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a b s t r a c t

We use a streamline-based simulator that accurately captures non-Newtonian rheology and controls
numerical dispersion to investigate polymer-flooding design. First, we develop and test a parallel design
algorithm to optimize polymer floods with respect to net present value in terms of slug size, polymer
concentration, and initiation; in which, simulations are run simultaneously and the results are combined
through scaling of optimal slug size. In terms of optimal strategies, the optimization results illustrate that
polymer-flooding design –with respect to concentration, slug size, and initiation – is more intuitive than
earlier expected. It is always beneficial to start polymer flooding as soon as possible preferably before
any waterflooding. The optimal slug size is close to being continuous. The optimal concentration is
generally high and represents a balance between mobility gains and injectivity losses. Second, we
quantify the impact of uncertainty on both the design and profitability of polymer flooding. This serves
as a guide to associated data acquisition efforts, where pre-polymer flooding initiation, efforts can be
focused on reducing uncertainties of high impact factors thereby increasing the probability of success.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polymer flooding is one of the most mature EOR techniques; it
relies on viscosifying the injected water to stabilize the displacing
fronts and reduce channeling in heterogeneous media (Littmann,
1988; Lake, 1989; Sorbie, 1991). The successful implementation of
polymer floods necessitates a thorough understanding of polymer
flooding performance and design under uncertainty. In this paper,
we use a streamline-based simulator that accurately captures
non-Newtonian rheology (AlSofi and Blunt, 2010) and controls
numerical dispersion (AlSofi and Blunt, 2012, 2013) to investigate
the design of polymer floods in terms of optimization, optimal
strategies, and sensitivity. The focus of this work is light-oil
heterogeneous reservoirs. Although the results and conclusions
are based on simulation runs for four reservoir/fluid models, in
this paper we focus on presenting the simulation results for one
model. The model represents an oil-wet/light-oil system. Some
results for a water-wet/heavy-oil system are also presented and
discussed. Those heavy-oil results are mainly presented to validate
the applicability of the key findings to the more conventional
heavy-oil case (i.e. conventional in terms of polymer flooding
application).

In this work, we first test the utility of a simultaneous optim-
ization approach. Based on which, we discuss optimal injection
strategies with respect to initiation, concentration, and slug size.
We also investigate the effect of uncertainty on both the perfor-
mance and design of the polymer flood. Most studies investigate
sensitivity with respect to recovery or net present value (NPV).
While this is useful to guard against the failure of a polymer
project, it does not guide the selection of an optimal strategy—as
the effects of uncertainty on the optimality of the solution are
overlooked. For this reason, we investigate the sensitivity of both
polymer flooding profitability and optimal design.

2. Literature review

2.1. Streamline-based simulation

The advantage of streamline-based over grid-based simulation is
its ability to transform a 3D transport problem into a number of 1D
independent transport problems, thus overcoming grid-based time-
step limitations (Datta-Gupta and King, 2007). As in conventional
grid-based simulation, streamline-based simulation uses a static
Eulerian grid to solve the pressure field. Based on the pressure
solution, a set of streamlines are traced on the Eulerian grid to form
the dynamic Lagrangian grid. Transport is then calculated along these
1D streamlines instead of from cell to cell (Thiele et al., 2010). Through
the elimination of the global grid-based Courant–Friedrichs–Lewy
(CFL) condition, large timesteps can be taken (Batycky et al., 1997).
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Another advantage of streamline simulation is the transport of
material along the actual flow direction rather than between grid-
blocks. On the other hand, streamline simulations suffer from two
major drawbacks. (1) For problems requiring repetitive streamline
tracing, the mapping between the two grids lead to a non-
conservative method. (2) For problems with significant orthogonal
flow mechanisms (e.g. capillary, diffusion and compressibility effects),
these effects need to be computed on the underlying grid making
the use of streamlines an unnecessary complication (Thiele et al.,
2010). As a result, streamline-based simulation is ideal for convective-
dominated displacements in heterogeneous media (Batycky et al.,
1997). Convective-dominated problems are those governed by pres-
sure gradients – where flow is dictated by well positioning their
production rates, rock properties and fluid mobilities (Thiele, 2001) –
rather than absolute pressure (Thiele et al., 2010). Streamline-based
simulation is thus a promising method for EOR in general as the main
process to be modeled is sweep improvement along streamlines
(Thiele et al., 2010).

2.2. Optimization workflows

Optimization is the formulation of an optimal control problem
honoring the physical constraints imposed by the system; based on
which, an optimal control policy – extremizing some performance
measure commonly NPV – is determined (Ramirez,1987). A traditional
workflow was presented by Gharbi (2001). Gharbi (2001) adopted a
sequential design approach inwhich chemical slug sizes are optimized
first (inner loop) followed by concentration optimization (outer loop)
until a coupled optimal is localized. A major limitation of such
approach is cost. This is since, in simulation-based optimization, each
functional evaluation requires a complete run, which is computation-
ally expensive (Horowitz et al., 2010). A second issue, according to
Horowitz et al. (2010), is the possible multimodality of some problems.
For these reasons, previous work has been limited to lab-scale
optimization and field-scale sensitivity studies (Zerpa et al., 2005).
For instance, in Anderson et al. (2006) a sensitivity study was under-
taken to optimize a surfactant–polymer (SP) flood. To overcome
computational costs, both Zerpa et al. (2005) and Horowitz
et al. (2010) presented and tested surrogate-based optimization.
A surrogate – or metamodel – is a cheap global approximation of a
response function built using data fitting of limited simulation
results (Horowitz et al., 2010). Zerpa et al. (2005) used such an
approach to design alkaline–surfactant–polymer (ASP) flooding
with respect to cumulative recovery. On the other hand, Horowitz
et al. (2010) used surrogates to design polymer injection in terms
of scheduling (i.e. initiation and slug size) with respect to NPV.

2.3. Optimal strategies

Gharbi (2001) looked at ASP design and found optimal polymer
concentration to be around 2800 ppm, which is relatively high.

Anderson et al. (2006) also looked at SP flooding and suggested
that optimal concentrations are typically very high. For the
investigated oil prices ($30–50/bbl), increasing the polymer con-
centration from 1000 to 2000 ppm was found to improve the
economics. According to them, this indicates the importance of
mobility control. They also suggested that for field applications
higher amount might be optimal due to small scale heterogeneity
(Anderson et al., 2006). In their sensitivity-based optimization,
Anderson et al. (2006) performed additional runs to investigate
the effects of polymer tapering and slug size. In terms of slug size,
the results: (1) indicate small sensitivity of slug size above 0.5
pore-volume (PV), and (2) suggest the need for large polymer
buffers. Furthermore, Wright et al. (1987) performed analytical
modeling of channeling and viscous crossflow to investigate the
slug size requirement with respect to slug stability and the
prevention of slug disintegration. According to them, for hetero-
geneous reservoirs, slug criteria were found more demanding than
previously thought. Mobility buffers around 1PV were required to
prevent slug disintegration caused by chased fluid bypassing
(Wright et al., 1987). In terms of tapering, the sensitivity runs
presented by Anderson et al. (2006) indicate a slight impairment
in performance due to tapering. In addition, Wright et al. (1987) –
based on analytical modeling – concluded that mobility tapering
has negligible and often negative benefits. Finally, the only study
that looked at initiation was performed by Horowitz et al. (2010),
in which they investigated the optimal scheduling of polymer
injection. Their conclusion was that polymer should start at the
beginning of a concession period (Horowitz et al., 2010).

2.4. Sensitivity studies

Gharbi (2001) presented a sensitivity analysis to oil price and
permeability. At an oil price of $30/bbl, a $2 MM difference (�25%
change) in NPV was found between the worst and best perme-
ability realizations (Note: M with field units is 1000). For the base
realization, a $4 MM difference (�100% increase) in NPV was
found between $20 and 30/bbl oil price (Gharbi, 2001)—that is a
$0.44 MM per a $ change in oil price. Nevertheless, neither
recoveries nor oil in place were reported to put these numbers
in better perspective. In comparison, Anderson et al. (2006) results
suggest around $10 MM difference (�300% increase) in NPV
between $30 and 50/bbl oil price—that is a $0.5 MM per a $
change in oil price. In terms of IOIP (initial oil in place post
waterflooding), Anderson et al. (2006) results suggest a $1/bbl
change in oil price yield a $0.67 additional profit for every bbl of
IOIP. In another study, Carrero et al. (2007) used the idea of
surrogates to investigate the sensitivity of ASP flooding with
respect to chemicals slug sizes and concentrations. Polymer
concentration was found the most important variable as it
explains more than half of the total variability. This, according to

Nomenclature

ANC absolute net present value change
BHP bottom hole pressure
C concentration
EL economic limit
HIF high impact factor
I initiation
IOIP initial oil in place
k permeability
LIF low impact factor

MND maximum net present value deviation
NPV net present value
ODS optimal design space
OOIP original oil in place
PV pore volume
S slug size
SDS surrounding design space
SIF severe impact factor
t time
τ time in reference to waterflooding economic limit
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