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New Complex Sets
Course for Future
By Saudi Aramco Staff.

Al-Midra Complex is unique, dynamic, technologically
advanced and environmentally aware. The complex can
be described as an “intelligent building.” The focus was
on ﬂexibility of design, personnel circulation and ﬂow,
energy eﬃciency and open plan layout.
Like those of many international companies, the oﬃces
are an open-plan layout, with common areas for networking and conference rooms that seat 15–60 persons.
The services center contains a gymnasium for women,
while the nearby multi-purpose facility, which is also
part of the Al-Midra Complex, has a gymnasium for
men, so that everyone has a convenient place for exercise before or after work. The multipurpose facility also
houses a 500-seat auditorium and multipurpose room.
The auditorium is world-class and can be used for meetings, presentations and conventions.
Consideration of the environment was paramount, and
many “green” options were implemented. In seeking an
energy eﬃcient approach, another primary condition
was also to provide a healthy and comfortable environment for employees.
Elevators: The 16 elevators in the oﬃce tower are controlled by a group control system that maximizes eﬃciency and gets passengers to their destinations faster
with less crowding.
Solar shaded parking: Revolutionary new technology

uses solar panels, doubling as sunshades over the 4,500
parking spaces, to supply 10 megawatts of energy.
Reﬂective exterior glass: Reﬂective, low-emissivity glass
on Al-Midra Tower’s exterior, together with the silver
aluminum cladding, provides internal thermal control.
CO2 sensors: CO2 sensors measure carbon dioxide levels
and monitor indoor air quality. This enables fresh-air intake tailored to the needs of the occupants.
Interior design: Great eﬀorts were made in planning
the interior design of Al-Midra to ensure it provided a
sustainable oﬃce environment. Employees will enjoy
the eﬃciency in space planning, high-quality materials
and an ergonomic design that allows personnel to feel
comfortable and safe in every aspect of their workplace.
Work stations are oriented around the periphery of each
ﬂoor, aﬀording privacy and a light, airy atmosphere in
which to work. The open-plan layout promotes collaboration between personnel, a necessity for project-based
work. Small and large conference rooms are designed for
maximum comfort in seating and high levels of interactivity. The rooms also feature technology such as plasma
screens for video conferencing.
As a company, Saudi Aramco will never remain static.
The company’s future depends on a desire to grow, on
visionary planning, commitment to excellence and hard
work. These ingredients went into the construction of
the Al-Midra Complex.

Under the patronage of His Royal Highness Prince Khalifa bin Salman Al Khalifa
Prime Minister of the Kingdom of Bahrain
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Reservoir Quality, Completion Quality
and Operational Efficiency in
Horizontal Organic Shale Wells:
Observations from a Recent Study of
Production Log Data
By Camron Miller and George Waters, Schlumberger.

Abstract
Production logs from more than 100 horizontal shale
wells in multiple basins have been acquired and interpreted. An evaluation of this data set conﬁrms that
production is highly variable along the length of the
wellbores. In some basins, two-thirds of gas production
is coming from only one third of the perforation clusters. Furthermore, when looking at all basins, almost
one third of all perforation clusters are not contributing to production. This highlights a signiﬁcant opportunity to improve overall completion eﬀectiveness and
economics in these high proﬁle projects.
Observations of near-wellbore reservoir quality and
completion eﬃciency can be attained from the analysis of this data. Rock properties such as mineralogy,
natural fracture density, and closure stress in the near
wellbore region impact reservoir quality and hydraulic fracture conductivity. Completion parameters such
as the staging of stimulation treatments, the number
of perforation clusters per frac stage, and perforation
cluster spacing can all impact the productivity of an

individual perforation cluster. Correlations between
productivity and key geologic, petrophysical and completion parameters can be made. The result is a better
understanding of the parameters that are controlling
completion eﬀectiveness, and corresponding productivity in horizontal organic shale wells.

Introduction
Operators have been drilling horizontal wells within
organic shale for a number of years, with favorable
economics. However, not all of these projects have
been a complete success as some wells are failing to
meet performance expectations. When considering the
heightened risk associated with the exploration and
development of unconventional gas, success rates are
being watched closely and highly scrutinized. This paper reviews a recent evaluation of over 100 production
logs collected within horizontal gas shale wells and attempts to explain the variability in production in terms
of Reservoir Quality (RQ), Completion Quality (CQ)
and Operational Eﬃciency (OE). Reservoir Quality is
deﬁned by those petrophysical parameters of organic
www.saudiarabiaoilandgas.com
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Figs 1a & 1b –Production log comparison of two Woodford
Shale wells illustrating the typical variability observed in perforation performance (a) along the length of the lateral vs. the
more desirable, uniform production performance (b), which can
be linked to heterogeneity, well trajectory, RQ and CQ. The red
color represents gas production, while blue indicates water.
The red tick marks in the track from the bottom in both examples represent perforation cluster locations.

Table 1 –Shale basins represented in study and horizontal production log count by basin

shales that make them viable candidates for development. The key petrophysical parameters are: organic
content, thermal maturation, eﬀective porosity, ﬂuid
saturations, pore pressure, and Gas-In-Place.
Completion Quality is deﬁned by those geomechanical parameters that are required to eﬀectively stimulate
organic shales. The key geomechanical parameters are:
near-wellbore and far-ﬁeld stresses, mineralogy, speciﬁcally clay content and type, and the presence, orientation, and nature of natural fractures. In the context
of this work Operational Eﬃciency is deﬁned as the
completion techniques that improve the connection

between the reservoir and the wellbore. This study focuses primarily on OE parameters such as perforation
cluster number, length and spacing, and fracture stage
number and spacing. Where data is available, RQ and
CQ are evaluated to aid in the interpretation of the
impact of OE parameters on production. The goal is to
better understand the parameters that are controlling
completion eﬀectiveness, and corresponding productivity in horizontal organic shale wells.
Today, most laterals are drilled based on the evaluation of 3D seismic and extensive log data sets collected
within oﬀset vertical wellbores, or pilot holes. In most
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cases the well is steered using a logging while drilling
(LWD) gamma ray measurement which can identify
signiﬁcant structural changes, and in many cases vertical variations in bedding. Mud logs are also used to
determine mineralogy and identify gas shows.
Production data has indicated that lateral placement
has signiﬁcant impact on well performance (Miller et
al, 2010). While 3D seismic, oﬀset well logs, LWD
gamma ray logs and mud logs all have application, they
do not address the small scale vertical variability that
exists within shale reservoirs. To optimize productivity,
reservoir heterogeneity must be accounted for either
during drilling or stimulation.
Analysis of a large number of production logs acquired
along horizontal wellbores in six U.S. gas shale basins
suggests that some stimulation stages are underperforming. Figures 1a and 1b portray production log
results from two horizontal Arkoma Basin Woodford
Shale wells. In Figure 1a, only approximately 50% of
the perforation clusters are contributing to the overall production. Figure 1b illustrates an ideal scenario
where all perforation clusters are contributing, a phenomenon that only occurs in one out of every ﬁve horizontal shale wells. The authors are suggesting that well
placement and stimulation with respect to RQ and CQ
will result in more uniform production across perforation stages and overall better well performance. Rocks
having superior RQ and CQ should be targeted as they
will impart better drilling and completion eﬃciency.

Lateral Heterogeneity
Heterogeneity in lateral wellbores is primarily controlled by wellbore geometry and vertical variations in
rock characteristics, which occur at an extremely small
scale in shale reservoirs. Small scale lateral variability in
reservoir properties related to diagenetic processes have
been noted, but the impact on well performance is not
yet clear. In general, rock properties at a log scale change
slowly in a lateral direction. An exception to this would
be natural fracture density, which can change rapidly.
Larger scale lateral variability is primarily controlled
by shale depositional processes (Bohacs, 2009). Rock
properties and natural fracture distribution within
shales have signiﬁcant implications to horizontal stimulation. Strong relationships between natural fractures,
minimum horizontal stress (σh) and mineralogy have
been observed (Miller, et al, 2010). These data can be
inte- grated and used to subdivide the reservoir based
on lateral heterogeneity and should guide stage organization and perforation placement. Vertical and lateral
variability must be addressed, preferably during drill-

ing, in order to increase the potential for an economic
success. Doing so has shown to positively impact shale
productivity (Baihly, et al, 2010).

Horizontal Log Data Set
Most of the production logs used for this study are
FlowScan Imager* (FSI) datasets which provide more
accurate ﬂow measurements than possible with conventional production logging tools in horizontal wells
and unambiguous ﬂow proﬁling regardless of phase
mixing or recirculation. There are a limited number of
PS Platform* (PSP) logs included in the dataset. These
wells were included only when log quality data was
high, essentially, when water volume is low, in order to
improve the statistical signiﬁcance of the dataset.
No eﬀort has been made to compare the time at which
the production logs were run. Production results may
also be impacted by varying wellhead ﬂowing pressures
among the wells at the time of logging. The impact
of water production on the production log results was
not assessed, yet most wells were producing little ﬂuid
at the time of logging. Wells with very high water production were eliminated from this dataset. These wells
are either producing fracturing ﬂuid shortly after the
stimulation treatments, or extraneous formation water.
This is inferred to be fracturing ﬂuid in most cases,
although some wells were eliminated because they indeed are producing water from surrounding formations. Other wells were eliminated due to the inability
of the logging tool to reach the furthest perforations.
There are six basins represented within the dataset under review in this paper. The basins and well count are
shown in Table 1. The Woodford Shale and Barnett
Shale make up the majority of the wells in the dataset. For this reason, basin speciﬁc correlations are constrained to these two basins in most cases as the small
number of horizontal production logs in the other basins does not provide statistical signiﬁcance.

Production Normalization
To respect the proprietary nature of the actual production from the wells in the dataset all production data
was normalized by basin. The best producing well was
assigned a normalized rate of 1.0. The ﬂow rate from
lesser producing wells is shown as a fraction relative to
the best producing well. Therefore, for ﬁgures shown
in this paper in which all six basins are displayed, there
will be six wells showing a normalized rate of one. This
was done so that wells from the Haynesville Shale did
not skew the dataset, as the Haynesville Shale wells all
produce at the high end of the complete well dataset.
www.saudiarabiaoilandgas.com
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Figs 2a and 2b Plots for two wells that show a correlation between % of flow from
logged sections and effective porosity

Where appropriate, ﬁgures are shown for given basins
to demonstrate a particular point being made. This allows basin speciﬁc trends to be seen that may not be
clearly visible when assessing the complete dataset.

Observations: RQ and CQ
Porosity and other RQ parameters from two horizontal
shale wells were analyzed and compared to production
log results in the same wellbore. Successful correlations between eﬀective porosity and production were
estab-lished and are shown in Figures 2a and 2b. These
graphs plot eﬀective porosity against the percent of
ﬂow from logged sections. This is used to account of
the production logging tool failing to log the entire
stimulated interval. Each point represents the average
eﬀective porosity over a range that is equal to the perforation cluster length, plus 10 ft on either side of the
cluster. In most cases as eﬀective porosity increases the
volume of clay decreases, especially smectitic clays. The
absence of expandable clays dramatically improves RQ
and CQ as it generally results in higher matrix permeability and lower in-situ stresses. A higher permeability will directly impact well productivity. Low in-situ
stress promotes eﬃcient hydraulic fracturing, particularly with respect to fracture conductivity. Two wells
do not make a trend, but unfortunately limited RQ
data is available on wells with production logs. These
two wells are from diﬀerent shale basins though, so the
correlation is not isolated to only a single basin.
Borehole micro-resistivity images respond to mineralogy. Resistive minerals, such as silica and calcite, appear light colored on the image log, while conductive
minerals, such as clay minerals and pyrite, appear dark

in color. This qualitative indication of mineralogy is
very useful when landing and stimulating lateral shale
wellbores. Low clay intervals are the targets in most
shale plays due to their superior RQ and CQ parameters. These intervals typically contain more gas, are
easier to drill and can be stimulated more easily. In
silica-rich shales, such as the Barnett Shale, Fayetteville
Shale and Woodford Shale, where carbonate content
is relatively low, stress is inversely proportional to the
resistivity of an interval when no tectonics are present
(Waters, et al, 2006). In addition, the resistivity of the
interval is directly related to clay volume (Waters, et
al, 2006, and Miller, et al, 2010). These relationships
become more complicated in shales where carbonate
content is higher, such as the Haynesville shale and Eagle Ford Shale.
This paper reviews two wells which have borehole
micro-resistivity images and a production log along the
lateral. For these wells, production from each stimulation stage and perforation cluster was evaluated and
compared to horizontal image logs in order to deﬁne
relationships between production, RQ and CQ. In
both examples, an inverse relationship between shallow
formation resistivity and hydraulic fracture initiation
pressure exists (Figs. 3a and 3b). In one of the examples, zones having more resistive mineralogy and lower
fracture initiation pressures contributed greater than
nominal production while those having poor RQ and
CQ parameters contributed minimally (Fig. 3b). The
other well also showed the same production trends, but
more detailed explanation was needed since it is an inﬁll well that was drilled across hydraulically induced
fractures from oﬀset wellbores. There are clear beneﬁts
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Figs 3a and 3b – Comparison of shallow formation resistivity to hydrauic fracture initiation pressures, by stage interval, in a horizontal Barnett Shale well (top: Modified from
Waters (2006)) and another US shale basin (bottom).

associated with landing horizontal shale wells within
high RQ and CQ interval and minimizing exposure to
poor quality rock.

Observations: Operational Efficiency

fracture lengths are commonly long and narrow. Thus,
the closer fracture spacing achieved in the reservoir for
wells misaligned with σh appears to be beneﬁcial to
production.

When available, wellbore trajectory information (deviation and azimuth) and completion parameters such as
number, length and spacing of both stages and perforation clusters were evaluated with respect to production. Particular attention was paid to the variability in
production from these stages and perforation clusters.
Numerous relationships were deﬁned and some were
basin speciﬁc.

Wells completed with fracture stage lengths in the
range of 300 ft to 400 ft appear to be optimum. As
the likelihood of fracture complexity goes up the
stage length can increase accordingly. The Barnett
Shale generates the most complexity during stimulation and produces eﬀectively at wider spacing, with the
best wells producing from stage spacings of 400 ft and
greater.

The best Barnett Shale wells have deviations of less than
90 degrees. The opposite trend occurs for the Woodford Shale. It is inconclusive why the results vary, but
good Barnett Shale production from wells deviated less
than 90% demonstrates that ﬂuids can be unloaded
from laterals that are less than horizontal. The dataset
size was insuﬃcient to determine whether deviations
greater or less than 90 degrees is beneﬁcial to production in a speciﬁc reservoir.

Production within 10% of the theoretical average occurs on as little as 39% of all wells in the Fayetteville
Shale and as many as 49% of wells in the Eagle Ford
Shale. Twenty percent of stages in all wells are producing less than half of their theoretical average. No production was seen on 6.5% of the stages in all of the
wells analyzed.

The best wells in the Woodford Shale occur when the
lateral is not aligned with σh. The Woodford Shale
has a large spacing between perforation clusters and

Production from the heel section of the lateral is greatest in the Woodford Shale, Barnett Shale and Fayetteville Shale. The toe section produces the best in the
Eagle Ford Shale. This production is not associated
with wellbore deviation. Further analysis is required
www.saudiarabiaoilandgas.com
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once the horizontal production log dataset has grown
suﬃciently large.
The best perforation cluster spacing within shale reservoirs is between 75 ft and 175 ft. Wider cluster spacing
is eﬀective in the Barnett Shale where a wide fracture
network is common due to the low horizontal stress
anisotropy and natural fracture azimuth oblique to the
hydraulic fracture. Larger perforation cluster spacing
between stages than within stages is detrimental to
production. This is no apparent stress alteration from
stimulation justifying a larger spacing although a larger
spacing is observed in the dataset.
For all wells in the dataset, 29.6% of all perforation
clusters are not producing. The range is from 21% in
the Eagle Ford Shale to 32% in the Woodford Shale.
Even in the best wells, 19% of all perforation clusters
are not producing. This varies from 6% in the Haynesville Shale to 22.5% in the Woodford Shale.
The best wells utilize two to six perforation clusters per
stage, with fewer clusters per stage the better. The best
Barnett Shale wells only have one or two perforation
clusters per frac stage. Woodford Shale wells employing 8 clusters per stage signiﬁcantly under produce
their peers with fewer clusters per stage. Wells in which
6 clusters per stage were employed had approximately
50% of the clusters not contributing. Even on the best
wells, 46% of the clusters are not appreciably ﬂowing
when placing 6 clusters per stage. Twenty percent of
all clusters were not contributing when only two clusters per frac stage were used. This is a surprisingly high
number and represents a signiﬁcant opportunity to
improve productivity if cost eﬀective ways can be utilized to place laterals in intervals with the best CQ, and
minimize near-wellbore fracture conductivity damage
due to overﬂushing.

Conclusions
The variability observed in the 70% of perforation
clusters which are producing is likely the result of the
wellbore cutting across layers of diﬀering RQ and CQ,
but could also be the result of issues encountered during the stimulation process, possibly the overﬂushing
of stimulation treatments. Perforations which are still
cleaning up will appear as non-productive or producing poorly, but could start contributing with time.
Time lapse production logging would identify this issue. Comingling production from multiple perforation
clusters can create variability as well. Most variability
can be explained by evaluating RQ and CQ parameters in the shale reservoir. Poor CQ is the worst case

scenario. Good CQ and poor RQ may work, but is not
desirable. Good RQ combined with good CQ, in the
absence of geohazards, maximizes the potential for an
economic success within organic shale wells. Further
work is recommended, once more production logs are
run within horizontal shale wells having either borehole images or other sophisticated data sets so that
similar comparisons can be made and understood.
*Mark of Schlumberger
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Abstract
Fractured reservoirs present a challenge in terms of characterization and modeling. Due to the fact that they consist of two coexisting and interacting media: matrix and
fractures, not only we need to characterize the intrinsic
properties of each medium but also accurately model
how they interact. Dual-porosity models have been the
norm in modeling fractures reservoirs. However, these
models assume uniform matrix and fractures properties
all over that medium. One further step into capturing
the reservoir heterogeneity is to subdivide each medium
and assign each one diﬀerent property. In this paper,
fractures are considered to have diﬀerent properties and
hence the triple-porosity model is introduced.
The triple-porosity model presented in this paper consists of three contiguous porous media: a matrix, less
permeable microfractures and more permeable macrofractures. These media coexist and interact diﬀerently
in the reservoir. It is assumed that ﬂow is sequential
following the direction of increased permeability and
only macrofractures provide the conduit for ﬂuids ﬂow.
Diﬀerent solutions were derived based on diﬀerent as-

sumptions governing the ﬂow between the fractures and
matrix systems; i.e., pseudosteady state or transient ﬂow
in addition to diﬀerent ﬂow geometry; i.e., linear and
radial. Some of these solutions are original. The model
was conﬁrmed mathematically by reducing it to dualporosity system and numerically with reservoir simulation and applied to ﬁeld cases. In addition, the solutions
were modiﬁed to account for gas ﬂow due to changing
gas properties and gas adsorption in fractured unconventional reservoirs.

Introduction
A naturally fractured reservoir (NFR) can be deﬁned as a
reservoir that contains a connected network of fractures
created by natural processes that have or predicted to
have an eﬀect on the ﬂuid ﬂow (Nelson 2001). Naturally fractured reservoirs contain more than 20% of the
World’s hydrocarbon reserves (Sarma and Aziz 2006).
Moreover, most of the unconventional resources such as
shale gas are also contained in fractured reservoirs.
Traditionally, dual-porosity models have been used to
model NFRs where all fractures are assumed to have
identical properties. Many dual-porosity models have
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been developed starting by Warren and Root (1963)
sugar cube model in which matrix provides the storage
while fractures provide the ﬂow medium. The model assumed pseudosteady state ﬂuid transfer between matrix
and fractures. Since then several models were developed
mainly as variation of the Warren and Root model assuming diﬀerent matrix-fracture ﬂuid transfer conditions.
However, it is more realistic to assume fractures having
diﬀerent properties. Thus, triple-porosity models have
been developed as more realistic models to capture reservoir heterogeneity in NFRs. Models for more than three
interacting media are also available in the literature.
However, no triple-porosity model has been developed
for linear ﬂow system in fractured reservoirs. In addition, no triple-porosity (dual fracture) model is available
for either linear or radial geometry that considers transient ﬂuid transfer between matrix and fractures. These
limitations are overcome in this paper.

Literature Review
Dual-Porosity Models. Naturally fractured reservoirs
are usually characterized using dual-porosity models.
The foundations of dual-porosity models were ﬁrst introduced by Barenblatt et al., (1960). The model assumes pseudosteady state ﬂuid transfer between matrix
and fractures. Later, Warren and Root (1963) extended

Barenblatt et al., model to well test analysis and introduced it to the petroleum literature. The Warren and
Root model was mainly developed for transient well test
analysis in which they introduced two dimensionless
parameters, ω and λ. ω describes the storativity of the
fractures system and λ is the parameter governing fracture-matrix ﬂow. Dual-porosity models can be categorized into two major categories based on the interporosity ﬂuid transfer assumption: pseudosteady state models
and unsteady state models.
Pseudosteady State Models. Warren and Root (1963)
based their analysis on sugar cube idealization of the
fractured reservoir, Fig. 1. They assumed pseudo-steady
state ﬂow between the matrix and fracture systems.
That is, the pressure at the middle of the matrix block
starts changing at time zero. In their model, two differential forms (one for matrix and one for fracture) of
diﬀusivity equations were solved simultaneously at a
mathematical point. The fracture-matrix interaction is
related by
(1)
where q is the transfer rate, α is the shape factor, km is
the matrix permeability, μ is the ﬂuid viscosity and (pm
– pf) is the pressure diﬀerence between the matrix and
the fracture.

Fig. 1 – Idealization of the heterogeneous
porous medium (Warren and Root 1963).

Fig. 2 – Idealization of the heterogeneous porous medium (Kazemi 1969).
www.saudiarabiaoilandgas.com
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Unsteady State Models. Other models (Kazemi 1969;
de Swaan 1976; Ozkan et al., 1987) assume unsteadystate (transient) ﬂow condition between matrix and fracture systems. Kazemi (1969) proposed the slab dual-porosity model, Fig. 2, and provided a numerical solution
for dual-porosity reservoirs assuming transient ﬂow between matrix and fractures. His solution, however, was
similar to that of Warren and Root except for the transition period between the matrix and fractures systems.
Triple-Porosity Models. The dual-porosity models assume uniform matrix and fractures properties throughout the reservoir which may not be true in actual reservoirs. An improvement to this drawback is to consider
two matrix systems with diﬀerent properties. This system is a triple-porosity system. Another form of tripleporosity is to consider two fractures systems with different properties in addition to the matrix. The latter is
sometimes referred to as dual fracture model.
The ﬁrst triple-porosity model was developed by Liu
(1981, 1983). Liu developed his model for radial ﬂow
of slightly compressible ﬂuids through a triple-porosity
reservoir under pseudosteady state interporosity ﬂow.
This model, however, is rarely referenced as it was not
published in the petroleum literature. In petroleum literature, the ﬁrst triple-porosity model was introduced
by Abdassah and Ershaghi (1986). Two geometrical
conﬁgurations were considered: strata model and uniformly distributed blocks model. In both models, two
matrix systems have diﬀerent properties ﬂowing to a
single fracture under gradient (unsteady state) interporosity ﬂow. The solutions were developed for the radial
system.
Jalali and Ershaghi (1987) investigated the transition
zone behavior of the radial triple porosity system. They
extended the Abdassah and Ershaghi strata (layered)
model by allowing the matrix systems to have diﬀerent
properties and thickness.
Al-Ghamdi and Ershaghi (1996) was the ﬁrst to introduce the dual fracture triple-porosity model for radial
system. Their model consists of a matrix and two fracture
systems; more permeable macrofracture and less permeable microfracture. Two sub models were presented.
The ﬁrst is similar to the triple-porosity layered model
where microfractures replace one of the matrix systems.
The second is where the matrix feeds the microfractures
under pseudosteady state ﬂow which in turns feed the
macrofractures under pseudosteady state ﬂow condition
as well. The macrofractures and/or microfractures are allowed to ﬂow to the well.

Liu et al., (2003) presented a radial triple-continuum
model. The system consists of fractures, matrix and cavity media.
Only the fractures feed the well but they receive ﬂow
from both matrix and cavity systems under pseudosteady state condition.
Unlike previous triple-porosity models, the matrix and
cavity systems are exchanging ﬂow (under pseudosteady
state condition) and thus it is called triple-continuum.
Their solution was an extension of Warren and Root solution.
Wu et al., (2004) used the triple-continuum model for
modeling ﬂow and transport of tracers and nuclear waste
in the unsaturated zone of Yucca Mountain. The system
consists of large fractures, small fractures and matrix.
They conﬁrmed the validity of the analytical solution
with numerical simulation for injection well injecting at
constant rate in a radial system. In addition, they demonstrated the usefulness of the triple-continuum model
for estimating reservoir parameters.
Dreier (2004) improved the triple-porosity dual fracture
model originally developed by Al-Ghamdi and Ershaghi
(1996) by considering transient ﬂow condition between
microfractures and macrofractures. Flow between matrix and microfractures is still under pseudosteady state
condition. His main work (Dreier et al., 2004) was the
development of new quadruple-porosity sequential feed
and simultaneous feed models. He also addressed the
need for nonlinear regression to match well test data and
estimate reservoir properties in case of quadruple porosity model.
Linear Flow in Fractured Reservoir. Linear ﬂow
occurs at early time (transient ﬂow) when ﬂow is perpendicular to any ﬂow surface. Wattenbarger (2007)
identiﬁed diﬀerent causes for linear transient ﬂow including hydraulic fracture draining a square geometry,
high permeability layers draining adjacent tight layers
and early-time constant pressure drainage from diﬀerent
geometries.
El-Banbi (1998) developed new linear dual-porosity solutions for ﬂuid ﬂow in linear fractured reservoirs. Solutions were derived in Laplace domain for several inner
and outer boundary conditions. These include constant
rate and constant pressure inner boundaries and inﬁnite
and closed outer boundaries. Skin and wellbore storage
eﬀects have been incorporated as well. One important
ﬁnding is that reservoir functions, f(s) , derived for ra-
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dial ﬂow can be used in linear ﬂow solutions in Laplace
domain and vice versa.
Bello (2009) demonstrated that El-Banbi solutions
could be used to model horizontal well performance in
tight fractured reservoirs. He then applied the constant
pressure solution to analyze rate transient in horizontal
multistage fractured shale gas wells.
Bello (2009) and Bello and Wattenbarger (2008, 2009,
2010) used the dual-porosity linear ﬂow model to analyze shale gas wells. Five ﬂow regions were deﬁned based
on the linear dual-porosity constant pressure solution.
It was found that shale gas wells performance could be
analyzed eﬀectively by region 4 (transient linear ﬂow
from a homogeneous matrix). Skin eﬀect was proposed
to aﬀect the early ﬂow periods and a modiﬁed algebraic
equation was proposed to account for it.

ity reservoir. El-Banbi (1998) solutions for linear ﬂow
in dual-porosity reservoirs will be used. However, new
reservoir functions will be derived that pertain to the
triple-porosity system and can be used in El-Banbi’s solutions. Throughout this paper, matrix, microfractures
and macrofractures are identiﬁed with subscripts m, f
and F, respectively.
Linear Flow Solutions for Fractured Linear Reservoirs. El-Banbi (1998) was the ﬁrst to present solutions
to the ﬂuid ﬂow in fractured linear reservoirs. The analytical solutions for constant rate and constant pressure
cases in Laplace domain are given by
Constant rate case:
(2)
Constant pressure case:

Ozkan et al., (2009) and Brown et al., (2009) proposed
a trilinear model for analyzing well test in tight gas wells.
Three contiguous media were considered: ﬁnite conductivity hydraulic fractures, dual-porosity inner reservoir
between the hydraulic fractures and outer reservoir beyond the tip of the hydraulic fractures. Based on their
analysis, the outer reservoir does not contribute signiﬁcantly to the ﬂow.
Al-Ahmadi et al., (2010) presented procedures to analyze shale gas wells using the slab and cube dual-porosity
idealizations demonstrated by ﬁeld examples.

New Analytical Triple-Porosity Solutions
As stated earlier, to the best of our knowledge, no triple-porosity model has been developed for linear ﬂow
system. In addition, no triple-porosity (dual fracture)
model is available for either linear or radial geometry
that considers transient ﬂuid transfer between matrix
and fractures in fractured reservoirs. Therefore, a tripleporosity model is developed (Al-Ahmadi 2010) in this
paper and new solutions are derived for linear ﬂow in
fractured reservoirs. The triple-porosity system consists
of three contiguous porous media: the matrix, less permeable microfractures and more permeable macrofractures.
The main ﬂow is through the macrofractures, which feed
the well while they receive ﬂow from the microfractures
only. Consequently, the matrix feeds the microfractures
only. Therefore, the ﬂow is sequential from one medium
to the other. In the petroleum literature, this type of
model is sometimes called dual-fracture model.
To facilitate deriving the solution, it is chosen to model
the ﬂuid ﬂow toward a horizontal well in a triple-poros-

(3)
Complete list of solutions are available in El-Banbi
(1998). These solutions can be used to model horizontal
wells in dual-porosity reservoirs (Bello, 2009). Accordingly, as will be shown later, they are equally applicable
to triple-porosity reservoirs considered in this work since
linear ﬂow is the main ﬂow regime. The fracture function, f(s) however, is diﬀerent depending on the type of
reservoir and imposed assumptions.
Derivations of the Triple-Porosity Analytical Solutions. A sketch of the triple-porosity dual-fracture model is shown in Fig. 3. The arrows indicate the ﬂow directions where ﬂuids ﬂow from matrix to microfractures to
the macrofractures - following the direction of increased
permeability - and ﬁnally to the well.
Model Assumptions. The analytical solutions are derived
under the following assumptions:
1. Fully penetrating horizontal well at the center of a
closed rectangular reservoir producing at a constant
rate
2. Triple-porosity system made up of matrix, less permeable microfractures and more permeable macrofractures
3. Each medium is assumed to be homogenous and isotropic
4. Matrix blocks are idealized as slabs
5. Flow is sequential from one medium to the other;
form matrix to microfractures to macrofractures
6. Flow of slightly compressible ﬂuid with constant viscosity
www.saudiarabiaoilandgas.com
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Fig. 3 – Top view of a horizontal well in a triple-porosity system with sequential flow. Arrows
indicate flow directions (Al-Ahmadi 2010).

Four Sub-models of the triple-porosity model are derived
(Al-Ahmadi, 2010). The main diﬀerence between the
models is the assumption of interporosity ﬂow condition, i.e., pseudosteady state or transient. These models
are shown graphically in Fig. 4. The analytical solution
derivation for the fully transient (Model 1) is shown in
this paper. More detailed solutions derivations for the
other models are available in Al-Ahmadi (2010).

(13)
ω and λ are the storativity ratio and interporosity ﬂow
parameter, respectively. kF and kf are the bulk (macroscopic) fractures permeabilities. Detailed parameters
deﬁnitions are available in the nomenclature section in
this paper.

(5)

Model 1: Fully Transient Triple-Porosity Model. The ﬁrst
Sub-model, Model 1, is the fully transient model. The
ﬂow between matrix and microfractures and that between microfractures and macrofractures are under
transient condition. This model is an extension to the
dual-porosity transient slab model (Kazemi 1969 Model). The derivation starts by writing the diﬀerential equations describing the ﬂow in each medium.

(6)

Matrix:

Deﬁnitions of Dimensionless Variables. Before proceeding
with the derivations, the dimensionless variables are deﬁned.
(4)

(14)

(7)
(8)

Microfractures:
(15)

(9)
Macrofractures:
(10)
(16)
(11)
(12)

The initial and boundary conditions in dimensionless
form are as follows:
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Fig. 4 – Sub-models of the triple-porosity model based on different interporosity flow condition
assumptions. PSS: pseudosteady state. USS: unsteady state or transient. Arrows indicate flow
directions.

Matrix:
Initial condition:

tween matrix and microfractures is under pseudosteady
state while it is transient between microfractures and
macrofractures. A similar model was derived by Dreier
et al., (2004) for radial ﬂow. However, their fracture
function is diﬀerent since they had diﬀerent deﬁnitions
of dimensionless variables and used intrinsic properties
for the transient ﬂow.

Inner boundary:
Outer boundary:
Microfractures:
Initial condition:

Model 3: Mixed Flow Triple-Porosity Model. The third submodel, Model 3, is where the ﬂow between the matrix
and microfractures is transient while the ﬂow between
microfractures and macrofractures is pseudosteady state.
It is the opposite of Model 2.

Inner boundary:
Outer boundary:
Macrofractures:
Initial condition:
Inner boundary:
Outer boundary:
The system of diﬀerential equations, Eqs. 14 to 16, can
be solved using Laplace transformation as detailed in the
Appendix. The fracture function, f(s), for this model is
given by

Model 4: Fully PSS Triple-Porosity Model. The fourth submodel, Model 4, is the fully pseudosteady state model.
The ﬂow between all three media is under pseudosteady
state. This model is an extension of the Warren and Root
dual-porosity pseudosteady state model. This model is
also a limiting case of Liu et al., (2000; Wu et al., 2004)
triple-continuum model if considering sequential ﬂow
and ignoring the ﬂow component between matrix and
macrofractures.

(17)

Table 1 summarizes the fractures functions derived for
each sub model. The detailed derivations for all models
are available in Al-Ahmadi (2010).

Using the fracture function, Eq. 17 in Eqs. 2 or 3 will
give the triple-porosity fully transient model response
for constant rate or constant pressure cases, respectively
in Laplace domain. The solution can then be inverted to
real (time) domain using inverting algorithms like Stehfest Algorithm (Stehfest 1970).

Triple-Porosity Solutions Comparison. Models 1 through
4 cover all possibilities of ﬂuid ﬂow in triple-porosity
system under sequential ﬂow assumption. Comparison
of the constant pressure solution based on these models
is shown in Fig. 5. As can be seen on the ﬁgure, Models
1 and 4 represents the end members while Models 2
and 3 are combination of these models. Model 2 follows Model 1 at early time but follows Model 4 at later
time while Model 3 is the opposite. Considering rate

Model 2: Mixed Flow Triple-Porosity Model. The second
sub-model, Model 2, is where the interporosity ﬂow be-
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Fig. 5 – Comparison of the constant pressure solutions based on the
four triple-porosity models assumptions (Al-Ahmadi, 2010).

transient analysis, Models 1 and 3 are more likely to be
applicable to ﬁeld data.
Flow Regions Based on the Analytical Solution. Since
Model 1, the fully transient model, is the most general of all the four triple-porosity variations and shows
all possible ﬂow regions, the discussions in this paper
will be limited to Model 1. Based on Model 1 constant

pressure solution, six ﬂow regions can be identiﬁed as
the pressure propagates through the triple-porosity system (Al-Ahmadi, 2010). These ﬂow regions are shown
graphically on the log-log plot of dimensionless rate versus dimensionless time in Fig. 6. Regions 1 through 5
exhibit an alternating slopes of – 1⁄2 and – 1⁄4 indicating
linear and bilinear transient ﬂow, respectively. Region 6
is the boundary dominated ﬂow and exhibits an expo-
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Fig. 6 – A log-log plot of triple-porosity solution. Six flow regions
can be identified for Model 1 constant pressure solution. Slopes are
labeled on the graph (Al-Ahmadi, 2010).

nential decline due to constant bottom-hole pressure.
These ﬂow regions are explained in details in the following sections.
Region 1. Region 1 represents the transient linear ﬂow
in the macrofractures only. The permeability of macrofractures is usually high and therefore, in most cases, this
ﬂow region will be very short. It may not be captured
by most well rate measurement tools. This ﬂow region
exhibits a half-slope on the log-log plot of rate versus
time.
Region 2. Region 2 is the bilinear ﬂow in the macrofractures and microfractures. It is caused by simultaneous
perpendicular transient linear ﬂow in the microfractures
and the macrofractures. This ﬂow region exhibit a quarter-slope on the log-log plot of rate versus time.
Region 3. Region 3 is the linear ﬂow in the microfractures system. It will occur once the transient ﬂow in the
macrofractures ends indicating the end of bilinear ﬂow
(region 2). This ﬂow region exhibits a half-slope on the
log-log plot of rate versus time.
Region 4. Region 4 is the bilinear ﬂow in the microf-

ractures and matrix. It is caused by the linear ﬂow in
the matrix while the microfractures are still in transient
ﬂow. This ﬂow region exhibits a quarter-slope on the
log-log plot of rate versus time. In most ﬁeld cases, this
ﬂow region is the ﬁrst one to be observed.
Region 5. Region 5 is the main and longest ﬂow region
in most ﬁeld cases. It is the linear ﬂow out of the matrix
to the surrounding microfractures. This region exhibits a
half-slope on the log-log plot of rate versus time. Analysis of this region will allow the estimation of fractures
surface area available to ﬂow, Acm.
Region 6. Region 6 is the boundary dominated ﬂow.
It starts when the pressure at the center of the matrix
blocks starts to decline. This ﬂow is governed by exponential decline due to constant bottom-hole pressure.

Model verification
Mathematical Consistency of the Analytical Solutions. In this section, the solutions mathematical consistency is checked by reducing the triple-porosity model to its dual-porosity counterpart. This can be achieved
by allowing the microfractures to dominate the ﬂow and
assigning to them the dual-porosity matrix properties
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Fig. 7 –A log-log plot of transient dual-porosity (DP) and triple-porosity (TP) Models 1 and 2 solutions (on left) and pseudosteady
state dual-porosity (DP) and triple-porosity (TP) Models 3 and 4 solutions (on right) for constant pressure linear flow case. In both
figures, the two solutions are identical indicating the mathematical consistency of the new triple-porosity solutions.

from the dual-porosity system. In this case, the matrixmicrofractures interporosity coeﬃcient, λAc,fm, is very
small and the triple-porosity matrix storativity ratio, ω,
is zero.
This comparison is shown for all models in the following
ﬁgures. Table 2 shows the data used for comparison.
Models 1 and 2 are reduced to the transient slab dualporosity model since the ﬂow between microfractures
and macrofractures is under transient conditions in the
two models. Models 3 and 4, however, are reduced to
the pseudosteady state dual-porosity model since the
ﬂow between microfractures and macrofractures is under pseudosteady state condition in the two models. As
shown in Fig. 7, the triple-porosity solutions are identical to their dual-porosity counterpart. This conﬁrms
the mathematical consistency of the new triple-porosity
solutions.
Comparison to Simulation Model. A triple-porosity
simulation model was built explicitly using CMG reservoir simulator to understand the behavior of tripleporosity reservoirs and to verify the derived analytical
solutions. The model considers the ﬂow toward a horizontal well in a triple-porosity reservoir. One representative segment is modeled which represents one quadrant
of the reservoir volume around a macrofracture. This
segment contains ten microfractures orthogonal to the
macrofractures at 20 ft fracture spacing. The model is
a 2-D model with 21 gridcells in the x-direction, 211
gridcells in y-direction and only one cell in the z-direction. A top view of the model is shown in Fig. 8. All
matrix, microfractures and macrofractures properties are

Fig. 8 – Top view of the CMG 2-D triple-porosity simulation model.

assigned explicitly. In addition, the simulation model assumes constant connate water saturation.
The simulation model was run for many cases by changing the three porosities and permeabilities of the three
media and the simulation results are compared to that
of the analytical solutions for each case. All cases were
matched with analytical solutions and thus conﬁrming their validity. A result of one case for oil reservoir is
shown in Fig. 9.
Applicability of Triple-Porosity Solutions for Radial
Flow. Although the triple-porosity solutions derived in
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this paper were for linear ﬂow, they are equally applicable to radial ﬂow following El-Banbi (1998) work. The
diﬀerential equation in Laplace domain that governs
the ﬂow in the macrofractures in case of radial system
is given by

ible ﬂuids and thus are applicable to liquid ﬂow only.
However, they can be applied to gas ﬂow by using real
gas pseudo-pressure, m(p), instead of pressure to linearize the left-hand side of the diﬀusivity equation. Therefore, the dimensionless pressure variable will be deﬁned
in terms of real gas pseudo-pressure as:

(18)
(20)
The constant pressure solution for a closed reservoir is
given by (El-Banbi 1998)

where m(p) is the real gas pseudo-pressure deﬁned as
(Al-Hussainy et al. 1966):

(19)
(21)
The fracture functions, f(s), derived for all the models
can be used in the radial ﬂow solutions as well. Fig. 10
shows comparison between radial dual-porosity solutions and the new triple-porosity solutions reduced to
their dual-porosity counterpart and applied to radial
ﬂow. Data used for comparison are shown in Table 3.
The solutions are identical indicating the applicability
of the new triple-porosity solutions derived in this work
to radial ﬂow.
Application to Gas Flow. It is important to note that
the above solutions were derived for slightly compress-

With the above linearization, the derived solutions are
applicable to the transient ﬂow regime for gas ﬂow.
However, once the reservoir boundaries are reached and
average reservoir pressure starts to decline, the gas properties will change considerably especially the gas viscosity and compressibility. Therefore, the solutions have to
be corrected for changing ﬂuid properties. This is usually achieved by using pseudo-time or material balance
time. An example of these transformations is the Fraim
and Wattenbarger (1987) normalized time deﬁned as

Fig. 9 – Match between simulation and analytical solution results for oil
reservoir case. (kF,in = 1000 md, kf,in = 1 md and km = 1.5×10 md) (AlAhmadi 2010).
www.saudiarabiaoilandgas.com
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Fig. 10 – Log-log plot of dual-porosity and triple-porosity constant pressure solutions for radial flow. On the left is the
transient solution and on right is the pseudosteady solution (Al-Ahmadi 2010).

used in the analytical solutions to be applicable to shale
gas wells.
(22)
Thus, with these two modiﬁcations, the analytical solutions derived in this work are applicable to gas ﬂow.
Accounting for Adsorbed Gas. Unlike tight gas reservoirs, gas in shale reservoirs is stored as compressed (free)
gas and adsorbed gas. Adsorbed gas does not usually
ﬂow until the pressure drops below the sorption pressure. Adsorbed gas can be accounted for using Langmuir
isotherm which deﬁnes the adsorbed gas volume as:
(23)
where

For material balance calculations, the modiﬁed compressibility factor (z*) is used instead of z (King 1993).
z* is deﬁned as:
(26)
Then the gas material balance equation becomes:
(27)
The OGIP accounting for free and adsorbed gas can be
calculated using the following volumetric equation (Samandarli 2011):
(28)

V: Volume of gas currently adsorbed (scf/cuf )
VL: Langmuir’s volume (scf/cuf )
pL: Langmuir’s pressure (psia)
pLp: Reservoir pressure (psia)

Field Application

Therefore, the analytical solutions have to account for
the adsorbed gas before applying them to shale gas wells.
This can be achieved by modifying the gas compressibility deﬁnition to include adsorbed gas. Following Bumb
and McKee (1988), the modiﬁed total compressibility
is deﬁned as:
(24)
where cd is the desorbed gas compressibility given by:
(25)
Thus, to account for adsorption, c*t instead of ct will be

Tight reservoirs such as shale oil or shale gas are perfect
ﬁeld case to apply this model due to the large contrast in
the three porous media permeability values. Horizontal
wells placed in these reservoirs are usually hydraulically
fractured due to low matrix permeability. Natural fractures usually exist in these reservoirs as well. The case
presented here is from a shale gas reservoir.
Shale Gas reservoirs play a major role in the United
State natural gas supply as they are aggressively developed capitalizing on new technologies, namely horizontal wells with multistage fracturing. It has been observed
that these wells behave as though they are controlled
by transient linear ﬂow (Bello 2009; Bello and Wattenbarger 2008, 2009, 2010; Al-Ahmadi et al., 2010).
According to Medeiros et al., (2008) linear ﬂow is the
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dominant ﬂow regime for fractured horizontal wells in
tight formations for most of their productive lives. This
behavior is characterized by a negative half-slope on the
log-log plot of gas rate versus time and a straight line
on the [m(pi) – m(pwf)]/qg vs. t0.5 plot (the square root of
time plot).
Some shale gas wells, however, exhibit a bi-linear ﬂow
just before the linear ﬂow is observed. This behavior is
characterized by a negative quarter-slope on the loglog plot of gas rate versus time or a straight line on the
[m(pi) – m(pwf)]/qg vs. t0.25 plot. The bi-linear ﬂow is due
to two perpendicular transient linear ﬂows occurring simultaneously in two contiguous systems. These could
be microfractures and matrix or microfractures and
macrofractures systems.
Previously, shale gas wells have been modeled using linear dual-porosity models (Bello 2009; Bello and Wattenbarger 2008, 2009, 2010; Al-Ahmadi et al., 2010). In
these models, the matrix was assumed “homogeneous”
although it might be enhanced by natural fractures by
having high eﬀective matrix permeability. In addition,
orthogonal fractures are assumed to have identical properties. However, most if not all of horizontal wells drilled
in shale gas reservoirs are hydraulically fractured. As the
hydraulic fractures propagate, they re-activate the preexisting natural fractures (Gale et al., 2007). The result
will be two orthogonal fractures systems with diﬀerent
properties. Therefore, dual porosity model will not be
suﬃcient to characterize these reservoirs. As a result, the
triple-porosity model with fully transient ﬂow assumption (Model 1) will be used to model horizontal shale
gas wells. For this speciﬁc case, macrofractures are the
hydraulic fractures while microfractures are the natural
fractures.
Analysis Procedure. Due to the large number of variables involved in the triple-porosity model, nonlinear
regression will be utilized to estimate a set of unknown
parameters by matching the well’s production rate.
Other parameters may be assumed or estimated through
other methods. Including many variables in the regression may lead to non-uniqueness of the converged solution. The parameters to be found by regression are fractures intrinsic permeabilities, drainage area half-width
(hydraulic fracture half-length) and natural fractures
spacing. After the match is obtained, the well model is
fully deﬁned. Hence, the OGIP can be calculated by
volumetric method and well future production can be
forecasted.
Nonlinear Regression. The triple-porosity model

presented in this paper needs at most ﬁve parameters;
namely two ω’s, two λ’s and yDe. In addition, these calculated parameters depend on reservoir properties which
have to be estimated. This leads to estimation of many
parameters that may not be known or needs to be calculated. Therefore, the need for regression arises in order to
match ﬁeld data and have a good estimate of the sought
reservoir or well parameters. In automated well test interpretations, the common regression methods are the
least squares (LS), least absolute value (LAV) and modiﬁed least absolute value minimization (Rosa and Horne
1995, 1996). It was found, however, that the least absolute value regression method is the most appropriate
in matching noisy data and can be used eﬀectively with
triple-porosity model to match ﬁeld data (Al-Ahmadi
2010).
However, in order to get the most accurate results with
regression, data that shows special trends should be included in the regression. For example, if the data that
shows linear ﬂow was only included in the regression
and the data that shows a bi-linear ﬂow just before it was
ignored, the data will be matched but the solutions will
not be representative as if that data was also included. In
short, as expected the more data included in the regression, the more accurate the results will be.
Field Case. A ﬁeld case from the Barnett Shale will be
used to demonstrate the application of the triple-porosity model. Gas rate history for these wells is shown in
Fig. 11. The fully transient model (Model 1) with nonlinear regression and normalized time will be applied.
Gas adsorption will be included in the analysis as well.
The well is matched with the analytical solutions by ﬁrst
assuming no adsorbed gas and then including gas adsorption. Comparisons are made for each well. The following adsorption data are used for the Barnett Shale
(Mengal 2010):
VL = 96 scf/ton
pL = 650 psi
Bulk Density = 2.58 gm/cc
Well 314 is a horizontal well with multistage hydraulic
fracturing treatment producing at a constant bottomhole pressure.
The well production rate exhibits a half-slope on the
log-log plot of rate versus time indicating a linear ﬂow.
However, the early and late data deviate from this trend.
The early deviation may be due to skin eﬀect due to the
presence of fracturing job water in the hydraulic fractures making it diﬃcult for the gas to start ﬂowing to
www.saudiarabiaoilandgas.com
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Fig. 11 – Log-Log plot of gas rate versus time for a horizontal shale gas wells. The well exhibits a linear flow
for almost two log cycles. The blue and indicates a halfslope.

the well (Bello and Wattenbarger 2009; Al-Ahmadi et
al., 2010). The later deviation is due to either start of
boundary dominated ﬂow (BDF) or reduction of well’s
drainage area due to drilling nearby well. In this work,
no skin eﬀect is considered and the later deviation will
be dealt with as BDF. However, if the well is aﬀected
by skin, it results in a lower permeability value for the
hydraulic fractures.
Table 4 summarizes well 314 data in addition to other
assumed parameters. From the hydraulic fractures treatment, hydraulic fractures spacing is calculated assuming each perforation cluster corresponds to a hydraulic
fracture. In addition, drainage area length, xe, is the same

as perforated interval. The matrix porosity and permeability used are the most available in the literature for
the Barnett Shale. Representative values are assumed for
fractures intrinsic porosity and width. Finally, the fractures intrinsic permeabilities, drainage area half-width
and natural fractures spacing will be found by regression.
Regression results are shown in Table 5 and Fig. 12 with
and without adsorption using LAV method.
From the regression results above, the hydraulic fractures intrinsic permeability is more than an order of
magnitude compared to that of the natural fractures.
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Fig. 12 – Matching Well 314 production history using the regression results without (top) and with (bottom) adsorption.
On the left is the decline curve plot and log-log plot is on the right for gas rate vs. time.

In addition, the natural fractures permeability is about
three orders of magnitude compared to the matrix permeability. Furthermore, the natural fracture spacing is
about 23 ft indicating that matrix is in fact enhanced by
natural fractures.
Including adsorption did not change the estimate of
fractures intrinsic permeabilities or the natural fractures
spacing but it had a big impact on drainage area halfwidth and consequently OGIP. Thus, including adsorp-

tion reduces the reservoir size while increasing its gas
content by 35%. The same matrix porosity was used
in both cases which may not be physically correct. The
calculated OGIP is 3.01 Bscf if adsorbed gas is ignored.
Al-Ahmadi et al., (2010) estimated 2.74 Bscf for OGIP
for this well using linear dual-porosity model. The two
estimates are within 10% relative error.
Knowing all the triple-porosity parameters, the whole
well production history is forecasted as shown in Fig.
www.saudiarabiaoilandgas.com
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12 based on the regression results for the ﬁrst 500 days.
As can be seen, the model very well reproduced the well
production trend with and without adsorption as shown
on the log-log and decline curve plots.

Conclusions
The major conclusions from this work can be summarized as follows:
1. Triple-porosity models are proposed as a more practical technique for capturing fractured reservoir heterogeneity by allowing fractures to have diﬀerent properties.
2. New triple-porosity (dual-fracture) solutions have
been developed for fractured linear reservoirs and proved
to be applicable to radial ﬂow geometry as well.
3. Six ﬂow regions can be identiﬁed for fully transient
triple-porosity model (Model 1).
4. The new model has been veriﬁed by reducing it to
simpler dual porosity models and by comparing it to
reservoir simulation.
5. The derived solutions are also applicable to gas ﬂow
using gas real gas pseudo-pressure and normalized time.
6. Triple-porosity fully transient model (Model 1) is applicable to fractured shale gas horizontal wells when gas
adsorption is incorporated. The model can be used to
match ﬁeld data, characterize well drainage area, determine reservoir size and OGIP and forecast future production.

Nomenclature
Acw
Acm
Bgi
ct
E
gh
H
kF
kf
kF, in
kf,in
km
LF
Lf
m(p)
pD
pi
pL
pwf

cross-sectional area to ﬂow deﬁned as 2hxe, ft2
total matrix surface area draining into fracture
system, ft2
formation volume factor at initial reservoir
pressure, rcf/scf
total compressibility, psi-1
objective function
objective function gradient
reservoir thickness, ft
Hessian matrix
macrofractures bulk permeability, md
microfracture bulk permeability, md
macrofracture intrinsic permeability, md
microfracture intrinsic permeability, md
matrix permeability, md
macrofractures spacing, ft
microfractures spacing, ft
real gas pseudo-pressure, psi2/cp
dimensionless pressure (transient triple poros
ity model)
initial reservoir pressure, psi
Langmuir’s pressure, psi
wellbore ﬂowing pressure, psi

qD
qDL
qg
rw
Sgi
Swi
T
t
tDAcw
tesr
Vb
VL
V
xe
yDe
ye

dimensionless rate (transient triple porosity
model)
dimensionless rate based on Acw0.5 and kF (rec
tangular geometry, triple porosity)
gas rate, Mscf/day
wellbore radius, ft
initial gas saturation, fraction
initial water saturation, fraction
absolute temperature, °R
time, days
dimensionless time based on Acw and kF (rec
tangular geometry, triple-porosity)
time to end of straight line on the square root
of time plot, days
total system bulk volume, ft3
Langmuir’s volume, scf/ton (or scf/cuf )
bulk volume fraction, dimensionless
drainage area length (rectangular geometry), ft
dimensionless reservoir half-width (rectangu
lar geometry)
drainage area half-width (rectangular geom
etry), equivalent to fracture half-length, ft

Greek symbols
α
αជ
λ
μ
ω
φ

Warren and Root shape factor
vector of unknown regression parameters
dimensionless interporosity parameter
viscosity, cp
dimensionless storativity ratio
porosity

Subscripts
i
initial
F
macrofracture (hydraulic fracture)
f
microfracture (natural fracture)
m
matrix
t =F+f+m total system (macrofracture +microfracture
+ matrix)
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Macrofracture Equation
The macrofractures receive ﬂow from the microfractures and the ﬂow can be modeled using the equation:
(A-5)
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Appendix: Derivation of Linear Triple-Porosity
Fully Transient Model
Model 1: Fully Transient Triple-Porosity Model. The ﬁrst
Sub-model, Model 1, is the fully transient model. The
ﬂow between matrix and microfractures and that between microfractures and macrofractures are under
transient condition. This model is an extension to the
dual-porosity transient slab model (Kazemi 1969 Model). The derivation starts by writing the diﬀerential equations describing the ﬂow in each medium.
Matrix Equation
Since the ﬂow transfer from matrix to fractures is under
transient condition, the matrix equation is given by:

(A-7)
System of Equations with Initial and Boundary
Conditions
Matrix:
(A-1)
Microfractures:
(A-4)
Macrofractures:
(A-7)
Initial and boundary conditions are:
Matrix:
Initial condition:

(A-1)

Inner boundary:

Note: z here is a direction parallel to y-axis. It is not the
vertical direction. Microfracture Equation

Outer boundary:

(A-2)
qsource,m , is a source term of ﬂow from matrix to the mi-

Microfractures:
Initial condition:
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Inner boundary:

Laplace Transformation

Outer boundary:
Macrofractures:

In order to solve the above system of diﬀerential equations, they have to be transformed into Laplace domain
for easier solving as detailed below.

Initial condition:

Matrix equation:

Inner boundary:

(A-11)

Outer boundary:

The initial and boundary conditions in Laplace domain
are:

System Dimensionless Equations with Initial and
Boundary Conditions

Initial condition:

Matrix:

Inner boundary:
(A-8)

Outer boundary:
Using the initial condition, Eq. A-11 becomes:

Microfractures:

(A-12)

(A-9)
The general solution for Eq. A-12 is given by:

Macrofractures:

(A-13)

(A-10)
Dimensionless initial and boundary conditions are:

The constants A and B are determined as:

Matrix:

(A-14)

Initial condition:

(A-15)

Inner boundary:
Outer boundary:

Therefore, the ﬁnal solution for Eq. A-12 is
(A-16)

Microfractures:
Initial condition:
Inner boundary:

Microfractures equation:
(A-17)

Outer boundary:
Macrofractures:

The initial and boundary conditions in Laplace domain
are:

Initial condition:
Initial condition:
Inner boundary:
Inner boundary:
Outer boundary:
Outer boundary:
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Initial condition:

Using the initial condition, Eq. A-17 becomes:
(A-18)

Inner boundary:
Outer boundary:

Now, diﬀerentiating Eq. A-16, we have:
(A-19)

Using the initial condition, Eq. A-27 becomes:
(A-28)

Substituting Eq. A-19 in A-18:
(A-20)

Now diﬀerentiating Eq. A-26:
. (A-29)

Or in short form:
(A-21)
Now Eq.A-28 becomes:

where

(A-30)

(A-22)
Or in short form:

The general solution for Eq. A-21 is given by:

(A-31)

(A-23)

where f(s) is the deﬁnition for the fracture function for
Model 1:

The constants A and B are determined as:
B=0

(A-24)
(A-25)
(A-32)

Therefore, the ﬁnal solution for Eq. A-21 is:
(A-26)
Using this fracture function in Eqs. 2 or 3 will give the
triple-porosity fully transient response for constant rate
or constant pressure cases, respectively.

Macrofractures equation:
(A-27)
Initial and boundary conditions in Laplace domain are:

Detailed derivations of the other three models are available in Al-Ahmadi (2010).
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Abstract
This paper presents a comprehensive simulation study
on the impact of natural fractures on the performance of
surfactant polymer ﬂood in a ﬁeld wide scale. The simulation model utilized for the study is a dual porosity dual
permeability model representing 1/8 of a 20-acre 5-spot
pattern. The model parameters studied include wettability alteration, interfacial-tension changes and mobility
reduction eﬀect. The results of this study clearly indicate the importance of reservoir description and fracture
modeling for a successful surfactant-polymer ﬂood. This
may lead in huge diﬀerence in reserves booking from
such EOR method.
Naturally fractured carbonate reservoirs are usually
characterized by mixed wettablility and low matrix permeability which leads to low oil recovery and high remaining oil saturation. Enhanced oil recovery methods

such as surfactant-polymer ﬂood (SPF) enhance the recovery by increasing the spontaneous imbibitions either
by lowering the interfacial tension or altering the wettability in the matrix. However, one of the main reasons
for failed surfactant-polymer ﬂoods is under-estimating
the importance of the reservoir and ﬂuid characteristics
especially the description of natural fractures and their
eﬀect on recovery.
Sensitivity runs were made in ﬁeld size scale in order to
compare oil recovery by capillary force, buoyancy force
and viscous force. The simulation study indicates a relationship between water saturation and the start of altering wettability and/or interfacial tension to maximize
oil recovery. Also, when a surfactant alters the rock wettability, an optimum IFT should be identiﬁed for faster
and higher imbibitions. In addition, the study shows effect on recovery by permeability contrast between that
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Fig. 1___Spontaneous imbibition through buoyancy
force (Hirasaki and Zhang, 2004).

of the fracture and that of the matrix as well as fracture
orientation with respect to injector-producer direction.

Introduction
About 40-60% of the original oil-in-place (OOIP) in
reservoirs is left behind after secondary recovery. Over
60% of the remaining oil in the world can be found in
carbonate reservoirs, which makes it a big area of interest for Enhance Oil Recovery (EOR) methods especially
with the current oil price and increasing demand. Most
of the carbonate reservoirs are fractured to a certain degree and either oil-wet or mixed-wet (Mohan, 2009).
The main characteristics of fractured reservoirs are the
permeability enhancement provided by the fractures. In
tight matrix blocks, fractures are the only means of ﬂuid
ﬂow into a production well. However, the heterogeneity
between fractures and matrix blocks can result in bypassed oil.
Chemical EOR
Chemical EOR is becoming more attractive with the
current economics especially for water ﬂooded reservoirs. Chemical EOR utilizes surfactant, polymers, alkaline agents or combination of these chemicals (Thomas, 2006). The use of the surfactant is either to:
• lower the interfacial tension IFT between the hydrocarbon and the injected ﬂuid,
• create macro or micro-emulsions with oil and water
that leads to improved sweep eﬃciency,
• change wettability to water wet through adsorption in
the rock formation, or
• combination of the above.

A polymer is usually added to the injected water to enhance sweep eﬃciency by decreasing the mobility or increasing viscosity of the displacing ﬂuid. Performance
prediction of chemical EOR - such as surfactant-polymer ﬂooding - in naturally fractured reservoirs is essential for pilot testing, ﬁeld wide implementation and
reservoir management. Generally, recovery prediction
continues to be a challenging topic in fractured reservoirs. Not having a good simulation model that can capture all the interaction of the additives injected in the
fractured reservoir can lead to a faulty estimation of ﬁeld
performance or wrong pilot design.
The main objective of this work is to study the eﬀect of
natural fractures on surfactant polymer ﬂood (SPF) performance on a ﬁeld scale using a dual-porosity dual-permeability (DPDP) simulation model. The parameters to
be studied will include:
fracture permeability, spacing and orientation, matrix
permeability and wettability, and the use of low interfacial tension versus capillary pressure for recovery. The
main performance measurements used in this study
are oil recovery with respect to the original oil-in-place
(OOIP).
SOR Reduction
Interfacial tension (IFT) reduction plays a signiﬁcant
role in reducing the residual oil saturation (Sor). Taber
(1969) found that, in order for a water ﬂood to have effect on Sor reduction from the reservoir, interfacial tension must be lowered by a factor of 1,000 or more. IFT
is generally hard to be measured in the ﬁeld due to the
high sensitivity to temperature, pressure and presence of
www.saudiarabiaoilandgas.com
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contaminants (Stegemier, 1974). The use of surfactant
to reduce the IFT will diminish the capillary force which
is the main driving force for spontaneous imbibitions
in water wet conditions. However, spontaneous imbibitions will still occur by buoyancy force which becomes
the dominant force of displacement even in oil wet
conditions. Fig.1 illustrates the spontaneous imbibition
caused by buoyancy in a fractured system (Hirasaki and
Zhang, 2004).
Wettability alteration has been a proven method to enhance spontaneous imbibitions. In a mixed-wet or oilwet rock, buoyancy driven ﬂow will be resisted. In other
words, reducing IFT to even ultra low will not recover
the oil that adhere to the rock surface. The surfactant
should be designed depending on the original wetting
phase (Najafabadi et al., 2008). Fig.1.2 shows the eﬀect
of water ﬂood based on wettability.
Schechter et al. (1991) have studied capillary forces
and gravity forces impact on imbibition. The scale of
contribution of each force is given by the inverse bond
number, NB-1 (Eq.1):
(1)
where C is a constant for capillary tube model, σ is interfacial tension, φ is the porosity, k is the permeability,
Δρ is the density diﬀerence (m/L3), g is the gravitational
acceleration, and H is the height of the matrix block.
Schechter et al. (1994) found that the imbibition at high
values of NB-1 (>5) is dominated by capillary forces which
increase by the current and counter-current of wetting
phase and non-wetting phase, while at low values NB-

1

gravity force is the dominant one with vertical ﬂow. At
intermediate values of NB-1 , recovery of the non-wetting phase was much faster than in each dominant force
alone (Aldejain, 1999).

Modeling Fracture Reservoir
Simulation of chemical ﬂooding in a fractured reservoir is either modeled as single porosity with discretized
fractures or as continuum, such as multi-component
dual porosity model with multiphase capability (Aldejain, 1999; Delshad et al. 2009). Both methods have
their limitation. The discrete model is more detailed
in representing fracture direction and ﬂow behavior
for each fracture property in a reservoir. However, in a
highly fractured reservoir, discretization requires a huge
computational demand which is considered one of its
disadvantages. The dual porosity system, as originally
developed by Warren and Root (1963), still has some
limitation pertaining to fracture spacing, length, orientation and matrix ﬂow contribution in extreme heterogeneous systems. However, dual porosity systems have
evolved through the years and are still considered the
best way and are widely used when modeling a naturally
fractured reservoir (Tarahhom et al., 2009).
As a dual porosity model does not allow ﬂuid to have
matrix to matrix ﬂow, dual permeability model should
be used especially with relatively high matrix permeability. The dual permeability model will account for matrix-matrix ﬂow as the pressure gradient increase in the
matrix increases (Aldejain, 1999). With matrix-matrix
ﬂow included the gravity drainage is represented better
than in a dual porosity model. However, it is not fully
captured. Fig. 2 shows the ﬂuid ﬂow connectivity concept in the DPDP model.

Fig. 2. Dual-porosity dual-permeability fluid communication.
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Fig. 3. Plan view and 3D view of the simulation model representing 1/8 of a 20-ac
5-spot pattern.

Approach
To achieve the research objective a hypothetical naturally
fractured reservoir model has been built. A commercial
simulator, CMG Stars version 2009.1, has been utilized
which has the capability to simulate chemical EOR
processes. The study involved the following steps.
• Build a 1/8 model of an inverted 5-spot pattern to
simulate a surfactant-polymer ﬂood in a carbonate light
oil reservoir (black-oil model).
• Include dual-permeability dual-porosity (DPDP) model to capture the eﬀect of fracture system in the ﬁeld.
• Add rock and ﬂuid parameters based on published
data that represent a common carbonate reservoir from
permeability and porosity to wettability conditions and
capillary pressure.

• Assume that surfactant used has impact on both wettability alteration and IFT reduction while the polymer
changes viscosity of the injected ﬂuid.
• Run sensitivity study on surfactant polymer ﬂooding
(SPF) performance with respect to the start of the process and the length of the injection through the life of
the ﬁeld.
• Run a sensitivity study on fracture spacing, permeability, ﬂow direction, and matrix permeability.

Model Construction
The reservoir is assumed to be a fractured carbonate reservoir characterized by high fracture ﬂow and low matrix
ﬂow. Because matrix to matrix ﬂow was not neglected,
dual-porosity dual-permeability (DPDP) model was
used to capture this ﬂow behavior. The simulation study
www.saudiarabiaoilandgas.com
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was done using a commercial simulator, CMG STARS
2009. A 16 x 31 x 5 Cartesian grid model has been used
to represent a 1/8 of a 20-acre 5-spot pattern. The distance between the injector and the producer is 633ft.
The grid blocks are constructed so that the grid blocks
sides are either parallel or normal to the injector-producer direction. Fig. 3 is a schematic diagram showing
the 1/8 of 5-spot pattern in plan view and 3D view. A
1/8 symmetry element of the pattern is used (instead of
the typical 1/4) to reduce the number of grid blocks and
hence cut down on the simulation run time. The production rate was set at a maximum of 1000 bbl/day (total oil and water) while the injection rate is constrained
based on a maximum injector bottom hole pressure of
2500 psi which is the initial reservoir pressure.
Injection Sequence
In an experimental core ﬂoods it is common to continuously inject chemically enhanced brine from initial oil
saturation until ultimate recovery. However, in ﬁeld application, the chemical injection period is much shorter
due to the cost involved with respect to oil price. Therefore, to have a sensible sensitivity study on a ﬁeld scale,
injection period and sequence based on the published
pilot trial on Big Muddy ﬁeld (Saad and Sepehrnoori,
1989) was used. In this study the surfactant polymer
ﬂooding (SPF) will consist of:
• One year injection of surfactant-polymer
• Two years injection of polymer slug
• One year of polymer taper (lower concentration).
The base case will include one year of water ﬂood before the chemical injection, and continuous water ﬂood
after the chemical injection period until the end of the
assigned time of the simulation. The ﬂuid properties of
the injected ﬂuid can be found in Table 2.
Wettability Modeling
The wettability of the matrix in the base case was assumed to be mixed-wet. The alteration in wettability affects the relative permeability curves and capillary pressure. As for the fracture system, a straight-line relative
permeability and zero capillary pressure were assumed.

These are common fracture properties and they were
validated in the literature (Chen, 1995).
The modeling of the wettability alteration is based on an
interpolation between the interfacial tension (IFT) and
the capillary number which leads to calculating the relative permeability and capillary pressure at dimensionless
time. There are two sets of relative permeability and capillary pressure curves that are input parameters; one set
represents the rock conditions with no surfactant, and
the other set represents the rock condition at maximum
surfactant concentration. Fig. 4 and Fig. 5 show the
relative permeability curves before and after surfactant
eﬀect. The initial relative permeability curves and capillary number behavior were selected based on the average curves of diﬀerent trapping numbers presented by
Delshad et al. (2009).
There are two sets of correlation that leads to interpolation between the relative permeability and capillary pressure curves before and after chemical injections based
on the simulator. The ﬁrst set of correlations is the IFT
alterations based on the dissolved oil in the water caused
by surfactant at each grid block. The second set of correlations is the capillary number
(N =

)

which requires the interpolation of IFT ﬁrst, in order
to calculate the capillary number. Capillary number is
presented in the simulator as the log10(Nc) and called
the trapping number (DTRAP). There are two trapping
number for each interpolation set: one set for the wetting phase (DTRAPw) and the other for the non-wetting phase (DTRAPn). The relative permeability curves
for matrix blocks for each phase are then calculated from
the following equations:
(2)
and,
(3)
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Fig. 4. Oil-water relative permeability curves at initial stage and at maximum surfactant concentration.

Fig. 5Oil recovery in base case model and water flood cases

where kr is the relative permeability of phase /, i is the
initial condition, f is for ﬁnal condition or at maximum
surfactant aﬀect, Pc is the capillary pressure, and ω is
the interpolation factor which is calculated from the interpolation equations of DTRAP number. ωpc is the interpolation factor for the capillary pressure which is the
average of the interpolation factor of each phase. Both
interpolation factors are calculated as follows:
(4)
and,
(5)
In base case model, the maximum amount of oil dissolved in water is set at 0.03 wt% which will result in
IFT of 10 dyne/cm. The DTRAP numbers at initial and

ﬁnal condition for oil are -4 and -3, and for water are -5
and -1.5 respectively. These values are used to represent
the change from mix-wet rock to water-wet rock at high
surfactant concentration.
Adsorption modeling
The simulator has the capability to model additive adsorptions in the rock and add the adsorption term in
the ﬂow equations. In order to simulate this phenomenon, temperature eﬀect, rock density, porosity, and ﬂuid
composition have to be known. Also the rate of increase
of adsorption with ﬂuid composition should be known
as well as the maximum adsorption capacity. All these
parameters are needed for the Langmuir isotherm correlation.
A hypothetical adsorption behavior was added in the
model, based on previously built-in CMG model, for
www.saudiarabiaoilandgas.com
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Fig.6Injection profiles for different injection cases.

Fig. 7 Recovery factor for base case at different SP injection times.

the completeness of the surfactant polymer ﬂooding
process and ﬂow equations. A maximum adsorption
capacity of 0.1336 lb-mole/ft3 surfactant and 0.28 lbmole/ft3 polymer was set for the matrix blocks.
Base case Results
To validate the use of surfactant polymer ﬂooding (SPF)
in fractured reservoir, the base case model was compared
with water ﬂooding (Fig. 5). Surfactant ﬂooding (SF)
and polymer ﬂooding (PF) was also compared against
the base case model to insure the eﬀect of each chemical
in the base case model. The results show high oil recovery
in the base case model, around 15% incremental gain,
compared to water ﬂooding, SF, or PF. Results also show
that polymer ﬂooding (i.e. improving areal sweep), results in higher and faster recovery than surfactant ﬂood-

ing alone. This is an expected performance in a fractured
reservoir where most of the surfactant injected will be
channeling through the fractures which reduce its eﬀectiveness. The combined surfactant-polymer process, as
seen in the base case, shows high oil recovery due to the
improved mobility that causes the surfactant to imbibe
in more matrix blocks and change the wettability.
Starting SPF
Having only one year of surfactant ﬂood makes it critical to decide at which oil saturation should chemical
injection process start. Several injection scenarios have
been simulated on the base case model. Fig. 6 shows the
injection proﬁle for each case.
The results of varying the start of the surfactant-poly-
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Fig. 8. Oil recovery at different SPF starting time for each wettability case

Fig. 9. Sensitivity of oil recovery to IFT in a continuous surfactant polymer
flooding.

mer ﬂood (SPF) showed inconsistent relationship with
total recovery (Fig. 7). It seems that there is a critical
water saturation that aﬀects the recovery as seen in the
decreasing recovery as the water saturation increase.
On the other hand, starting the surfactant polymer
process with no pre-water injection resulted in less oil
recovery when compared to the base case where there
was a pre-water ﬂood. This could be related to the initial lowering of the capillary force (i.e. spontaneous
imbibitions) by reducing the IFT before the eﬀect of
wettability alteration occurs. Starting injection of surfactant polymer as at high water saturation may result
in a very low incremental recovery. It is worth mentioning that, when running the same study on single
porosity model (no fractures), there was virtually no
impact on recovery.

Base Case at Diﬀerent Base Wettability
The same set of sensitivity run has been repeated twice
after changing the initial wettability; one set of runs for
water wet reservoir and the other for oil wet reservoir.
The change has been done in the original relative permeability curves, capillary pressure curve, and capillary
number. For the capillary pressure curve has increased to
remove the negative capillary pressure, ranging from 10
to 0 psi. Oil-wet rock is characterized by the absence of
a positive capillary pressure and the relative permeability
curves intersect at less than 0.5 water saturation. Water
ﬂooding in that case is not eﬀective. The capillary pressure in this study ranges from 0 to -10 psi.
After repeating the same set of sensitivity study on the
diﬀerent wettabililty cases, the most eﬀected case is the
www.saudiarabiaoilandgas.com
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Fig. 10. Effect of pre-water injection on continuous SPF with different IFT
reduction

mix-wet reservoir as shown in Fig. 8. The water-wet case
showed similar trend but with much lower variation in
recovery. The oil-wet case had the most recovery when
SPF started at beginning of ﬂood. However, the total
recovery for all oil-wet case were low and with little
variance. This clearly shows the importance of reservoir
characterization and the contribution of fractures to the
recovery that may lead in a big area of optimization

ity alteration, viscosity, or combinations of these factors.
The results complement the work done by of Guzman
and Aziz (1992) on injections rate in fractured reservoirs
and its aﬀect on capillary number. Also, this study shows
that there is an optimum inverse bond number (NB)-1
that results is not only faster oil recovery but a much
higher one. There is a need for further experimental and
simulation work to support such conclusion.

IFT Eﬀect
A sensitivity study of oil recovery to interfacial tension,
IFT, has been done on the base case model by keeping
the concentration of the surfactant constant and changing the IFT value that corresponds to that concentration. Four simulation runs were made with the ﬁnal IFT
values of 0.1, 0.01, 0.001 and 0.0001 dyne/cm. The
wettability alteration was kept constant in all runs. The
injection of surfactant polymer was continuous from day
1 until the end run. No pre-water injection or polymer
drive following the SPF. Fig. 9 shows the performance of
continuous surfactant polymer ﬂooding with diﬀerent
IFT eﬀect. It was clear from the result that when surfactant is altering wettability in a fractured reservoir, an
optimum IFT has to be achieved to maximize oil recovery. In the case with the lowest IFT, most of the injected
ﬂuid travels in a very high velocity through the fractures;
until there is a barrier so more imbibitions will occur
and increase the wettability alteration in the matrix.

Two additional runs were made to combine the eﬀect
of IFT with the eﬀect of pre-water injection. A one year
pre-water injection has been added to the lowest IFT
cases (0.001 dyne/cm and 0.0001 dyne/cm). Fig. 10
shows the results of both cases along with original cases
of no pre-water injection. In the lowest IFT case, the
pre water injection was able to improve the oil recovery
as seen in previous sensitivity analysis. However, in the
optimum IFT case for this study (0.001 dyne/cm) the
pre- injection lowered the oil recovery comparing to the
performance of the continuous SPF without a pre-water
injection. From these results, one can infer that there
is an optimum inverse bond number that would yield
maximum oil recovery similar to what was discussed in
Schechter (2009). However, no attempt to calculate the
bond number has been made.

The IFT sensitivity analysis shows that there is an optimum capillary number between fracture and matrix. This
capillary number is altered by IFT reduction, wettabil-

Surfactant Polymer Optimization
The amount of surfactant-polymer used in SPF is a critical issue when it comes to cost of the chemical used per
incremental oil recovered. Therefore, there is always a
need to optimize the chemical injected and what is outcome in terms of ultimate recovery. A sensitivity study
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Fig. 11. Injection profile for each case in surfactant-polymer injection length
study.

Fig. 12. Sensitivity of oil recovery to surfactant polymer flooding injection
length.

has been done to compare only surfactant polymer ﬂood
(SPF) without polymer ﬂood after SPF.
This is to have better comparison of each case in terms of
chemical injected. All cases include a one year pre-water
injection. The SPF injection period has been increased
from 1 year to 2, 3, 4, 6 and 9 years. Fig. 11 shows the
injection sequence of each case. The total PV injected
was around 1.4 in all cases. Fig. 12 shows the oil recovery proﬁles for the sensitivity runs. The results indicate
there is an optimum volume of surfactant polymer injected. Before that, the more surfactant is injected, the
higher the oil recovery. Beyond the optimum length, the
oil production rate starts to decline as well as the total oil
recovery. It was noticed that in all cases the total production rate was not changing which indicates most of the

injection if going directly to the producer. This behavior is not observed in a single porosity rock where any
resistance or blockage in matrix will result in a drop in
the total ﬂuid produced. This is an essential knowledge
in optimizing the use of surfactant polymer ﬂooding in
a fractured reservoir in order to maximize the recovery
and reduce cost.
The drop in production can be related to several factors. One important factor is the ﬂuid adsorption which
reduces the relative permeability and may cause some
blockage in the pores. There is a water-cut increase after reaching the maximum adsorption of surfactant. In
other words, the injected ﬂuid will continue to ﬂow
through the fractures with lower ﬂuid imbibitions to
matrix which explain the constant ﬂuid production rate
www.saudiarabiaoilandgas.com
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Fig. 13. Remaining oil saturation distibution at the end of SPF case for
different fracture orientation.

when switching back to water ﬂood which more ﬂuid
imbibed at a higher rate due to the reversibility character
of the adsorption modeled in this study.
Another possible reason of the slight increase in oil rate
is that the high IFT ﬂuid injected will imbibe faster in
the altered water-wet rock with higher capillary pressure
which will cause faster oil recover. This phenomenon
complements the study done by Gupta et al. (2009)
which concluded that oil recovery increase in water-wet
rock at higher IFT. The study was done in an imbibition cell experiment. In our case the mobility is adding
more force not only in delaying the recovery but rather,
decrease the recovery since the oil rate was dropping as
more surfactant slug is injected.

Reservoir Sensitivity Studies
This section discusses performance of surfactant polymer ﬂood at diﬀerent reservoir parameter.
Permeability Contrast
Several simulation runs have been made with diﬀerent
fracture permeability and diﬀerent matrix permeability.
As expected, as the diﬀerence in permeability increases
between fracture and matrix, the performance of surfactant-polymer ﬂood will decrease. This is due to the
increase in residence time of the injected chemicals
which will increase its eﬀect. However, the presence
of polymer has reduced the impact of the permeability
variation greatly.
Fracture Spacing
The base case run has been repeated with diﬀerent fracture spacing (5 ft, 10 ft, and 20 ft). The spacing of the

fracture in the DPDP model aﬀects the width of the
fracture as well as the matrix blocks size and thus, aﬀects
the communication between the matrix and fractures.
The results show that as the fracture spacing decreases,
the oil recovery increases. This is because the more fractures, the smaller the matrix block; this results in faster
imbibitions between matrix blocks and fractures.
Fracture Orientation
Using DPDP model alone will not give enough representation of such a parameter. In the constructed grid
block, there are only two cases of fracture ﬂow direction
(parallel or normal) with respect to the injector producer direction. In each case it was assumed 1000 made for
fracture orientation and 50md for the opposite direction
which is equal to matrix permeability. SPF injection sequence was similar to the base case model.
Fractures parallel to injector producer direction recover
less than the case when fractures are at normal direction. The normal direction case along with the mobility
control ﬂuid has created more residence time and for the
surfactant slug and better areal sweep which resulted in
more imbibition and thus displacing more oil from the
matrix. Fig. 13 shows the remaining oil saturation after
SPF in both fracture cases. The remaining oil saturation
shows a high areal sweep and low oil saturation in the
normal fracture case compared to the parallel case.

Summary
A simulation study has been performed to evaluate the
eﬀect of natural fractures on the performance of surfactant-polymer ﬂoods. The study utilized a 16x31x5
Cartesian model that represents a 1/8 of a 20-ac 5-spot
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pattern unit. Fractures were incorporated in the CMG
STARS with a dual-porosity dual-permeability model.
Simulation runs were made in which the following parameters were modiﬁed: injection scenarios, matrix wettability, IFT, and fracture and matrix properties.

Conclusions
The following main conclusions may be drawn from results of the simulation study and results of studies by
researchers as gleaned from literature:
• Deﬁning contribution of spontaneous imbibitions on
the total recovery is an important parameter for a successful chemical EOR pilot.
• When spontaneous imbibition contribution to recovery is high in the reservoir, low IFT surfactant polymer
should be injected after optimum water saturation has
been reached by water ﬂooding in order to utilize the
capillary force and maximize oil recovery.
• Water saturation in a mixed-wet fractured reservoir has
high impact on the success of SPF.
• Only in oil-wet reservoir with no positive capillary
pressure, injecting enhanced brine at initial water saturation will result in higher oil recovery than if injected at
higher water saturation. A pre-ﬂush injection has other
beneﬁts such as reducing salinity or ion exchange – this
should be considered as to its eﬀect on whether a prewater injection will yield faster oil recovery or not.
• In the study of continuous injection or surfactant-polymer ﬂood, the result shows that in wettability altering
surfactant, an optimum IFT should be combined in the
surfactant eﬀect. A change in the IFT eﬀect from the
optimum value will result in lower oil recovery.
• The smaller the permeability contrast between fractures and matrix, the higher the oil recovery. However,
improved mobility will reduce this eﬀect.
• When blockage is formed in the matrix blocks due
to high chemical adsorption on the matrix, the injected
ﬂuid channels through the fractures, giving an increase
in water cut without decreasing the total liquid rate.
• Injecting water after surfactant-polymer slug injection
will enhance the imbibition of water from the fractures
into the matrix and remove some of the precipitate because the matrix has been made more water-wet. These
results need further evaluation which was outside the
scope of this study.

• The higher the fracture density, the higher the imbibition rate which leads to a higher oil recovery.
• Performance of surfactant polymer ﬂood can be aﬀected positively or negatively by fracture orientation with
respect to the injector-producer direction. The design of
such EOR process should take into consideration this
fracture parameter.

Recommendations
Based on results obtained in this study, the following
recommendations for research are made.
1. A validation of a ﬁeld scale simulation is required.
Imbibition cell experiments may not adequately represent ﬁeld conditions due to the lack of representation of
viscous force. Research using a scaled quarter of 5-spot
physical model containing a fractured porous medium
is recommended.
2. Using the physical model mentioned in item 1 above,
experimental research should be conducted to investigate the eﬀect of injecting high IFT brine after wettability altering surfactant into the model.
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Abstract
A new 4-D inﬂow control device optimisation workﬂow has been developed using a sector model on the
west ﬂank of Field A, oﬀshore Saudi Arabia. The approach involves the application of time-lapse monitoring of reservoir saturation proﬁles for injectors and
producers as well as 4-D water ﬂood front movement
in the reservoir to understand dynamic reservoir challenges. These are zones of future water breakthrough,
dynamic injection/production interaction, impact of
reservoir drive mechanism on well injectivity or productivity, initial and future reservoir conditions.
With this understanding, an initial rate optimization
process is performed with open hole injectors and
producers. Thereafter, the completion is optimized to
achieve uniform inﬂux proﬁle, ﬂow control and zonal
isolation where required along the horizontal section.
Four diﬀerent completion strategies were evaluated

by alternating between Inﬂow Control Device (Nozzle based) completion and open hole in injectors and
producers.
The sector model used in this study is subject to further calibrations as more geological, petrophysical and
production data become available; the study outcome
based on the novel workﬂow demonstrated the challenges involved in determining a completion strategy
with ICDs in injectors and producers. The results illustrated an incremental cumulative oil gain of 5% with
a one year delay in water breakthrough for a 20 year
prediction. Moreover, further improvement in recovery can be attained with ICD completions above that
achieved with rate optimization process alone.
The study demonstrates the positive impact that ICD
completions can be beneﬁcial in challenging reservoirs
with mobility ratios considerably greater than one.
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Figure 1: Typical Nozzle Based ICD with wire wrapped screen

The industry should consider this novel 4-D well
– reservoir integrated modeling approach to assist in
determining a completion strategy in evaluating ICD
completion designs prior to deploying them in a ﬁeld
wide campaign.

1. Introduction
In order to achieve maximum reservoir contact in a
carbonate ﬁeld with large hydrocarbon deposits, long
horizontal wells are necessary to improve the productivity and injectivity of producers and injectors respectively. However, the presence of a tight layer of tar
deposit with very high viscosity underlying the producing reservoir layers has prevented communication with
the bottom water aquifer. In addition to heterogeneities in reservoir rock properties (permeability, porosity etc.), the viscosity of the oil also varies with depth.
Therefore, pattern or peripheral waterﬂood injection
is necessary for pressure maintenance while producing
from this ﬁeld. Even if reservoir rock properties were
to be homogenous, challenges such as heel-to-toe eﬀect
will still be encountered for these long horizontal production/injection wells of 3000 – 6500 ft Open Hole
(OH) sections. The eﬀect will cause more production
from the heel section and will usually lead to early water or gas breakthrough. In view of these challenges,
the questions that need to be accounted for during the
planning stage of water ﬂooding scheme are summarised below.
• Will there be a relatively uniform injection proﬁle
if Open Hole (OH) completions are adopted for the
horizontal injectors ?
• Will few reservoir zones dominate production in the
OH horizontal producers ?
• Will eﬃcient reservoir sweep be attained with a minimum number of injectors and producers ?
• How can water channeling from injectors through
high perm streaks be retarded by delaying water break-

through or minimizing water cut in producers ?
• Can ICD completion strategy be adopted and if YES,
how much more improvement in the ﬁeld recovery will
it oﬀer over OH completions ?

2. Principle and design of Inflow
Control Devices (ICD)
There are various types of Inﬂow Control Device
(ICD); however, only the design and principle of
nozzle based conﬁgurations will be discussed in this
paper. Interested readers can refer to (Alkhelaiwi et
al, 2007; Ellis et al, 2009; Ouyang 2009) for other
types of ICD. A typical nozzle based ICD joint is a
piece of blank pipe having wire wrapped sand screen
for sand control or debris barrier for carbonate formation mounted on one end and ﬁtted with an ICD
housing which protects the ceramic nozzles on the
other end, Fig. 1. This section also utilises centralizers.
There are four to six nozzle ports in each of the ICD
joints depending on application. The nozzle are in various sizes and are usually ﬁtted on the rig, based on
a ﬁnal ICD tally design considering actual LWD well
log data, other well and reservoir data. Each ICD
joint is about 12m or 40 ft in length. The unique
manufacturing process employed for the wire wrapped
screen ensures a shrink ﬁt between the screen jacket
and the base pipe. This provides the screen with the
same mechanical strength as the base pipe and making it possible to rotate the ICD completion string
while running in hole if required. With nozzle based
ICDs, the design and optimization can be achieved by
determining the number of ICDs, their nozzle sizes or
conﬁgurations and packer placement. This ﬂexibility,
provides a large number of possible nozzle size combinations to achieve production control and optimization in horizontal wells. This is a clear distinction
between nozzle based devices compared to helical/
tube ICD systems which do not oﬀer this ﬂexibility.
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ICDs are designed to optimize production from horizontal completions by equalizing the reservoir inﬂow
along the entire length of the well bore. As shown in
Fig.1, ﬂuid ﬂow from the reservoir ﬂows across the
screen into the annulus between the screen and the base
pipe and then ﬂows through the nozzle into the inside
of the base pipe. The ﬂuid ﬂow from the reservoir into
wellbore annulus is governed by Darcy Eq 1 while ﬂuid
ﬂow across the nozzles into inside of the base pipe is
based on Bernoulli Eq 2 of an incompressible ﬂuid.

is transformed into kinetic energy and thus a controlled pressure drop between wellbore annulus and inside
of the base pipe is generated to achieve the desired
uniform inﬂow proﬁle along the wellbore, equation 2.
The pressure drop is proportional to square of the rate
(velocity) and density, but independent of viscosity.
Whereas, helical and tube ICD types which are both
dependent on rate and ﬂuid viscosity can possibly provide more or less pressure drop than required or initially designed since ﬂuid properties change with increase
in well water cut.

(1)
(2)
Where
ΔPF =
μ =
k=
L=
A=
q=
cF =

Drawdown pressure = PReservoir - P well ﬂow (annulus)
ﬂuid viscosity
Absolute permeability
Length of reservoir section
Cross-sectional area
Volumetric ﬂowrate of the ﬂowing liquid
L/ kA = 1/PI (PI: Productivity Index)

When ﬂuid ﬂow across the nozzle, the potential energy

Where
ΔPN = pressure drop in nozzles per joint (psi)
ρ=
ﬂuid density at reservoir conditions (ib/ft3)
Q=
volumetric rate of the ﬂowing ﬂuid per joint,
[bbls/d] @ reservoir conditions
A =
inﬂow area of nozzles per joint, [ft2]
v=
the ﬂuid velocity (ft/s)
Cu = unit conversion constant
Cv = the ﬂow coeﬃcient

Figure 2: Map view of the Field A Reservoir showing the sector model

Figure 3: Vertical cross section showing upper and
lower reservoir units separated by tight low perm
zone

4-D Reservoir Simulation Workflow 55

Figure 4: 3-D mobility ratio distribution and Histogram for the Oil Column zone above the Tarmat

Potential beneﬁts of ICDs are not limited to:
• Correct heel to toe eﬀect in long horizontal wellbore
as accelerated produces from the heel section in a conventional completion (perforated liner).
• Achieve uniform reservoir sweep and improve recovery
• Delay water or gas breakthrough and reduce well water cut in reservoirs with higher water mobility than oil
and wellbore proximity to ﬂuid contacts
• Prevent crossﬂow during production
• Improve wellbore clean-up since ﬂuid is drained uniformly along the wellbore.
• Oﬀer sand or debris control

3. Field Overview
The ﬁeld comprises of carbonate reservoirs modeled as
single porosity and permeability with no fracture network. It is located in the shallow waters of the Western
Arabian Gulf, Saudi Arabia. The sector model used is
a subset of Field A, Fig. 2. It has a down-dip structure
towards the south. Two good reservoir zones are observed from south to north separated by a very very low
permeability layer, Fig. 3. In the upper reservoir zone,
there is a continuous and relatively high permeability
zone at the bottom. However, in the lower reservoir
zone, the relatively high permeability zone is located
at the top of the section. A bottom water aquifer is
interpreted to be connected to the reservoir from the
south. However, the presence of a very high viscous
Tarmat zone, (20–40 ft thickness and viscosity ranges
above 3000 cP) underneath the oil column disconnects
the aquifer from the reservoir; thus, leaving the reservoir to a depletion drive mechanism. Consequently,
for eﬃcient ﬁeld recovery, a peripheral water injection
scheme has been considered prior to starting the next

phase of ﬁeld production to improve reservoir sweep
and pressure maintenance. The reservoir fracture gradient is 0.75 psi per foot TVD. Diﬀerent ﬂow units with
diﬀerent saturation regions from the special core analysis data have been identiﬁed in the two zones. They
extend from north to south.
It is an undersaturated reservoir with crude oil gravity
of 26 0API. The initial reservoir pressure is an order of
magnitude greater than bubble point. The oil column
and water viscosities at initial reservoir conditions are
4.22 cP and 0.4 cP respectively. Water in the reservoir
has a much higher mobility than oil. Mobility ratio at
water breakthrough is considerably greater than one.
Therefore, water channeling through the oil will be a
major challenge for the water ﬂooding scheme.

4. Challenges
The reservoir challenges observed in Field A have been
categorized below based on reservoir heterogeneities
and structural complexities.
• Rapid reservoir pressure decline due to the presence
of a tarmat zone preventing the producing reservoir
layers from
communicating with the bottom aquifer water
• Reservoir uncertainty associated with the areal distribution of the Tarmat zone across the Field
- Reservoir characterization
- The placement of some of the injectors inside the
Tarmat zone
• Areal and vertical variation of the permeability proﬁle distribution across the ﬁeld, Fig. 3. There are high
permeability streaks at the bottom section of the upper reservoir zone. This is aided by gravity segregation,
www.saudiarabiaoilandgas.com
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which will lead to early water breakthrough in the producers. The reservoir heterogeneity will yield uneven
water injection and oil production proﬁle; thereby, reducing oil recovery.
• When the mobility ratio is greater than one at water
breakthrough considering that oil viscosity is an order
of magnitude higher than water viscosity, Fig. 4. This is
further magniﬁed as diﬀerent ﬂow units with diﬀerent
saturation regions have been identiﬁed.
• Long Open Hole section for the producers and injectors, about 3000 and 6000 ftMD respectively.
• Establishing optimum injection and production
rates.
• Completion selection and optimization.

5. Objectives and Scope
Owing to the highlighted reservoir challenges, the
study has been conducted to understand the optimum
completion strategy for the injectors and producers
that will improve recovery and reservoir sweep, delay
water breakthrough and decrease water cut. A novel
workﬂow process was developed and used to study the
project objectives below.
• With the aid of 4-D dynamic modeling, identify factors that signiﬁcantly impacts recovery.
• Establish optimum injection and production rates
• Perform various sensitivities on ICD completion design
• Determine optimum completion strategy that will
improve recovery. Evaluate the diﬀerent nozzle based
ICD completion strategy and compare each with the
open hole base case.
- ICD in Injector and ICD in Producer
- ICD in Injector and Open Hole (OH) in Producer
- OH in Injector and ICD in Producer
- Base case: OH in Injector and OH in Producer
The study is based on a sector model of Field A in Saudi Arabia. There are six horizontal producers and three
horizontal injectors. The injectors are aligned in the
ﬁrst row, followed by second and third rows of the producers. This geological model was built in seismic to
simulation software, PetrelTM. The rate optimization
process was simulated using Patterned Flooding Management Optimizer, PFM, using a streamline simulator, FrontSimTM. Multisegment well option and advanced ICD completion were modeled and simulated
using a grid based numerical simulator, ECLIPSETM.
Using Pattern Flood Management (PFM) optimizer
in FrontSim, optimum injection rates for the peripheral water ﬂooding scheme and production rates will
be assessed. These optimized rates will be the basis for

evaluating the potential beneﬁts of an optimized nozzle based ICD completion design over standard open
hole wells.

6. Workflow Background
6.1 Traditional well centric Workﬂow
In traditional wellbore centric approach, the optimum
completion design is achieved by distributing ICDs
based on near wellbore permeability proﬁle and performing sensitivities on number of ICDs, ICD nozzle
sizes, number of packers and its placement. The main
objective is to achieve inﬂux balancing along the horizontal open hole (OH) section, minimize or eliminate
heel-to-toe eﬀect and reduce well water cut. The optimum ICD completion design will be selected based on
incremental ﬁeld cumulative oil gain over OH horizontal wells and a minimum pressure drop across the
ICD completion.
However, in reservoirs with mobility ratios considerably
greater than one, gravity drainage dominated and having a water injection scheme, stimulating relatively low
permeable zones with ICDs can be a source of future
water entry leading to high water cut in producers and
ultimately lower oil recovery than conventional completions. This methodology may even lead to a wrong
completion strategy if adopted in ﬁeld wide reservoir
studies with wells intended for ICD completions.
6.2 Novel 4-D well – reservoir integrated dynamic
modeling workﬂow
The approach that will be discussed in this novel 4D well – reservoir integrated workﬂow, Fig. 5, is that
distributing ICDs using wellbore permeability as performed in traditional well centric approach is insuﬃcient because it fails to consider the eﬀects of reservoir
heterogeneities and dynamics on well performance as
listed below. Moreover, these factors change with time
as well as their impact on well performance.
• Eﬀects of reservoir connectivity and interference
with neighboring wells to account for future water
breakthrough
• Water ﬂood front movement in the reservoir
• Injection/production interaction dynamics
Completion selection and optimization.
• The impact of reservoir drive mechanism on well
productivity or injectivity
• Initial and future reservoir conditions.
This approach is based on performing 4-D dynamic
modeling using a history matched reservoir model.
Thereafter, using Time-Lapse signature (4-D) of PLT/
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Figure 5: Novel 4-D well-reservoir integrated dynamic workflow

FSI and reservoir saturation proﬁle near the wellbore
for injectors and producers and 4-D water ﬂood front
monitoring, the reservoir engineer will understand
how these reservoir drivers change over time. With this
insight, one can then re-distribute ICD completions
along the horizontal section to achieve either inﬂux
balancing, control or zonal isolation as required. One
can decide whether a zone requires inﬂux balancing or
ﬂow restriction at the beginning of well production or
injection. For instance, if there will be early future water breakthrough or high water saturation from a zone
due to the producer trajectory dipping downward in
the reservoir layer and its interaction with neighboring
injectors, such that the zone requires only ﬂow restriction or isolation. Therefore, the number of ICDs and
nozzle size sensitivities will be designed to counter the
negative impact of these reservoir drivers. The workﬂow will be elucidated in the simulation results section.

2. Rates optimization process for the open hole injectors and producers was performed using a PFM optimizer in a streamline simulator to determine optimum
injection and production rates.
3. Since the geological model was built in Seismic to
Simulation modelling application, the completion
strategy for the horizontal injectors and producers
were designed by populating ICD completion (Nozzle
based ICD joint, add-on / slip-on packers, reamer shoe
at end of completion string) along the wellbore. The
ICD design methodology that is being proposed in this
paper will be further elucidated in the detail section.
4. An advanced multi-segment well model was incorporated into ICD completion for the injectors and
producers using a homogenous ﬂow model, which
considers all phases ﬂowing with the same velocity.

7.1 Summary of Novel 4-D Well – Reservoir
Integrated Dynamic Modeling Workﬂow
The individual steps for designing ICD completion in
the novel 4-D workﬂow, Fig. 5, are outlined below.

5. The results of the rate optimization sensitivities from
the PFM optimizer was inputted into the development
strategy of the simulation cases considered in the grid
based numerical simulator. This simulator was selected because of its capability to simulate injection and
production performance of horizontal wells with ICD
completions.

1. The workﬂow starts by creating a sector model from
full ﬁeld model (FFM) that has been history matched.

6. Various cases using diﬀerent ICD completion designs and sensitivities were deﬁned and simulated.

7. Novel 4-D Well Reservoir
Integrated Workflow
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7. Optimum ICD completion design for both injectors and producers were achieved by combining the
two approaches below. The ﬁrst approach is the application of time-lapse (4-D) monitoring of synthetic
PLT/FSI proﬁle and near wellbore reservoir saturation
in the injectors and producers. With the selected grid
based numerical simulator, these well proﬁles can be
generated during the prediction run. Alternatively, the
investigation of the water ﬂood front movement (synthetic 4-D monitoring) both areally and vertically can
also be assessed. Combining both approaches, one will
be able to understand the sweep pattern dominating
drive mechanisms, interaction between well performance and reservoir behaviour, reservoir heterogeneities
and therefore the impact on recovery. The eﬀectiveness
of the described workﬂow relies on a history matched
sector model as well as ﬁeld scale monitoring of strategic injectors and producers with PLT/FSI proﬁles.

7.2 Details of the novel 4-D workflow
7.2.1 Rates Optimization and Development
Strategy
Reservoir heterogeneity can yield uneven water injection and oil production proﬁles. Dynamic streamline
simulation is used to reveal the impact of vertical and

areal sweep eﬃciency of injectors in this heterogeneous
reservoir sector model. An optimization approach was
developed to obtain open hole injection guide rates for
this sector model using FrontSim streamline simulator
Pattern Flood Management (PFM) module. It should
be noted that as production data become available, the
reservoir properties in the sector model can be further
improved through history matching and then the open
hole optimized injection guide rate can be revised.
Such open hole optimized guide rates can not only impact on far ﬁeld water ﬂood sweeping fronts, but also
in the near wellbore ICD completion design planning
phase for new and existing wells. Thus, far ﬁeld sweep
pattern design obtained from streamline simulation is
integrated with ICD nozzle completion design in this
workﬂow.
PFM provides an automatic injection rate by using a
spatial injector - producer pair rate allocation to determine injector eﬃciency. PFM features the voidage
replacement mode (VRP) designed to control either
local injector pattern set pressure or full ﬁeld pressure
by including all injectors. It also features the injection
eﬃciency mode designed to speed up balanced producer recovery associated with a selected set of injectors.

Table 1: Rates Optimization and ICD completion Sensitivities Criteria
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The VRP control option of PFM was used to set up
multiple scenario runs using the Petrel optimizer with
an aim to understand sensitivities of injector and producer operating constraints. The results were fed into
the development strategy of the grid based numerical
simulator. In order to use the optimized development
strategy plan from the optimizer for ICD design in the
grid based numerical simulator, the same simulation
case was run in ECLIPSE and the production and pressure responses were compared. The results from both
simulators agreed.
7.2.2 Completion strategy, well segmentation and
development strategy
In the completion strategy, one is expected to distribute
along the OH section of the injectors and producers
using various ICD design sensitivities. The completion
design is performed by considering in isolation, the
concept of traditional and 4-D workﬂow methodologies. Each ICD design was simulated considering the
completion strategy stated in the project study objectives.
The injectors and producers were modeled using multi-segment well modeling, MSW, by dividing the wellbore into a series of 1 – dimensional segments. This
will enable accurate modeling of multiphase ﬂow in
the wellbore, eﬀects of multilateral topology of the
well path on the ﬂuid behavior, complex crossﬂow effects, and ﬂow across ICDs. Homogeneous ﬂow model
where all the phases ﬂow with the same velocity was
adopted with the MSW option (ECLIPSE technical
Manual 2010).
For the purpose of comparing results from both workﬂows, some ICD design sensitivities were performed
based on traditional workﬂow concept while others
were conducted on the basis of the 4-D workﬂow. This
paper presents the ﬁnal two and three sensitivities of
traditional and 4-D well– reservoir integrated workﬂows respectively by comparing OH/OH vs. ICD/ICD
completion strategy for both injectors and producers,
Table 1. Other disparities in the development strategy
are in injection rates, injection BHP constraints and
the use of rate optimization process results.
Sensitivity criteria considered in addition to Table 1
were
• Number of ICDs in injectors and producers
• ICD nozzle size
• Number of packers
• Packer spacing

8. Summary of Simulation Results
This section discusses the simulation results of the
project study based on six horizontal producers and
three horizontal injectors. The simulation runs were
conducted for a 20 year period. The results emphasize
the beneﬁts of using the new approach to identifying
optimized ICD design. They also promote a departure
from the traditional method of using only permeability
proﬁle to identify optimum design because this can often lead to poor ICD design and completion strategy. It
demonstrates the importance of considering other dynamic reservoir responses through 4-D dynamic modeling to understand their eﬀects on well performance
and thereafter ICD design to counter or promote the
behavior. This study has proposed a novel workﬂow to
designing an optimum ICD completion design. However, the results obtained from traditional workﬂow are
compared against the optimum ICD completion design to further illustrate the new 4-D workﬂow.
The simulation cases ran for each set of development
strategy, considers the scenarios below; however, only
the ICD completion strategy 3 will be reported.
• Base Case: OH Injectors and OH producers
• ICD Strategy 1: ICD Producers and OH Injectors
• ICD Strategy 2: OH Producers and ICD Injectors
• ICD Strategy 3: ICD Producers and ICD Injectors
8.1 Criteria for Optimum ICD Completion Design
The Optimum ICD design can be selected by comparing additional recovery and ﬁeld wide ﬂowing bottom
hole pressure of various ICD design sensitivities performed for each ICD completion strategy against an
OH Case. The criteria are but not limited to:
• Extent of incremental ﬁeld cumulative oil production of ICD strategy over the OH case.
• Compare ﬁeld pressure of the three optimum ICD
Completion strategies against the OH base case.
• Compare ﬁeld pressure of various sensitivities for
each ICD completion strategy separately against the
OH base case.
• Reduction in well/ﬁeld water cut for ICD over OH
case.
• Delay in water breakthrough time between an ICD
and OH case.
• Qualitatively assess reservoir sweep of individual ICD
strategy on well basis over OH.
8.2 Results of PFM and ICD Design Sensitivities
The initial optimization results reveal that a simple
increase of injection rates can lead to a reduction of
www.saudiarabiaoilandgas.com
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Figure 6a: Comparing Field Cumulative Oil Production Total and
Water Injection Rate for optimized and non-optimized (fixed)

Figure 6b: Streamline simulation pattern of the PFM optimized open hole case

Figure 8: Results of Rates Optimization and ICD completion Sensitivities Criteria

overall cumulative oil production. Very high injector
rates will result in early water breakthrough for the ﬁrst
line of producers (Prod-01/02/03); thereby, reducing
recovery from these producers. This phenomenon can
be attributed to high mobility ratio of water to oil. The
same results also reveal that very low injection rates
would not be able to provide the intended pressure
support to all the six producers. Results indicated that
PFM rates can reduce ﬁeld injection water recycling to
producers and maintain similar or higher cumulative
oil production compared to a non PFM case reservoir
sector model. Fig. 6a.

Based on this understanding, the PFM rate optimization process was revised into a two stage approach. The
ﬁrst stage was to maximize sweep for the ﬁrst line of
producers while the second stage is aimed at improving
sweep and recovery for the second line of producers.
PFM voidage replacement mode was chosen to ensure
ﬁeld pressure is above bubble point, and also to ensure
injector rates are constrained below fracture gradient of
0.75 psi/ft to avoid wellbore fracturing.
Using the streamlines bundle emanating from an injector, voidage in the injector’s region is continuously
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Figure 9a: Synthetic PLT and RST profile @ day 1 (beginning of production) for PROD-02

Figure 9b: Synthetic PLT and RST profile @ 20 year prediction) for PROD-02

Figure 10: Field Oil Cumulative Oil Production based on Traditional Well Centric Approach

tracked, Fig. 6b. Its injection rate is then modiﬁed to
achieve the user speciﬁed voidage replacement ratio.
Sensitivities were done on injection BHP constraints
between 5000 and 6000 psi, injection rates of 15 – 25
MBBLS/D and well production rates (7000 and 8500
STB/D) @ BHP constraint of 1500 psi. The optimized
injection rates were found to be between 15 – 20 MBBLS/D. The six producers should be put on production at 7000 STB/D; however, production rates for

PROD-011, 022 & 033 should be increased to 8500
STB/D after 5- 7 years of production.
A summary of rate optimization results and ICD completion design sensitivities on cumulative oil production is shown in Fig. 8 and Table 1. The results illustrate
an improvement in recovery even with a reduction in
injection rates. It also demonstrates that recovery can
be further improved by increasing production rates to
www.saudiarabiaoilandgas.com

|

SA O&G Issue 21

62 4-D Reservoir Simulation Workflow

Figure 11: Field Cumulative Oil Production based on novel 4-D integrated well – reservoir workflow

8500 STB/D after 5 -7 years for PROD-011, 022 and
033.
The rates optimization process further recommended
injection and production rates that will achieve optimum ﬁeld cumulative oil production with minimum
pressure loss across the ICDs. The results also illustrates
that designing ICD completions based on traditional
workﬂow concept will yield lower cumulative oil production than ICD completion based on the new 4-D
well-reservoir integrated dynamic modeling workﬂow.
Field recovery can be achieved by optimizing injector
and producer rates alone but with the introduction of
ICD completions, recovery can be further improved.
8.3 Traditional Well Centric Approach Results
ICD design in traditional well centric approach is performed by increasing number of ICDs and/ or choosing a higher nozzle size, reducing packer spacing etc.
in low permeability zone with reverse of these parameters in high permeability zone along the horizontal
section as shown by the rectangular boxes, Fig. 9a(@

day 1:Prod 02 ICD. This type of ICD design produces
uniform cumulative oil PLT proﬁle at the start of production. However, on evaluating the PLT proﬁle and
near wellbore reservoir saturation of the producers using Time-Lapse technique, it will be observed that this
approach failed to consider factors aﬀecting ﬂuid ﬂow
behavior and their impacts on well production performance as explained in the 4-D workﬂow above. The
concept of Time-Lapse technique mentioned in this
paper involves investigating well injection and production proﬁles at diﬀerent future time steps where factors
aﬀecting ﬂuid ﬂow behavior away from the wellbore
are expected to be fully acting. For instance, Fig. 9b,
(@ 20 year prediction: Prod 02 ICD, the cumulative
water PLT proﬁle showed that more than 50% of water
production in this well (Prod-02) would be produced
from the toe section in the future. This is simply because ﬁve ICD joints are placed in this 750 ft interval
with each ICD joint in a sub-compartment of about
150 ft. This section is being over produced. As a result, producers in completion strategy of ICD completion in both injectors and producers were producing
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Figure 12a: Synthetic PLT and RST profile @ 20 year prediction (Time-Lapse approach) for PROD-02 using 4-D integrated well-reservoir workflow.

Figure 12b: Synthetic PLT and RST profile @ 20 year prediction (Time-Lapse approach) for INJ-02 using 4-D integrated
well-reservoir workflow.

Figure 13: Field Pressure and Production Rates for the six producers ICD / ICD vs. OH base case based on novel 4-D integrated well – reservoir workflow

Figure 14: Field Cumulative Water Injection for the three Injectors based on novel 4-D integrated well – reservoir workflow

higher water cut than producers in completion strategy
of ICD completion in Injectors and OH producers,
Fig. 9b. Cumulative oil production obtained from applying traditional well centric concepts showed ICD
completion in Injectors and OH producers as the best
completion strategy, Fig. 10. This is a ﬂawed approach
because it does not consider the impact of reservoir dynamics. Please note that only one well plot is displayed
for illustration purpose but similar eﬀects are seen in
the other producers.

modeling approach indicated the optimum completion
strategy as ICD completion in injectors and producers,
Fig. 11. The results were achieved by carefully using
Time Lapse technique (4-D) for PLT proﬁles and reservoir saturation in addition to wellbore permeability
proﬁle to understand future water entry zone i.e. heel
to toe and the impact of gravity on sweep patterns and
well performance, Fig. 12a. This explains why fewer
numbers of ICDs have been placed in the low permeability section near the toe of the producers since this
section will experience high water saturation in the future and will be the source of future water entry into
the well if over produced with a high number of ICDs
and/or larger nozzle sizes. Fig. 12b illustrates the injec-

8.4 Results of Novel Well – Reservoir Integrated
Dynamic Modeling Workﬂow Results
The results of the well-reservoir integrated dynamic
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tion proﬁle for one of the three injectors. The approach
also considers a 4-D water ﬂood front movement to
understand the impact of gravity on the water ﬂood
front away from the wellbore i.e. in the reservoir. In
other words, identify which of the reservoir layer ﬂood
fronts is traveling fastest. These were studied from simulating the three injectors and six producers as open
hole for 20 years. Having understood potential future
well performance if left as open hole, ICD completion
was then designed considering the above sensitivity criteria in each of the injectors and producers to either
restrict or improve injection or production proﬁle or
provide zonal isolation from the two reservoir units
– upper and lower.
The synopsis of the results for optimized ICD design in
both injectors and producers are summarised below.
• Achieve an additional cumulative oil production of
3.2% and 5% above what the optimized open hole base
case would have produced after 10 years and 20 years
respectively from the six producers, Fig. 11.
• Reservoir pressure in the ICD scenario is maintained
up to 3254 psi as compared to 3994 psi in the optimized base case OH-OH, Fig. 13
• Reduce water cut by 4 % and achieved a one-year
delay in water breakthrough, Fig. 13
• Lower cumulative water injection by 6.5%, Fig. 14.
This water injection reduction phenomenon is attributed solely to the performance of ICDs in injectors
alone.

9. Conclusions
The conclusions made in this study are based on reservoir simulation sector model which is still subject to
further calibrations as further geological, petrophysical
and production data become available in the future.
• A novel 4-D workﬂow for ICD optimization has
been developed which utilises PLT proﬁle, near wellbore reservoir saturations, permeability proﬁle, monitoring of water ﬂood front movement, present & future reservoir conditions and challenges.
• The application of the 4-D well-reservoir integrated
dynamic workﬂow, the optimum completion strategy
can be determined for ICD Completions in Producers
and Injectors.
The potential GAINS of ICD completions in both Injectors and Producers for 10 / 20 year period are:
• Improves cumulative oil production by 3.2% and 5%
above what the optimized open hole base case would
have produced after 10 years and 20 years respectively
from the six producers.

• Reduce cumulative water injection by 6.5% from the
three injectors.
• Reduces ﬁeld water cut for the six producers in sector
model by 4 %
• Delay water breakthrough for one year by retarding
the water ﬂood front in the bottom high permeability
unit in upper reservoir zone
• Reservoir pressure using ICDs is maintained up to
3254 psi which is above the bubble point
• Optimum injection rates for the three injection wells
in the sector model are between 15 – 20 MBBLS/D.
Higher injection rates will yield lower cumulative oil
production.
• Optimum production rates for the six producers in
the sector model are between 7 – 8.5 MBOPD. However, the production rates for second line of producers
(PROD-011, PROD-022 AND PROD-033) should
be increased to 8.5 MBOPD after 5 – 7 years while the
ﬁrst line of producers can be maintained at or reduced
below 7 MBOPD throughout since water cut increases
in these wells. This conclusion is limited to the wells
studied.
• Multiple data acquisition and integration are required. Time-Lapse monitoring of the reservoir performance through implementation of periodically acquired PLT/ FSI and reservoir saturation near wellbore
to understand water ﬂood front movement and water
breakthrough zones in the reservoir.
• Factors that impact recovery and ICD completion
design in Field A Sector Model have been identiﬁed
as:
- Gravity eﬀect aiding water breakthrough in the producers through bottom high permeability unit in upper reservoir zone
- Eﬀect of high mobility ratio on water ﬂood front
movement.
- Eﬀects of reservoir connectivity and interference
with neighboring wells to account for future water
breakthrough.
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11. Nomenclature
FCV
FFM
FS
FSI
ICD

Flow Control Valve
Full Field Model
FrontSim
Flow Scan Imager proﬁle
Inﬂow Control Device
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LWD
MSW

Logging while Drilling
ECLIPSE Multi-Segment Well Model
OH Open Hole
PESD Aramco Petroleum Engineering Support
Division
PFM FrontSim Patterned Flood Module Optimizer
PLT Production Logging Tool Proﬁle
PVT Pressure, Volume and Temperature
PWI Power Water Injector
RST Reservoir Saturation Proﬁle
VRP Voidage Replacement Ratio Control mode
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Abstract

Introduction

Interfacial tension (IFT) measurements of Dodecane/
brine systems at diﬀerent concentrations and Dodecane/
deionized water subject to diﬀerent Dodecane puriﬁcation cycles were taken over extended durations at room
temperature and pressure to investigate the impact of
aging. When a fresh droplet was formed, a sharp drop
in IFT was observed assumed to be a result of intrinsic
impurity adsorption at the interface. The subsequent
measurements exhibited a prolonged equilibration period consistent with diﬀusion from the bulk phase to the
interface. Our results indicate that minute amounts of
impurities present in experimental chemical ﬂuids “used
as received” have a drastic impact on the properties of
the interface. Initial and equilibrium IFT are shown to
be dramatically diﬀerent, therefore it is important to
be cautious of utilizing IFT values in numerical models. The study demonstrates the impact these variations
in IFT have on relative permeability relationships by
adopting a simple pore network model simulation.

Understanding the reservoir and what can be done to
maximize oil recovery continues to be an active area of
research; quite simply we typically only produce about
30-40% of original oil in place (OOIP) (Swenson et al.,
2011; Shen et al., 2006). The fundamentals dominating hydrocarbon recovery don’t change but the reservoir
models used to evaluate such recovery scenarios can be
improved by better understanding the fundamental interaction mechanism of ﬂuid/brine/rock systems and its
chemistry. Core ﬂooding and centrifugal methods are
commonly used to determine recovery factor, relative
permeability, capillary pressure, and the overall eﬃciency of the ﬂooding process. These techniques are applied
for all types of improved or enhanced oil recovery techniques – water, engineered or “Smart” water; chemical
or miscible gas injection. Generally this is performed
through preserved cores cut from the target formation
or increasingly through numerically simulated cores
mimicing the rock and reservoir conditions. As with all
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Figure 1: Parameters affecting reservoir models (Anderson, 1987; Bennion et al., 1993)

laboratory techniques, the value of the results depends
entirely on how representative the acquired core plugs
and ﬂuid samples are. The extended durations required
to perform representative dynamic core ﬂoods , coupled
with limited preserved core samples also, limit the range
of ﬂooding experiments that can be achieved. Numerical techniques of course, (Koplik et. al., 1989; Venturoli
and Boek, 2006; Kovscek et. al., 1993), allow one to
simulate as many ﬂooding scenarios as required. Clearly
results are critically dependent on the quality of porous
media representation, the ﬂuids and wetting status modeled therein. Before one accepts the outputs of a numerical technique, one has to comprehend the impact of a
wide range of parameters as demonstrated in Figure 1.
Two key parameters that have attracted interest in the
past are the roles of interfacial tension between the two
immiscible liquids and surface rock wettability. These
two parameters among others are key to mathematically predicting relative permeability that can be fed
into reservoir simulation models; most commonly used
to compare and evaluate EOR methods prior to ﬁeld
deployment. With ﬂuids interaction, a reduction in
IFT decreases capillary pressure and increases capillary
number, which increases the mobilization of trapped oil
through the rock pore structure. Interaction with the
rock pore structure, wettability describes how immiscible ﬂuids adhere to a rock surface inﬂuencing a variety
of parameters pertaining to oil ﬂow. The ﬂuid distribution in predominantly oil-wet rocks is signiﬁcantly
diﬀerent to that in water-wet rocks. In the former, oil
occupies more fractions of the tiny pores and wets the
surface of large pores. This ﬂuid distribution increases

residual oil saturation, possibly decreases relative permeability to oil, and can lead to early water breakthrough
under ﬂooding.
Wettability can be measured by diﬀerent techniques
such as contact angle (θ), Amott (Iw/Io), Amott-Harvey (IAH), USBM (IUSBM) and NMR (Abdallah et
al., 2007). All these methods are loosely correlated and
many factors as demonstrated in Figure 1 may aﬀect the
correlation between these measurements.
Most of the experimental work performed in literature
to measure interfacial tension between two immisible
ﬂuids assumes equilibrium status is achieved in terms
of seconds or few minutes (Michaels and Hauser, 1951;
Jasper et al., 1970; Janczuk, 1993). If the interface is
allowed to equilibrate for longer time, IFT will drop
considerably which could represent better the true reservoir condition. Interfacial tension is subject to a highly
dynamic process governed by diﬀusion, adsorption and
desorption mechanisms occurring at the interface (Ikeda
et al., 1991). The introduction of fresh ﬂuid creates an
instantaneous interface between the two immiscible ﬂuids that is strongly aﬀected by the presence of impurities. In the case of crude oil, it contains thousands of
components including polar and non-polar species that
alter the capillary forces at interfaces and consequently
the interfacial tension and wettability.
The purpose of this study is to investigate the sensitivity of relative permeability predictions to observed
decreases in ﬂuid interfacial tension with time using a
pore network model (PNM) approach (Janczuk, 1993;
www.saudiarabiaoilandgas.com
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Figure 2: FTA Interfacial Tension Cell

Figure 3: IFT Experimental Setup

Valvatne and Blunt, 2004). Pore network modeling
has advantage in wettability studies over many other
direct methods in that it is possible to deﬁne local wettability states at the pore scale by contact angle. With
the given ﬂuid’s physical properties and pore network
structure, ﬂuid distribution and interface conﬁguration
in a model are controlled by specifying contact angle
distribution after any wettability alteration caused by
the displacing ﬂuid. The fraction of oil invaded pores
in which contact angle alteration takes place can be
speciﬁed, typically in terms of a volume based percentage of pores ordered from largest to smallest.
This would mimic the behavior of oil ﬁlling an originally
water ﬁlled porous medium to a given saturation state,
and then altering wettability of contacted surfaces.
The interfacial tension inputs were based upon an extensive experimental IFT study, which highlighted the
dynamic nature of these measurements. PNM relative
permeability and residual oil calculations demonstrated
the high degree of sensitivity to IFT input values, especially for water-to-neutral wet rocks.

These ﬁndings have direct implications on static and
dynamic reservoir modeling and relative permeability
prediction. Furthermore, these results can be applied to
modeling sweep eﬃciency and recovery under varying
scenarios of temperature and salinity values.

Interfacial Tension Measurements
Experimental Setup
A First Ten Angstrom (FTA) interfacial tension sealed
cell was used to measure pendant drop interfacial tension for all studied systems. The cell capacity is 22 ml
with a 25 mm view port window to allow light passage
(Figure 2). The cell is mounted on adjustable jacket in
front of optical system from KRŰSS (DSA100) and the
overall setup sits on top of a vibration free table for accurate measurements of interfacial tension as shown in
Figure 3. The IFT cell is sealed with Viton o-rings and
rated to 100 psi and operates up to 200 °C by circulating a heated ﬂuid through two internal loops within the
cell. A liquid drop is formed using a stainless steel needle
with tip diameter of 0.71 mm. A Dell desktop computer
was used to acquire the digital image of the pendant oil
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years in predictive pore network modeling (Zhao et al.,
2010; Idowu and Blunt, 2010; Bakke and Øren, 1997),
where geologically realistic networks are constructed
from 3D voxel-based images that may be generated by
X-ray microtomatography or by 3D reconstruction (stochastic or process based) informed by 2D thin sections
as shown in Figure 5

Figure 4: Solvent Purification Setup using basic alumina oxide

or brine drop and perform the subsequent drop image
analysis, digitization, and computation; DSA1 v1.9 drop
shape analysis from KRŰSS was used. The interfacial
tension was calculated using Young-Laplace equation.
The IFT cell body and its various parts were cleaned using acetone followed by deionized water when model alkanes and brines were used in addition to toluene when
crude oil was used, then fully dried by air.
Dodecane (reagent plus >99% purity) from SigmaAldrich, deonized water puriﬁed by Milipore system to
<30 ppb TDS, acetone (GC 99% purity) from Riedlede Haen and basic activated alumina oxide Brochman I
from Sigma-Aldrich were used in our study. Alumina
oxide was used to purify Dodecane from Amphiphilic
impurities. Dodecane was passed through a column ﬁlled
with alumina oxide and pushed through the packed alumina using low ﬂow rate dry nitrogen gas as illustrated
in Figure 4.
Pore Network Modeling
A pore network model is an idealized pore space, generally incorporating a pore physical pore-scale events.
Disordered and geometrically complex pore space can
be conceptually simpliﬁed as pore bodies and throats
and then mapped onto a lattice of nodes and bonds for
consolidated porous rocks. assumed to simplify the pore
elements and analytical equations are used to simulate
complex multiphase ﬂow and transport processes in the
medium. Signiﬁcant advances have been made in recent

The general approach to pore network modeling for single phase ﬂuid ﬂow is to impose a macroscopic pressure
diﬀerence across the pore network. For laminar ﬂow
of Newtonian ﬂuids, Poiseuille’s law is usually applied
at the bonds. The pressure ﬁeld in the pore network is
determined from the solution of a system of algebraic
equations obtained by applying mass conservation at the
nodes. The ﬂuid ﬂow rate in each bond can then be
calculated and the macroscopic properties such as permeability can be easily obtained from Darcy’s law. For
more complicated two phase ﬂow a simulator developed
in Imperial College (Valvatne and Blunt, 2004) is used
in this study. The model takes advantage of the angularshaped elements used in pore networks such that the
ﬂuid distribution and interface conﬁguration can be explicitly accounted for in the pore throats. Flow of two
ﬂuids (oil and water) can be simultaneously simulated in
network elements with exact descriptions of the underlying physics. One of the advantages of this kind of model
is that the wettability impact on ﬂuid displacement can
be conveniently studied. Capillary pressure can be directly calculated from the local geometry, contact angle
and interfacial tension. These key input parameters determine the ﬂuid distribution in the element.
The model is designed to simulate displacement cycles:
the pore network is initially saturated with water when
the medium is assumed strongly water wet. The sequence of primary drainage, spontaneous and forced imbibitions and secondary drainage can be modeled. The
process of one ﬂuid displacing another is governed by the
macroscopic pressure diﬀerence imposed across the pore
network and the local capillary pressure at each element.
The simulation resembles a core ﬂooding experiment:
oil is forced into water saturated network through the
inlet pores until all all mobile water has been displaced.
Water subsequently imbibes into the system when the
oil phase is gradually depressurized until water again
saturates the system or the remaining oil is trapped. The
model adopts a quasi-static approach that rests on the
assumption that the ﬂow is dominantly capillary an the
viscous and gravitational forces are ignored. Each simulation step assumes that the system is in an equilibrium
state and the invasion percolation rule is followed, ie,
non-wetting phase always invades the adjacent element
www.saudiarabiaoilandgas.com
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Figure 5: Pore network generated from the m-CT image (The pores are not shown to scale)

Table 1: Statistical parameters of the pore network and fluid properties

with lowest capillary resistance while wetting phase always invades the adjacent element with highest capillary
resistance. The ﬁnal distribution and interface conﬁguration in network elements is updated at each step without
keeping track of the exact advancement of the interfaces.
Two ﬂuids are considered incompressible and ﬂow indepedently at steady state until the interfaces are locked
in position for the step. Fluid snap-oﬀ is also modeled.
More details about the algorithm development in the
simulator can be found in (Valvatne, 3004). The pore
network models used in this study are extracted from a
carbonated and a standstone sample. The core plugs are
imaged and analysed in Australia National University
(ANU) using high resolution X-ray microtomatography
(micro CT). Statistical parameters of the pore network
and ﬂud properties are listed in Table 1.

Results and Discussion
Interfacial Tension Measurements
The establishment of interfacial tension at a newly created interface is a dynamic process. This means it required time to establish equilibrium when a fresh interface is formed between two immiscible ﬂuids. The
ﬂuids used in experiments are not pure. Model solvents,
such as alkanes received from chemical companies, contain impurities, which will aﬀect an interface.Crude oil
consists of thousands of components, including polar
fractions such as asphaltenes and carboxylic acids. Brines
contain several electrolytes and in waterﬂooding experi-

ments surfactants are usually added in the water phase.
Therefore, to reach equilibrium, suﬃcient time must be
given to allow diﬀusion within both phases and adsorption/desorption at the interface to take place (Goebel
and Lunkenheimer, 1997; Kuz, 1993). Literature reported values of IFT are measured within time scales
of a few seconds to a few minutes after the interface is
formed and in most cases appears to be insuﬃcient to
reach equilibrium (Alotaibi and Nasr-El-Din, 2009).
Figure 6a shows the dynamic behavior of IFT as a function of time (14 hours) for dodecane and deionized
water and for the dodecane/brine systems at 25°C and
atmospheric pressure. The brines are made of deionized/degassed water and NaCl salt with the following
concentration 40 kppm (close to sea water salinity), 78
kppm, and 238 kppm (close to certain types of formation brines). The initial IFT value of Dodecane/deinozed water system is 52.5±0.1 mN/m measured within
a few seconds after forming a pendant drop of water in
Dodecane. This result is similar to reported literature
values of 52.8 mN/m (Huanglee, 2000 and Alotaibi and
Nasr-El-Din, 2009).
The initial IFT values for Dodecane / brine systems
for the above listed salinities are 53.9±0.1, 54.9±0.1
and 61.1±0.1 mN/m, respectively, exhibiting a linear increase with salinity as demonstrated in Figure 7.
The slope (Δγ/Δm) is about 1.53, which is similar to
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Figure 6: Interfacial tensions of dodecane/brine systems with different salinities at
25°C and atmospheric pressure (A) 14 hours aging (B) 15 minutes magnification

what has been reported in literature for alkane/NaCl
brine systems (Ikeda et al., 1991; Johansson and Eriksson, 1974; Aveyard and Saleem, 1976). Ikeda et al. (Ikeda et al., 1991) measured IFT for Hexane/NaCl brine
as a function of pressure and temperature for diﬀerent
NaCl brine concentration and up to a molality of 1M,
in both systems; he reported a slope of 1.54 (Δγ/Δm).
Looking at the impact of aging, it is apparent that even
up to 14 hours the IFT still did not reach a clear equilibrium. It is clear from these experiments that the changes

in IFT over time compared to the initial values are considerable, i.e. in the order of 33%. Note also in ﬁgure 7,
that the increase in interfacial tension with salinity for
measurements taken after 14 hours aging is consistent
with but slightly larger than initial IFT results with a
slope (Δγ/Δm) of 1.65.
The repeatable phenomenon observed here is a rapid
drop in IFT within the ﬁrst seconds from forming the
interface, followed by a slow decay (Figure 6). We believe this is primarily due to the quick adsorption at
www.saudiarabiaoilandgas.com
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Figure 7: Initial and pseudo-equilibrium IFT of dodecane/brine systems with different
molalities at 25°C and Patm

the interface of the active impurities present in the dodecane and electrolytes of the brine, followed by a subsequent diﬀusion eﬀect in the bulk of both phases. This
is a much slower process, which could explain the long
equilibration time. The phenomenon has been reported
several times in the literature (Netzel et al., 1964; Kuz,
1993), and remains under further investigation within
this author group.
Impact of Dodecane Puriﬁcation
Figure 8 shows the interfacial tension of dodecane/deinozed water at diﬀerent puriﬁcation cycles. The term
“puriﬁcation cycles” refer to the number of cycles the
Dodecane is passed through the basic alumina oxide
column as illustrated in Figure 4. The IFT value for
all runs 0, 1 and 4 cycles once the drop is formed is
52.5±0.1, 54.4±0.1 and 57.6±0.1 mN/m, respectively.
The IFT after 14 hours aging timeis 34.1±0.1, 38.0±0.1
and 50.5±0.1 mN/n, respectively.
Evaluating these results, there are a number of of interesting observations:
• The interfacial tension tends to equilibrate faster with
higher puriﬁcation cycles, and the initial sharp decrease
of IFT at the ﬁrst minutes from forming the drop is less
observed.
• The interfacial tension value increases with higher puriﬁcation and diﬀers from that reported in literature for
such system (Huanglee, 2000).

The IFT increase for n-alkane/water interfaces is however in line with common ﬁndings on the eﬀect of surface active trace impurities on the surfactant solutions’
surface tension (Aveyard and Saleem, 1976). As a rule,
removing these trace impurities from the chemicals will
result in a increase in the corresponding interfacial tension. These measurements were repeated a second time
and results were reproducible. The question remains as
to how far this puriﬁcation impacts the IFT measurement and at what point the actual IFT for the ﬂuids
under study is reached.
Eﬀect of IFT dynamics on ﬂuid ﬂow simulation
IFT is a key input parameter in pore network modeling
of multiphase ﬂow. As shown previously, IFT value may
not be trusted if equilibrium was not established during
the measurement. Using such inputs may lead to inaccurate simulation results. In this study, we qualitatively
test this eﬀect using two pore network models (Table 1).
It is assumed for this evaluation that for a model with a
ﬁxed solid/ﬂuids system, the capillary pressure in each
model element (pore or throat) should only depend on
local geometry. From Young-Laplace equation, diﬀerent
contact angles correspond to diﬀerent IFT values used
in the model.
For example, in a system with equilibrium IFT of 30
mN/m with contact angle at 30°, an IFT input of 50
mN/m will imply a 58.7° contact angle in order to
maintain the same capillary pressure. This relationship
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Figure 8: Initial and pseudo-equilibrium IFT of dodecane / brine systems with different molalities at 25°C and Patm

is shown in Figure 9. Since contact angle controls interface conﬁguration and thus ﬂuid distribution in model
elements, diﬀerent ﬂow scenarios can be expected. Example results of relative permeability curves using two
pore networks are shown in Figure 10 and 11. Both
ﬁgures show the eﬀect on simulation results caused by
feeding erroneous IFT value in the model, which results
in a problematic interpretation of ﬂuid distribution and
ﬂow scenario. With only MICP data available, one can
imagine that using non-equilibrium IFT value may lead
to wrong contact angle calculation, which have signiﬁcant impacts on relative permeabilities and residual oil
saturations.
Although the aim of this study is not to model the eﬀect
of IFT reduction on sweeping eﬃciency, it appears from
both Figures 10 and 11 that reducing IFT from 50 to 30
mN/m shifts the normalized relative permeability curves
to the left, suggesting reduced sweep eﬃciency and the
impact of modifying contact angle to normalized relative permeability curves is overriding any recovery factor
improvement by IFT reduction. This may be consistent with the accepted notion that a mixed wet system
is more optimal from a water ﬂood standpoint than either water or oil wet [Jadhunandan and Morrow, 1995;
Kennedy et. al., 1955; Lorenz et. al., 1974].
In addition, the results of this simulation highlight the
potential impact of this 20mN/m change in IFT from
50 to 30mN/m – in a transition zone where perhaps
there is 40% water saturation, the oil relative perme-

ability is altered by a factor of 2 to 3. This can have
marked consequences on development decisions when
attempting to eﬃciently recover oil with a water ﬂood.
It also greatly impacts the remaining saturations in these
swept intervals.

Conclusions
Interfacial tensions take a long time to equilibrate after
interfaces are created. Diﬀusion, adsorption, and desorption of impurities may cause interfacial tension to
change with time and the nature of these impurities will
aﬀect further such equilibrium. When an interface is
formed, the initial diﬀerences in concentration between
the interface and the bulk phases act as the driving force
of the system. Minute amounts of impurities present in
experimental chemical ﬂuids “used as received” have a
drastic impact on the properties of the interface. Results
of pore network simulations imply that caution should
be taken when IFT values are adopted in numerical
models.
This all converges to addressing the question of ﬁeld
sampled ﬂuid interfacial tensions. Crude oil contains
many polar components that if not sampled or handled
correctly will alter the results of IFT measurements. Presumably within the formation the ﬂuids have reached a
suitable “equilibrium”, and it is not obvious from our
studies that the conventional methods for IFT measurement are replicating the downhole environment rigorously. The impact of inaccurate IFT; similar to ﬂuid
properties or SCAL measurements; is clear when atwww.saudiarabiaoilandgas.com
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Figure 9: Relationship between contact angles at different IFTs with a fixed capillary pressure

tempting to build a ﬁeld development plan based upon
reservoir simulations, and therefore demands attention.
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Figure 10: Normalized relative permeability curves for model 1.

Figure 11: Normalized relative permeability curves for model 2.
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Exits from the
Hydrocarbon Highway
“There have been many books concerning the oil industry. Most are technical, some
historical (e.g. the Prize) and some about the money side. There are few, if any, about
the oil industry that the non-technical person will appreciate and gain real insight
from. Wajid Rasheed in this book, The Hydrocarbon Highway, has made a lovely
pen sketch of the oil industry in its entirety. The book begins with the geology of oil
and gas formation and continues with the technical aspects of E & P, distribution,
refining and marketing which are written in clear language. In particular, the process
of oil recovery is outlined simply and with useful examples. There is a short history
of how the oil companies have got to where they are, and finally a discussion
concerning the exits—alternative energy. This is all neatly bundled into 14 chapters
with many beautiful photographs and a helpful glossary. The book is intended to give
an overture to the industry without bogging the reader down. I enjoyed the journey
along the highway.”

The Hydro

Professor Richard Dawe of the University of West Indies, Trinidad and Tobago

hway
carbon Hig

“A crash course in Oil and Energy. The Hydrocarbon Highway is a much-needed
resource, outlining the real energy challenges we face and potential solutions.”

Steven A. Holditch, SPE, Department Head of Petroleum Engineering,
Texas A&M University

By Wajid R

asheed

“I found the book excellent because it provides a balanced and realistic view of the
oil industry and oil as an important source of energy for the world. It also provides
accurate information which is required by the industry and the wider public. Recently,
I read several books about oil which portrayed it as a quickly vanishing energy source.
It seems that many existing books predict a doomsday scenario for the world as a
result of the misperceived energy shortage, which I believe is greatly exaggerated
and somewhat sensational. Therefore the book bridges the existing gap of accurate
information about oil as a necessary source of energy for the foreseeable future. The
Hydrocarbon Highway should also help inform public opinion about the oil industry
and our energy future. It looks at the oil industry in an up-to-date and integrated view
and considers the most important factors affecting it.”

Dr AbdulAziz Al Majed, the Director of the Centre for Petroleum and Minerals
at the Research Institute at King Fahd University of Petroleum and Minerals
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‘Sometimes the best exit
is the way we came in.’
Wajid Rasheed
Picture this: primeval man struggling to move a big kill
or a great log. Carcasses of meat were no doubt hard to
drag, but logs could be rolled and the invention of the
wheel was not far oﬀ. Fast forward to the 21st century
and witness the evolution of the wheel which is now
entirely mechanised, powered by the internal combus-

tion engine and fueled by petroleum. While petroleum
is not a ‘perfect’ fuel (it is ﬁnite and pollutes), the high
density energy that is packed into every litre and the
convenience with which it can be moved make it hard
to beat. That is why it is not going away. Together, this
triple combo – wheel, engine and petroleum – ranks
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Our Energy Future Images 1- Plenty of Signs Beckon But Where Do They Lead?

among mankind’s greatest inventions and has rolledout mankind’s greatest infrastructure endeavour, the
Hydrocarbon Highway.
Our route along the Hydrocarbon Highway has shown
that peak oil is not a physical shortage; there is plenty
of untapped and unmapped oil. Moreover, technology
is continually improving recovery.Consequently, peak
oil is more of a psychological shortage. Our route has
taken us behind the ‘Oil Curtain’ revealing the causes
and eﬀects of oil nationalism. We have seen how valuable oil leases are acquired, developed and how ‘Extreme
EP’ and intelligent wells are the future of production.
Not least, we have considered renewable energy sources
against the backdrop of carbon emissions and climate
change. Before we reach our ﬁnal destination, ‘beyond
petroleum’, we have to deﬁne those scenarios and ‘exits’ to the highway where oil and gas can be practically
replaced.
Plenty of signs jostle for our attention and some seem
easy to take – do nothing, business as usual. Others require complex questions to be considered: should more
gas infrastructure be developed?; where should we build
nuclear plants?; where should we dispose of nuclear
waste?; what will compensate for shortfalls in renewable power?; how should we store electricity eﬀectively?;
and, are biofuels causing food poverty? Tackling such
diﬃcult questions provides some insight into why there
is so much dependence on hydrocarbons. We need to
identify exits that are genuine and not those that just
detour back to the hydrocarbon highway. This means
fully thinking through where energy is supplied from
and its end-use consumption (see Our Energy Future
Images 1, above).
In order to move beyond petroleum, we need to under-

stand that there are no easy exits to hydrocarbon dependence; there is no silver bullet. Many so-called exits
are still early prototypes ‘under construction’ requiring extensive research and development, political will,
investment and time. It will take at least a generation
before they become widely used. Still, each exit is applicable in certain scenarios only. Not all countries wish
to build or handle spent nuclear waste. Cold temperate
climates do not lend themselves to solar power and wind
power may not always be consistent. Not all countries
can grow biofuels. The pivotal point is that no single
energy source ﬁts all needs.
All energy sources suﬀer from limitations related to
ﬁt-for-purpose technicalities, start-up costs, output efﬁciency or societal trade-oﬀs (see Our Energy Future
Images 2). Any practical future energy scenario must
include each and every one of these energy sources.
Consequently, the answer lies in researching all options.
That means experimenting and developing all applications until we ﬁnd what works. The bottom line is that
the Hydrocarbon Highway just got longer.

Gas Is the ‘New’ Oil
From all perspectives, gas emerges as one of the best potential exits from the Hydrocarbon Highway. If gas is a
hydrocarbon though, how can it be an exit? Isn’t it just
the same as oil being a ﬁnite fossil fuel? Gas is the best
choice that we have as a bridge to the truly ‘renewable
energy’ scenario as it can be man-made or naturally produced and has low carbon emissions when burnt. The
role of gas becomes clear in the energy models from the
present period to the year 2030 which show that gas
re-directs and eases oﬀ considerable demand for a broad
number of oil applications1. The foundations for a ‘gas’
future have already been built using a broad set of advanced gas2 technologies. Exemplifying this are Liqueﬁed
www.saudiarabiaoilandgas.com
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Our Energy Future Images 2 - All Energy Sources Have Limitations Therefore We Need All Options

Natural Gas (LNG) which mobilises and commercialises
stranded reserves. Additional examples are Compressed
Natural Gas (CNG) and Liqueﬁed Petroleum Gas (LPG)
which provides fuel for the transport and power-generation sectors through to Gas to Liquids (GTL) technology which oﬀers high quality gasoline fuel but at a high
cost. Capping it all is renewable methane or man-made
‘bio-gas’ which is biologically produced. Gas is not a
panacea though; it has limitations too.
So how much of a choice does gas or any other energy
source really provide? That depends on whether the fuel
can actually replace oil and how well it ﬁts into future
energy scenarios. In a major oil application such as aviation fuel, for example, gas in any form cannot replace oil
due to engine design. Further complications exist as gas
is not as easily transported as oil. It needs a specialised
infrastructure to be developed which may be cost-eﬀective at a high oil price but not at a low one (see Figure
1).
The reason for considering all possible energy sources,
and evaluating their strengths and weaknesses objectively, is to create a logic-based demand and supply equation
for oil – one that qualiﬁes, future energy sources so that
replacements can be identiﬁed.
By asking whether oil can be replaced and whether the
resulting carbon emissions are lower than those of oil,
we can see just how far each energy source can really
take us. Once they pass this qualiﬁcation stage, they can

then be ﬁtted into future energy trends allowing us to
glimpse the future.

Summary: The Masses
Most of today’s hydrocarbon dependence can theoretically be ‘phased-out’ over the long term with renewable
resources theoretically ‘phased in’ by 2050. This cannot
happen in the short or medium term because replacements for oil do not oﬀer straight oil swaps in mass;
they are only usable in minute niches contributing to
less than 5% of total oil energy demand worldwide.
In contrast, 90% of oil and natural gas consumption
is concentrated in trillions of transactions3. This vast
consumption is most visibly spread worldwide among
ﬂeets of cars, planes, trains and specialised machinery
and equipment.
In order to appreciate the vast scale involved, imagine
reconﬁguring every gasoline station in your home town
or city, in the state itself, the country, the continent and
the world. Then think about the network of distribution and storage behind the retail outlets. That would
represent half the equation – supply side only. The consumption side consisting of the engines that power the
world’s ﬂeet of cars, trucks and buses would need to be
reconﬁgured too. Imagine doing the same for aviation,
maritime and rail transport. There is demand in other components that would need to be considered too.
Imagine reconﬁguring existing power generation and
industrial processes. The mass automotive and aviation
products and mass processes such as power-generation

Hydrocarbon Highway 87

Figure 1 - Higher oil price expands biofuels, unconventional oil, EOR and opens new frontiers (Source
Booz Allen Haminton/IEA/Petrobras—Assumed average vs. marginal costs; 10% return for conventional and 13% return for unconventional technologies; no subsides for biofuels; no carbon offset costs;
after severance and production taxes.

plants and petrochemical feedstock are conﬁgured for
oil and natural gas usage; they are extremely diﬃcult to
change. In the short run, not much changes because of
the demand inelasticity; however, in the medium term,
a growing number of gas-based technologies, as well as
growing volumes of ethanol and biodiesel can replace
oil in mass products and mass processes*. Not only does
this strengthen investment in the infrastructure and usage of gas, ethanol and biodiesel but this also acts as a
safety valve to dampen the demand for oil, redirect the
excess demand from oil to gas and ultimately to the development of renewable resources.
This allows the next generation of new mass products
and mass processes to be designed using gas, GTL, biodiesel, ethanol or co-generation while allowing the existing infrastructure to be reconﬁgured. In the long run,
this acts as an exit as greater oil and gas demand elasticity is achieved overall 4.

Energy Consumption Models
Principally developed by governments, energy companies and universities, energy models seek to map out
trends in future energy consumption. Many variants exist, but essentially models are geared to low, medium
and high levels of population, economic and demand
growth. Salient trends are identiﬁed and drawn up as
scenarios allowing organisations to better handle poten-

tial future risk and opportunity. Corporate models are
generally kept conﬁdential due to their commercial nature, while certain state and academic models are publicly available5.

US EIA/IEO Reference Case to 2030
For our purposes, the US Energy Information
Administration (EIA) or International Energy Outlook
(IEO) reference case was selected as a global model
for future energy consumption*. Considered by the
US EIA to be the ‘business as usual’ future scenario,
the IEO2008 reference case estimates world energy
demand and supply to the period ending 2030. It attributes principal energy supply from oil, gas, coal, nuclear and hydroelectric sources and separates the consumption of energy into the categories of transport,
industrial, residential and commercial usage. Total global energy demand is estimated to increase by 50% from
462 quadrillion Btu to 695 quadrillion Btu in 2030 (see
Figure 2). This is mostly driven by sustained consumer
demand in the Organisation for Economic Co-operation and Development (OECD) and industrial growth
in Brazil, Russia, India and China (the ‘BRIC’s) (see
Figure 3). World Gross Domestic Product (GDP) and
primary energy consumption also grows more rapidly in
the ﬁrst half than in the second half of the projections,
reﬂecting a gradual slowdown of economic growth in
non-OECD Asia. The model envisages sustained high
www.saudiarabiaoilandgas.com
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Figure 2 - World Energy Demand and Supply Use
By Fuel Type 1990-2030 (Source US EIA)

per capita energy consumption in western countries and
growth in consumption in certain non-OECD countries
such as Asia, China and India. This reﬂects the trend
that western populations continue to grow and consume
a disproportionate amount of energy as compared with
the rest of the world6,7.
Values for the principal sources of energy demand and
supply have been plotted for convenience (see Figure
2 World Energy Demand). In the case of oil demand
growth, this is predicted to increase from 83.6 million
barrels per day (MMbbl/d) in 2005 to 95.7 MMbbl/d
in 2015 and 112.5 MMbbl/d in 2030. At ﬁrst sight,
when one looks at these ﬁgures, it is hard to imagine
16 MMbbl/d coming onto the market. When one considers the new frontiers of extreme E & P and mature
ﬁelds, however, the ﬁgure seems plausible8.
To meet world liquids demand in the IEO2008 reference case, total liquids supply in 2030 is projected
to be 28.2 MMbbl/d higher than the 2005 level of
83.6 MMbbl/d. The reference case assumes that the
Organisation of the Petroleum Exporting Countries
(OPEC) maintain its market share of world liquids supply, and that OPEC member countries invest in additional production capacity for conventional oil leading
to approximately 40% of total global liquids production throughout the projection. Increasing volumes
of conventional liquids (crude oil and lease condensate, natural gas plant liquids and reﬁnery gain) from
OPEC contribute 12.4 MMbbl/d to the total increase
in world liquids production, and conventional liquids
supplies from non-OPEC countries add another 8.6
MMbbl/d (see Figure 4 World Liquids Production) .
Unconventional resources (including oil sands, extra
heavy oil, biofuels, coal-to-liquids and GTLs [see Figure

Figure 3 - World Liquids Consumption by Region
2005-2030 (Source US EIA)

5 World Production of Unconventional Liquids])
from both OPEC and non-OPEC sources are expected
to become increasingly competitive as indicated in the
reference case.
The following serves as a breakdown of the categories of
demand and supply.

Transportation
To the year 2030, transportation emerges as the strongest component of future oil and gas demand contributing 74% of all increased future oil demand (see Figure
6 Consumption by Sector). To 2015, demand is concentrated most heavily in Western countries such as the
US and UK which have high numbers of vehicles per
capita and respectively the largest worldwide ﬂeets and
numbers of private, commercial and industrial vehicles.
After 2015, transport demand in the BRICs and eastern countries is of a magnitude higher with the Indian
and Chinese numbers of vehicles per capita showing
only strong growth in demand for transportation fuel
(see Figures 7, 8 and 9)9. Energy consumption in transportation increases from 93.2 quadrillion Btu in the
present period to 135.4 quadrillion btu in 2030. In barrel terms, the increase results in the following consumptions: North America (28 MMbbl/d); China and India
combined (31 MMbbl/d); and, Europe (15 MMbl/d).
In this model, oil is one of the most important fuels for
transportation because there are few alternatives that can
compete widely with liquid fuels. With world oil prices
remaining relatively high through 2030, the increasing
cost-competitiveness of non-liquid fuels reduces many
stationary uses of liquids (that is, for electric power generation and for end uses in the industrial and building
sectors). These replacements based on alternative energy
sources, increase the transportation share of liquids con-
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Figure 4 - World Liquids Production 1990-2030
(Source US EIA)

Figure 5 - World Production of Unconventional
Liquids 2005-2030 (Source US EIA)

Figure 6 - World Liquids Consumption by Sector
2005-2030 (Source US EIA)

Figure 7 - Transportation Liquids Consumption
2005-2030 (Source US EIA)

Figure 8 - Motor Vehicle Ownership in OECD
Countries 2005, 2015 and 2030 (Source US EIA)

Figure 9 - Motor Vehicle Ownership in Non-OECD
Countries 2005, 2015 and 2030 (Source US EIA)
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Figure 10 - World Natural Gas Consumption 19802030 (Source US EIA)

Figure 11 - World Coal Consumption (Source US
EIA)

Figure 12 - Nuclear Power Generation 1980-2030
(Source US EIA)

sumption. Gas consumption for transportation purposes increases from 1 quadrillion Btu from 2005 to 1.6
quadrillion Btu in 2030.

Industrial
The second largest demand component is created by
industry which increases from 57 quadrillion Btu in
2007 to 72% quadrillion Btu in 2030 (see Figure 6
World Liquids Consumption by Sector). Industrial
demand is concentrated in the eastern hemisphere in
countries such as China and India. This reﬂects the
cost-driven migration of industrial and manufacturing
processes to China and India from western hemisphere
countries. The industrial sector including manufacturing, agriculture, mining, and construction accounts
for a 39% share of hydrocarbon demand comprising
mainly petrochemical feedstock10. Industrial consumption of gas increases from 45.2 quadrillion Btu in 2005
to 70.2 quadrillion Btu in 2030.

Commercial
The commercial sector – often referred to as the services
sector or the institutional sector – consists of businesses,
institutions, and organisations that provide intan-gible
services, as opposed to those in manufacturing or agriculture. Demand for commercial energy increases from
the present 5.1 quadrillion Btu to 5.3 quadrillion Btu
in 2030. Demand for commercial energy grows more
acutely in OECD countries rather than India and China.
This is interesting as it appears that the latent demand in
India and China do not materialise as strongly as widely
reported by other energy models with growth only averaging 2.2% per annum10. Commercial consumption of
gas increases from 7.3 quadrillion Btu to 9.6 quadrillion
Btu.

Residential
Residential demand for energy increases from the current 10.4 quadrillion Btu to 11.1 quadrillion Btu in
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Table 1 - Approximate Heat Content of Petroleum Products Million Btu (MMBtu) per Barrel

2030. Demand for energy consumption grows most
in non-OECD countries in the residential sector at an
average of 2.7%. Residential gas consumption increases from 19.1 quadrillion Btu to 25.2 quadrillion
Btu11.

Gas

increases by 65 percent over the projection period, from
122.5 quadrillion Btu in 2005 to 202.2 quadrillion Btu
in 2030 (see Figure 11). The increase in coal consumption averages 2.6 percent per year from 2005 to 2015,
then slows to an average of 1.7 percent per year from
2015 to 203013.

Consumption of natural gas worldwide almost doubles
from 104 trillion cubic feet (tcf ) in 2005 to 158 tcf in
2030 as per the IEO2008 reference case (see Figure 10).
Although natural gas is expected to be an important
fuel source in the electric power and industrial sectors,
the annual growth rate for natural gas consumption is
slightly lower than the projected growth rate for coal
consumption. Higher world oil prices in the IEO2008
increase the demand for and price of natural gas, making coal a more economical fuel source in the projections. Industry accounts for the largest component of
natural gas demand worldwide, generating 52% of
the total growth in natural gas use in IEO projections. Natural gas also provides the power generation
sector with increasing supply and accounts for 39%
of the increase in global natural gas demand to 203012.

Nuclear Power

Coal

Hydrocarbon Demand Supply Equation

In the IEO2008 reference case, world coal consumption

Electricity generation from nuclear power is projected
to increase from about 2.6 trillion kilowatthours in
2005 to 3.8 trillion kilowatthours in 2030, (see Figure
12). This is based on rising fossil fuel prices, concerns
regarding energy security and greenhouse gas emissions
which tend to support new and existing nuclear power
generation14.

Renewables
Renewables including hydroelectric power (and other
generating capacities fueled by renewable energy resources) are projected to increase by 352 billion kilowatt
hours from 2007 to 728 billion kilowatt hours in 2030,
at an average annual rate of 3.2%15.

The IEO reference case is a very useful map to underwww.saudiarabiaoilandgas.com
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stand the direction of future energy. It still requires systematic treatment and evaluation of speciﬁc renewable
energy sources as well as oil-price dynamics which are
non-linear. Its approach, however, is a very good basis
from which to consider global energy markets, oil and
gas segments and how mass transactions ﬁt in the overall
picture. The oil and gas demand supply equation serves
this purpose by outlining the six major oil and gas applications and the twenty-one uses (mass products/mass
processes) that result in mass transactions. This serves to
pinpoint exit scenarios where oil and gas demand can be
phased using an energy resource that is renewable. The
value of the exercise lies in qualifying what is technically
replaceable given an economic framework, i.e. high oil
prices or government subsidies rather than calculating
the economic or market value of each replacement.
What emerges from the analysis is an extremely broad
and complex set of oil and gas applications and ultimate
uses or transactions. These range from transportation,
to power generation, heating, petrochemicals, lubricants
and surfacing. It was necessary to detail each speciﬁc end
usage in order to determine whether oil and gas were
replaceable commodities.
This is a key step in achieving higher elasticity of demand by satisfying end usage with replacement options.
We assume that the production of petroleum will peak
and then plateau, but that the broad range of petroleum
applications that we see today will narrow down to a few
that cannot be substituted by gas or other renewables.
Today, the only oil application that cannot be substituted given the necessary economic framework, i.e. high
oil prices or government subsidies, is aviation fuel which
generates 5.7 million Btu per barrel compared to ethanol which generates 3.5 million Btu. Aviation fuel then
takes up approximately 0.61 times the volume of jet
kero or it has 0.61 of the Btu17.
Firstly, there are six major categories of petroleum applications which are split into a further 21 sub-categories all of which have been kept as broad as possible,
i.e. derivatives are split into Alkanes, Alkenes and Arenes
which cover demand for derivatives such as plastics and
pharmaceuticals.
Secondly, successfully substituting oil and gas depends
on several unpredictable factors. These include global
economic stability in order to maintain oil prices above
certain levels. Each alternative energy source has a corresponding oil price threshold at which it becomes proﬁtable – or not – to pursue R & D. That threshold is not

simple to calculate; for example, in the case of bioethanol, it may be considered that an oil price of US $40 to
US $60 per barrel makes ethanol production viable, but
this does not take into consideration government intervention in the form of subsidies or incentives that are
hidden away from ethanol or biofuel production. It is
worth remembering that all biofuels are subject to seasonal conditions required for harvest. Unpredictable
events such as inclement weather, hurricanes or market
speculation can distort the acceptance curve of renewables, accelerating or delaying the overall uptake18.
Thirdly, on a macro level there are no consensual ﬁgures
on global consumption versus production data from major authorities. Much credit should go to BP for putting
the statistical review together. Regarding country and
global data, the issue is that ultimately all collating organisations must rely on country export data as they
have no way of verifying that data. The statistics therefore incorporate OPEC/OGJ (Oil and Gas Journal)/
non-OPEC data and so on. The approach has been to
use regional or local data sources wherever possible.
Further discrepancies between consumption and production data exist from the same source; for example, the
BP statistical review 2008 places global oil production at
81.53 MMbbl/d and consumption at 85.22 MMbbl/d.
According to the BP statistical review, there is a deﬁcit of
oil and a surplus of gas. The standard and fundamentally
sound explanation for this discrepancy is explained by
fuel additives, reﬁnery gains, measurement and rounding up diﬀerences, inventories, etc. The discrepancy may
also be partially explained due to illicit production not
reported at the well-head, GTL production of liquids,
gasiﬁcation and liquids from coal19. Another challenge
with the data is conversion between physical volumes
and oil equivalent volumes. The US EIA includes volume adjustments to the production side so that production and consumption balance. The implicit assumption
is that stocks don’t change.

Beyond Petroleum
As we look through the demand/supply equation it is
apparent that it will take many years to provide other
choices beyond petroleum. Indeed, oil may not be completely replaced; rather, other choices will be oﬀered that
have their own set of costs, trade-oﬀs and limitations.
Natural gas has emerged as an energy bridge to nascent renewables. Liquefaction commercialises stranded
reserves, while biologically produced methane oﬀers
renewability. Capping it all, GTL oﬀers high quality
gasoline. Others such as oil-ﬁred power generation can
be replaced by gas, nuclear, hydroelectric, or other re-
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Figure 13 - Electricity Generation in Brazil by Fuel
(Source US EIA)

newables. Co-generation and biomass production processes that create methane or ethanol also oﬀer eﬀective
renewable solutions. Last but not least, bio-diesels can
be created from vegetable seed oil via trans-esteriﬁcation
to provide replacements for diesel usage20.
The US EIA sees real resource limits to vegetable seed
oil conversion to diesel, however, gasiﬁcation of biomass
and then conversion to diesel should have much more
promise in terms of available volumes.
The early trend here, and that which accompanies other
oil and gas applications, is that until a new broadly applicable fuel is found, oil and gas will remain the preferred
source for global energy, against a backdrop of a myriad of developing energy sources. This diverse scenario
– the energy inclusive model – exists in Brazil, India
and Pakistan, albeit in a nascent form (see Figure 13
Electricity Generation in Brazil by Fuel and 14 overleaf
Brazilian Fuel Options at the Pump). These countries
are already using advanced gas technologies and ethanol. Most countries worldwide are at diﬀerent points of
energy development, with emphasis on hydro-electric,
nuclear or other renewables varying from country to
country21.

2008 World Demand (Consumption)
1. Gas 2921.9 Bm3. This ﬁgure is based on storage facilities, liquefaction, the disparities with production are
due to deﬁnition, measurement or conversion, proposed
additional sources, ﬂaring and GTL22.
2. Oil 85.22 MMbbl/d. The diﬀerence in consumption
and production is due to inventories, additives such as
ethanol, stock changes, substitutes, measurement/con-

version, proposed additional sources, illicit production
and GTL23.

2007 World Supply (Production)
1. Gas: 2940 Bm3 which excludes GTL, Coal to Gas)24.
2. Oil 81.53 MMbbl/d which includes NGL and GTL
production25.
For detail on the individual demand or supply components, refer to the Notes at the end of the book. The major categories are: transportation, heating, petrochemicals, lubricants, surfacing and power generation. Now
let us look at the demand components and what choices
we have for oil replacement.

Transportation (Aviation, Automotive,
Marine and Rail)
Replacements in high-demand areas of aviation, automotive and marine usage are limited. Choices exist, but
they are tempered by engine type, fuel tank size*, upgrading retail outlets and upgrading existing automotive
and marine ﬂeets. From the outset, the thermodynamic
cycle and engine type – Otto or Diesel – dictates application suitability. Otto cycle engines use gasoline which
can be replaced by ethanol. Diesel cycle engines use diesel which can be replaced by biodiesel. Both are ideal for
spark-ignition and compression-ignition engines.
Ethanol, the much vaunted ‘ﬂex-fuel’, oﬀers only a partial exit scenario by substituting gasoline in the Otto cycle applications only. It is also fair to note that Brazil’s
adoption of ethanol (and LPG) technologies took at least
30 years to achieve, with car manufacturers and oil companies creating the required infrastructure. Government
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Figure 14 - Brazilian Options at the Pump 2009 shows Ethanol, Gasoline, Diesel and Natural Gas
(EPRasheed)

legislation required 25% of all gasoline to be mixed with
ethanol. Today, that percentage has fallen to 20% as demand (and exports) of ethanol rises. Ethanol does have
its own supply volatility and liquidity limitations26.
Successful usage in one country, however, does not mean
that global roll-out can occur. As Brazil is one of the
most advanced in energy diversiﬁcation, what lessons
can be drawn from its experience? First, government
support was not enough; intervention was required. It
was Brazil’s dictatorship in the 1970s that issued the directives that led to today’s usage. More than 30 years
of government intervention, manufacturing incentives,
infrastructure and retail outlets were needed to reach the
current ‘ﬂex-fuel’ conditions of 5% of all fuel consumed
and 100% of all nationally manufactured cars. The main
obstacle to worldwide roll-out is that the existing ﬂeet of
cars, buses, and boats around the world are conﬁgured
for petroleum and diesel. This requires a phasing out or
phasing in approach. Meanwhile, incentives or directives for new build vehicles should ensure that they are
conﬁgured for ﬂex-fuel renewables27.
The Brazilian government has now applied the 5% minimum usage target to bio-diesel. This requirement has a
number of transport fuel implications. First, it is likely to
create more demand for petroleum replacements or ‘unconventional fuels’ as long as prices stay high. Second,
more unconventional liquid fuels (GTLs, ethanol and
biodiesel produced from alcohol or seeds) and natural
gas (compressed or liquid) are likely to come onto the

market and take up a larger share of overall demand
for transportation petroleum liquids to 2030. Over the
short run, this can be considered as a safety valve that
eases oﬀ demand for traditional oil fuels (gasoline and
diesel) in the transport demand component. In the long
run, it can be considered as a partial exit scenario28. The
major part of demand, however, resides within transportation and is highest in OECD countries such as the US,
Canada and Western Europe. It is these countries that
can help reduce demand by using more eﬃcient vehicles
as well as sharing transportation. A good idea would be
to provide tax incentives for fuel eﬃcient vehicles as well
as car pooling.

Heating
Similar obstacles face the stock of domestic dwellings
in that they cannot easily be conﬁgured to use oil or
replacement gas. Greater acceptance of renewable energy sources (nuclear, solar, wind) can be expected in
new-build residential usage. Natural gas (compressed or
liquid) is also likely to take up a greater portion of total
residential demand for petroleum. Over time, this can
be considered another safety valve that eases oﬀ demand
for traditional residential oil fuels (gas and diesel) in
residential demand. Localised burning of any carbonbased fuel for residential heating creates considerable
diﬃculties. Firstly, establishing an eﬃcient distribution
infrastructure to transport the fuel to the homes can be
expensive, time-consuming and problematic. Secondly,
the control and capture of CO2 (or other GHGs) is virtually impossible at the house-to-house level. Better to
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provide 100% electriﬁcation of communities, whereby
carbon-based fuels are converted to electric energy at
a few, centrally-located and controlled power stations
where emissions can be controlled and GHGs sequestered. Electric power grids are relatively easy to establish,
expand and maintain. Electric energy is a much more
versatile form of energy, capable of providing many
more services from heating to cooling, to illumination,
to cooking and to powering appliances of all sizes. It
is truly the world’s cleanest and most easily-assimilated
energy resource. Localised or dispersed burning sites
would therefore be dramatically reduced, thus reducing the carbon footprint. More unconventional liquid
fuels (GTLs, ethanol and biodiesel produced from alcohol or seeds respectively) and natural gas (compressed
or liquid) are likely to come onto the market and take
up a larger share of overall demand for commercial heating petroleum liquids to 2030. Over time, this can be
considered a partial exit for traditional heating oil fuels
(kerosene, diesel, heavy oil) in the commercial demand
component29.

Power Generation
What is important here is that each country’s energy
needs and resource proﬁles diﬀer, and this aﬀects how
advanced (or not) their renewables uptake is and what
size contribution it makes. It is clear to see that renewables oﬀer a broad band of applications, concentrated
in low-scale power generation, large scale gas turbine
power generation or biomass co-generation applications. Choices exist, but they are tempered by the power
generation facility type. Gas turbine or combustion turbines use natural gas, light fuel oil, diesel or biologically
produced gas.
Still, many limitations exist; for example, power generating conditions for renewables do not always coincide with peak demands. Speciﬁc levels of sunshine or
wind speed must exist at a given time to generate energy
which must then be stored, creating a further challenge
that must be resolved.
In the reference case, however, natural gas and renewable
energy sources are predicted to increase in power generation markets. The natural gas share of world electricity
markets increases from 19% in 2003 to 22% in 2030,
and the renewable share rises from 18% in 2003 to 20%
in 2010 before declining slightly to 19% in 2030. The
relative environmental beneﬁts and eﬃciency of natural gas make the fuel an attractive alternative to oil and
coal-ﬁred generation. Higher oil and gas prices enable
renewable energy sources to compete more eﬀectively in
the electric power sector30.

Petrochemical
High petrochemical feedstock demand is likely to
create more demand for reformulated or ‘synthetically’ produced feedstocks. More synthetically produced alkenes and arenes will be created from
gas, GTL and ethanol. As these products come
onto the market, they will contribute to meeting higher
levels of demand from the petrochemical sector. Over
time, this will tend to a partial exit scenario with petrochemical-based hydrocarbon demand taking up to a
60% share of industrial demand up to 2030.

Lubricants and Surfacing
More synthetic lubricants (reformulated or vegetable
seed based) and surfacing products (cement type) are
likely to come onto the market and take up a larger
share of overall demand for lubricants and surfacing.
Over time, this can be considered an exit for traditional
lubricants and surfacing (heavy oils, asphaltene) in the
commercial demand component.

Price and Alternate Scenario
At any given point, the oil price is the closest, albeit imperfect indicator, due to delay of how the demand/supply equation is balanced. High oil and gas prices tend to
indicate high demand and tight supply and vice versa.
There is a complex inter-play, but clearly high oil and gas
prices have three major implications. First, energy attracts investment. This is because high oil prices awaken
demand for all types of energy sources, not just oil. This
is double edged as not only does oil attract investment
so do renewables. Exemplifying this is coal and ethanol
which reached record prices during 2008. In the case of
agriculturally produced ethanol, the price of other agricultural crops can also increase as arable land is used for
ethanol production. Given that the uptake of renewables
is very sensitive to oil and gas prices, a 1.5% increase per
annum in renewables uptake can help stabilise energy
demand with oil production staying constant. Second,
large reserve holders do increase E & P but not relative
to the oil price. As the absolute value of oil increases,
these countries reduce domestic consumption, encourage substitutes and focus on maximising recovery from
existing assets rather than producing from new ﬁnds.
Third, high oil prices depress demand. Over time, all of
this happens almost imperceptibly; pent up consumption for oil dissipates and demand for goods and services
falls due to higher costs. It was incorrect thinking that
suggested that high oil prices could be borne by economies without greatly aﬀecting growth. This has been
proven time and again to be the downfall of high oil
prices and the precursor to a bust cycle31.
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Figure 15 - Oil price 1861-2009. Source BP and EPRasheed (US, Arab Light and Brent Prices)

It is diﬃcult to predict oil prices because oil price cycles
tend to perform in a complex almost chaotic manner.
Oil, however, is a commodity and obeys market rules or
fundamentals despite the distortions. Research focused
on commodities and, although not speciﬁcally designed
for oil, shows how commodity cycles are aﬀected by inventory, immediate production capacity and long-term
production capacity. The combination of diﬀerent timescales, time delays, diﬀerent operators and human fallibility only adds to the complexity of the system. Although
cycles (peaks and troughs) are not entirely random, we
know that they will occur. The length of each cycle (say
from peak to peak) is not entirely predictable as some
last three years while others can last as long as ten years.
There are, however, some telltale signs: economic conditions worldwide; extreme swings from a low to a high
price or vice versa within a six month period; and, major
geo-political tension. Prolonged periods of tightness in
acquiring supply or services (or vice versa) also provide a
good indication of where we are in the cycle.
The much touted increase in demand from China and
India occurred in 2008 and is now slowing down. The
growth in demand for energy is a much more gradual
and long-term event linked to positive economic growth
and consumption in developed countries. Combined
demand from China and India exceeds North America
by 2030, but not on a per capita energy usage basis. The
bulk of Chinese and Indian industry and services are produced for end consumption by foreign customers mostly
in Western countries and North America. Consumption
has been transferred to China and India to reﬂect the
industrial activity and production there. Endogenous
demand for petroleum would be much lower without
the energy consumption from traditionally high energy
per capita users. The bulk of energy consumption, there-

fore, arises from the traditional users, i.e. in the US and
Western Europe.
How long will the present recession last? Not even the
world’s best economists can say. Without getting too
much into economic theory, we can say that there will be
a market correction: a collapse or a period of depressed
demand and lower oil and gas prices. We know that is
certain because oil and gas are cyclical commodities that
periodically experience peaks and troughs32. The problem is nobody knows when these will occur because the
cycles are not entirely predictable; however, current market situations clearly seem to herald a low price cycle.
From a market perspective (putting government intervention aside), the troughs mean diminished demand
for oil and gas and its applications, less cash for exploration and even less cash for renewable resources. Put
simply, the return forecasts are lowered and the principal
ﬂow of capital from investors and speculators is diverted
into markets other than energy and oil.
Nobody wants to talk about a collapse in prices. It
frightens investors. Nobody wants to talk about a collapse when growth is strong, but ignoring a low price
scenario is asking for trouble. This perhaps explains why
oil companies want to stay cash rich. They have lived
through the low price scenario—low revenues, poor utilisation and even lower returns. This is what some say
keeps the cycle of under investment alive—fear of price
collapse33 (see Figure 15).

Our Legacy?
Our task is to lobby for investment, both in oil and gas
and R & D in renewables and to understand there is
no easy way out. We will all have to work to ﬁnd an
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Figure 16 - Future Options
at the Pump; The Energy
Express (EPRasheed)

exit. What about an energy revolution? It may happen,
but my money is on the evolution: experimenting and
tinkering with all energy sources. And what of global
warming and energy? Simply put, we must reduce carbon emissions. There are new kids on the block (e.g.
ethanol and wind farms) and there are some old-timers
back as well (e.g. nuclear and coal). I believe that in the
future, energy will become a new engineering discipline,
along with mining, civil, mechanical, petroleum and
nuclear and one that encompasses wind, solar and all
other forms of energy.
Think legacy. Think future generations. Do we want to
leave a mess of energy waste and environmental damage as a legacy for future generations? What does that
say about us? Together, we need to apply our minds to
exit the Hydrocarbon Highway without leaving a mess
behind us. So how will things look in the future?
The narrowing base of opportunities for IOCs due to
a changing E & P landscape means their activities will
tend toward gas (GTL, LNG) and renewables. Here
IOCs take a leadership position by diﬀerentiating themselves and adopting the ‘Inclusive Energy Model’ with
project management, the know-how and capital. Gas
becomes the fuel of choice from renewable streams, i.e.
biomass as well as fossil fuel streams. Other applications
are replaced, eﬀectively relieving the major part of demand pressure on petroleum. Due to unreplaced applications, seasonal events and die-hards, the Hydrocarbon
Highway runs on. Renewables increase over time but do

not displace petroleum entirely creating an inclusive energy model. Petroleum remains a permanent feature, its
demand increasing from time to time as ethanol crops
fall short or rainfalls fall below hydro-electric dam requirements (and just as people still warm to a log-ﬁre,
people will always enjoy the thrill of gasoline powered
revs).
Nuclear energy becomes a leading renewable energy
source. Electricity prices rise, noticeably driven by the
global rise in gas prices. As more nuclear energy plants
come onstream, nuclear energy becomes more competitive and gas prices fall. Hydrocarbon demand is reduced
by other factors too. Increasing GHGs and global warming becomes a reality. Companies are sued for producing
emissions. The cases are defended, but companies become the champions of levying carbon taxes on the generation of GHGs. This is similar to the relationship between obesity and fast food chains. The fast food chains
avoided direct responsibility in lawsuits and learned the
lesson to oﬀer ‘healthy’ alternatives. Aviation prices rise;
the industry is thrown into disarray. Cheap airlines are
forced to consolidate and stress on petroleum aviation
demand is lowered further. Oil prices continue to ﬂuctuate, yet a balance of residual demand keeps oil companies in business. A ﬂourishing trade in carbon miles exist
at the state, corporate and individual level. Worldwide,
those who do not use their allowances sell the diﬀerence
to high users. Electrically charged cars run globally.
Gasoline stations are still aﬀectionately known as
www.saudiarabiaoilandgas.com

|

SA O&G Issue 21

98 Hydrocarbon Highway

petrol or gas stations as a throwback to when petroleum spirit was the dominant fuel, but they now oﬀer
biofuels, electricity, hydrogen and gasoline. The
Hydrocarbon Highway has become the Energy Express.
We have more choices than ever – the highway is still
endless, but now there are many branching intersections
one can take.

References
1. These are:
a) Power Generation [PGOil +PGGasTurbine (Non
Ethanol/Brighton cycle) +PGGasSteam (Combustion)]
(Gasoil/Fueloil) Gas & Oil (Methane, Heavy Oil)
b) Heating [H Industrial Process + H Construction +H
Domestic Premises +H Commercial Premises] (Gas,
Kerosene, Gasoil)
c) Transport [T Light Automotive Cars + T Aviation +
T Marine Light T Marine T Military T Industrial +
T Heavy Automotive Truck/Construction/Mining T
Heavy Automotive Bus +T Train] (Gasoline, Diesel,
Heavy Oil)
d) Petrochemicals [D Alkane Feedstocks (Naphthas)
+ D Arene Feedstocks (Pharmaceuticals) + D Alkene
Feedstocks Plastics + D Foods + Resins & Waxes]
e) Lubricants [L GearOil + L IndustrialGrease], and
f ) Surfacing [S Road+S Roof ] Roofs, Cement.
2. Especially considering man-made Gas.
3. That make up the Oil and Gas Demand Equation:
[PGGT+PGGS+PGO]+[HIP++HCon+HDP+HCP]
+[TLAC+ TA + T M+ THAT+THAB+TT]+ [PCArF
(Pharmaceuticals) + PC AlF PC AlkeneF + PC RW]
+ [LGO + LIG] + [SRd+SRf ] 2007 World Demand
(Consumption) Gas 2921.9 BCM and Oil 85.22 million bopd 2007 World Supply (Production) Gas: 2940
BCM and Oil 81.53 million.
Supply
=
[PGMethaneGT
+PG
MethaneGS+LPG,LNGGS
+
PG
Oil]
+
[HGasOilIP+HGasDP Diesel, CNG,LPG ] +[TLAC
Gasoline+ Diesel + TA Compressed Natural Gas,
Liquid Petroleum Gas + TM Diesel+ THAT
Diesel+THAB Diesel+TT Heavy Oil ] + [PCArF
Naphtha (Pharmaceuticals) + PC AlF Naphtha PC
AlkeneFNaphtha + PC RW Heavy Oil] +[LGOHeavy
Oil + LIGHeavy Oil] + [SRdAsphalt+SRfBitumen].
4. This is our goal.
5. See EIA IEO 2008 Outlook.
6. See EIA IEO 2008 Outlook.
7. Idem.

8. Idem.
9. Certainly the EIA IEO 2008 Outlook thinks so.
10. EIA.
11. EIA.
12. EIA.
13. Idem.
14. Idem.
15. EIA.
16. EIA Footnote.
17. Increasing Feedstock Production for Biofuels:
Economic Drivers, Environmental Implications, and
the Role of Research. See also Options for Alternative
Fuels and Advanced Vehicles in Greensburg, Kansas
Harrow, G.
18. Further is the intrinsic volatility of the oil markets
which complicates investment in renewables.
19. Exchange with EIA.
20. Exchange with EIA.
21. Brazil is a case in point hence why it was chosen.
22. BP Statistical Review 2008.
23. Idem.
24. Idem.
25. Gasoline and Ethanol Prices Fall” (in Portuguese).
Folha Online 18 09 2008.
26. US DOE Flexible Fuel Vehicles: Providing a
Renewable Fuel Choice. Again no single source of energy is universally applicable.
27. See also The Methanol Story: A Sustainable Fuel for
the Future Roberta J Nichols.
28. US DOE Flexible Fuel Vehicles: Providing a
Renewable Fuel Choice.
29. In many ways this is more elastic than transportation demand.
30. It is the backdrop of high oil prices that makes renewables viable.
31. The trends for continued economic and population
growth will create further demand on oil and gas in the
medium and long term.
32. The problem is that not even the world’s foremost
thinkers can satisfactorily predict the cycles.
33. Due to the vicious cycle involved it is likely that
change will be slow and steady.

www.saudiarabiaoilandgas.com

Contribute to Saudi Arabia Oil
& Gas during 2011
EPRasheed is looking for editorial submissions on the topics outlined in the editorial calendar. This can provide your
company with the opportunity to communicate EP technology to the wider oil and gas community.
Please send abstracts or ideas for editorial to wajid.rasheed@eprasheed.com
Preference is given to articles that are Oil Company co-authored, peer reviewed or those based on Academic research.

Editorial 2011 Calendar
Jan/Feb

Mar/Apr

Sep/Oct

Nov/Dec

Ad Closing:
4 Jan 2011
Materials Closing:
11 Jan 2011

Ad Closing:
1 March 2011
Materials Closing:
4 March 2011

Ad Closing:
22 April 2011
Materials Closing:
29 April 2011

Ad Closing:
5 July 2011
Materials Closing:
12 July 2011

Ad Closing:
29 August 2010
Materials Closing:
30 August 2011

Ad Closing:
8 October 2011
Materials Closing:
15 October 2011

• Saudi Aramco RTOC

• Khurais

• Formation Evaluation

• Khursaniyah

• Hawiyah

• Digitalization

• Near Surface
Modelling

• Manifa
• Remote Operation
Centre
• Drill-Bit Tech
• Inflow Control Devices
• Zonal Isolation (incl.
Packers,Multi-Zone
Completions)
• Carbonate Reservoir
Heterogenity
• Exploration Rub Al
Khali

• Wellbore

• Smart Completions

Intervention

• Expandable
Completions

• Casing While Drilling

• Tubulars

• Multi-Laterals

• Logging and

• Lowering Drilling Costs
in Tight Gas

Measurement WD

• Evaluating Tight Gas
Formations

Submersible Pumps

• While Drilling
Technology
• Telemetry
• Production
• OGEP II Review

• Rotary Steerable &
Motor Systems
• Drill Bits and Underreamers
• Complex Wells
• Geophysical
• Drill Pipe Integrity

Issue 18
‘OGEP II Review’

Issue 19
‘Innovation, IOC, NOC
and Service Company
Alliances’

May/Jun

Jul/Aug

•Increasing Productivity
of Tight and Shale Gas

Issue 20
‘Upstream Challenges’

Issue 21
‘Tight Gas Lowering
Costs and Increasing
Productivity’

• Electrical

• I field
• Geosteering
• GOSP
• Extended Seismic
Feature (4D, OBC,
Wide Azimuth)

• Progressive
Cavity Pumps
• Novel Tight Gas
Technologies
Issue 22
‘Cost Effective Drilling
and Completions’

Issue 23
‘Cooperation, Innovation
and Investment’

Offshore Europe*
6-8 Sept 2011
Aberdeen, UK
SPE/EAGE
Reservoir
Characterization and
Simulation
Conference
26-28 Sept 2011
Abu Dhabi, UAE
OTC Brasil
4-6 Oct 2011
Rio de Janeiro, Brazil
Middle East
Drilling Technology
Conference and
Exhibition
24-26 Oct 2011
Muscat, Oman

SPE Annual
Technical
Conference and
Exhibition
30 Oct - 2 Nov 2011
Denver
Colorado, USA

* Saudi Aramco
Supplement

* Media Partner

BONUS CIRCULATION
SPE/IADC Drilling
Conference
1-3 March 2011
Amsterdam
The Netherlands
Royal Commission for
Yanbu and Jubail Saudi
Downstream* 8-9
March 2011
YP Symposium**
14-16 March 2011

Middle East Oil and Gas
Show and
Conference*
20-23 March 2011
Manama
Bahrain
9th Meeting of the
Saudi Society for Geosciences**
26-28 April, 2011 King
Saud University Campus,
Riyadh

Offshore Technology
Conference
2-5 May 2011
Houston, Texas, USA
SPE/DGS Annual
Technical Symposium &
Exhibition*
15-18 May 2011
Khobar, Saudi Arabia
73rd EAGE Conference &
Exhibition/SPE EUROPEC
23-26 May 2011
Vienna, Austria
Brasil Offshore
Exhibition
Conference
14-17 June 2011
Macae, Brazil

International
Petroleum
Technology
Conference
15-17 Nov 2011
Bangkok, Thailand
20th World
Petroleum
Congress*
4-8 December 2011
Doha, Qatar

SPECIAL PUBLICATIONS
* Official Saudi Magazine
** Official Magazine

* Media Partner
** Official Technical Magazine

* Official Technical Magazine

*Mark of Schlumberger. Measurable Impact is a mark of Schlumberger. © 2010 Schlumberger. 09-ST-0150

Experience infinite
fracture conductivity

Conventional fracturing

HiWAY channel fracturing

Introducing HiWAY* channel fracturing—
A new hydraulic fracturing technique that creates flow channels to maximize the
deliverability of the reservoir.
With this technique, there’s nothing between the reservoir and the well, so reservoir
pressure alone determines flow.
Open up. No speed limits.
www.slb.com/HiWAY

Global Expertise | Innovative Technology | Measurable Impact

HiWAY

FLOW-CHANNEL
HYDRAULIC FRACTURING
TECHNIQUE

