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Hydrocarbon exploration in Angola commenced in 1910 with its first oil recovered in 1955. Most of the Angolan oilfields are
mature or maturing and some are or may be abandoned due to unprofitable recovery limit beyond the conventional type of
oil production. The oil recovery is mainly by primary and secondary recovery methods. Apart from the issue of maturity,
there is increasing energy demand due to population growth and difficulties in discovering and developing new fields as
alternatives to the current oilfields. For incremental and sustained production rate of these fields and in addition to
instability of oil prices and concerns about future oil supply, Angola has started to work towards developing affordable and
efficient technologies capable of recovering residual oil in reservoirs as well as extend the life of many current fields which
can be achieved through the implementation of enhanced oil recovery (EOR). Therefore, this paper discusses the EOR
planning strategy from project selection, project implementation and optimization, and field abandonment. It further
highlights the mutual benefits that may be derived from a cross-collaboration between the government and other

stakeholders in Angola.

1. Introduction

The maturation or decreasing oil production in recent years and the
challenge of recovering additional oil from mature fields in Angola has
necessitated the need for the development of advanced techniques to
recover oil beyond the primary and secondary mechanisms. The
capillary pressure, wettability, interfacial forces, high oil viscosity, high
water cut, heterogeneity of the reservoir and shear viscosity forces are
some of the variables that could be attributed to the ability or inability
of oil to move towards the wellbore.

The recovery process is more complex when dealing with offshore
oilfields where the location and spacing of the wells and reservoir
depth are higher compared to onshore oilfields. Hence, enhanced oil
recovery (EOR) implementation can extract up to over half of the
reservoir’s original oil content [1234] and extend the productive life of
oilfields, particularly in fields where the less risky and more
conventional methods have been exhausted 5. However, the selection,
testing, and implementation of this technique involves several steps
and challenges mainly for new mature fields (new Brownfields).

The EOR study requires extensive data from the wells, reservoirs or
fields under investigation, knowledge of the geological structure and
lithology of the fields and complex experimental studies of liquid-fluid
or rock-fluid interactions as well as the formulation of fluids [¢]. Besides
the limited subsurface understanding, there are some other barriers to
implementing EOR projects such as the supply of secure, low-cost
injectants; the challenge of implementing the EOR retrospectively on a
brownfield site and concerns over project economics [71.

Before EOR implementation, screening investigation is required to
decide whether an EOR technique is suitable or not for a specific
oilfield [8210], Hence in Angola, a National EOR Work Team (ANEWT)
within the National Agency for Oil, Gas and Biofuels (ANPG) must be
set up to co-ordinate the Angolan Oil industry and government
attempts to design and develop the EOR program together with
operators and service companies to ensure that overall hydrocarbons

recovery is maximized. Apart from this, the ANEWT should be
responsible for: (1) elaboration of a strategic and comprehensive plan
on the implementation of EOR in Angola; (2) work toward the
legislative decree that guides the inclusion of EOR in current and future
production sharing contracts; (3) seek for tax and contractual
incentives in order to enable and reduce the economic risk of the EOR
implementation; (4) create a national structure or centre for studies on
EOR and CO: storage; (5) conduct a national study to assess the
potential for application of EOR in Angola; (6) boost technology and
culture in the EOR projects through innovation; (7) greater
dissemination and communication with operators and service
providers as well as small and medium companies; (8) elaboration of
the procedure with a commitment of the managers involved in the
program.

The success of EOR projects is achieved once the operators focus their
efforts on reviewing all ways of maximizing recovery from their
existing fields. This is a medium- and long-term project with several
steps in which the three main phases are: (1) systematically screen the
EOR potential of Angolan oilfield; (2) engage industry and look for
synergies and collaborative opportunities to progress EOR
understanding; (3) where possible, initiate EOR projects with
operators 7], service companies as well as the small and medium
companies.

2. EOR Concepts and Classification

Hydrocarbon recovery is at the heart of oil production from
underground reservoirs 111 and occurs through three main processes
(Fig. 1): primary oil recovery (natural flow and artificial lift), secondary
oil recovery (water flooding and pressure maintenance) and enhanced
oil recovery (EOR) also known as tertiary recovery [11.12.13.14],

During the primary and secondary recovery stages, mobile oil is easily
extracted whereas EOR is adopted properly to extract immobile oil
trapped under capillary and viscous forces [611]. Much work on research
and field implementation has been done to improve oil recovery from
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depleted oil reservoirs using non-conventional oil recovery techniques.
Hite et al. 13! refers to enhance oil recovery as processes that recover
oil not produced by secondary recovery. This definition is quite general
since there are several techniques like IOR (improved oil recovery)
that could be applied to recover additional oil beyond secondary
recovery. There is considerable confusion in the usage of the terms
EOR and IOR (Improved Oil Recovery). The term IOR (Improved Oil
Recovery) refers to any practice to increase oil recoveries, such as
improved reservoir characterization and management (automation,
smart wells), advanced drilling techniques and other production
enhancement methods. This includes EOR processes, practice to
increase sweep efficiency such as additional vertical wells (infill
drilling) or complex well designs (deviated or inclined wells; horizontal
or lateral wells, multilateral wells, multilateral wells), reservoir
stimulation (fracture, acid), artificial elevation (beam pumps, electrical
submersible pumps and gas elevation), secondary recovery methods
(water and gas injection) [15.1617],

Flow Rate

Figure 1: Oil recovery categories. Adapted Ahmed and Meehan ual

However, Lake [19 defines EOR as an oil recovery process by
injecting materials not normally present in the reservoir. This
definition excludes water and gas injection which are used to maintain
reservoir pressure as well as miscible or immiscible gas processes
which are also EOR processes. Also, EOR can be viewed as an oil
recovery by injection of gases or chemicals and/or thermal energy into
the reservoir. It is not restricted to a particular phase in the producing
life of the reservoir [201. This definition applies to EOR processes but is
not restricted as only tertiary recovery since thermal processes can be
implemented at an early stage of production.

For this investigation, we define enhanced oil recovery (EOR) as a set
of production technologies that involve the injection of energy or fluids
to improve oil recovery at any stage of production, whether primary,
secondary, or tertiary, in order to increase the total recovery above
what is possible through traditional methods [211.

2.1 Enhanced Oil Recovery Classification

EOR methods are classified based on different techniques as well as the
applications and physical processes associated with the different
techniques. Hence, enhanced oil recovery methods can be divided into
four techniques (Fig. 2): thermal, chemical, gas miscible and immiscible
and others. Based on physical processes associated with different
techniques and methods, EOR can be classified into two categories
linked to microscopic and macroscopic sweep efficiency with some
acting in both microscopic and macroscopic sweep efficiencies as
illustrated in Fig. 3.

The potential of thermal processes exists for heavy crude oils which
cannot be produced at the original reservoir pressure and
temperature. The oil viscosity can be dramatically decreased by raising
the reservoir temperature and enabling the oil to flow more readily
towards the producing well. The heat for the thermal process is
provided by steam or hot water injection, or by burning some of the oil
in place (in situ combustion). However, for remote areas where the
cost of importing chemicals could be prohibitive, the possibility of in
situ combustion has been proposed [22. The cost of heating in thermal
methods is tied to the cost of oil so that when the price of oil decreases,
the cost of the heating also decreases, which is an advantage of the
thermal methods.

The chemical flooding method is used to lower the viscosity or the
interfacial tension (IFT) of oil, or to increase the swept volume of the
reservoir. Chemical flooding involves the use of polymer, surfactant,
alkali or combination of these to aid the recovery process. The process’
economics need to be carefully scrutinized independent of the oil price
due to the associated increase in costs of this process [22],

In miscible flooding, fluid is either directly miscible with the oil in the
reservoir or extracts components from the oil which forms a bank of
liquid miscible with both the reservoir and the injected gas-carbon
dioxide, hydrocarbon gases, liquefied petroleum gas (LPG) or nitrogen
(for deep, high-pressure reservoirs). For better recovery, miscible
floods are often alternated with water floods to improve the sweep
efficiency of the process, as the miscible fluid is generally less viscous
than the oil and tends to” finger” through the oil, giving a sweeping
efficiency much less than 100%. Immiscible flooding with carbon
dioxide is also used, as even without miscibility the carbon dioxide
swells the oil and reduces its viscosity [22].

Enhanced Oil
Recovery Methods
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Figure 2: Classification of enhanced oil recovery methods. Pres is the fluid injection pressure in reservoir and MMP the minimum miscible pressure.

Adapted from AI—Anazim, Hite et al. [1”, Kokal and Al-Kaabi

2.2 Residual Oil Recovery

The main purpose of EOR methods is the recovery of immobile oil (residual
oil) left beyond the conventional oil recovery. This process contributes to
increasing recovery factor. The recovery factor equation is summarized by
four variables as shown in Equation 1: (1) pore-scale displacement (PSD) -
the ability of recovery process to displace oil or gas, (2) sweep efficiency
(SE) - movement of mobile oil and gas to wells, (3) drainage (D) -

[13]

connection of wells to oil and gas and (4) time (T) - physical and
commercial constraints affecting end of field life o,

RF = PSDXSEXDXT (1)

The first two variables are the focus of EOR whereas the last two are the
focus of IOR. The pore-scale displacement can be improved by low salinity
water flooding, miscible gas injection and surfactants etc. Sweep efficiency
can be improved by incorporating chemical flooding such as polymers for
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water floods or foam for gas injection. Drainage and Time (cut offs) are
influenced through established I0R techniques such as infill wells and
workover. These four variables together determine the overall recovery

factor for a field. Increasing recovery factor requires one of these factors
to be increased to as close to 1 as possible. Hence, maximizing recovery
factor in a field requires optimization of all four variables in Equation 1.

Displacement
Efficiency
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Figure 3: Macroscopic and microscopic effect of sweep efficiency of EOR.

Muggeridge et al. s Smalley et al. 2% i their work reported the factors
affecting the microscopic and macroscopic displacement efficiency.
According to Muggeridge et al. 2 'EOR methods focus on increasing the
microscopic and macroscopic sweep efficiency. The microscopic
displacement efficiency is affected by capillary number **?”?® and relative
permeability characteristics of the rock 25291 5 which both are also
affected by wetting behaviour of the rock in which the oil is found 251,
Hence, according to Muggeridge et al. s reducing capillary effects, by
reducing the oil-water IFT, and modifying the rock wettability to optimum
mixed wettability state are the main requirements for increasing the
microscopic displacement efficiency.

Table 1: Thermal EOR production mechanisms, limitations, problems

The factors influencing macroscopic sweep efficiency were also discussed
in the work presented by Muggeridge et al. 251, According to their
investigation, the macroscopic sweep efficiency is mainly affected by
geological heterogeneity in the reservoir and gravitational segregation.
Improving the macroscopic sweep efficiency depends on minimizing the
impact of geological heterogeneity which is achieved by a mixture of
viscosity modification of the displacing fluid or diverting injected fluid from
the higher into the lower permeability zones still containing displaced fluid
251 as well as the gravitational segregation for gas floods B The summary
of thermal, chemical, and miscible gas EOR are described in Tables 1, 2,
and 3, respectively. These include the basic principles, mechanisms,
limitations, problems, typical recovery, and typical agent utilization.

[2,14,18,19,31,32,33]

EOR Process Basic Principals Mechanisms Limitations Problems Typical Typical
Recovery agent
(%) utilization
Steam Improvement of a) Reduce the crude oil (a) requires high oil (a) Adverse mobility 50-60 0.5 bbl oil
sweep and  viscosity; (b) Steam  saturation; (b) ratio and channeling consumed
displacement distillation; (c) Solvent/ Pay zone >20 ft to  of steam; (b) Gravity per bbl oil
efficiencies extraction; (d) Supplying minimise heat losses; override occurs in produced
ressure to drive oil; (e) (c)Applicable to viscous most steam floods;
Thermal expansion. oils; (d) Applicable to (c) Heat loss; (d)
high permeability  Override and
sandstones or  pollution.
unconsolidated sands;
(e) Preferable to
shallow reservoir due
to the excessive heat
loss; (f) Undesirable for
water and gas caps.
In-situ Improvement of (a) Decrease viscosity by (a) If sufficient coke is (a) Adverse mobility 10-15 10 Mscf air
combustion sweep and heat conduction and not deposited from the ratio; (b) Difficult to .
displacement convection; (b) Product of oil being burnt, the control combustion, per bbl oil
efficiencies steam  distillation and  combustion process will and requires large produced.
thermal cracking mix with  not be sustained; (b) If capital investments;
and upgrade the crude oil;  excessive coke is (c) Produce flue
(c) The coke produced from  deposited, the rate of gases that can cause
the heavy ends of the advance of the environmental
crude oil is burnt; (d) The combustion will be problems; (d) Severe

injected air provides
pressure to the reservoir;
(e) Reduces oil saturation;
(f) Vaporizing some liquid
and generating steam.

slow, and the quality of
the air required to
sustain combustion will
be high; (c) Oil
saturation and porosity
must be high to
minimise heat loss to

corrosion caused by
low pH hot water;
(e) serious oil-water
emulsions; (f)
Increased sand
production,

deposition of carbon

rock; (d) Tends to or wax, and pipe
sweep through the failures as a result of
upper part of the the very high
reservoir thus the temperatures; (g)

sweep efficiency is poor
in thick formation.

Excessive heat loss.

12
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Table 2: Chemical EOR production mechanisms, limitations, problems

[2,14,18,19,31,32,33]

EOR Process Basic Principals Mechanisms Limitations Problems Typical Typical
Recovery agent
(%) utilization

Surfactant Improvement (a) Lowering (a) Areal sweep > (a) Large adsorption of 15 15 - 25 |b
of sweep and interfacial tension; (b) 50% on a waterflooding surfactants; (b) Possibility surfactant
displacement Solubilisation of oil; is desired; (b) of chromatographic per bbl oil
efficiencies (c) Emulsification of Homogenous formation separation of chemicals; produced

oil and water; (d) are preferred; (c) High (c) Interaction between

Mobility amounts of anhydride, surfactant and polymer;

enhancement. Sypsum, or clays are (d) Degradation of
undesirable; (d) chemicals mixture at high
Chloride’s concentration  temperatures; (f)
in formation waters < Injectivity and stability at
20,000 ppm; (e) and high salinity; (g) Chemical
divalent ions (Ca++ and availability and retention.
Mg++) < 500 ppm.

Polymer Improvement (a) Increasing water (a) Higher polymer (a) Lose viscosity due to 5-12 03 -051b
of sweep and viscosity; (b) concentration needed shear degradation or polymer per
displacement Decreasing water  for higher viscosity fluid; increases in salinity and bbl oil
efficiencies mobility; (c) (b) Better results for divalent ions; (b) Limited produced

Contacting a larger polymer flooding to reservoir
volume of the starting before excessive  temperatures < 93 C; (c)
reservoir; (d) WOR; (d) Avoid  Issues with injectivity,
Reducing the injected conventional  polymer stability and high salinity.
fluid mobility. flooding  project for

reservoir with excessive

fractures.

Alkaline Improvement (a) Mobility  (a) Applicable to oil (a) Scale formation in 5 35 — 45 Ib
of sweep and control; (b) Emulsion ranging between 13 to producing  well; (b) chemical
displacement and wettability 35 API;  (b) Not Injectivity, stability and per bbl oil
efficiencies alteration; (c) preferable in carbonate high salinity; (c) Chemical produced

Lowering interfacial reservoirs because of availability and retention.
tension. presence of anhydrite or

gypsum which consumes

a large amount of

alkaline chemicals.

Table 3: Miscible gas EOR production mechanisms, limitations, problems[2'14'18'19'31'32'33]

EOR Process Basic Mechanisms Limitations Problems Typical Typical
Principals Recovery (%) agent
N, and Flue Improvement  (a) Vaporising the a) Miscibility with light oilsat (a) Poor wvertical and 5-15 10 Mscf

Gas of lighter components high pressure; b) Applicable  horizontal sweep solvent per
displacement  of the crude oil; (b) in deep reservoirs; c) dipping  efficiencies as result of bbl oil
efficiency. Providing a gas drive  reservoir is desired to permit  viscous  fingering;  (b) produced

to the reservoir; (c) gravity stabilization of the Corrosion can cause
Increase injectivity; displacement that normally problems in flue gas.

(d) Reduces has an unfavourable mobility

viscosity. ratio.

CcO, Improvement  (a) Generate (a) Poor viscosity control due (a) Early breakthrough of 5-15 10 Mscf
of miscibility between to low viscosity of CO,; (b) CO,; (b) Corrosion in the solvent per
displacement  oil and  CO(b) Availability of CO, producing wells; (c) bbl oil
efficiency. Swelling of oil; (c) Repressuring of CO, for produced.

Reduces viscosity of recycling; (d) A high
the oil; (d) Lowering requirement of CO, per
the interfacial incremental barrel
tension between produced; (e) Stability,
the oil and the CO,. override and supply.
Hydrocarbon  Improvement (a) Generates (a) The required pressure (a) Viscous fingering due to 5-15 10 Mscf

Gas of miscibility in  the range is about 1,200 psi for the poor vertical and solvent per
displacement  condensing and the LPG process to 3,000 — horizontal sweep bbl oil
efficiency. vaporizing gas drive; 5,000 psi for the high- efficiencies; (b) Large produced

(b) Swelling of oil; (c) pressure gas drive; (b) The quantity of expensive

Decreases the desirable formation is products are required; (d)

viscosity of the oil. steeply dipping formation The solvent may be trapped
that allow some gravity and notrecovered.
stabilization of the

displacement that normally
has an unfavourable mobility
ratio.
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Reducing the IFT [18], the capillary number increases and the residual
oil saturation decreases as illustrated in Fig. 4.
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Figure 4: Effect of capillary number (Nc) on residual oil saturation
(Sor). Adapted from Ahmed and Meehan [18]
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The value of residual oil saturation can get close to zero when IFT
reaches the ultra-low values 3¢]. Hence, more oil can be produced.
Mathematically, the capillary number is described as:

= )
‘¢ gCosO

Where v is the velocity, p is fluid dynamic viscosity, o is the
interfacial tension, and 6 is the contact angle. 8 is related to the
wettability on specific surfaces [21l. Equation 2 reflect the ratio
between two forces: the viscous drag of the fluid (vp) over the
interfacial contribution given by interfacial tension (o). If this
number is small, fluid motion is impacted or dominated by capillary
forces, while viscous forces dominate for N >1[21], Figure 5
illustrates EOR target for different hydrocarbon. In general, the
average worldwide hydrocarbon recoveries for primary recovery is
in the range of 5 to 15% and secondary up to 1/3 (~33%) of the
original oil in place.

Tar sands
Water™,  Primary
A\ 5% 0P
4 .
- Sacondary

= 5% OIP

EOR Targst
100% OIP

Figure 5: EOR target for different hydrocarbon. Assuming S,i=85%PV and Sw= 15%PVI3!

3. EOR opportunities and challenges

Applying EOR techniques involve many opportunities and challenges
from the design phase to the implementation and monitoring phase.
These challenges can be technical, environmental, geographical,
logistical, economic and political.

3.1 EOR opportunities

The implementation of EOR projects can impact on national oil
production due to the potential to recover more than half of the
hydrocarbons present in the reservoir as well as to extend the life
cycle of the wells.

Besides, EOR implementation can generate other projects such as
carbon dioxide (CO:) sequestration and storage and deliver it to
offshore or onshore fields. The sequestration of CO. from power
plants and industrial sources, in addition to being used to improve
the recovery factor, also contributes to the reduction of greenhouse
gas emissions. COz capture opportunities may not be economically
viable or practical for an individual oil company [3¢], therefore a joint
approach is recommended between oil industry companies and the
government.

EOR application can also generate political opportunities requiring a
close relationship with government entities (Ministry of Petroleum
and Mineral Resources, National Petroleum and Natural Gas Agency),
National Oil Companies (NOCs), International Oil Companies (I0Cs),
local and international service providers B¢l This relationship
requires defining long and short-term objectives to leverage the
implementation of EOR processes. These objectives should include
agreements for sharing technical and economic risks, reviewing the
design terms and lifetime of the project, as well as production
sharing contracts. These agreements create opportunities for small,
medium and big national and foreign companies from logistics and
implementation, generating more jobs that can improve the social
conditions of the local population and allowing the collection of more
financial resources at the country level.

3.2. EOR Challenges

EOR challenges are most notable in offshore operations, particularly
those in deep and ultra-deep waters. Drilling offshore wells is more

expensive compared to onshore operations. The space between
offshore wells is greater compared to onshore, negatively affecting
the acquisition of data and the characterization of reservoirs, which
contributes to the increase in the initial response time to reach
production wells.

The infrastructures constraints require the resizing of the existing
platforms to create more spaces and increase the capacity to add
more weight to equipment related to EOR processes. These
equipment’s include those used for mixing and handling injectors,
separating, treating and disposing of water, handling and
compressing the gas. To reduce time and costs in offshore EOR
operations we suggest from this paper that during the development
phase, the platforms should be re-sized or upgraded with extra space
and the ability to add more equipment that can be used during the
EOR testing and implementing phases.

The availability of reservoir rock-fluid data from the fields under
investigation and data from successful global EOR projects are also
one of the challenges during an investigation and execution of EOR
projects as well as the development of cheap and environmentally
friendly techniques. Identifying suitable EOR techniques and their
application in commingled wells in onshore fields is one other major
challenge. Logistical issues related to the supply of equipment and
injection fluids for offshore operations as well as the treatment of
fluids produced during the implementation of EOR processes [3¢]
constitutes a further challenge.

The economic and environmental challenges depend on the process
to be implemented (thermal, gaseous and chemical). For thermal
processes, the major challenges are the emission of greenhouse gases
in which combustion processes have a higher perception of high risk
in their application. Chemical processes are those that have a long
period of return on investment due to the time it takes chemicals to
react with the fluids present in the reservoir, whereas the access of
carbon dioxide (CO:) to the miscible gas recovery processes is an
economic challenge related to its acquisition [361.

4. EOR Planning Strategy

Successful EOR project implementation requires good and effective
planning on the selection of the appropriate technique for the field or
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reservoir under investigation [16371, This process involves the
integration of a set of parameters governing the technical and
economic performance of a reservoir 810371 but not limited to the
environmental, commercial, political and governmental factors
137.3839,401, Careful attention and step by step implementation of these
parameters greatly improve the possibility of a successful EOR
project. Several problems that may be encountered during EOR
project implementation can be identified and avoided with efficient
early screening studies [6l.

The planning stage seeks to answer the following: (1) the volume of
oil remaining after secondary recovery, (2) the location of resources
or reserves, (3) and the reasons why these reserves were not

EOR PROJECT SELECTION

PROJECT IMPLEMETATION & OFTIMIZATION

OFTIMIZING EOR PROJECTS CONTINUE THROUGHOUT ITS LIFE

recovered, (4) fields with the greatest pressure and production
decline after secondary recovery and what are the causes of this
decline 161,

The structure of the different stages of the project, the objectives,
descriptions, human resources, necessary equipment, institutions
and costs will be established during the planning stage. Partnerships
with some internal and external institutions for advanced oil
recovery activities in Angola as well as monitoring and sequestration
of CO2 produced in advanced oil recovery activities will be
established. The EOR project implementation involves three main
stages [161741]: (1) EOR project selection, (2) project implementation
and optimization, (3) field abandonment as shown in Fig. 6.
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Figure 6: Effective EOR planning strategy. Adapted from

4.1. EOR Project Selection

This is the stage of selecting the appropriate EOR technique and
verify whether it is economically feasible. This consists of data
management, field evaluation, screening of EOR method, physical
and mathematical simulation studies, process facility study, then
project feasibility where the environment and full-scale economic
evaluation are included. If the project is categorized feasible, then the
pilot test design and implementation are needed [411.

4.1.1. Concept

This is the stage of the EOR project where the ideas are developed.
The EOR project concept is presented to the top managers to justify
the initiation of the project with outlines of the background, context
and need for the project, the project’s objectives, expected results
and resources required. All the project initiation documents needed
to start up a project will be provided including templates for project
proposal, business case, feasibility study, project scope definition,
human resources, staff recruitment and creating a project office.

4.1.2 Field selection and evaluation

The main objective of this phase of the project is in the selection of
potential fields for the implementation. These include (1) fields with
pressure and production decline after secondary recovery, but with
potential reserves remaining, (2) use the results of geological
analysis and dynamic modelling or some other production reports to
identify the potential fields of EOR implementation, (3) fields with
heavy oil that was not possible to produce under conventional
production methods. The identification of these fields will help in
predicting the volume of activities that can be undertaken during the
different phases of the project.

4.1.3. Data Management

[16,17,41]

Data management is stage is dedicated to data collection, analysis
and integration from potential fields for EOR application in Angola,
including fields around the world where these techniques have been
successfully applied. Data from successful EOR projects all over the
world; which was used as the basis for screening and the
determination of the suitability of the investigated EOR technique
will be included. The data from successful EOR field projects are
obtained from EOR survey reports published biannually in the Oil
and Gas Journal [642], This data comprises of three (3) categories: data
derived from laboratory studies, data generated from the simulation
of oil reservoirs under EOR processes mostly by using commercial
reservoir simulation software, and data from successful worldwide
projects [63943441 Data from successful worldwide projects are the
most reliable category by the fact that technical and economical
capabilities are proved practically [6:391.

The data to be collected and analysed consists of reservoir rock and
fluid properties: reservoir depth, oil API gravity, oil viscosity, rock
porosity, rock permeability, oil saturation, net pay thickness,
reservoir temperature, reservoir pressure, formation water salinity,
lithology and hydrocarbon composition. Additional information as
remaining reserves, well location and conditions, well spacing,
chemicals and oil price, reservoir geometry, and production
performance drive mechanism are important for good process
selection.

The success of the screening or any other simulation lies in the
quantity and quality of data set available or collected. This plays a
major role on establishing the screening criteria result on
investigated EOR technique [546], minimise the deviations between
the actual and predicted outputs, as well as checking the
performance of the model during testing process [6:39],



Ramos and Yates

Angolan Mineral, Oil and Gas Journal vol. 2 (2021) 1-11

During data analysis, problems that can affect the quality of the data
set are identified [847], the relationship for the different parameters
are analysed [8394546] and the distribution of the reservoir rock-fluid
properties for each EOR method is performed 6. These include
missing data, duplicate data and inconsistent data 6. A good
performance of the data analysis is very important to avoid
misleading results (471,

Data processing is crucial to ascertain the quality of the data and
identify those that may have a negative or positive impact on the
result of the investigation. Then it is cleaned to remove the identified
data that can have a negative effect on the efficiency and accuracy of
the results. An example of these includes: removing the unsuccessful
EOR projects and the inconsistent data for both EOR projects and
oilfield data under investigation [43:4546.471,

Inconsistent data is defined in this context as data containing both
discrepancies and impossible values [451. This may result from fields

Table 4: Required answers to the identification of a target volume of not accessible by conventional methods

where oil saturation at the end (current) is greater than the oil
saturation at the start of the production, which seems to be
impossible for field oil production. The consistency of the oil gravity
and viscosity data can also be analysed. This will avoid having oilfield
data with high oil gravity and high oil viscosity simultaneously as
both parameters are indirectly proportional [61.

4.1.4. EOR Screening Process

The screening process is related to technical EOR process selection.
This is the stage of technical selection of suitable EOR technique for
each specific field that aims to improve sweeping or displacement
efficiency (Figure 3). The screening process is used to reduce
uncertainties in assessing the applicability of EOR. The identification
of a targeted volume of hydrocarbons not accessible by primary or
secondary recovery methods is useful information for the success of
screening process which depends on each type of EOR process in
answering the questions listed in Table 4(16],

[16]

EOR Process

Questions to be answered

Miscible EOR (1)

What is the anticipated phase behavior between the injection fluids and injectants? (2) What is the

mobility of the anticipated phase(s)? (3) Will the process be first contact miscible, or developed

miscibility?

Immiscible Gas (1)

What is the remaining oil saturation after waterflooding? (2) What is residual to immiscible gas? (3)

How will fault blocks or low permeability layers be drained?

Polymer (1)

What is the polymer concentration necessary to provide mobility control? (2) What portion of the

polymer slug will be adsorbed on the clays in the reservoir rock?

Chemical (1)
Other

What is the design of the chemical slug to develop the ultra-low interfacial tension necessary for a
successful displacement? (2) To what extent will the chemical interact with the clays in the reservoir

rock through adsorption? (3) What is the salinity of the reservoir water, and how will salinity impact
the activity of the chemical slug and change during the process? (4) How will mobility control of the oil
bank and chemical bank be accomplished?

Thermal (1)

What are the anticipated thermal losses in the wellbore, to cap and base rock, to water in the

formation? (2) Can the thermal front be controlled in the reservoir? (3) Can the reservoir pressure be
controlled in the range necessary for efficient heating of the reservoir fluid?

(1) Can microbes be identified that can be sustained in the reservoir, utilize in-situ nutrients and or

Biological Microbial oxidants, and generate surfactants and polymers, which will accomplish the goals of the project? (2)
How will microbes and/or their products be stably transported through the reservoir?
Any Other EOR (1) Can the selected process be used in the selected reservoir, given the reservoir rock and fluid

environment in place? Can this process be implemented in such a way that it will result in an
economically attractive project?

Three methods can be used to select the appropriate techniques for
oil recovery: conventional methods, geological methods, and
advanced methods.

= Conventional selection is applied by using the selection options
in commercial analytical tools to expand the assessment and
validation of the applicability of the most viable recovery process
to the field under assessment2. Tables, graphs (box plots,
histograms, scatter plots, or a combination of these) are derived
by combining data on the properties of fluids and rocks from the
fields under investigation and data from the fields where these
methods have been successfully applied are utilised in the
selection process. Data from successfully implemented EOR
projects worldwide, are published by the Society of Petroleum
Engineers (SPE) and Oil & Gas Journal and can be used to assess
the project’s compatibility for a respective method or technique
to be implemented. This data will be used to establish or define
the compatibility range for advanced recovery techniques for the
fields under investigation. There are also commercial software
on the market such as PRIze (heavy oil), Sword (light oil), or
others2l. Table 5 illustrates data published by Adasani and
Bail*3l.

Geological method (Study): Knowledge of the geology of the
reservoir is critical to the success of the EOR project(tél. The
geological characteristics of the database of an EOR project
which has been successfully implemented, will be used to
compare with data from the field under investigation. Geological
and reservoir analyzis includelt617.211: (1) lithology, heterogeneity
of the reservoir through petrophysical properties, type of trap,

analysis of the reservoir structure, diagenesis, depositional
system, geological age, depth, temperature, porous thickness,
porosity, permeability, horizontal and vertical continuity
reservoir, connectivity through the reservoir, composition of the
rock matrix, characterization of oil properties, distribution of oil
saturation, etc; (2) revisiting all logs, core samples, fluid data and
results of geological models that allow a satisfactory adjustment
of the production performance history; (3) reservoir mineralogy
study determining the amount of injectors adsorption which
determines the volume of injectors needed for success; (4)
estimate resources when direct data are limited or unavailable,
reduce potential uncertainties in assessing the applicability of
EOR or increase recovery factors in a reservoir under
assessment.

= Advance EOR screening method. This is based on data mining
and artificial intelligence techniques through simultaneous
combinations of more than two reservoir and fluid properties(21l.
There are several models of advanced selection methods for
advanced oil recovery applying artificial intelligence such as
Fuzzy Logic (Fuzzy-Logic), Neural Networks (Neural Network),
Neuro-Fuzzy, etc. The data for this method are divided into two
groups: training data and validation data. The data is obtained
from EOR projects successfully implemented worldwide, in
which 80% of the data is for training and 20 % for validation.
These values are randomly selected until the optimized model is
identified. The identified model will be used to select the
appropriate technique. Once the optimized model is identified,
the test phase will be followed using data from the field under
investigation. Several studies have been performed using
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Advanced EOR screening methods or artificial intelligence
(AI)[8:37:39,48,49,5051,5253] with promising results on EOR screening

Table 5: Summary of EOR screening criteria w3l

processes.

Oll properties Reservolr charactenistics

SN EOR method # Projects  Grawity ( APl Viscosity (ep Povosaty (%) Ol saturation Formation type Permeabiluty Net thickness  Depth (It) Ternperature ( F)
(P (md
Miscible gas injection
1 Co2 153 22]-45 Avg. 37 35-0° Avg 2.08 3-37 Avg. 15-89 Avg. 46 Sandstone or Carbenate 15-4500 Avg.  [Wide Range| 1500°-13365 Ave 82-257 Ave. 138.10
15.15 2 3 623017
2 Hydrocarbon 67 123] -57 Avg 18000-0.04 Avg 425.45 Avg.  [30]-98 Aw stone or Carbonate 000 Avg.  [Thin unbess  4040]4000] 15900 85-329 Avg. 2022
383 286.1 145 dipping| Avg 83416
3 WAG 3 33-39 Avg. 356 03-09 Avg. 0.6 11 -24 Avg. Sandstone NC 7545-8887 Avg. 82168  194-253 Avg. 2294
183
4 Niwogen 3 3B{35) -54 Avg.  02-0° Avg. 007 75-14Ave. 07604 -08 Sandstone or Carbonate [Thin unless 100006000 -18500 190-325 Avg. 266.6
476 112 Avg. 078 dipping| Avg 146333
Immiscible gas infection
5  Nitrogen 8 16-54 Avg. 346 -0" Ave 11-28 Avg.  47-985 Avg 71 Sandstone 3-2800 Avg. 1700-18500 Avg. 82-325 Ave. 1731
8 19.46 1041.7 79142
6 Co2 16 11-35 Avg 226 06 Avg 655 17-12Avg.  42-78 Avg. 56  Sandstone or Carbonate 10-1000 Avg, 1150-8500 Avg, 3385 82-198 Avg. 124
263 217
7 Hydrocarbon 2 22-48 Avg. 35 4-025 Avg 2.1 5-22 Avg. 75-83 Avg. 79 Sandstone 40-1000 Avg. 6000-7000 Avg. 6500  170-180 Avg. 175
135 520
8  Hydrocarbon + WAG 14 93-41 Avg. 31 16000 -0.17 Avg.  18-319 Avg. Avg. 83 Sandstone or Carbonate 100-6600 Av 2650 -9199 Avg. 131-267 Ave. 198.7
1948.2 25.09 2392 721871
53 13-425 Avg. 265 4000°-0.4" Avg. 10.4-33 Avg. 34-82 Avg. 64  Sandstone 1.8°-5500 Avg.  [NC| 9460-700 Avg. 42219  237.2-74 Avg 167
1232 22.5 8341
10 Alkaline surfactant 13 34135] 11 Avg 26-32 Avg. 68[35] -748 Sandstone 596[10] <1520 [NC] 3900[9000] -2723 Avz.  158]200] 118 [80]
polymer (ASP, A 326 8758 266 Avg. 737 29845 Avg. 1216
11 Swfactant +P/A 4 22-39 Avg. 31.75 156-263Avg. 708 14-168 Avg. 43.5-53 Av| Sandstone 5 ) Avg [NC) 5300-625 Avg. 3406.25 155-122 Avg. 12633
156
Thermal/mechanical methods
12 Combustion 27 10| -38 Avg. 14-35 Ave. [50] -94 Avg.67 Sandstone or Carbonate 10 -15000 Avg. [~10] 400-11300{ 11500 64.4-230 Avg 1755
236 233 [Preferably Carbanate] 19815 Avg 55696
13 Steam 274 [8]-33 Avg 12-65 Avg. 35-90 Avg. 66 Sandstone 001 Avg.  [>20] 200-5000 Avg. 164742 10-350 Avg. 10591
1461 122 2 70
14 Hot water 10 12 -25 Avg. 186 25-37 Avg. 15-85 Avg. 585 Sandstone S00-6000 Ave. 500-2950 Avg. 1942
3.2 1346
15 [Surface mining| 171- 1] [Zero cold ow) NC] [>8wikSand]  [Mineable tar sand)] INC) [=10] [>3:1 overburden to [NC]
sand ratio]
Microddal
16 Microbial 4 12-33 Avg 266 S900-1.7 Avg. 12-26 Avg.  55-65 Avg. 60 Sandstone 180-200 Avg, 1572-2464 Avg. 24453 86-90 Avg 88
7 19 190

4.1.5 Physical simulation

Laboratory tests are conducted to verify that on the micro and macro
scale, the method works, and to determine the critical physical design
parameters of the injected rock/fluids system or the rock’s behaviour
towards the process used. The micro scale involves specifying the
parameters with an impact on displacement efficiency whereas on the
macro-scale the parameters that determine optimum sweep efficiency
are specified. An example on micro-scale is a determination on
Minimum Miscible Pressure and Multiple contacts for miscible processes
and adsorption experiments for the rock-slug interaction, phase
behaviour and IFT for chemical processes e

An example on macro-scale is slug size for chemical processes, water
alternating gas (WAG) ratios for miscible displacements, pressure and
temperature requirement for thermal processes. The macro scale also
includes the field operating parameters such as well placement, pattern
determination, injection rates and pressures, and quality control
specifications of the projects w

Additional laboratory tests consist of (1) rocks / native core; routine core
and SCAL, Porosity and permeability, Xray Diffraction (XRD) and
Scanning Electron Microscopy (SEM), Energy-dispersive X-ray (EDX)
analysis, rocks wettability; (2) water Formation and injection test: pH,
salinity, density, viscosity, complete water analysis, bacterial, scaling
tendency; (3) oil characteristic: density, viscosity, melting point, acid
number, composition, oil type; (4) chemical test: alkaline-surfactant-
polymer (ASP) if necessary add co-surfactant and solvent where each
can be mixed/formulated[“].

Several laboratory studies 5455 have been implemented for rock-fluid or
fluid-fluid interaction with a purpose to investigate the best EOR
scenarios for EOR projects.

4.1.6 Mathematical simulation
Simulation models can be implemented to optimize the designed EOR
parameters, the net present value and reduce the financial risk of EOR
projects. According to Hite et al. uel modelling EOR projects requires
consistency between the parameters used in reservoir

simulation and geological model, then validated with Pre-EOR reservoir
performance. This requires much more data and time than scale-up
techniques and secondary recovery project design studies. Five main
steps are required for EOR modelling process e, (1) selection of the
appropriate reservoir simulator, (2) collecting valid input data, (3)
history matching past production-pressure performance of the
reservoir, (4) predicting future EOR project performance, (5)
determining the optimum EOR project design, by conducting sensitivity
analysis.

Anriansyah[“] in his presentation summarizes the hard work that can be
performed up to history matching for reservoir performance
determination. The sensitivity studies are crucial for designing and
optimizing the technical EOR projects where project facility studies, as
well as economic and environmental studies (project feasibility), are
conducted for decision making. The input data for EOR reservoir
simulation consist of: (1) static 3D reservoir geology model (porosity,
facies, permeability distribution), (2) dynamic reservoir data (SCAL -
Special core analysis, PVT - pressure, volume, temperature and
production data with pressure), (3) laboratory study as EOR type e.g.
ASP. Anriansyah[“] describes the complete process for physical and
mathematical simulation up to history matching for reserves estimation,
production performance and proposing best production scenario.

4.1.7 Project facility studies

The main EOR project facility studies are injection facility and production
facility studies . (1) production facilities: Production test collector
station, should be separated from the existing facility, to ensure
measurements are more accurate and make handling easier particularly
with respect to emulsions, (2) injection facilities studies: water
treatment to fulfil the criteria and compatibility with reservoir. The
process is also performed through filtering, free oil and plug from a
microbe, water softener, neutral pH. Hence, the water composition
must be adjusted to the condition from a laboratory test and the
chemical retains its properties as formulated. The injection facility
necessary for each EOR project are (1) chemical method (ASP), the
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facility consists of a tank(for chemical) - mixer tanks (one for main
solvent and another for solvents as formulated in the laboratory), filter,
storage tank/ surge tank, transfer pump and pipe between equipment,
injection pump to the well, (2) gas/ solvent method - the facility consists
of separator (for absorption, distillation, gas dryer etc.), surge tank, pipe
for the surface facility to wellhead and compressors (transfer and
injection.), (3) thermal method - the facility consists of heat exchanger
and boiler, water treatment, pipe (with insulation for steam transport),
and pump, (4) microbe method - the facility consist of mixer tank
(nutrition), pipes, transfer and injection pumps.

4.1.8 Project feasibility

The feasibility study is performed to determine the overall project
suitability and result that can be used as guidance during pilot
implementation. The study consists of determining (1) quantity and
quality water injection data and water process required, (2) quantity,
quality, and operational condition of EOR media that is needed (such
chemical material: interfacial tension, concentration etc.), (3) the best
pattern locations including area and pattern type that is recommended,
(4) surface facility that needed, (5) oil and gas reserves on pilot scale and
full-field scale, and finally (6) forecast production for pilot-scale w

4.1.9 Pilot testing

The pilot test should be designed to provide the quantitative
information needed to calibrate models to predict commercial
performance and to reduce the project risk to an acceptable level "% and
ensure the efficiency of the selected EOR method in the field el
Nevertheless, there are some uncertainties in the critical parameters for
the project’s viability that cannot be resolved in the laboratory or
through modelling. In some EOR projects, the pilot tests are not
necessary and the modern simulation methods are enough once the
reservoir geology is understood and there is sufficient analogue
experience rel,

Hence, the pilot testing objectives include also the following assessment
of the EOR process for full-field implementationm'sﬂ: (1) evaluate
recovery efficiency, (2) assess effects of reservoir geology on
performance, (3) reduce technical and economic issues in production
forecasts, (4) obtain data to calibrate reservoir-simulation models, (5)
identify operational issues and concerns, (6) assess the effect of
development options on recovery, (7) assess environmental impact, (8)
evaluate operating strategy to improve economics and recovery.

EOR pilot test range from single-well tests (with injection only or
including production) to single-pattern or multipattern pilots " There
are some additional tests that may be needed: pre-and post-test cores;
logging and sampling observation wells and other data gathering
methods "*. The pilot test is designed and conducted as a small-scale
project el Hence, dedicated and appropriate personnel, facilities, and
wells are required, along with a commitment to use the resources to
design, implement and carry the pilot to its conclusion "¢ The Pilot EOR
execution comprises Monitoring and surveillance program and quality
assurance (QA)/quality control (QC) procedures (o4t

The design parameters (surface and subsurface) with the pilot response
results are monitored, studied, analysed and interpreted. The final
design and results obtained from the pilot test are very useful for fine-
tuning of the reservoir simulation model B The Monitoring and
surveillance program consists of (1) monitoring production wells (daily-
production test - gross/net, weekly wellhead pressure, dynamic fluid
level, monthly static bottom hole pressure); (2) monitoring injection well
(daily-rate injection, injectant concentration, bottom hole pressure,
weekly well head pressure, oxygen activate logging twice in the pilot, fall
off test as necessary); (3) monitoring EOR plant (chemical/ polymer/
miscible and immiscible gas etc.); (4) surveillance program (tracer test,
pulse test, pressure build-up, and skin factor minimum twice in the pilot
test. pattern balancing, fluid drift, pattern realignment for gaining
compr([eher;sive data in building confident level from field trial/ pilot
result) "%,

4.2 EOR Project implementation and optimization

Based on the result of EOR feasibility studies, the Field Development
Planning (FDP) is designed and implemented “in order to maximize the
ultimate recovery in a practical timeframe B The FDP also includes

activity steps that are necessary such as regulator guidance, budget and
subsurface and surface preparation. Furthermore, procurement to
monitor the EOR full field implementation, the Engineering,
Procurement, Construction and Installation contract as well as
production and inaction wells is also necessary. Risk mitigation
measures are also needed to avoid any unwanted disturbance or other
factors which may delay the project full-field Implementation (o741

Hence, parameters as (1) location of the existing facilities, (2)
capacity and process description of the existing plant, (3) layout of the
area to define the accessibility of the future expansion of the existing
facilities, (4) existing pipeline i.e. size, length, maximum and minimum
flow rate, battery limits, lifetime, turn down ratio of the existing
pipeline, (5) the existing utilities: the source of the power generation
and the maximum production power, (6) the available capacities of the
existing storage tank are considered during the design processlss]

Prior to project start-up, field personnel must be trained because an
EOR project does not represent” business as usual” in the oilfield el as
well as in Angola where EOR projects are considered to be new. The EOR
project development planning and management should include both the
project expectation, data gathering, quality assurance (QA), quality
control (QC), monitoring and surveillance activities to be carried out
during the life of the project (1641

The recommended surveillance for EOR project implementation may
include pressure or temperature data in observation wells, production
fluid samples, quality control activities on the injection fluid facilities, as
well as the normal field operations activities " The QA and QC
activities include material bulk volume calculation as requested, then
sampling randomly, after which laboratory tests are conducted to know
the quality as well as specification “ The monitoring plan are similarly
monitored in pilot testing implementation or monitoring the production
wells, injection wells and EOR plant. Some of the available new
surveillance methods and tools that can be used are continuous down-
hole pressure, temperature and flow rate measurements, cross-well
tomography and 4-D seismic tools 27 Some technical issues and
limitations of EOR methods are summarized in Tables 2, 3, and 4,
respectively.

4.3 EOR Project abandonment

Field abandonment is performed after all economic possibilities have
been exhausted. The economic life of a project usually ends when the
net cash flow becomes permanently negative, which will be
accompanied by the deactivation of the field as well as CO,
sequestration and storage where feasible. Consequently, the economic
viability of the field, quality and control is performed. In the case of the
project not being economically feasible, then (1) create conditions for
field abandonment, (2) identify teams specialized in CO, sequestration
and storage, (3) create conditions for the storage of CO, for use in any
subsequent EOR projects.

5. Conclusions

The general strategic plan for EOR projects design steps in Angola
oilfields has been presented and proposed in this paper. Once these
techniques have been applied, it can provide a significant increase in oil
recovery as well as extend the life cycle of the reservoirs. The success of
an EOR implementation requires effective planning on the selection of
the appropriate technique for the field or reservoir under investigation.
This includes good data quality and quantity, good screening process,
project design and understating of critical reservoir parameters and
uncertainties. Angola National EOR Work Team (ANEWT) within the
National Agency for Oil, Gas and Biofuels (ANPG) must be set up to co-
ordinate the Angolan Oil industry and government attempts to design
and develop the EOR program together with operators and service
companies to ensure that overall hydrocarbons recovery is maximized.
Field and other key personnel must be trained, specialized and the
executor team involved in this project must be supported from top
management in operational decision making and independent in the
handling area. Applying tax and contractual incentives whenever
necessary and cooperation with operators, service companies,
universities, research and technological innovation centres can result in
mutually beneficial relationships and developments in the sector.
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