phase (either gas or oil), maxi‐
mum stock tank oil (STO) recovery is achieved during pro‐
duction. In a two-phase mixture (i. e., cell pressure below 
the saturation pressure of the total mixture), PVT parame‐
ters will control the comparative motion of each phase 
present (from phase volume—i. e., phase saturation and 
viscosity), and the amount of STO transported in each 
phase (Baghooee et al., 2021).

The density and saturation distributions, along with the 
relative permeability plots at static equilibrium required 
before CO2 injection into the initialized reservoir for seques‐
tration, are shown in Figures B.1  – B.7 of Appendix B, 
respectively. After initialization, a stability run was per‐
formed to ensure the model was thermodynamically sta‐
ble. Furthermore, the model output, such as density distri‐
bution, saturation, and compositions, accurately represents 
the area and vertical variations across the field. The out‐
put, which represents the depth and composition variation, 
is then used to initialize the full field model to evaluate the 
field condition for CO2 sequestration (Figure 18).

The porosity distribution was reasonably good across 
the 3D grid, with notably good porosity distribution around 
Well 1 (Figure 14). In measuring total porosity, both void 
spaces and the whole matrix are considered, regardless of 
whether they are effective or ineffective. When the pore 
spaces are relatively connected, they are described as an 
effective porosity, accounting for the free-flowing fluid. 
The modeled porosity distribution map shows that the spatial 
variation in porosity values ranges between 12% and 25%, 
indicating that the reservoir is suitable for CO2 sequestration.

The permeability distribution model generated in this 
study demonstrates good lateral continuity of high perme‐
ability values within the grid block, with an average per‐
meability value of 1 111.0 mD (Figure 15). Relative per‐
meability is among the most valuable physical parameters 
for carrying out compositional simulations. The initial rela‐
tive permeability curves of this reservoir flow simulation 
(Figure B.6 of Appendix B). This adjustment was neces‐
sary because relative permeability curves obtained from 
laboratory floods typically represent a much smaller scale 
than the drainage area of a well. Therefore, model were fre‐
quently modified during the compositional laboratory-
obtained relative permeability curves often do not accu‐
rately represent multiphase flow at the reservoir scale. To 
address this, endpoint scaling was developed to generate 
relative permeability and capillary pressure curves based 

Figure 16　Gas-oil ratio distribution

Figure 18　Initialized model

Figure 17　Pressure distribution
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on a set of input curves, reducing the input data required to 
properly model the multiphase flow behavior and allowing 
adjustments to the saturation (Igwe et al., 2020). The capil‐
lary pressure curves for the KOKA AA-01 reservoir are 
shown in Figure B.7 of Appendix B. The average values 
obtained from the primary and secondary petrophysical 
model distributions indicate that the depleted KOKA AA-01 
reservoir is a good candidate for CO2 sequestration.

4.4  Correlated KOKA AA-01 reservoir well logs

The correlated logs in Figure 19 start from the far left, 
or track 1, with depth measured in standard true vertical 
depth (SSTVD) in feet. The other tracks (from the left) 
include gamma-ray (GR), resistivity (RT), and density (DT). 
The zone of interest (pay zone) lies between horizons 
AA-01 at 9 250 ft and AA-01B at 9 350 ft.

In track 2, the GR log response represents the difference 
between the lower GR values of sand (marked yellow) and 
the higher values of shale (marked brown). This GR varia‐
tion is evident throughout all five wells.

Through the sandstone formation, the resistivity mea‐
surements in track 3 are color-coded: red for deep values, 
light blue for medium values, and deep blue for shallow 
values. Resistivity is notably higher in hydrocarbon zones 
compared to water-saturated zones in the lower part of the 
sand. There is a mix of medium resistivity in water-saturated 
zones of the sandstones across the wells and consistent shal‐
low resistivity in the shaly formations. Wells KOKA-
05ST2, KOKA-01, and KOKA-04 show the highest resis‐

tivity at the upper end of the zone of interest, while the 
remaining two wells (KOKA-03, KOKA-02) both indicate 
shallow resistivity or water-saturated zones. Neutron porosity 
and bulk density (last tracks) offer porosity measurements. 
Figure 19 Correlated well logs for five wells of the KOKA 
AA-01 reservoir.

Around hydrocarbon-bearing areas, the split of the curves 
differs based on the type of fluid encountered.

Reservoir-seal pairs are crucial for the site selection pro‐
cess. Reservoirs offer storage space, while seals provide 
vertical containment owing to their low permeability. The 
quality of the reservoirs and seals is evaluated by the rock 
type of the basin fill and its stratigraphy. The well-log corre‐
lation shows that the pay zone comprises various reservoir-
seal pairs. Seal zones are characterized mainly by very low 
permeability shales, making them good candidates for 
sequestering injected CO2.

The study also confirmed the suitability of the reservoir 
in terms of depth, as the top of the sand is located at about 
9 300 ft, which is deeper than the minimum of 2 624.67 ft, 
as estimated by Hasbollah and Junin (2015). The data pro‐
vided for well correlation analysis utilizing gamma-ray 
logs and the reservoirs are laterally widespread all over the 
area of study with low permeable cap rock present. These 
factors make the study area a potential site for the geologi‐
cal storage of significant CO2 amounts. Studies conducted 
by Eigbe et al. (2023) and Yahaya-shiru et al. (2020) have 
shown that for large-scale CO2 underground storage to be 
viable, a laterally widespread reservoir and thick sealing 
rock must be available.

Figure 19　Correlated well logs five wells of the KOKA AA-01 reservoir
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5  Conclusions

The systematic initialization procedure and associated 
issues advance the collaboration between static and dynamic 
models, aiding in modeling reservoir dynamics to achieve 
satisfactory simulation results for CO2 sequestration. This 
study set out to establish the geo-sequestration potential 
of depleted geologic reservoirs in the Niger Delta, focus‐
ing on reservoir capacity and injectivity. Data (well-log 
suits and 3D seismic data) from the depleted KOKA 
AA-01 reservoir have been analyzed. The estimated poros‐
ity values ranged from 12% to 25%, with an average per‐
meability value of 1 111.0 mD. These factors contributed 
to determining the storage capacity and injectivity of the 
reservoir under investigation. The results of this study indi‐
cated that the KOKA AA-01 reservoir has sufficient stor‐
age capacity and injectivity to support CO2 sequestration 
effectively.

The compositional analysis of the reservoir fluid pro‐
vides concise and detailed formation properties relative 
to depth. These plots allow interpreters to recognize dif‐
ferent rock types, distinguish between reservoir and non-
reservoir rocks, and rapidly identify pay zones in under‐
ground formations. The advantage is that the formation 
properties, such as porosity, permeability, pressure, and 
reservoir fluid saturations, can be viewed with depth. The 
reservoir distribution model shows that the reservoir under 
study has good potential for CO2 sequestration.

Furthermore, the compositional reservoir simulation 
captures the interplay of components and compositions 
within the reservoir, especially under the supercritical 
condition of the injected CO2. Results from this composi‐
tional analysis of the different hydrocarbon fluids (H2O, 
CO2, NaCl, and CH4) and the petrophysical model distri‐
bution show that the KOKA AA-01 depleted hydrocar‐
bon reservoir is an appropriate site for CO2 storage. Key 
reservoir petrophysical properties such as water satura‐
tion, porosity, and density of supercritical CO2 at super‐
critical temperature and pressure were used to estimate 
the reservoir’s storage capacity. The volume estimation 
shows that the reservoir has enough capacity to store seques‐
tered CO2.

Additionally, a detailed well-log analysis using data from 
five wells in the study location estimated the top of the 
sand depth at 9 300 ft, which is significantly deeper than 
the estimated minimum value of 2 624.67 ft. This suggests 
that the study location has a strong potential to hold the 
injected CO2. However, this result was determined qualita‐
tively. To achieve a more quantitative geologic character‐
ization of a prospective CO2 storage site, it is necessary to 
adequately quantify the containment prospect of the stor‐
age location, possibly through a geo-mechanical stability 
analysis of CO2 storage in geologic reservoirs in the Niger 
Delta basin.

Appendix A: Additional results
Table A.1　Variation in fluid composition with depth (Oil composition)

Depth (ft)

2 802.40

2 810.75

2 819.09

Oil composition

H2O

0.910 90

0.910 90

0.910 90

CO2

0.000 00

0.000 00

0.000 00

NaCl

0.074 10

0.074 10

0.074 10

CH4

0.015 00

0.015 00

0.015 00

Nomenclature

A

ai, bii

Bo

E

ha

K

M

P

R

S

T

V

Z

Greek letters

ϕ

ϕo

ϕD

ρ

Subscripts

b

CO2

c, crit

fl

ma

res

rg

rgw

rh

rhw

ro

row

v

w

Swirr

Abbreviation

GOC

GOR

OWC

OGIP

OOIP

PVT

Area of reservoir (km2)

Correlation coefficient

Volume fraction of reservoir

Storage efficiency, interpolating factor

Average thickness (km)

Permeability, K-value

Mass (megatonne)

Pressure (Pa)

Universal gas constant

Saturation

Temperature (℃)

Volume (km3)

Compressibility factor

Porosity

Average porosity

Density log-derived porosity

Density (kgm−3)

Bulk

Carbon IV oxide

Critical

Fluid

Matrix

Reservoir

Relative to gas

Gas relative to water

Relative to hydrocarbon

Hydrocarbon relative to water

Relative to oil

Oil relative to water

Vertical

Water

Irreducible water saturation

Gas–oil constant

Gas–oil ratio

Oil–water constant

Original gas in place

Original oil in place

Pressure-volume-temperature

559



Journal of Marine Science and Application 

Table A.2　Variation in fluid composition with depth (Gas composition) 
(continuous)

Depth (ft)

2 944.19

2 952.53

2 960.87

2 969.21

2 977.55

2 985.89

2 994.23

3 002.57

3 010.91

3 177.72

3 186.06

3 194.40

3 202.74

3 211.08

Gas composition

H2O

0.910 90

0.910 90

0.910 90

0.918 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

CO2

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

NACL

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.874 10

0.074 10

0.074 10

0.074 10

0.074 10

CH4

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

Table A.1　Variation in fluid composition with depth (Oil composition) 
(continuous)

Depth (ft)

2 827.43

2 835.77

2 844.11

2 852.45

2 868.79

2 869.13

2 877.47

2 885.81

2 894.15

2 902.49

2 910.83

2 919.17

2 927.51

2 935.85

2 944.19

2 952.53

2 960.87

2 969.21

2 977.55

2 985.89

2 994.23

3 002.57

3 010.91

3 019.25

3 027.59

3 035.93

3 044.28

Oil composition

H2O

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

CO2

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

NaCl

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

CH4

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

Table A.3　 Variation in fluid composition with depth (Total 
composition)

Depth (ft)

2 002.40

2 010.75

2 019.09

2 027.43

2 035.77

2 844.31

2 052.45

2 860.79

2 869.13

2 077.47

2 085.81

2 094.15

2 902.49

2 919.17

2 927.51

2 935.85

2 544.19

2 952.53

2 960.10

2 969.21

2 977.55

2 985.59

2 994.23

3 002.57

3 010.91

3 019.25

3 027.59

3 194.40

3 202.74

3 211.04

Total composition

H2O

0.910 90

0.910 20

0.910 90

0.910 90

0.910 00

0.910 90

0.910 90

0.910 90

0.910 90

0.910 20

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

CO2

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

Nacl

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

CH4

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

Table A.2　Variation in fluid composition with depth (Gas composition)

Depth (ft)

2 802.40

2 810.75

2 819.09

2 827.43

2 835.77

2 844.11

2 852.45

2 560.79

2 569.13

2 877.47

2 585.81

2 894.15

2 902.49

2 910.83

2 919.17

2 927.51

2 935.85

Gas composition

H2O

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 90

0.910 98

CO2

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

0.000 00

NACL

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

0.074 10

CH4

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00

0.015 00
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Appendix B:　　 Petrophysical parameter 
distribution

Table A.4　Variation in composition with depth

Depth
(ft)

2 802.40

2 810.75

2 819.09

2 827.43

2 835.77

2 844.11

2 852.45

2 860.79

2 869.13

2 877.47

2 885.81

2 894.15

2 902.49

2 910.83

2 919.17

2 927.51

2 935.85

2 944.19

2 952.53

Poil
(psia)

3 904.397

3 906.016

3 907.636

3 909.256

3 910.877

3 912.499

3 914.121

3 915.743

3 917.367

3 918.991

3 920.615

3 922.240

3 923.866

3 925.492

3 927.119

3 928.747

3 930.375

3 932.004

3 933.633

Pwat
(psia)

2 440.798

2 444.434

2 448.070

2 451.707

2 455.343

2 458.979

2 462.615

2 466.252

2 469.888

2 473.525

2 477.161

2 480.798

2 484.434

2 488.071

2 491.707

2 495.344

2 498.981

2 502.618

2 503.254

Pgas
(psia)

4 025.497

4 027.161

4 028.825

4 030.489

4 032.155

4 033.821

4 035.487

4 037.154

4 038.822

4 040.490

4 042.159

4 043.828

4 045.499

4 047.169

4 048.841

4 050.512

4 052.185

4 053.858

4 055.532

Deno
(1b/cu ft)

28.715

28.726

28.736

28.747

28.757

28.767

28.778

28.788

28.799

28.809

28.819

28.830

28.840

28.850

28.861

28.871

28.882

28.892

28.902

Denw
(1b/cu ft)

63.051

63.051

63.052

63.052

63.052

63.052

63.053

63.053

63.053

63.054

63.054

63.054

63.054

63.055

63.055

63.055

63.056

63.056

63.056

Deng
(1b/cu ft)

28.715 4

28.725 8

28.736 2

28.746 6

28.757 0

28.767 4

28.777 7

28.788 1

28.798 5

28.808 9

28.819 3

28.829 7

28.840 1

28.850 5

28.860 9

28.871 2

28.881 6

28.892 0

28.902 4

Soil

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

0.000 0

Swat

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

0.153 0

Sgas

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

0.847 0

Psat
(psia)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Ps (obs)
(psia)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Figure B.3　Density distribution for water

Figure B.4　Gas saturation distribution

Figure B.1　Density distribution for oil

Figure B.2　Density distribution for gas
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