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Figure 1. Oil proved reserves up to the end 2014, by
region (BP, 2015).

Proved reserves is concept with different meanings
for the industry, especially when it comes to its
guantification. However, generally speaking it refers
to the quantified oil reservoirs available in the world
that, with the known technology, expertise and
economic conditions, can be recovered at a
reasonable return rate (BP, 2015).

As expected, not every barrel of the reported
reserves is from the same type. The following plot
depicts these oil reserves based on a density
classification.
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Figure 2. Oil proved reserves up to the end 2014, by
type.

The terms light, medium, heavy and extra heavy oil
refer to the high density of those oils. As an indicator
of crude density, the industry uses API gravity. This
unit is inversely proportional to the density or the
specific gravity of an oil: the higher the API gravity,
the lighter the crude oil and vice versa. As a
reference, water API gravity at standard conditions is
10. There is no fixed line between each category

about an oil’s “heaviness”, but the following rules are
well accepted:

Light oil: 32-40 °API
Medium oil: 32-25 °API
Heavy oil: 25-10 °API
Extra-heavy oil: <10 °API

Bitumen is an additional classification, with an API
grade lower than 10 API, but with additional
consideration about its viscosity.

From the operational point of view, heavy oil, extra-
heavy oil and bitumen are considered
unconventional resources, since companies will
have to invest more in its production, when compared
to light and medium oil reservoirs.

Coming back to Figure 2, this means that out of these
1,7 bn barrels, roughly 38% constitutes conventional
reserves, and the remaining 62% is unconventional
oil. With a R/P ratio of 52 years, oil companies are
driven to develop soon new tools and technologies to
commercially develop more unconventional
reservoirs, which in previous years were not that
attractive.

In terms of location, between Canada and
Venezuela, they gather around 30-35% of these
unconventional resources. However, these American
countries are not the only ones that have to be
prepared to manage these type of crude oils. In the
UK continental shelf, Mariner field is a typical case in
Europe. According to Statoil, who holds 65% of its
production licenses, Mariner has been subject to a
number of development studies by various operators,
since its discovery in 1981. However, feasibility
studies from then indicated that it was not
economically possible to develop it. In 2012, Statoil
made the investment decision and the production is
expected to commence in 2018 with an average
plateau production of 55.000 BPD with total reserves
up to 250 mn barrels.

Risk management is the key to drive smarter
investments into the business, and the real asset in
this project and portfolio management discipline is
information. With high-quality data and tools for
scenario analysis, it is possible to quantify risks and
make decisions for developing new and already
existing fields. Mariner field is a sample of this fact.

To reduce the risk, in recent years, virtually every
company in the business has invested in developing
computational tools for evaluating scenarios, training
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and water. A set of properties quantitatively describe
the mass transfer between the phases, but
essentially the model indicates that all phases are
different substances. This is applicable for water and
hydrocarbon-based phases, but between gas and
liquid oil, this is not true. However, for all practical
purposes and typical operating ranges for the
industry, this model is well-accepted for describing
phase behavior.

Black oil model properties are:

Gas, oil and water volume factor (Bg, Bo, Bw).
Solution gas oil ratio (Rs).

Gas-oil ratio (GOR).

Compressibility factor (Co).

Bubble point pressure (Pb).

These properties are dependent of the surface
operations used as reference, therefore, the model
allows to include tuning factors to adjust the property
values to the experimental data. In this way, different
crude oil properties can be described using the same
correlations. Details on correlations used for each
property can be found on this study’s appendixes.

Although properties of the gas phase are computed
in the model, the gas flowrate is neglected in all
relevant calculations.

Additional to these properties, the black oil model
was used to calculate local flow rates for all phases,
based on flow rates at standard conditions. The
transformation matrix for this calculation is given by
Equation 1.

q.g Bg _Bg * RS 0 qg.‘sc
Go|=10 B, 0 || 4qo0sc 1)
qw 0 0 By] |qw,sc

The same approach is used to calculate the phases
densities. The transformation matrix for this
calculation is shown in Equation 2.

Pg 1/Bg 0 0 Pg,sc
[po = Rs/Bo 1/Bo 0 ' po,sc] (2)
Pw 0 0 1/B,| Pwsc

For computing the viscosity of the oil and water
mixture, an emulsion model was used. W/O and O/W
emulsions are easily formed on production systems,
due to the presence of both phases in virtually all
fields.

W/O and O/W emulsions properties have been
studied thoroughly by the industry, including
characterization of their behavior, developing
correlations for calculation and implementation of
techniques to modify them in a favorable manner.
The following bullet points summarize the factor of
interests for this study related to W/O and O/W
emulsions behavior.

The viscosity of a W/O emulsion is generally
higher than the value of its oil phase at the
same operating/experimental conditions
(Duan, Jiagiang, Jinzhu, Xiaofeng, &
Xiaoguang, 2010).

As water cut increases, W/O emulsion
viscosity increases as well, for a given
pressure and temperature.

There is an inversion point at which the
emulsion regime changes from W/O to O/W.
This inversion point is given within a water
cut range of 60%-80% (Renningsen, 1995).
After the inversion point, the emulsion
viscosity drops suddenly. Depending on the
sample, this drop may reach several orders
of magnitude.

To illustrate these facts, Figure 4 depicts data of an
extra-heavy oil sample, with an inversion point
relative to the water cut of 60%.
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Figure 4. Viscosity behavior of a hydrocarbon-water
emulsion in terms of production water cut (%).

To compute the viscosity, the Richardson model was
used. Using this model, the viscosity is calculated by
using Equation 3.

AWE
He = o - €100

B WE
Me = Iy - € 100

wc<cC (39)

we >C (3b)
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Figure 12. Sensitivity analysis: reservoir water cut effect on diluent injection performance.
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Figure 13. Sensitivity analysis: impeller rotational speed effect on diluent injection performance.
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Table 6.

IPR parameters for study case.

IPR parameters VCSwW1 VCSW2 VCSW3
Type Oil PI Oil PI Oil PI
Reservoir pressure [bar] 200 200 200
Reservoir temperature [°C] 45 55 50
Productivity index [Sm3/d.bar] 30 28 20
Table 7. Tubing parameters for study case.
Tubing parameters TUSW1 TUSW2 TUSWS3 TUSW4 TUSWS5 TUSW6
Internal diameter [m] 1,053.10t 1,053.10' 1,053.10* 1,053.10*! 1,053.10' 1,053.10%*
Roughness [m] 1,524.10°5 1,524.10°% 1,524.10° 1,524.105 1,524.10° 1,524.10°%
Heat transfer coef. [kW/m2.K}  1,134.102 1,134.102 1,134.102 1,134.102 1,134.102 1,134.102
Geothermal gradient [°C/m] -2,5600.102 -2,500.102 -2,500.102 -2,500.102 -2,500.102 -2,500.102
Length [m] 100 300 100 300 100 300
Table 8. Flowline parameters for study case.
Flowline parameters FL1 FL2 FL3 FL4 FL5
Internal diameter [m] 1,053.101 1,053.101 2,540.101 2,540.101 2,540.10¢
Roughness [m] 1,524.10°% 1,524.10°% 1,524.10° 1,524.10° 1,524.10°%
Heat transfer coef. [kW/mZ2.K} 1,134.10 1,134.10? 1,134.10? 1,134.102 1,134.10?
Ambient temperature [°C] 15 15 15 15 15
Length [m] 300 200 50 300 300
Table 9. ESP parameters for study case.
Head [m] Capacity [m3/h] PPSW performance curve
723 0
723 32
Z;g 82 ESP performance curve
681 130
669 163
657 195
657 227
660 260
669 293
672 325
675 358 450 —o—Reference fluid: y = 1,00
675 390
(9657 422 400
0 100 200 300 400 500 600
633 455 Capacity [m3/h]
588 488
525 520
426 553

(*) ESP best efficiency point (BEP)
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Number of wells
10 50 100
Execution time [s] 0,0434 0,0805 0,1114
std,dev 0,0092 0,0052 0,0078

Table 12. Optimization performance time, case polynomial approximation (3" degree).

Order 3 polynomial
Number of wells

10 50 100

Reservoir oil production [Sm3/d] 2,31E+04  1,18E+05 2,33E+05
Diluent injection rate [m3/d] 2,99E+03 1,49E+04 2,67E+04
run time [s] at 100% 2,58 4,48 11,28

Reservoir oil production [Sm3/d] 2,27E+04  1,16E+05  2,29E+05
Diluent injection rate [m3/d] 2,24E+03  1,12E+04  2,00E+04
run time [s] at 75% 2,70 5,53 8,98

Reservoir oil production [Sm3/d] 2,14e+04  1,10E+05  2,18E+05
Diluent injection rate [m3/d] 1,49E+03  7,45E+03  1,34E+04
run time [s] at 50% 1,61 3,41 9,86

Table 13. Optimization performance time, case polynomial approximation (4" degree).

Order 4 polynomial
Number of wells

10 50 100

Reservoir oil production [Sm3/d] 2,28E+04  1,16E+05  2,30E+05
Diluent injection rate [m3/d] 2,65E+03 1,32E+04  2,39E+04
run time [s] at 100% 2,45 5,96 10,90

Reservoir oil production [Sm3/d] 2,25E+04  1,15E+05  2,28E+05
Diluent injection rate [m3/d] 1,99E+03  9,90E+03  1,79E+04
run time [s] at 75% 1,60 5,34 11,23

Reservoir oil production [Sm3/d] 2,14E+04  1,10E+05 2,18E+05
Diluent injection rate [m3/d] 1,32E+03 6,60E+03  1,19E+04
run time [s] at 50% 1,32 3,17 9,13

Table 14. Optimization performance time, case polynomial approximation (5t degree).

Order 5 polynomial
Number of wells

10 50 100

Reservoir oil production [Sm3/d] 2,26E+04  1,16E+05  2,28E+05
Diluent injection rate [m3/d] 2,69E+03 1,34E+04  2,40E+04
run time [s] at 100% 2,84 7,77 10,40

Reservoir oil production [Sm3/d] 2,24E+04  1,15E+05  2,27E+05
Diluent injection rate [m3/d] 2,02E+03  1,00E+04  1,80E+04
run time [s] at 75% 2,02 5,62 9,70

Reservoir oil production [Sm3/d] 2,16E+04  1,10E+05 2,19E+05
Diluent injection rate [m3/d] 1,35E+03 6,68E+03 1,20E+04
run time [s] at 50% 1,50 3,20 6,36
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