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ABSTRACT: Selective bioclogging targets the biofilm growth in highly permeable zones of reservoirs or aquifers to divert water
into low permeability zones. It alters the hydrodynamics of the subsurface flow systems to favorable performance conditions.
Applications may include microbial-enhanced-hydrocarbon-recovery (MEHR) and bioremediation. Despite its success at the
laboratory scale, application of bioclogging at the reservoir scale is hindered by the lack of understanding and advanced modeling
and prediction tools. To understand controls of bioclogging processes at the reservoir scale, a Reactive Transport Model (RTM)
has been developed in this work for in situ biostimulation of L. mesenteroides. This fermenting bacterium produces the
biopolymer dextran in the presence of sucrose. As a first step, we considered the flow, transport, and bacterial growth and dextran
production reactions in a single phase fluid (water) system, because most reactions occur either in the water phase or at the
water−solid interface. Parameters for biomass growth and dextran production were obtained from column experimental data.
The numerical experiments were carried out using the spatial distribution of porosity and permeability extracted from open-hole
well logs collected at a characterization well near the King Island gas field in Southern Sacramento basin in California. The
numerical experiments suggest that there exists an optimum range of injection rates (between 543 and 1,195 bbls/day). The
volumetric injection rates need to be sufficiently fast to overcome microbial growth and clogging at the vicinity of the bore wells.
They also need to be low enough to allow sufficiently long residence times for dextran production. Results show significant
dextran formation and the associated porosity and permeability alterations to divert water into low permeability zones. The
bioclogging effectiveness, measured by the percentage of the water diverted into the low permeability zones, varied between 10 to
75% depending on injection conditions. With the same total mass injection rates of sucrose, increasing flow rate is more effective
in selectively bioclogging highly permeable zones than increasing sucrose concentration. Other processes, including the
attachment of biomass to the solid surface without being washed out, are also important. The developed model offers a powerful
tool to optimize injection conditions for effective bioclogging in naturally heterogeneous reservoirs.

1. INTRODUCTION

Biofilms typically consist of a matrix of extracellular polymeric
substance (EPS) and bacterial cells, the production of which
leads to the reduction in porosity and permeability in porous
media. This phenomenon is often referred to as the bioclogging
process. Conventionally, bioclogging has been the focus of
many studies due to its detrimental impacts on process units
such as heat exchangers, medical implants, and well bores.
Literature on bioclogging over the past decade suggests that the
preferential bioclogging has become a viable technique in many
applications such as bioremediation1 and Microbial-Enhanced-
Hydrocarbon-Recovery (MEHR).2 During water flooding in
secondary recovery, hydrocarbons in highly permeable zones
are preferentially swept by injected water while those in low
permeability zones remain intact. Selective bioclogging, where
we choose to selectively clog the highly permeable and oil-
depleted zones, is an effective technique to divert water toward
the oil rich low permeability zones.3−5 In bioremediation,
bioclogging of aquifer paths can lead to the formation of
impermeable biobarriers that inhibit contaminant transport and
divert groundwater around the contaminated zone.6 Despite its

promise in applications, bioclogging may lead to detrimental
effects due to the uncontrolled growth of biomass near
injection wells. In MEHR treatment, it can cause expensive
damage to well bores.7 Uncontrolled bioclogging of preferential
paths in an aquifer may also hinder further treatment of
contaminants in bioremediation.8 Success of preferential
bioclogging at the reservoir scale depends on fundamental
understanding of the coupled flow, transport, and biogeochem-
ical reaction processes. It is also important to identify the
controlling parameters during field scale applications.
The effectiveness of bioclogging can be controlled by many

factors. Experimental studies have revealed the impact of the
flow conditions on bioclogging phenomena. One dimensional
column experiments9−12 showed the development of biofilm
near injection ports, which resulted in permeability reduction
up to 2 to 3 orders of magnitude. Two dimensional
micromodel experiments showed biomass formation as clusters
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and preferential water flow paths exist within the clusters.6,13,14

Bioclogging experiments in flow cells using more complex flow
fields led to the formations of preferential flow patterns.5,15,16

In most studies, EPS forms the majority of the biomass that
causes bioclogging, while the volume of the bacterial cells is
negligible compared to EPS.
Over the past decades, substantial research has focused on

bacteria and the conditions for the production of EPS that
contribute to bioclogging. Leuconostoc mesenteroides has been
found to effectively produce extracellular polymer substance.17

Its production can be controlled by using different carbon
sources. In the presence of sucrose, it produces dextran, a
water-insoluble bioclogging agent. L. mesenteroides has been
used in a core experiment18 to produce dextran and have been
shown to successfully divert the flow from highly permeable to
low permeability zones. Sucrose concentration and flow rates
have been found to be important in the plug development and
propagation.19,20 Column experiments also showed that
biomass plug and its propagation can be periodic in nature
and is associated with the oscillations in pressure drop across
the porous media.
Although these studies help identify the important factors

that can control bioclogging and permeability alteration, it is
important to evaluate reservoir scale feasibility. Field scale
studies are typically very expensive. Field MEHR tests have so
far mostly focused on in situ production of microbial
metabolites such as gases, acids, solvents, and immobile
biomass species (e.g., cells and EPS).21,22 These metabolites
alter oil−water interfacial tension (IFT), wettability, and
viscosity as well as permeability by selective plugging. The
success of these field-scale applications, however, remains
ambiguous. One existing augmentation field trial utilized the
sucrose metabolism of L. mesenteroides.17 Unfortunately, the
results were mixed, possibly due to transport/flushing of the
active microbial community.
To understand the reservoir scale feasibility, multiple factors

need to be taken into account simultaneously, including the
coupling between flow, transport, and microbe-mediated
reactions and the operational conditions such as injection
condition as well as the physical and chemical heterogene-
ities.23−26 In this context, Reactive Transport Models (RTM)
can provide powerful tools to understand the transport and fate
of biogeochemical reaction products, the associated evolution
of the physical properties of the reservoirs, and the effectiveness
of the bioclogging process. As a first step toward understanding
the bioclogging process at the reservoir scale, a reactive

transport model is developed in this work to simulate the
coupled flow, transport, and the bacterial growth and dextran
production during in situ biostimulation of L. mesenteroides.
One of our previous studies examined the biostimulation of L.
mesenteroides in a synthetic carbonate reservoir and the
geochemical control of the bioclogging process.27 In this
work, the modeling was carried out for a reservoir based on the
King Island gas field in California. The distribution of the
porosity and permeability of the field was obtained by utilizing
open-hole logging data from a recently drilled scientific
characterization well. The reaction network, dextran production
kinetics, and petrophysical relationships in this work were
validated using previous column-scale bioclogging experi-
ments.28 Here we conduct the analysis by varying several
important operational and biomass growth variables, including
the sucrose mass injection rates (sucrose concentration and
volumetric injection rates) and L. mesenteroides attachment
rates. The effectiveness of bioclogging was quantified by the
water flooding simulations that measure the percentage of
water diversion.

2. REACTIVE TRANSPORT PROCESSES AND
MODELING

Bioclogging in porous media involves several processes,
including flow and transport of chemical and biological species,
the production of the biomass (microbes and EPS, mostly
dextran in our case), and the immobilization of biomass as
biofilm. In this section, we present the details of microbe-
mediated reactions that involve the dextran producing bacteria
L. mesenteroides, the mathematical representation of the
reactions flow processes, and the modeling framework. Kinetic
parameters, including those for biomass growth and dextran
production, were obtained using bioclogging column exper-
imental data.

2.1. Microbe-Mediated Reactions. Leuconostoc mesenter-
oides, a facultative microbe in the natural environments, has
been recognized as a potential applicant for selective plugging
in MEHR.29,30 It is an oxygen-tolerant microbe known for
producing EPS in the presence of sucrose as the carbon
source.31 The detailed reactions that lead to dextran production
can be complex. Here we present a relatively simplified however
representative form of the reaction network that has been
developed in our previous work.27 The reaction network in
Table 1 shows a two-step mechanism. The reaction E1 is the
cell growth that produces the bacterial cells C5H7O2N(w) in
water and the production of the enzyme Dextransucrase. It was

Table 1. Kinetic-Controlled Reactions: Bacteria Growth, Dextran Production, and Immobilization of Biomass Componentsa

reaction index reactions

E1: cell growth and enzyme production + +

→ + + +

+ + +

+ +

+ −Sucrose 0.2NH 0.341HCO

0.20C H O N 0.141Fructose 0.071Lactate 0.071Acetate

0.0141Mannitol 0.071Ethanol 0.418CO

0.726H O Dextransucrase

4 3

5 7 2 (w)

2

2

E2: dextran production +
→ + +

5.3Sucrose Dextransucrase
2.0Dextran 4.5Fructose Dextransucrase(w)

E3: bacterial cell immobilization ↔C H O N C H O N5 7 2 (w) 5 7 2 (S)

E4: dextran immobilization ↔Dextran Dextran(w) (S)

aNote that the subscript “w” represents the biomass species that are present in water however not dissolved in water. The subscript “S” represents
species that attach to the solid.
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derived using the bacterial energetic method32 where C5H7O2N
is a representative chemical formula of the bacterial cell.
According to bacterial energetics, some fraction of the electron
transfer is utilized for energy production and the remaining
fraction is utilized for cell growth. In deriving the reaction
network we assumed a fraction of 0.4 for cell growth and the
rest for energy reaction.33 The reaction E2 represents the
catalytic conversion of sucrose into fructose and dextran
induced by the enzyme dextransucrase.
The biomass includes both the bacterial cell and the

produced dextran. The bacterial cells can attach to the solid
phase and therefore can exist in both aqueous and solid phases.
Dextran has a relatively low solubility and typically exists in
solid form.34 However, under flow conditions, immobilized
dextran can detach and transport in insoluble form. In this
study, biofilm refers to the immobile biomass on solid phases
that include bacterial cells and dextran, both of which
contribute to bioclogging and permeability modification. The
immobilization of biomass can be represented with reactions E3
and E4. In these reactions, C5H7O2N(w) and C5H7O2N(S)
represent bacterial cells in the water and solid phases,
respectively. Dextran(w) and Dextran(S) represent dextran in
the water and solid phases, respectively.
In addition to these reactions that form the driving force of

the system, a series of speciation reactions occur in the aqueous
phase and are typically considered as instantaneous reac-
tions.35−37 These reactions are commonly present in water and
can be very important for bioclogging in formations such as
carbonate reservoirs.27 In this work, however, these aqueous
reactions are not as important in influencing the bioclogging
processes due to the general nonreactive nature of the
sandstone. Please also note that for the same reason we have
ignored the major cations such as Ca(II) and Mg(II) in this
work.
2.2. Reactive Transport Processes and Equations. In

addition to the microbe-mediated reactions, the selective
bioclogging processes also involve injection of fluid into the
subsurface and the flow and transport of multiple chemical and
biological species. Reactive Transport Modeling was used to
integrate multiple physical (flow and transport), chemical, and
biological processes, as shown in the equations in Table 2. Here
eqs 1 to 3 are the mass conservation equations for an aqueous
primary species i with fractional pore volume (porosity φ) and
aqueous concentration Ci (mol/L). The symbol νiEk

is the
stoichiometric coefficient of species i in microbe-mediated
reaction Ek with rate REk

(mol/L/s). The symbol Di (m
2/s) is

the dispersion/diffusion coefficient of the species, and u (m/s)
is the superficial velocity. The dispersive and advective
transport depends on the flow field that determines the fate
of the influent species reaching the reactive zones and the
biomass accumulation. The Fickian diffusion coefficient for
sucrose in water is assumed to be 5.19 × 10−6 cm2/s, with a

typical tortuosity value of 0.6 to take into the effects of porous
media on diffusion coefficient in porous media.38 The
longitudinal dispersion coefficient (αL) and transverse dis-
persion coefficient (αT) were taken as 15 and 1.5 cm,
respectively.39 The quasi-stationary flow field for pressure and
gravity driven flow was represented by Darcy’s law.40

Here the equations were solved using the reactive transport
code CrunchFlow. CrunchFlow has been widely applied in
various applications,41−45 including those that involve microbe-
mediated reactions.25,26 The growth rate depends on the
amount of biomass (eq 4) and immobilization depends on
available pore surface area (eq 5), as will be discussed later in
the reaction kinetics section. Flow and diffusive transport
within the biofilm were neglected so the biomass matrix was
assumed to be impermeable. The code solves the mass
conservation equations.

2.3. Reaction Kinetics. 2.3.1. Biomass growth. The
growth of biomass was assumed to follow the Monod rate
law.32,46 The rates of the two microbe-mediated reactions E1
and E2 were represented as

=
+

R k X
C

C Ki i i
i

max ,
Su

Su M,Su, (4)

Here Ri is the cell growth rate and the enzyme production rate
for reactions E1 and E2, respectively. The rates depend on the
maximum rate constant kmax (mol/L/cells/s), the amount of
immobile biomass component Xi, the half-saturation constant
KM,Su,i, and the sucrose concentration CSu (mol/L). For
example, in reaction E2 the enzyme-mediated dextran
production rate R2 depends on kmax,2 and the amount of
enzyme X2.

47 The molar volume of the cell biomass was
assumed to be 336 cm3/mol, a number in the middle range of
reported values.48 Similar to other works,49 it was assumed that
one L. mesenteroides cell produces one unit of enzyme
dextransucrase per mole of sucrose metabolized.

2.3.2. Immobilization of Biomass. The amount of
immobilized biomass depends on the attachment and detach-
ment processes. Attachment is the process of forming immobile
biomass from their respective mobile species, the rate of which
is directly proportional to the aqueous concentrations of
biomass species and is typically expressed with first-order
expression from the filtration theory50,51 for bacterial and EPS
to the soliddeposition. Likewise, detachment is the process of
forming the mobile biomass from immobile phase. Its rate is
directly proportional to the amount of biomass present in the
solid phase and is similarly expressed with first-order kinetics
based on the shear forces or sloughing processes.52 These
constants are functions of many parameters such as flow
velocity, viscosity and density of aqueous phase, grain size of
the biomass particles, and many more empirical parameters.15

However, there is no unified approach that quantitatively

Table 2. Mass Conservation Equations of Chemical and Biomass Species in Aqueous Phase

species mass conservation

1 sucrose φ
φ φ ν ν

∂
∂

= ∇· ∇ − ∇ − −
C
t

D C uC R R
( )

( ) ( )1
1 1 1 1,1 1,1 1,2 1,2 (1)

2 L. mesenteroides φ
φ φ ν

∂
∂

= ∇· ∇ − ∇ − −
C
t

D C uC v R R
( )

( ) ( ) E E E
2

2 2 2 2, 2,31 1 3 (2)

3 dextran φ
φ φ ν ν

∂
∂

= ∇· ∇ − ∇ − −
C
t

D C uC R R
( )

( ) ( ) E E E E
3

3 3 3 3, 3,2 2 4 4 (3)
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describes these processes. Here we assumed that the rates of E3
and E4 in units of mol/s take the following form

= −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟R k A

C
K

1a
w

eq (5)

where Cw denotes the concentration of biomass species in the
water phase, and the Keq values are essentially the
thermodynamics limit or the maximum concentration of
biomass species that can exist in the water phase. These values
were taken as 10−6 M for reaction E3 (L. mesenteroides) and
10−15 M for dextran based on literature values.30,34,53 Dextran is
largely known as insoluble,30 while bacterial cells can exist in
water without attaching to the solid phase. The ka (mol/m

2/s)
is the kinetic rate constant, and A denotes the bulk surface area
(m2) of immobile biomass. In essence, the biomass can exist in
both the water and solid phases, with the rates of attachment
and detachment following the above equation.
2.4. Porosity and Permeability Update. The conserva-

tion of solid phase biomass in terms of volumetric porosity can
be estimated using the differential equation

φ ν
ρ

ν
ρ

=
̃

+
̃

t
R

M
R

Md
d i

i

i
i

i

i
,E E ,E E3 3 4 4

(6)

where M̃i is the molar weight (kg/mol) of the solid phases i,
and ρi is the mass density (kg/m3) of the solid phase i. Efforts
have been made to correlate permeability with biomass using
analytical models54−56 and pore network models.5,16 However,
few theoretically derived correlations exist to relate the change
in permeability to the amount of biomass in the porous media.
Existing relationships are mostly empirical.10,14,57 As a result,
we adopted the widely accepted power-law relation that
describes the filtration of fine particles into the porous
media.55 This is consistent with the assumption of impermeable
biofilm in the following form:

κ κ φ
φ

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟0

0

3

(7)

Here κ and κ0 are the permeability values at certain time t and
at the initial time, respectively. Similarly, the reactive surface is
an important parameter and was updated using the porosity
values based on the geometric of spherical particles:58

φ
φ

= ′

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟A AS s 0

0

2/3

(8)

The exponent 2/3 was used because area depends on particle
radius raised to a power of 2, while porosity corresponds to
volume change with dependence on particle radius raised to a
power of 3.

2.5. Biomass Growth and Dextran Production Param-
eters from Column Experiments. The developed model
includes a large number of parameters, including the growth
and production kinetics of bacteria and dextran. These
parameters were obtained by matching the model with data
from column experiments inoculated with the bacterium L.
mesenteroides and the sucrose growth media.28 The bacterium
was allowed to grow and produce dextran for 10 days with fresh
sucrose media supplied once every day. The column was
monitored for the dextran production and associated geo-
physical measurement such as resistivity and phase, which
indicates changes in the petrophysical properties of the column.
A reactive transport model was set up using one-dimensional

computational domain that consists of 100 grid blocks. The
goal was to obtain the key parameters that characterize the
bacterial growth and dextran production. Ten cycles of
substrate injection and dextran production were conducted in
the model to exactly represent the bioclogging experiment. In
each cycle the substrate was injected into the column for 1 h,
and the column was allowed to produce dextran for 23 h under
no flow conditions. The simulation results were used to match
the dextran, total organic carbon, as well as geophysical
measurement data by adjusting the rate constant of biomass
growth and dextran production. Figure 1A shows the
experimental data and the predicted evolution of dextran
production are consistent. The corresponding predicted
average porosity evolution is shown in Figure 1B. For the
best match, the rate constants kmax for cell growth reaction E1
and enzyme catalyzed reaction in E2 are 2.07 × 10−17 and 3.60
× 10−12 mol/L/cell/s, respectively. The half saturations KM,Su in
eq 4 for reactions E1 and E2 are 7.3 × 10−3 and 7.3 × 10−4 mol/
L, respectively, which are among typical values in the
literature.59,60

3. BIOCLOGGING SIMULATION OVERVIEW
3.1. Reservoir Simulation Domain and Bioclogging

Scheme. The synthetic simulation domain has a dipping
layered structure based on logs recently collected as part of the
scientific characterization effort at the King Island gas field,
Sacramento Basin, CA. The well (Citizen Green #1) was drilled
as part of a CO2 sequestration project. The extensive open-hole
logging suite provided an excellent source of petrophysical data.
The field, while not an MEHR target, has structure
representative of potential target fields farther south in the
oil-rich San Joaquin Basin. The horizon examined in this study

Figure 1. A) Comparison of data from bioclogging column experiments (symbols) and reactive transport modeling output (line) for dextran
production and B) corresponding model prediction of porosity evolution.28
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is the top section of the Mokelumne River Formation,
permeable fluvial sandstone with interbedded silt and clay
stones. High permeability sections of the unit average over 3
Darcy, while the siltier sections are often submilli Darcy (mD).
In this work, the high permeability regions correspond to areas
which would be swept early in water flooding, while the siltier
regions are typical of zones with a high residual oil fraction. For
the flow modeling effort, both porosity and permeability were
extracted from nuclear magnetic resonance logging data by
extruding a slightly smoothed version of the log estimated
porosity and permeability along the regional dip (1.5 degrees).
The logs were vertically smoothed with a 5 point running mean
filter before transformation into the model.
The size of the two-dimensional computation domain is 150

m × 75 m as shown in Figure 2B. This size is about the typical
size of the “influencing zone” of one injection well at the typical
injection rates of several hundreds to over a thousand meters in
water flooding and secondary oil recovery practices.61,62 Each
grid block is 0.25 m in depth and 1 m in width. The total
number of grid blocks is 45,000. The synthetic treatment
strategy is shown in Figure 2C. Based on the permeability data,
the computation domain is classified into two sections: the
highly permeable target zone for bioclogging and the low
permeability recovery zone. Six injection ports were placed in
the highly permeable zone at 2625 m in x direction and from
1502.5 to 1515 m in the depth direction. The sucrose media
was evenly distributed and injected into the formation through
the six points representative of well perforations. Compared to

the flow field that was driven by the sucrose media injection,
the background flow in the reservoir is negligible. The left and
right boundaries of computation domain were set as open
boundaries. No flow conditions were applied at the top and
bottom boundaries in the z direction.
Many factors can affect the effectiveness of bioclogging

treatments, including the presence of microbe that produce
bioclogging agents, the total mass injection concentration of
sucrose, and the injection rates. Bioclogging can also be
influenced by the attachment and detachment kinetics,51,63,64

i.e. the ability of aqueous microbes and dextran to form biofilm
on the formation surface. In this work, we present a series of
numerical bioclogging experiments by systematically changing
one parameter at a time, as shown in Table 3. The total
volumetric injection rates (TVIR) were chosen to be in the
typical range from 543 to 1195 bbls/day that are within the
typical injection rates during water flooding in secondary oil
recovery.61,62 The sucrose concentrations were chosen to be
between 0.10 and 1.47 mol/L. Kinetic rate constants were
tested in the range of 10−14.2 to 10−13 mol/m2/s. The goal was
to understand the coupled processes and identify the key
parameters that control the effectiveness of bioclogging.

3.2. Water Flooding Test: Quantification of Bioclog-
ging Effectiveness. The goal of selectively bioclogging the
high permeability zone is to divert more water into the original
low permeability recovery zone during enhanced oil recovery.
Here we use a numerical water flooding test to quantify the
effectiveness of the bioclogging by comparing the fractional

Figure 2. Distribution of porosity and permeability in the simulation domain extracted from nuclear magnetic resonance logging data in King Island
gas field located in the Sacramento Basin, CA. A) Porosity and permeability, B) derived two-dimensional distribution of porosity and permeability in
a segment of the reservoir for the target simulation domain, and C) basic bioclogging treatment representation on reservoir formation showing target
zone, recovery zone, and media injection ports.

Table 3. Variables of Simulation Cases

parameter values

TVIR: qṫot [bbls/day]
a (with CSu = 1.47 mol/L, log10(ka,E3

) = −13.0 mol/m2/s) 543 706 869 1032 1195

sucrose injection concn: CSu [mol/L] (q ̇tot = 1195 bbls/day, log10(ka,E3
) = −13.0 mol/m2/s) 0.1 0.25 0.5 0.75 1.0 1.25 1.47

kinetic rate constant: log10(ka,E3
) [mol/m2/s] (q ̇tot = 1195 bbls/day, CSu =1.47 mol/L) −14.2 −13.8 −13.4 −13.0

aTVIR stands for Total Volumetric Injection Rates (TVIR); bbls stands for “barrels”. It is a widely used field unit used in the field of petroleum
engineering. 1 bbl = 0.159 m3.
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water that come out of the recovery zone before and after the
bioclogging experiment using nonreactive flow and transport
modeling. In the simulation, water was injected at a rate of 543
bbls/day through a wellbore across the entire depth of the
reservoir. The water will flow through the domain depending
on the permeability distribution. The proportion of the water
that goes through the originally low permeability recovery zone
was quantified and used as a measure of the bioclogging
effectiveness. A larger increase in percentage of water from the
original low permeability means higher effectiveness. The
flooding tests were applied in all cases after 35 days of
bioclogging treatment.

4. RESULTS AND DISCUSSION

In this section we first present a base case scenario to show the
coupled flow, transport, and reaction processes during
bioclogging. The effects of influencing variables, including
sucrose concentrations, volumetric injection rates, and bacteria
attachment and detachment, were then examined to understand
their effects on bioclogging effectiveness.

4.1. Base Case Scenario. The injection conditions for this
base case were carried out with a total volumetric injection rate
of 543 bbls/day and at the sucrose concentration of 1.47 mol/L
with the kinetic attachment rate constant of 10−13 mol/m2/s.
The initial microbial community was assumed to be present in
the reservoir and to be spatially uniform at a concentration of
10−6 % volume. Sucrose solution was continuously injected into
the reservoir for 35 days to allow sufficient production of
dextran. The spatial and temporal evolution of sucrose
concentrations are shown in Figure 3A. Sucrose concentrations
are high in areas close to the injection ports in the first 5 days.
From day 5 to 10, the concentrations decrease because the
sucrose disperses deep into the reservoir with a larger impact
area. Between days 10 and 15, the concentrations are reduced
due to sucrose consumption during microbial activity. At the
end of day 15, most of the sucrose concentration fronts recede
toward the injection ports. Starting from day 25, concentrations
have again started to increase, particularly in the vertical
direction below the perforated interval. This is because at a later
stage the porosity has been decreased to a larger extent, which
decreases reactive water−solid interface and the overall reaction
rates of bacterial growth and dextran production. This sequence

Figure 3. Spatial and temporal evolution of sucrose concentration and percentage dextran volume during bioclogging treatment in the base case
scenario. A) Sucrose concentration distribution, B) spatial distribution of dextran percentage volume, C) sucrose concentration on horizontal section
at the reservoir depth 1515 m with maximum initial permeability and vertical section at 2625 m where injection ports are located, and D)
corresponding percentage dextran production on vertical and horizontal sections.

Energy & Fuels Article

dx.doi.org/10.1021/ef401446f | Energy Fuels 2013, 27, 6538−65516543

http://pubs.acs.org/action/showImage?doi=10.1021/ef401446f&iName=master.img-002.jpg&w=305&h=392


of concentration perturbations in the reservoir formations are
visualized in Figure 3C for the horizontal section at the
reservoir depth of 1515 m, which possess maximum initial
permeability profile, and the vertical section at the reservoir
width of 2625 m.
Similarly, the spatial and temporal evolutions of dextran

formation are plotted in Figure 3B. For the first 5 days, dextran
formation was negligible. During this period, in the presence of
sucrose (reaction E1), microbes self-replicate to produce
bacteria and the enzyme dextransucrase. Between days 5 and
10, bacterial cells and enzyme activity are produced sufficiently
to be visible. During this period, sucrose concentrations
decrease near the injection ports (Figure 3A). During the
period from day 25 to 35, there is rapid dextran formation as
concentration fronts surge across the reservoir (compare parts
A and B of Figure 3). By the end of bioclogging treatment on
day 35, there is a significant increase in dextran volume,
occupying a maximum of 24% total volume in the target zone.
Figure 4 illustrates the spatial evolution of porosity and

permeability during the bioclogging treatment. Significant

reduction in porosity is observed starting from day 15 (Figure
4A). The corresponding evolution of logarithmic permeability
ratio is shown in Figure 4B, with a maximum decrease of 2.5
orders of magnitude. With the intense microbial activity and
dextran production, a ringlike bioclogging structure is formed
surrounding the perforated injection interval. As the porosity
continued to decrease, reduction in pore volume leads to a

decrease in water−solid contact area and the sucrose
conversion rates. In addition, the porosity decrease also results
in the decrease in residence time. The combination of these
two leads to the reduction in the total amount of sucrose
conversion to dextran. As such, after a critical volume of
dextran formation, the sucrose concentration fronts surges in
areas of significant reduction in porosity.
To quantify the effectiveness of bioclogging, Figure 4C

shows the temporal evolution of pressure gradient and the
effective permeability ratio for the horizontal section at the
depth 1515 m that was shown in Figure 3C. Pressure gradient
was estimated from the injection port to left/right boundary,
whereas the logarithmic permeability ratio was calculated from
the point on horizontal edge where critical maximum reduction
in permeability occurred. Because the injection rates remain
constant during the bioclogging treatment, the pressure
gradients increase significantly as permeability decreases. Figure
4C shows that permeability started to drop after day 7,
consistent with dextran and receding concentration fronts in
Figure 3A. In the early stages, especially before day 15, the
dextran formation and porosity reduction is relatively slow,
leading to negligible pressure gradient. The pressure gradient
increases faster when the permeability is reduced to
approximately 0.5 orders of magnitude on day 15. After that
the permeability decreases exponentially as indicated by the
almost linear decrease in logarithmic permeability ratio. The
magnitude of the pressure evolution here is similar to the
pressure gradient evolution observed in one-dimensional flow
conditions by Fogler et al.18,20

The hydrodynamic alterations are also quantified using the
water flooding test explained in section 2.2. The stream line
plots and flooding output velocity profiles in the left and right
boundaries are presented in Figure 5 for before and after
bioclogging. The bioclogging effectiveness is quantified by the
fraction of total injected water coming out of the recovery zone.
In the baseline case, all stream lines (white lines on porosity
heterogeneity as backdrop) are linear, and water at any depth
flows straight toward left and right boundaries. Before the
bioclogging, most of the injected water flows through the target
bioclogging zone, with only 8% of injected water flowing out of
the recovery zone. After the treatment, the stream lines show
that the water released in the target zone moves straight near
the biologically clogged zone and diverts toward the nearest
region of low resistance. Injected water flows into the recovery
zone first and then into the unclogged high permeability zone.
The velocity profiles at left and right boundaries show
significant reduction of flow in the target zone and significant
increase in the recovery zone, with 38% of total injected water
flowing out of the recovery zone. The bypassing of flow from
the bioclogged zone has also been observed in 2D flow cell
experiments.5,65,66

4.2. Controlling Factors that Determine Bioclogging
Effectiveness. Here we use reactive transport modeling to
evaluate the sensitivity of the bioclogging effectiveness to
various parameters, including the initial biomass distribution,
sucrose mass injection rates, and the kinetic rates of attachment
and detachment of L. mesenteroides.

4.2.1. Dependence on in Situ and ex Situ Microbial
Sources. Potentially there are two bacterial sources for
bioclogging. One is an in situ bacterial source, where L.
mesenteroides or a similar strain pre-exists in the reservoir so
only the injection of sucrose and nutrients are necessary to
stimulate the bacteria. The other is the ex situ or augmentation

Figure 4. Spatial and temporal evolution of A) porosity, B)
logarithmic ratio of permeability k at time t over the initial
permeability k0, and C) evolving permeability ratio and pressure
gradient on the horizontal edge at the depth 1515 m shown in Figure
3.
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case, where L. mesenteroides initially does not exist in the
reservoir and need to be injected as well. These species need to
be inoculated in the reservoir before the start of in situ
biostimulation. Here we compare the two cases to understand if
they affect the spatial distribution of initial bacteria to a level
that affect the effectiveness of bioclogging.
For the ex situ case, microbial media containing L.

mesenteroides at an optimal concentration of 0.13 mol/L were
injected before the bioclogging treatment. Injections above this
concentration may result in large amounts of bacterial
attachments near the perforated interval, which could yield
undesirable near well-bore clogging. The volumetric injection
rate is kept at 543 bbls/day. The injected bacteria can either

attach to the solid phase or flow out of the domain, depending
on the attachment and detachment kinetics. Here a kinetic
attachment constant of 10−13 mol/m2/s was used.
Predicted microbial distribution on the solid phase after 30

days of microbial injection is plotted in total volume percentage
in Figure 6A for ex situ case. Microbial abundance reaches its
maximum close to the injection wells and decreases with
increasing distance from the injection ports. The initial L.
mesenteroides distribution in the target zone is 10−6 % total
volume, which is similar to the initial microbe concentration
assumed in the base case scenario for the in situ case. The
bioclogging treatment was then carried out using the same
injection condition as in the base case scenario, i.e. sucrose
concentration CSu of 1.45 M, and total volumetric injection
rates of 543 bbls/day. The spatial distributions of the biomass
for this ex situ case and the previous in situ case are shown in
Figure 6A after 35 days of bioclogging treatment. Comparison
of the two cases shows that there are some slight differences in
the shape and the maximum values of dextran formation. For
example, there is a larger bacteria-free zone close to the
perforations in the ex situ case than that in the in situ case. The
in situ case also has a slightly larger overall areal extent of the
bioclogged zone. However, over time the system is largely
driven by the spatial distribution of injected sucrose, which
leads to similar spatial distribution of dextran (Figure 6B).
These two cases end up having similar bioclogging effective-
ness, with water fractions of 0.37 and 0.38 from the recovery
zone in the in situ and ex situ cases, respectively. This indicates
that the in situ and ex situ cases in general have similar
bioclogging outcome when the average initial microbe
abundance in the ex situ simulation is similar to the initial
uniform distribution of microbe in the in situ case. However,
from an economic perspective, the ex situ case does require
additional cost for the pretreatment before the bioclogging
treatment. A more significant issue is also the survival of any
strain added to the subsurface system. With the exception of
bioaugmentation for the reductive dechlorination of dense
solvents,67 few successful examples of field-scale augmentation
(i.e., ex situ treatments) exist due to the out-competition by the
native microbial community.

Figure 5. Water flooding test before (top) and after (bottom) bioclogging treatment. A) Stream line plots and B) water velocity profiles at left and
right boundaries. Both figures show significant alteration in the flow field.

Figure 6. Comparison of the ex situ and in situ cases for A) Left: the
initial distribution of percentage volume of microbe after the
inoculation process in the ex situ case; Right: in the in situ case, the
microbe is assumed to have a uniform distribution of 10−6 % of the
total volume; B) the spatial distribution of dextran for the ex situ (left)
and in situ (right) cases at the end of 35 days of bioclogging treatment,
assuming the initial distribution of microbe in A. This figure shows
that the initial distribution of the bacteria has negligible effects on the
distribution of dextran at the end of bioclogging treatment. The
permeability alteration is largely controlled by the transport of sucrose
in reservoir after injection.
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4.2.2. Dependence on Sucrose Mass Injection Rates. An
important parameter that can influence permeability mod-
ification is the sucrose mass injection rates. Sucrose injection
provides the driving force for the bioclogging. The relative rates
between the microbial growth, dextran production, and the flow
determine the spatial distribution of chemical and biological
species in aqueous phase and the accumulation of biomass. In
this subsection, we assess the sensitivity of bioclogging
effectiveness to the mass injection rates of sucrose. The total
mass of sucrose can vary depending on two parameters, sucrose
concentrations (CSu) and total volumetric injection rates (qṫot).
The initial and operating conditions of the bioclogging
simulations are in Table 3 for parameters TVIR and SC. L.
mesenteroides was assumed to be present uniformly within the
reservoir in all cases. Selection of CSu and qṫot can be treated as
an optimization problem.
We first examine the effects of volumetric injection rates with

constant sucrose injection concentration. The total volumetric
injection rates vary from 543 to 1195 bbls/day with a constant
sucrose concentration of 1.47 M. The spatial profiles of dextran,
porosity, and permeability after 35 days of bioclogging
treatment are shown in Figure 7. In all 5 cases, dextran
occupied a maximum of 24.29% volume. This leads to a
maximum decrease in permeability of approximately 2.5 orders
of magnitude. The increase in volumetric injection rates leads
to two effects. First, it significantly increases the areal extent of
dextran formation. With the injection rates of 1195 bbls/day,
the clogged area occupies the whole target zone. In the case of
543 bbls/day, the clogged area is about two-thirds of the target
zone. Correspondingly, the area of porosity and permeability
reduction is also larger with higher injection rates. Second,

increasing the injection rates leads to an increasingly large open
zone without dextran formation. This is because the increase in
volumetric flow rates results in the decrease in the residence
time. Near the injection ports, at low residence time, produced
enzyme in water is swept away quickly and attaches to the
formation farther from injection ports, which leads to the
dextran formation far away from the injection ports. If the
volumetric injection rate is decreased to a rate lower than 543
bbls/day, the treatment will lead to significant clogging at the
vicinity of the wellbore, which is not desirable.
The water flooding tests are applied for all five cases after 35

days of bioclogging treatment. Figure 8 represents the stream
line plots and the fractional flow out of the recovery zone as a
measure of the bioclogging effectiveness. With relatively low
volumetric injection rates, injected water manages to flow out
through the original high permeability zone due to the relative
small clogged zones, resulting in fractional flow rates from the
recover zone being 0.38, 0.5, and 0.59. In the case of high
volumetric injection rates (1032 and 1195 bbls/day), the
bioclogged area is much wider so that most of the injected
water is confined to the recovery zone, resulting in fractional
flows of 0.69 and 0.75, respectively.
The effect of sucrose injection concentration on bioclogging

was evaluated with the sucrose concentrations varying from 0.1
to 1.47 M at the constant volumetric injection rate of 1195
bbls/day. The volume percentage of dextran formation,
porosity, and permeability at day 35 of the bioclogging
treatment is shown in Figure 9. Increasing inlet sucrose
concentration leads to increasing bioclogged areal extent and
magnitude. The maximum dextran volume varies from 5%
volume in the lowest sucrose concentration case (0.1 M) to

Figure 7. Effects of volumetric injection rates on A) Volume percentage of dextran, B) porosity, and C) permeability ratio profiles after 35 days of
bioclogging treatment.
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24.7% volume in the highest sucrose concentration case (1.47
M). At constant volumetric injection rates, L. mesenteroides and
dextransucrase activity (reaction E1 and E2) depends on the
sucrose concentration (CSu) for the dextran production. The
maximum reduction in permeability varies from 0.5 to 2.47

orders of magnitude for the corresponding sucrose concen-
trations of 0.1 mol/L and 1.47 mol/L, respectively.
The fractional flows from the recovery zones during the

water flooding test were plotted as a function of the sucrose
mass injection rates in Figure 10. The fraction flow is 0.08 in

the no-clogging condition, while varies it from 0.1 to 0.75 for all
the stimulated cases. In general, increasing mass injection rates,
whether volumetric injection rates or sucrose concentration,
leads to an increase in the effectiveness of bioclogging. Figure
10 also shows that with the same mass injection rates,
increasing the volumetric injection rate is more effective than
increasing the sucrose concentration. For example, at 60 kkg/
day of mass injection rates, the top line has the fraction flow of
close to 50%, while the bottom line reaches about 38%. The
two curves overlap at a high mass injection rate of 97 kkg/day
and at the low mass injection rates of 38 kkg/day. Below 38
kkg/day (injection of 543 bbls/day at 1.47 mol/L, or 1195
bbls/day at 0.50 mol/L), if the injection rate is lower than 543
bbls/day, the bioclogging treatment leads to significant clogging
at the wellbore, and the treatment is not effective. Because the
primary cost of bioclogging treatments is feedstock cost, Figure
10 can be easily translated into units of dollars per day, thus
allowing a comparison of recovery improvements as a function
of invested assets. Depending on the resource value, this
approach could allow direct integration of RTM into
biotreatment decisions.

4.2.3. L. mesenteroides Attachment and Detachment
Kinetics. As explained earlier, the biomass immobilization can
be important in determining the bioclogging effectiveness. Here
the effects of such kinetics are examined by fixing other
conditions with sucrose concentration being 1.47 mol/L in the
injection media and total volumetric injection rates being 1,195
bbls/day however varying the logarithmic kinetic rate constant
(log(kmax,E3)) of reaction E3 from −14.2 to −13.0 mol/m2/s.
The value of −13.0 mol/m2/s is what we obtained from the
dextran bioclogging experiment.28 Below 10−14.2 (mol/m2/s)
no bacterial attachment leads to negligible bacterial activity.
Above 10−13 mol/m2/s most of the L. mesenteroides can be
immobilized within the pore space and effectively clog regions
of the reservoir.
All these cases assumed that L. mesenteroides initially exists in

the reservoir. The spatial distribution of dextran and the

Figure 8. Hydrodynamic alteration and the effectiveness of the
bioclogging treatment under different volumetric injection conditions.
Streamline plots for the volumetric injection rates A) 543 bbls/day and
B) 1195 bbls/day and C) fractional flow in recovery zone as a function
of volumetric injection rates. Fractional flow is defined as the fraction
of the injected water flowing out of the recovery zone (the original low
permeability target zone).

Figure 9. Effects of inlet sucrose concentration on Percentage volume
of dextran (top), (bottom) permeability ratio profiles after 35 days of
bioclogging treatment with a volumetric injection rate of 1195 bbls/
day.

Figure 10. Fractional flow in recovery zone as a function of mass
injection rates (varying volumetric flow rates and sucrose concen-
tration). For mass injection rate varying between 40 and 95 kkg/day,
increasing volumetric injection rate is more effective than increasing
sucrose concentration.
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corresponding porosity and permeability evolutions are shown
in Figure 11 for day 35. The increase in the kinetic rate

constant kmax,E3 results in the increase of L. mesenteroides
concentration on the solid phase. Physically, a higher kinetic
rate constant means adhesion of microbes on pore space and
higher accumulation rate of biomass on the solid phase without
flowing out of the system. The increase in L. mesenteroides mass
in the immobile biofilm form enhances sucrose conversion to L.
mesenteroides and dextran because the bacteria in the aqueous
form are easily washed away. Figure 12 shows that the

bioclogging effectiveness is sensitive to the attachment kinetics,
with the fraction flow increasing from 0.1 to 0.75 with about 1
order of magnitude increase in attachment kinetics.

5. CONCLUSIONS
In this work, we developed a multicomponent reactive
transport model for the in situ biostimulation of L. mesenteroides
at the reservoir scale for the production of a biopolymer
dextran to allow the selective bioclogging of highly permeable
zones in a realistic reservoir domain. The model explicitly
couples flow, transport, and biogeochemical processes during
the bioclogging treatment through the injection of sucrose and
quantifies the evolution of reservoir properties over time and

space. The model was calibrated with kinetic parameters from a
column experiment. Numerical bioclogging experiments were
carried out with the initial porosity and permeability
distribution obtained from a characterization well drilled in
the Sacramento Basin. The bioclogging effectiveness was
quantified using the water flooding numerical test based on
the spatial distribution of porosity and permeability after the
bioclogging treatment. As far as we know, these are the first
numerical experiments for selective bioclogging at the reservoir
scale. This can be important not only for enhanced oil recovery
but also for other applications such as bioremediation. This
work revealed several interesting aspects of the bioclogging
process:
• An optimum volumetric injection rate exists for specific

reservoir conditions. The volumetric injection rates must be
high enough to overcome the fast growth of L. mesenteroides at
the vicinity of the injection wells and to achieve bioclogging in
an areal extent that is sufficiently large to be effective. The
volumetric rates also must be low enough to allow sufficient
residence time for the production of the dextran. The
magnitude of clogging depends both on the characteristic
time scale for biomass production and the residence time,
which in turns depend on the size of reservoir. As such, the
“effective” range of injection rates from 543 to 1,195 bbls/day is
specific to the particular reservoir size in this work and dextran
production kinetics. A general “index” type of guideline should
be quantified under specific reservoir and bacterial functioning
conditions.
• With the same mass injection rates of sucrose, increasing

the volumetric injection rate is more effective for bioclogging
than increasing the sucrose concentration, because higher
volumetric injection rates lead to larger areas of bioclogging in
the originally highly permeable zones.
• The success of bioclogging treatment depends largely on

the attachment and detachment kinetics of L. mesenteroides and
the produced dextran on solid phases. If the bacteria or the
produced dextran cannot attach to the solid phase fast enough,
they tend to be washed out of the reservoir and are not effective
in producing the clogging agent dextran. It will be important to
understand the conditions that facilitate the attachment of
bacteria and dextran on the solid phases and measure these rate
constants.
Reactive transport modeling is a powerful integration tool to

understand the combined effects of multiple processes that
occur simultaneously. Because reservoir scale field treatments
are typically very expensive, the numerical experiments offer an
economic yet powerful tool for testing various conditions and
variables to identify key parameters and processes to optimize
bioclogging interventions. The evolving flow heterogeneity
caused by bioclogging in multidimensional flow systems is
consistent with the observation in two-dimensional flow cell
experiments.5,65 Nonetheless, the presented model has some
limitations. First, the simulation neglects flow in the third
dimension. The third dimension often has different hetero-
geneity structures and may show different flow heterogeneity
evolutions, particularly in the case of fluvial systems. As such,
the 2D simulation may generate idealized bioclogging scenarios
that “force” the flow to go into the lateral dimension in contrast
to the greater degree of freedom in true field scenarios. The
second is the kinetics associated with the attachment and
detachment of the biomass, including both bacteria and
dextran. These processes play a significant role in determining
the success of bioclogging treatment. However, fundamental

Figure 11. Effects of kinetic rate constant of attachment and
detachment A) Percentage volume of dextran, and B) logarithmic
permeability ratio profiles after 35 days of bioclogging treatment.

Figure 12. The fractional flow from the recovery zone as a function of
L. mesenteroides attachment rate constant.
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understanding and key parameters on the kinetics and
thermodynamics of these processes are typically not available.
The acquisition of experimental data sets is crucial for the
accurate predictions of subsurface reactive transport processes.
Such a developed numerical model with more physicochemical
representation offers a useful tool for optimizing bioclogging in
naturally variable subsurface systems. Third, under natural
conditions the microbial community dynamics is much more
complicated than what we assume here. For example, here we
focus on the pure strain L. mesenteroides. Microbial community
under reservoir conditions typically is composed of many
different strains.68,69 It is very likely that some other strains can
also use sucrose as their carbon source and therefore compete
with L. mesenteroide, which can affect the survival and kinetics of
L. mesenteroide.70,71

As a result of uncertainties related to fundamental under-
standing and some key parameters, the presented results also
have uncertainties. For example, although dextran and porosity
evolution were calculated entirely based on mass conservation,
the magnitude change in permeability depends on the porosity-
permeability relationship, which tends to be empirical and
sensitive to specific conditions. As such, the relationship used
may underestimate or overestimate the magnitude of
permeability alteration. For any particular reservoirs, it is
important to obtain specific porosity-permeability relationship
under representative conditions. Nonetheless, the study here
shows the promise of using mechanism-based reactive transport
modeling to optimize field operation for MEHR.
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