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Abstract: Recovery efficiency is a key factor in decision-making in oil and gas projects. Although
structural setup and well type considerably influence waterflood recovery, few studies have explored
the performance of highly deviated wells during the waterflooding of complex shallow reservoirs.
Here, we applied numerical simulations to investigate the performance of vertical, horizontal,
multilateral, and highly deviated wells during waterflooding of complex shallow reservoirs using
the J1 Oilfield as a case study. Recovery efficiencies of 31%, 33%, 31%, and 26% could be achieved
for vertical, horizontal, multilateral, and highly deviated wells, respectively. The gas production
rate was 39% higher in the vertical wells than in the other types. Highly deviated wells yielded the
highest water-cut (80%) over a short period. Highly deviated wells delivered the least production,
and, despite branching laterals, multilateral wells were also not the most productive. Our results
provide insights into the performance of different well types during the waterflooding of green
heterogeneous non-communicating reservoirs and present an example of the successful practical
application of waterflooding as an initial recovery mechanism when oil is near the bubble point.
This study indicated that multilateral wells are not a panacea in reservoir development. Highly
deviated wells are the ideal choice for the shallow, heterogeneous non-communicating reservoirs
when economic and environmental impact are considered in decision-making. Well design should be
a case-by-case study considering reservoir characteristics, economics, and environment impact.

Keywords: waterflooding; numerical simulation; well orientation; recovery efficiency; green shallow
reservoir; non-communicating layers

1. Introduction

Energy sources, such as fossil fuels (especially oil and natural gas), are used in 96%
of the commodities we use on a daily basis [1]. As oil prices have collapsed in recent
years, enhanced oil recovery from existing reservoirs poses a lower risk than wildcat
drilling to find new reservoirs. The oil and gas industry has witnessed an upsurge in
measures aimed at increasing the oil recovery from green reservoirs [2—-4]. As part of these
initiatives, waterflooding has been widely adopted as the cheapest form of recovery [5-10].
However, different factors affect the overall performance of this method [11-13], including
the structural setup of the reservoir and well type [14,15]. Thus, selecting the most suitable
well type for waterflooding is essential.

Although vertical wells are commonly targeted in the early phases of drilling, more
than 60% of wells currently being drilled are horizontal. Horizontal wells can (i) improve
productivity, (ii) improve intersection with vertical-fracture networks, (iii) reduce gas and
water coning, and (iv) increase sweep efficiency. Due to the improvement in trajectory
design, the availability of bottom hole sensors, and the advancement of measuring-while-
drilling (MWD) tools [16-19], well trajectories have become increasingly complex. For
example, highly deviated and multilateral wells can penetrate more discrete compartments
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in complex reservoirs, compared with conventional wells. Such new developments require
the precise identification of the most suitable well type (i.e., vertical, horizontal, multi-
lateral, or highly deviated) for each waterflood design. Previous studies have examined
the relationships between well type and oil productivity in different environments. For
example, Edwards (2017) found that horizontal wells outperform vertical wells in thin
formations [20], whereas Pieters and Al-Khalifa (1991) reported that both vertical and
horizontal wells have similar recoveries in layered carbonate reservoirs [21]. Elyasi (2016)
showed that for fractured reservoirs, multilateral wells have better recoveries than vertical
wells, whereas deviated wells outperform horizontal wells [22]. Ekebafe et al. (2019) re-
ported that horizontal wells outperform deviated wells in unconsolidated formations [23].
Using a Dykstra—Parsons model extension, Muradov et al. (2018) verified that conven-
tional wells perform better in stratified heterogeneous reservoirs with non-communicating
layers [24]. Furthermore, Pieters and Al-Khalifa (1991) reported that neither horizontal
nor multilateral wells guarantee improved oil recovery [21]. Zadravec and Brkié (2020)
discussed a unique approach to enhance oil recovery through natural dump flooding
well [25]. Intelligent completion has been installed in water injector inside the oil reservoir
in the western Persian/Arabian Gulf to allow more efficient production of oil. On the basis
of the successful application in this field, the authors evaluated the possibility of applying
natural water dump flood in a Croatian oil field.

Despite the volume of published literature [26-38] on the recovery efficiencies of differ-
ent well types, to the best of our knowledge, there has been no research on the performance
of highly deviated wells in the highly heterogeneous shallow reservoirs of the Central
African Rift Valley region, which are significantly different from most moderate-depth to
deep reservoirs in other parts of world. This is because of (i) the complications associated
with drilling along a precise path within an inclined path, (ii) difficulties encountered in
preventing sand influx, and (iii) challenges encountered during screen installation for sand
production control, which render directional drilling more difficult and time-consuming
for complex reservoirs.

The J1 Oilfield in the Central African Rift Valley region is a newly discovered oilfield
with no historical data. B27 is one of three main oil-bearing reservoirs (along with B30 and
B25), separated by layers of shales with non-communicating heterogeneous reservoirs and
shallow burial depths (500-800 m). In addition to areal compartmentalization via faulting,
pressure data indicate vertical disconnections in the oil pools. Moreover, the presence
of a primary gas cap and oil near the bubble point implies that a pressure maintenance
scheme is required for initial oil production; hence, waterflooding should be considered.
However, the selection of a suitable well type for maximum recovery remains a challenge.
Our literature review indicates that horizontal and multilateral wells are not necessarily
better than vertical or deviated wells for all reservoirs or vice versa and that well type
should be considered on a case-by-case basis. The selection of an appropriate well type or
combination for a specific reservoir should mainly depend on reservoir properties, which
impact the oil production and oil field development/production cost. In terms of the J1
Oilfield, the selection of well type is further complicated because the field is located in an
ecologically sensitive area that requires a minimal environmental footprint. Thus, the target
reservoir must be assessed from a different surface location while avoiding complex fault
structures in the vertically disconnected sand bodies. These limitations indicate that highly
deviated wells would be a better option than vertical and horizontal wells. Furthermore,
the lower drilling—design cost for highly deviated wells would also render them a better
option than multilateral wells for the study area, if considering all other aspects including
cost reduction and reduced environmental footprint. However, the objective of this study
was to investigate the performance of different well types: vertical, horizontal, multilateral,
and highly deviated wells, during waterflooding of complex shallow reservoirs using the
J1 Oilfield and B27 reservoir as a case study.

We used the Petrel software and ECLIPSE black oil simulator to characterize and
model the B27 reservoir using published and unpublished site-specific data obtained from
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seismic surveys, well logs, and measurements from repeat formation tester (RFT) tools. In
addition to being the first study of its kind in this region, the results of this study provide
further insights into the recovery performance of highly deviated wells, compared with
those of other well types, and the waterflooding of reservoirs where oil is near the bubble
point. Our results provided a reference for field with similar geological setting. After
economic and environmental impact analysis, this study found that highly deviated wells
are a better option. This is because although the oil production from highly deviated
wells is slightly lower than other cases, the footprint (environmental impact) is much
smaller. This investigation also indicated that multilateral wells are not always the best
candidate for oil and gas field development. Every well type has its own advantages and
disadvantages in oil and gas development and production. Properties of oil and gas and
reservoir characteristics play a key role in selecting the appropriate well type. A thorough
study of field, design of well, simulation, production forecast, and economic analysis are
necessary for field evaluation and production plan. The step-by-step procedure illustrated
in this paper provided a valuable guideline to oil field development.

2. Methodology

Using well logs and seismic data obtained from field reports and repeat formation
tester (RFT) tools, we developed a three-dimensional (3-D) geological model, covering the
full extent of the study field using a commercial software. Figure 1 illustrates the workflow
of the proposed model, as explained in the following sections.

Vertical
wells

—

Oil reservoir

(©) (d)

Figure 1. Summary of the workflow in the proposed model. Illustrations; (a), (b), (c), and (d) represent the different well
types i.e., vertical, horizontal, highly deviated, and multilateral, respectively.

2.1. Geological Setting

The South Lokichar Basin is a Cenozoic sedimentary basin in Kenya that forms part
of the East African Rift system (Figure 2). The basin is approximately 80 km long and
25 km wide, with a maximum depth exceeding 7 km [39]. Reservoirs in the basin are of
middle Miocene age and were deposited under a fluvial-lacustrine regime punctuated by
periods of lake-level rises and widespread lacustrine shale [40]. The main fault, known as
the Lokichar Fault, has a relatively low angle with planar sections, despite a dip that varies
considerably (from 12° to 60°) along strike [41]. The J1 Oilfield covers an approximate area
of 1100 km? with 14.04 x 108 Sm? of oil originally in place (OOIP).
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Figure 2. Location of the Lokichar Basin (green circle) and surrounding areas where oil has been
discovered (Block 10BA, Block 13T, Block 10BB, Block 12A, and Block 9). The green straight line from
Lamu port to Lake Albert represents a proposed pipeline route for transporting crude oil. Black
circles represent major surrounding cities.

2.2. Static Reservoir Modeling

Figure 3 shows the lithology sequences of the studied field. The static reservoir
model was prepared using Schlumberger’s Petrel software suite, 2015 version, on the
basis of the latest processed seismic data from the J1 field. Geological modeling is highly
important because it (1) provides a robust means of field evaluation and (2) enables
volumetric calculations that provide the best technical case for determining static stock
tank oil originally in place (STOOIP) and gas initially in place (GIIP) values [42]. The
inputs for reservoir simulation were supported by history-matching the test well to the
potential drilling targets and their associated profiles. A geological reservoir model was
generated on the basis of (1) the depositional environment, (2) lithology and continuity,
(3) reservoir sand thickness, and (4) structural geometry. First, the formation outcrops were
examined to characterize the depositional environment. The outcrops were analogous to
well-documented Oligocene-Miocene outcrops from the Ebro River Basin in Spain [43,44].
Therefore, the outcrops were modeled as a sequence of middle Miocene fluvial-lacustrine
deposits. The reservoir interval was regionally split into 7 reservoir zones (B01, B27, B15,
B17, B25, B27, and B30) on the basis of lake-level fluctuations. To improve reservoir layering
in the model, we introduced two additional surfaces that split B30 and B27 into upper and
lower members (i.e., B30L and B30U, and B27L and B27U, respectively).
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Figure 3. Lithology sequences of the studied field.

The base of B30L corresponds to a major lacustrine flooding event interpreted as a
vertical seal between the B30 and B27-B15 intervals. A barrier also prevents pressure
communication within B30U, which isolates the uppermost reservoir layers from the main
sand bodies. The B17 layer is predominantly a shale interval, and pressure data suggest
that the B15 layer is connected to B25 under static conditions. Table 1 lists the 6 rock types
defined in the model on the basis of their permeability distributions and respective fluid
saturation. The relative permeability curves used during the simulation for the rock types
are shown in Figure 4.

Table 1. Rock types defined in the model and their corresponding horizontal permeability—kzy
(m?) distributions.

Rock Type (Based on Permeability Distribution) Permeability Range
Type () kg < 1.1 x 1071 m?
Type (1) 1.1 x 1071 < ky <2.5 x 10710 m?
Type (III) 2.5 x 10710 < kyy < 1.0 x 1079 m?
Type (IV) 1.0 x 1072 < kyy < 4.0 x 1072 m?
Type (V) 40 x 1077 < kg <15 x 1078 m?

Type (VI) ky > 1.5 x 1078 m?
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Figure 4. The relative permeability function for each rock type.

The static geological model contained 305 x 390 x 173 = 3,144,960 cells with a cell
size of 50 x 50 x 2 m and a total of 112 layers, each with an average thickness of 1.7 m.
Hydrocarbons in place (split per interval: 33% in B30, 55% in B27, and 12% in B25) were
calculated using the different properties populated in the main J1 model (PhieNet, NTG,
and Sw).

2.3. Contact Sets: Oil-Water and Gas—QOil

Oil-water contacts (OWCs) were obtained using the following two methods. First,
pressure data were used to develop pressure versus depth plots for each reservoir unit
(B27U and B27L), focusing on the point of intersection with the water zones (B17 and B15).
Second, well-log analyses were used to identify lithologies on the basis of observations of
density neutron separation and gamma-ray response, along with a review of core resistivity
and sand-body distribution. Final and fine OWC sets (Table 2) were derived using the “oil
down to” (ODT) concept, that is, the depth of the lowest known hydrocarbons [12,45,46].
The gas—oil contact (GOC) sets applied values obtained directly from the seismic amplitude
analysis. Tables 3 and 4 present the OWCs and GOCs, respectively, for reservoir B27. No
gas was found in B27U in the J1-1 block.
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Table 2. Depths of water-oil contact (m) for the J1 Oil Field.

Block B30U B30L B27U0 B27L B25
J1 SE-1 —437.52 —449 —487 —487 —-509
J1 SW-2 —532.04 —543 —547 —547 Water

J1C-3 —485.00 —485 —543 —543 -570
J1 N-4 —581.05 -590 —636 —636 —647

Table 3. Depths of water—oil contact (m) for the B27 reservoir.

Block B27U B27L
J1 SE-1 —487 —487
J1SW-2 —547 —547

J1C-3 —543 —543
JIN-4 —636 —636

Table 4. Depths of gas—oil contact (m) for the B27 reservoir.

Block B30U B27U
J1 SE-1 —420 N/A
J1C-3 —440 —495

2.4. Dynamic Model Development

The geological model was transferred to the Eclipse black oil simulator without up-
scaling. The simulation model was initialized with 17 active equilibrium and 10 pressure-
volume-temperature (PVT) regions, each listed with its own OWC and GOC. PVT tables
and pressure initialization (Table 5) were defined on the basis of the reservoir characteriza-
tion instrument (RCI)/module formation tester dynamic tool (MDT) pressure and quad
measurements, which are in turn based on permeability distributions. Figure 5 shows
the porosity and permeability distributions of rock types in reservoir. Uchida et al. (2015)
and Ashgqar et al. (2016) discussed the factors that should be considered when classifying
rock type for reservoir modeling and evaluation [47,48]. It is noted that when classifying
different rock types, facies, porosity, and permeability are all considered. In this work,
permeability is the main factor in the consideration because permeability controls the flow
of the fluid in reservoir. In fact, facies and porosity are related to permeability. Usually,
low porosity is corresponding to low permeability and high porosity is related to high
permeability. The facies can be represented by their typical porosity—permeability. There-
fore, facies and porosity are considered in the rock type classification implicitly. Rock
type (VI) has the highest permeability, whereas rock type (I) has the lowest permeability
(Table 2). Therefore, rock type (I) was considered to be predominantly shale saturated with
water and was deactivated in the dynamic model. The average cell size was approximately
50 x 50 x 2 m, with the vertical permeability derived from the static model calculated us-
ing values of ky /ky for each facies association (AFL). Minimum and maximum pressures of
10 and 60 bars, respectively, and a reservoir temperature and reference pressure of 54.5 °C
and 51.3 bars, respectively, were used. The dynamic model contained only 303,957 active
cells, mainly as a result of the perimeter effect, with an OOIP of 30.2 x 10° Sm? (Table 6).
As each block and reservoir tends to be statically disconnected, in Figure 6, regions with the
highest oil concentrations are indicated in red. The change in color toward blue indicates an
increase in water saturation. During the modeling process, the B27 reservoir was divided
into B27U and B27L; Figure 7a,b shows fluid saturation in the lower B27 reservoir, and
Figure 7c,d shows the distributions in the upper sections of the reservoirs.
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Table 5. Petrophysical and fluid properties of the reservoir rock.

Rock Properties Fluid Properties
Grid size (m), 50 x 50 Water saturation (Sw; fraction) 0.2
Porosity (%), 28 Initial oil saturation (Soi; fraction) 0.8
Perm. V/Perm. H (ky /kg), 0.1 Reservoir fluid density (kg/m?), 855
Initial reservoir pressure (MPa), 5.1 Fluid viscosity (N-s/ m?), 0.0167
Formation depth (m), 800 Oil gravity (°API), 25.3

Formation volume factor (FVF) (m3/Sm?), 1.071

. Gl

PERMH_BC. [mOf

[ Code 0

B Rock Type 1
) Rock Type 2
B Rock Type 3
[ Rock Type 4
B Rock Type 5
B Rock Type 6

PHIE_BC. [m3m3]

PHE BCvs PERMH BC vs RockTvoe (Al cats)

Figure 5. The distribution of porosity and permeability of different rock types in the reservoir.

Table 6. Recoverable volumes in the B14U and B14L zones.

Reservoir Block ( 1(())6215)13) Recoverable Qil (10° Sm?)

J1C-3 10.4 2

B14U J1 SW-2 42 1
J1SE-1 51.8 8

JIN-4 11.9 2

J1C-3 115 2

J1 SW-2 7.1 2

B14L J1 SE-1 81.2 1
JIN-4 12 13

TOTAL 190.2 30
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Figure 6. Oil saturation (fraction) in the B27 reservoir in the J1 Oilfield. The change in color toward red indicates increasing

oil concentrations, while the change in color toward blue indicates increasing water concentrations.

2.5. Mathematical Fluid Flow Models

Mass and momentum conservation laws govern the dynamics of fluid flow transport
and its interaction with porous media. Buckley and Leverett (1942) presented a fractional
flow equation for two-phase flow in homogenous reservoirs with communicating layers.
However, our study focuses on flow in heterogeneous reservoirs [49].

2.6. Well Design

Figure 8 shows the trajectory of the designed wells with different radii of curvature,
and Figure 9 shows the flood design and well placement, with the producer wells located
on the basis of the identification of grid blocks with a high residual oil saturation, high
porosity, and good reservoir quality. Injector wells were placed in regions with appropriate
connectivity and permeability. The average porosity was 28%, and the horizontal to vertical
permeability ratio (ky /kz) was 0.1 for the base case [50,51]. The ky /kp; ratio is an important
fluid flow factor when creating models consistent with field performance. When the ratio
is greater than 1, more flow occurs in the vertical direction compared with that in the
horizontal direction; when the ratio is less than 0.1, there are more restrictions on fluid flow
in the vertical direction. Moreover, as discussed by Kasap (2001), an empirically derived
ky/ky ratio of 0.1 is commonly recommended in the oil industry to account for fluid
flow movement [50]. Regions with proper facies distribution, porosity, and permeability
were selected for perforation. Perforation regions for the injectors were always placed
deeper than those for the producer wells in the same location to allow for the upward
vertical flow of oil. To select the best development scenario, we compared four flooding
patterns: (1) vertical injectors and vertical producers, (2) vertical injectors and highly
deviated producers, (3) vertical injectors and multilateral producers, (4) vertical injectors
and horizontal producers. Vertical injectors were applied for all patterns because of
their cost-effectiveness in shallow reservoirs. Vertical injector can also delay the water
breakthrough and enhance oil recovery. For all the cases, the ratio of producer to injector
was almost 1:1. For the second case, the recommended highly deviated well arrangement
included 40 producers and 38 vertical injectors in the B27U and B27L reservoir zones. These
B27 reservoir panels were selected because they contained higher volumes of oil than the
B30 reservoir zone. The laterals were placed at 68° with a maximum distance of 60.96 m
from the vertical section and with a short radius of 5-10 m from each section to ensure
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larger distances within high-porosity zones [22,52]. For third case, two to three laterals were
planned to maximize the horizontal and vertical sweep efficiency for waterflooding using
this design. Well indices were calculated on the basis of Peaceman’s equation (Equation (2))
for wells characterized by perpendicular penetration through the center of rectangular grid
blocks. For fourth case, medium-to-short radius horizontal wells (Figure 8) were used.

a

IL[0] [Jan 01, 2017)

an 01, 2017)

SOIL[0] [Jan 01, 2017]
Oil Saturati

Figure 7. Hydrocarbon distribution and oil saturation (Sm?) in the B27 reservoirs: (a) hydrocarbon
saturation maps for the B27L reservoir zone; (b) highest oil saturation distribution map for the B27L
reservoir zone; (c) hydrocarbon fluid saturation map for the B27U reservoir zone; (d) highest oil
saturation map for the B27U reservoir zone. Change in color towards red indicates an increasing oil
concentration; red-colored areas have the highest concentration of oil. On the contrary, change in
color towards blue indicates an increase in the water concentrations.
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Figure 8. The classification of different radii of the curvature section of deviated wells.

Vertical wells were completed throughout the entire formation thickness and their
flow indices were calculated to be ~0.1. The layer flow indices were calculated as follows:

M

PIDVK=< 0.00708kh )/

Lu(re/ry)+ S

where 7, is the equivalent gridlock radius (ft), r is the wellbore radius (ft), & is the Z-
dimension (layer thickness) of the block (ft), k is the mean X-Y permeability (mD), and
S is the layer skin factor. These PID values apply to vertical wellbores; PID values for
horizontal wellbores were calculated as follows:

0.00708K 71
PIDyk = N @)
a+ a2~ (L/2) Eanilt anilt
Ln( (L72) ) + ( L X l”rwum+1>) +5
ky
I -, 3
ahl kz) ( )

and

405

0= <I£> x Jo.5+[0.25+ (;%) ], @)

where ky is the horizontal permeability (mD), & is the Z-dimension (layer thickness) of
the block (ft), L is the length of the horizontal section of the well (ft), k;, is the vertical
permeability (mD), 7.y is the drainage radius of the horizontal wellbore (ft), I,,; is the
index of horizontal-to-vertical permeability anisotropy, and a is the large half-axis (a)
of the drainage ellipse formed by a horizontal wellbore. The radius, r., was calculated
using Peaceman’s formula [53]. Multilateral wells have different configurations; here, we
considered dual laterals because of their accelerated rate of recovery and reduced water
production [54].
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Figure 9. Planned well design and placement. (a) Vertical well placement, (b) horizontal well
placement, (c) highly deviated well placement, and (d) multilateral well placement.

2.7. Development Strategy

We observed that the minimum horizontal stress was 0.13 bars/m below the vertical
stress (0.178 bars/m). Thus, the injection pressure (1.89 psi/m) was used to prevent any
risk of re-opening of pre-existing faults, which would have damaged the cap-rock integrity.
Producer wells were controlled with a minimum bottom hole pressure of 145 psi for all
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well scenarios, while the well rate production control was set at a maximum liquid rate
of 5000 STB/D. The group production control target was 20,000 STB/D. The water-cut
for each well was 95%, considering the worst perforation. The waterflood development
strategy was designed for a period of 25 years. In the baseline scenario, 16 highly deviated
producer wells were used in the B27U reservoir and 24 highly deviated producer wells
were used in the B27L reservoir. The number of vertical water injection wells used in the
two scenarios were 16 and 24, respectively. Table 7 lists the number of wells used in the
design for the development of each reservoir block.

Table 7. Number of wells planned in each reservoir block.

Well Type Reservoir Zone Producers Injectors
B27U 15 15
Vertical
B27L 18 16
B27U 24 23
Horizontal
B27L 14 14
B27U 16 16
Highly deviated
B27L 24 22
B27U 10 9
Multilateral
B27L 14 14

3. Results and Discussion

The results of the simulations are presented in Table 8 and Figure 10. The production
performances of different well configurations were evaluated on the basis of cumula-
tive oil production. The horizontal wells outperformed all the other well types in terms
of cumulative oil recovery. This can be attributed to the single horizontal lateral sec-
tion, which penetrates more pay zones, thereby creating a wide contact surface area for
drainage [55,56]. Highly deviated wells have a similar lateral extension, but their sections
are slanted. This affects oil recovery from shallow reservoirs (which are also composed of
vertical non-communicating layers), resulting in the lowest recovery among the four well
types (Figure 10d). In contrast, multilateral wells should have the highest recovery because
of their lateral branching structure [57,58]. However, these wells only exhibited the highest
production during the first three years of operation before sharply decreasing to the same
production rates as those of the vertical wells. This decline can be attributed to the follow-
ing two factors: (1) slanting laterals reduced the contribution of vertical permeability to
productivity; (2) the additional contact area between the wellbore and reservoir may have
led to fluid flow resistance in shallow pay zones. However, this can be resolved with inflow
control valves (ICV) in smart well configurations. The production of multilateral wells
was approximately 5% higher than that of highly deviated wells. The small difference was
due to the substantial cumulative exposure of laterals within the entire reservoir relative
to the single sections of the highly deviated wells [57]. Nevertheless, this effect was not
pronounced because the reservoir is relatively shallow. Here, the negative effect of reduced
productivity due to slanting overshadowed the positive effect of increased reservoir thick-
ness. Well spacing significantly affects the key indicators of the field development such as
the rate of liquid and oil recovery from the reservoir, completeness of oil sweep out from
the producing formation, the hydrocarbons’ ultimate recovery factor, reservoir producing
life, and a number of other indicators of development.
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Table 8. Production performance of each well type by property.

Well Type Property Production
5 years 15 years 25 years
Water cut 0.79 0.89 0.93
Gas production rate (Sm3/4d) 804.764 213.257 132.483
Vertical well Oil production rate (Sm3/d) 1531.5 432.17 232.73
Cumulative oil production (Sm) 5.29 x 10° 8.3838 x 10° 9.57 x 10°
Recovery efficiency (%) 174 27.0 31.0
Water cut 0.89 091 0.92
Gas production rate (Sm3 /d) 1019.519 23,336.055 2533.6
Horizontal well Oil production rate (Sm3/d) 1850.4 417.7 128.37
Cumulative oil production (Sm) 5.71 x 100 9.27 x 100 1.01 x 107
Recovery efficiency (%) 19.0 31.0 33.0
Water cut 0.86 0.92 0.94
Gas production rate (Sm3/d) 1036.736 218.209 107.575
Multilateral well Oil production rate (Sm3/d) 1525.8 389.64 1920.3
Cumulative oil production (Sm) 5.64 x 100 8.6 x 10° 9.53 x 10°
Recovery efficiency (%) 18.6 28.0 31.0
Water cut 0.86 0.88 0.9
Gas production rate (Sm3/d) 70.1408 197.872 89.758
Highly deviated well (il production rate (Sm3/d) 1269.7 3389 157.46
Cumulative oil production (Sm) 5.07 x 10° 7.39 x 100 8.14 x 10°
Recovery efficiency (%) 16.7 24.0 26.0

In addition, owing to the complex heterogeneity of the B27 reservoirs, permeability
variations in the different parts of the reservoir and corresponding well locations partially
affect the relatively small increase in the production rate. Overall, vertical wells performed
better than highly deviated wells, identical to multilateral wells, and slightly poorer than
horizontal wells (Figure 10a). The improved production in the vertical wells (as compared
with the highly deviated wells) can be attributed to the reservoir structure. B27 reservoirs
are shallow, creating a perforation that can be easily vertically assigned in the hydrocarbon-
bearing reservoir sands in different zones. This can easily increase productivity relative
to the high-angle barriers in the slanted highly deviated wells. Here, ]J1 also has vertical
pressure disconnections, which can affect the reservoir pressure and water infectivity
process, particularly in unconventional wells.

3.1. Production Plots for Each Well Type
3.1.1. Vertical Wells

Figure 10a shows that, during the first 2.5 years of production, the oil production rate
remained constant at 3180 Sm3/d, and the water production was 7809.3 Sm?/d, exhibiting a
steady increase during this period. The water-cut also steadily increased to 72% at maximum
production. Near the beginning of the third year of production, the oil rate declined sharply (by
55%) to 1426.1 Sm?/d until August 2022. Water production decreased steadily over the same
period. However, the water-cut steadily increased throughout waterflooding. After 2022, we
observe a steady decrease in the oil production rate, leading to a cumulative oil production of
9.6 x 10° Sm3. Vertical wells drilled perpendicular to the reservoir section, which in this case is
a shallow reservoir, can only sweep hydrocarbons that lie directly beneath the reservoir section.
Thus, we observed a sharp decrease in production after a short period of operation.
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Figure 10. Trends in different properties for each well type. (a) Performance of vertical wells in the
B27 reservoir, (b) production profiles of horizontal wells in the B27 reservoir, (c) performance of
multilateral wells in the B27 reservoir, and (d) production profiles showing the performance of highly
deviated wells in the B27 reservoir. The pressure considered is the reservoir pressure.
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3.1.2. Horizontal Wells

Horizontal wells dug at an angle of at least 80° to a vertical wellbore are known
to reach deeper pay zones and have a wide contact surface for oil drainage. Figure 10b
shows that the initial oil production rate of 3180 Sm>/d remained constant for the first
three years of production, which represents nearly six more years of production compared
with the vertical wells. The water production rate increased steadily from the first year
of production, reached a maximum of 11,676 Sm3/d, and then sharply decreased to
9768.8 Sm>/d in the final month of the first three years of production. The water-cut was
as high as 78% throughout the extended period of production. The oil production rate
decreased steadily until the end of waterflooding, yielding a cumulative oil production of
1.012 x 107 Sm3. Cumulative oil production in the horizontal wells was 5.21% higher than
that in the vertical wells.

3.1.3. Multilateral Wells

The oil production rate of the multilateral wells was maintained at a constant rate
of 3180 Sm3/d for a slightly longer period (3.5 years) compared with that for the other
well types before sharply decreasing (by 66%) to 1060 Sm3/d between 2024 and 2025 and
then continuing to decrease at a steady rate for the entire flood period. In contrast, water
production in the multilateral wells was higher and increased more rapidly than in the
other well types, reaching a maximum production of 11,740 Sm?/d before beginning to
decline (Figure 10c). This trend reflects the numerous laterals draining different zones
at the same time, leading to high cumulative water production. Similar to all other well
orientations, the water-cut in the multilateral wells also steadily increased, reaching 78%
at maximum oil production. Multilateral wells drilled with more than one lateral in the
reservoir section were expected to produce higher volumes, but this was not found to be the
case. The cumulative oil produced was 9.54 x 10° Sm3, which is similar to that produced
by the vertical wells, but less oil than any other well type, including that produced by the
horizontal wells.

3.1.4. Highly Deviated Wells

Unlike the horizontal wells in which we observed a repetitive fluctuation in water
production rates together with a sharp decrease in o0il production during the first three
years, water production in the highly deviated wells (normally drilled at an angle of 78°
and with a maximum angle of 81°) increased steadily from the first day of production.
During this period, there was no significant decrease until production reached a maximum
of 12,500 Sm3/d. At the same time, an oil production rate of 2812.4 Sm3/d was maintained
during the first 2.5 years of production (similar to the vertical wells but not the horizontal
wells), before steadily decreasing until the end of the flood (Figure 10d). During the
subsequent three years, oil production was maintained at 3180 Sm3/d. The production
rate then sharply decreased (by 62%) to 1212.4 Sm3/d in August 2022. At this point, we
observed a consistently decreasing trend in production until the end of the flood, which is
similar to the other well types. The water-cut in the highly deviated wells increased steadily
over time and reached 80% at maximum oil production. The cumulative oil production
was 8.15 x 10° Sm3/d, which indicates that production in the highly deviated wells was
15% and 19% lower than those in the vertical and horizontal wells, respectively.

3.2. Property Production Profiles for Each Well Type
3.2.1. Field Oil Production Rate

As shown in Figure 11a, for reservoir B27, multilateral wells maintained the highest
production rate followed by the horizontal wells. This better performance was a result of
the horizontal and multilateral wells penetrating more of the reservoir than the vertical
and highly deviated wells. However, the production of the multilateral wells declined to
below that of the horizontal wells during the course of production. The additional contact
area between the wellbore and reservoir reduced the resistance to fluid flow. Variations in
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permeability in different parts of the reservoir and corresponding well locations partially
explain the relatively small increase in production rate.
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Figure 11. Production profile plots for the individual properties of each well type. (a) Oil production
rate of each well type, (b) field water-cut ratio profiles of each well type, (c) field water injection rate
profiles of each well type, and (d) field cumulative oil production of each well type.
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3.2.2. Field Water-Cut

Figure 11b shows that the water-cut increased sharply in the four well types during
the first three years of production. Subsequently, the water-cut in the vertical wells (72% of
the maximum production) increased more slowly than in the horizontal and multilateral
wells (78% of the maximum production), and the highest water-cut was observed in the
highly deviated wells (80% of the maximum production). The total oil recovered at a 75%
water-cut was highest in the horizontal wells, followed by the multilateral, vertical, and
highly deviated wells. Hence, we infer that horizontal and multilateral wells will recover
more oil than other well types. Highly deviated wells showed a higher water-cut than the
other wells between 28 October 2018 and 24 December 2021. This was due to the structural
setup of the reservoir, which enabled the inclined shape of the highly deviated wells to
be in contact with more water zones than the oil-producing zones. However, by the end
of the 25-year production period, the water-cut was similar between all the different well
orientations (94%).

3.2.3. Field Water Injection Rate

Highly deviated wells had the highest injection rate (1.73 x 10* Sm3/d), followed by
the horizontal wells (1.53 x 10* Sm3/d). The multilateral wells reached their maximum
injection rate (1.47 x 10* Sm?/d) after three years of waterflooding. The vertical wells had
the lowest injection rate from the beginning of the waterflood, reaching a maximum of
1.16 x 10* Sm>/d after two years of production (Figure 11c).

3.2.4. Field Cumulative Oil Production

The cumulative oil production for the first three years in all the four well types
increased steadily at the same rate from the first day of production. However, on 6 April
2020, oil production began to deviate rapidly, increasing at different steady rates for each
well type. After five years of production, both the multilateral and horizontal wells had
identical cumulative oil productions (5.783 x 10° Sm3), the vertical wells had a cumulative
production of 5.55 x 10° Sm3, and the highly deviated wells had the lowest cumulative
production at 5.25 x 10° Sm3. Oil production in the horizontal wells steadily increased and
surpassed all the other well types as time elapsed. This reflects that the drilling of horizontal
wells parallel to the reservoir bedding plane resulted in a wider area of connectivity with
the oil-producing formation and led to improved drainage. On 12 November 2041, after
25 years of production, the horizontal wells showed a higher cumulative oil production
(1.012 x 107 Sm?3) than the multilateral wells, which also produced oil at a higher rate
than both the vertical and highly deviated wells. However, as shown in Figure 11d, the
cumulative production in the vertical wells increased at a rapid rate with the production
time. After 20 years of production, both the multilateral and vertical wells produced oil at
the same rate (9.192 x 10° Sm?3), whereas the production rate remained the lowest for the
highly deviated wells (7.88 x 10° Sm?3).

3.3. Field Gas Production Rate

The B27 reservoir is generally known to have low gas volumes. However, the high-
est maximum gas production for the four well types was observed in vertical wells
(1.52 x 10° Sm3/d on 6 July 2019). The multilateral, highly deviated, and horizontal wells
had gas yields of less than 9.26 x 10* Sm?/d (Figure 12). Gas production lasted for only
1 year from the start of production and then began to decrease sharply for all well types.
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Figure 12. Field gas production rate for each well type.

3.3.1. Field Water Production Rate

The field water production rate increased steadily in all the well orientations right
from the start of production until three years of the waterflood, when the maximum rates
were obtained in all cases (Figure 13). The highly deviated wells were shown to have the
highest water production rate of 1.42 x 10* Sm3/d compared to multilateral, horizontal,
and vertical wells, which had their maximum at 1.18 x 10* Sm®/d, 1.17 x 10* Sm®/d, and
8.56 x 10° Sm®/d, respectively.
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Figure 13. Field water production rate for each well type.

3.3.2. Field Cumulative Water Production

The cumulative water production in all the four well types increased steadily at the
same rate from the first day of production (Figure 14). After the first three years, however,
horizontal and highly deviated wells were exhibiting higher production than multilateral
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and vertical wells. By mid-July, 2020, the cumulative water production by horizontal wells
increased more sharply than highly deviated wells. The deviated wells” production went
on decreasing while the production in the other three well types was steadily increasing,
with multilateral at a faster rate than the vertical wells. By July 2020, the production in
horizontal wells was 3.5 x 107 Sm3, while both multilateral and highly deviated wells had
the same production at 3.0 x 107 Sm®. Beyond this date, the multilateral water production
increased rapidly, surpassing that of the highly deviated wells. Moreover, by the end of the
production time, vertical wells had the least production followed by highly deviated wells.
Meanwhile, horizontal wells had the highest cumulative water production at 5.0 x 107 Sm?,
then followed by multilateral (4.5 x 107 Sm?).
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Figure 14. Field water production cumulative for each well type.

3.4. Recovery Efficiency

Identifying the recovery factor or recovery efficiency of different well orientations was
the main objective of this study. We observed that recovery efficiency was identical (12%)
for all well types after three years of production (Figure 15). As oil production continued,
there was a steady increase in the recovery efficiency for all well scenarios; however, there
were important differences. For example, recovery from horizontal wells increased at a
higher rate than that for all other well types, reaching a maximum of 33% after 25 years of
waterflooding. Multilateral wells had the next highest recovery, which was maintained for
most of the waterflood period. However, after 20 years of production, both the vertical and
multilateral wells exhibited the same recovery factor (31%), which was maintained for the
last five years of the waterflood. Highly deviated wells had the lowest recovery factor of all
well types (26%). The J1 Oilfield is a recent discovery with limited data and no historical
data. Therefore, there remain numerous uncertainties in the oil-water and gas—oil contact
sets. Hence, further investigations will be necessary after 3-5 years of active oil production.
Moreover, while we acknowledge that numerous types of multilateral wells exist, here,
we only considered dual lateral well types, given that they deliver better performance in
shallow reservoirs [22].
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Figure 15. Oil recovery efficiency for each well type.

3.5. Well Type Selection

The selection of the well type to develop reservoirs is based on environmental impact,
the oil recovery factor and cost to develop, and ability produce oil and gas. Our study
confirms that horizontal and multilateral wells are not necessarily better than vertical or
deviated wells for all reservoirs or vice versa. The application of different well types should
be on a case-by-case basis. The cost difference (i.e., well drilling and the corresponding
ongoing operating costs) should also be considered. Usually, the cost of a horizontal well is
1.5-3 times that of a vertical well, depending on its lateral length. The cost of multilateral
wells depends on the number of laterals and the length of each lateral. As technology
advances, it requires less rig time per well and lower related costs for materials, services,
number of casings, and size of the wellbore, among other factors. The advancement
of drilling technology has allowed drilling to target reservoirs using complicated well
structures and measurements while also ensuring that the well trajectory remains with
the target reservoir. These factors significantly reduce the uncertainty while drilling in
areas with complex geological structures. In summary, the cumulative oil production,
cost, and environmental impact are the dominant factors that affect the selection of the
well type. It is necessary to conduct a thorough economic analysis before making a final
decision. In this study, the difference in the oil recovery by four well types were small.
Considering the higher well cost for horizontal wells and high environmental impact
by vertical wells, we chose highly deviated wells for these green reservoirs locating in
ecologically sensitive environments.

3.6. Well Spacing

Well spacing significantly affects the key indicators of the field development such as
the rate of liquid and oil recovery from the reservoir, completeness of oil sweep out from
the producing formation, the hydrocarbons’ ultimate recovery factor, reservoir producing
life, and a number of other indicators of development. Generally, small well spacing, which
means more well numbers to develop the field, can accelerate oil production and increase
recovery efficiency, but with the cost of higher investment and drop in net present value
(NPV). Large well spacing that reduces well numbers to develop the field can lead to
lower capital and operating costs, but with the expense of low production rate and low
recovery factor. There is an optimum well spacing that can result in maximum NPV for
project. It can be determined through a thorough study of field, design of well, simulation,
production forecast, and economic analysis.
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3.7. Economic Analysis

In addition to the environmental impact, economics is another key factor when select-
ing the appropriate well type and well spacing. One critical indicator used in the project
ranking is NPV. Generally, the well type that causes minimum environmental impact and
maximum NPV should be chosen. Under the circumstance that several cases have similar
NPV, the one that has minimum environmental impact is ranked first. If environmental
impact is equal, the case providing maximum NPV should be considered. The most com-
plicated or difficult scenario is that there are two extreme cases, within which other cases
lie. One extreme case has maximum NPV with maximum environmental impact, while
another extreme case has minimum NPV with minimum environmental impact. Under
this condition, the advantages and the disadvantages of each case should be scrutinized. A
thorough review of environmental impact should be conducted, and a regulation agency
should be consulted before any decision can made. The appropriate development plan
can be chosen after a comprehensive evaluation of geology and engineering uncertainty;,
economic benefit, environmental and social impact, and geopolitical risk. NPV or rate of
return (ROR) is often used in the economic analysis. To calculate NPV or ROR, revenue and
cost are considered. Revenue is calculated from o0il/gas price and production. In this work,
productions of four well types were used. The cost includes exploration, development,
production, and abandonment costs. Exploration cost includes the seismic acquisition, data
processing, interpretation, geology analysis, experiment on rock and fluid, petrophysical
and geophysical study, wildcat and appraisal well drilling and completion, well logging,
and well test. Development cost consists of capital cost for drilling campaign for producer
and injector, surface and subsurface facilities, and pipeline to transport oil-gas—water.
Production cost can be divided into fixed operating cost and variable operating cost. Fixed
operating cost will not vary significantly during the production while variable operating
cost is proportional to the oil-gas—water production. For onshore fields, fixed operating
cost can vary from 40% to 80% of total operating cost. For offshore fields, percentage
of fixed operating cost is higher, from 50% to 90%. Workover and/or well intervention
service required to maintain production should be taken into account in production cost.
Re-perforation cost is a part of operation cost, while deepening of existing wellbore to
penetrate and produce deeper reservoir is classified as capital investment in a project.
Abandonment cost is needed when reservoirs are depleted and the field ceases production
or production is no long economic. The cost is to plug the wells and to restore the wellsite
to original conditions. In addition to cost, some projects require the operator to pay a
royalty to the mineral rights owner, which means the mineral rights owner can have a
portion of hydrocarbon without paying any cost. This portion of production should be
excluded in the gross revenue calculation. Net revenue then is calculated from the gross
revenue and cost. Tax calculation is applied on the net revenue to obtain the after-tax cash
flow. NPV is obtained by utilizing discounts rate. In this project, except for the size of the
footprint (or environmental impact), hydrocarbon production and drilling completion cost
were the main variables in the economic analysis of four well types in order to develop
the target field. Through a systematically comprehensive evaluation of geology /reservoir,
production, economic impact, and environmental impact, we found that highly deviated
wells were the appropriate well type to produce in the studied field.

4. Conclusions

Few studies consider the application of this well type in the shallow green reservoirs
of the Central and East African Rift Valley region. This is the first study of its kind in
the region. We evaluated the performance of highly deviated wells, in comparison with
three other well types. Horizontal wells had the highest cumulative oil production at
10.2 million Sm?, whereas other well types produced less than 9.5 million Sm®. The
horizontal and multilateral wells yielded the highest oil production rates, whereas the
lowest rates were observed for the highly deviated wells. Highly deviated wells were
found to be an appropriate well type for non-communicating vertically non-concentrated
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stacked reservoirs or complex faulted reservoirs in this study, on the basis of reservoir
simulation, production forecast, economic analysis, and environmental impact evaluation.
This is because although the oil production from highly deviated wells is slightly lower
than other cases, the footprint (environmental impact) is much smaller.

The study provides broad insights into the performance of various well types during
waterflooding of green shallow heterogeneous reservoirs with vertical pressure disconnec-
tions, operated under similar operating conditions. For shallow reservoirs, multilateral
wells are not always a suitable option because they have faster water breakthrough, in-
creasing water production rates. Consequently, laterals may block fluid flow owing to
vertical discontinuity. In such cases, the negative effect of reduced productivity owing to
slanting outweighs the positive effect of increased reservoir thickness exposure. Addition-
ally, multiple branches in shallow non-communicating zones may cause pressure fields
around drain holes to interfere with each other, lowering the effective drawdown.

The results of this study provide a reference for reservoirs with unique character-
istics, including those that are green, shallow, highly heterogeneous, and have complex
faulted reservoirs with non-communicating pressure systems that require special produc-
tion/injection plans characterized by very early injection. In shallow green reservoirs, water
injection is implemented in the very early stages of field production. This imposes high risk
to the reservoir as pressure has not been depleted, and unconsolidated to semi-consolidated
reservoirs are easily fractured by waterflooding. This study illustrates a special case study
for the successful development of a rare reservoir type. This is different from many other
studies that model waterflooding during middle or later stages of oil production from
moderate-depth or deep reservoirs. This research can be used as a reference for future
research on similar reservoirs.

The observations from this study can aid in future decision-making and field devel-
opment planning. Moreover, it serves as a successful practical example of the application
of waterflooding as an initial recovery mechanism for green reservoirs, where oil is near
the bubble point pressure. Before investment decisions are made for waterflooding in
the J1 Oilfield, the operational costs associated with the well type that yields the high-
est oil recovery should be investigated. Thus, increasing oil recovery should not be the
only prerequisite in economic/profitability analyses as is often the case in the selection
of horizontal well configurations. Future studies should also examine other multilateral
well types, particularly given the geological heterogeneity, structure, and location of the
J1 oil reservoir. Moreover, as the J1 Oilfield is a recent discovery with no historical data,
numerous uncertainties still exist in the oil-water and gas-oil contact sets. As such, further
investigations will be necessary after 3-5 years of active oil production.
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