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Abstract

Current CO, storage operations in aquifer reservoirs are naturally limited, among other parameters, by entry pressures
encountered in cap-rocks, thus limiting over-pressures allowed during the storage process. The injection of nitrogen in a zone just
below the cap-rock, prior CO, injection, could be a viable protective measure to increase the storage safety by lowering the
leakage risk and increasing the maximum allowable reservoir pressure.

The physical background of the beneficial impact of Nitrogen on the caprock entry pressure is based on the higher Ny—brine
interfacial tension (IFT) compared to CO,—brine. As a maximum possible effect (for pure N,-brine systems), IFT could increase
by a factor of two, yielding correspondingly to the same increase of allowable pressure. However, the N, injection decreases the
storage volume and the trade-off must be studied carefully. The IFT spread decreases rapidly with the mixing ratio of CO, in the
N,. Mixing can occur due to advective processed induced by differential absolute pressure due to CO, injection and also due to
vertical mixing due to different partial pressure. Injection placement is carefully studied carefully, especially the vertical
conformance as well as saturation rarefaction.

In order to study the feasibility of such approach for different storage conditions, a series of CO, injection simulations were
performed within a generic characterization framework based on dimensionless numbers. A database of dimensionless numbers
governing the storage was build, using literature information. The application of an experimental design based on the
minimum/maximum values found within the data-base identified a series of cases to be simulated, further reduced by a fractional
approach of such design. The scenarios simulated consisted in a CO, injection within a reservoir storage zone found at some
distance from the N, zone, just below the cap-rock, followed by a resting period during which the CO, saturation is monitored.
The N, zone is refined, rendering possible the study of the the potential mixing and contamination with CO,. For all case
members of the data base, the CO, conformance was studied in terms of possible mixing and override of the CO, plume.
Discussion of the potential benefits and possible difficulties are addressed. Conclusions were drawn considering the possible field
application of such a technique, identifying a-priori sites more suitable for such a technique, based on the dimensionless numbers
characterizing them.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Storage of CO, currently is naturally limited by entry-pressure values of the cap-rock, which is a limiting factor
in terms of storage capacity. One method which has been suggested as being effective in protecting the cap-rock is
the injection of N,, which is supposed to act not only in shielding the cap-rock from the CO, but also increasing the
IFT which controls the CO, entry.

The concept governing the injection of N, is summarized below.
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Figure 1. Conceptual design of an N2 injection prior to a CO; injection

The conceptual schematic showing the N, injection (Figure 1) considers a first injection step made up only of the
N,, followed by the injection of the CO,. Within this scheme, the allowable overpressure for the N, needs to be set
with regard to the cap-rock, which subsequently defines how much CO, can be injected in a second step. This
implies a double design; one concerning the injection of the N,, followed by the CO,, within a framework in which
the overall overpressure allowance is studied and decided for the storage, considering both gases instead of only one
(the CO,). Furthermore, the areal conformance of the N, within the injection layer should be considered since the
protective nature of the N, should cover the entire CO, plume extension.

Considerations above concern a possible injection of N, as a mean to increase capacity while protecting the
storage site against leaking risks. The process of the N, injection envisioned as a cushion gas as well as possibly
enhancing storage capacities has been patented by IFPEN (Barroux, [24] ). Several authors have recently shown
interest in the co-injection of CO, and N, (Fisher ef al. [25] and Wei et al. [26]). Yet, their interest concerned more
the N, as a tracer rather than a gas to be used as a cushion gas. From the thermodynamic point of view the IFT
properties are a-priori favorable for the design of such a process.

Yet, issues have been raised about the possible mixing between the CO, and the N, occurring below the cap-rock,
where in principle the N, needs to be placed, thus lessening the potential protection caused by this gas cushion.
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Before discussing more critical issues such as the effective volumes needed to provide a thorough conformance of
the N, below the cap-rock, or the study of the overall overpressure allowance, the present study investigates the
possibility of mixing between the two gases. The N, is supposed to have been injected in a layer below the cap-rock.
Several CO, injection scenarios within a reservoir storage zone are, below the protecting N, zone, followed by a
resting period, are simulated, investigating the CO, movement within the full field (during the injection, after the
injection and finally at the end of a 10 year period of rest — the resting period was chosen ad-hoc). For that a
dimensionless approach, consisting in generating numbers governing the CO, injection were generated, studying the
gas saturation corresponding to a typical CO, injection, followed by a resting period during which the movement of
the CO, is recorded, along with the overpressure. The goal of the study is to determine which dimensionless
numbers govern favorable conditions for the CO, confinement within the storage zone, including the resting period.

The CO, saturation is analyzed using the dimensionless numbers supposed to characterize the different
reservoirs, drawing conclusions about the mixing characteristics below the cap-rock in regard to the dimensionless
numbers characterizing the storage setting.

2. Building the Problem

2.1. Theoretical Foundations

The movement of CO, in the groundwater aquifer during injection, potential leaking and possible remediation is
complex and depends on the interplay of many factors. These factors include gravity effects, capillary forces, and
viscous forces as well as the impacts from dissolution/ex-solution of the CO, with the water. In order to obtain a
“generic” simulation framework, the following methodology followed was applied:

Stepl: Dimensionless Numbers and Experimental Design Definition

e Definition of process dimensionless Numbers (DN). A series of pertinent dimensionless numbers governing
injection and evolution of the CO, plume, using pertinent knowledge obtained by the oil industry (reservoir
engineering).

e Building a data base (DB) of DN. Based on parameters making up the dimensionless numbers, an investigation of
their value was collected from field cases already performed, using literature data, and a DB build accordingly.

e Using the value range of each DN, a Min/Max criteria allowed a fractional experimental design, thus reducing the
number of cases.

Step2: Definition of a series of scenarios of CO, production. Based on the above a series of simulation covering
all possible cases was build and several production scenarios were considered, stemming from a common initial CO,
injection scheme which establishes an average original saturation field. These scenarios account for the rate
production, acknowledging the possibility of water coning, which in the case of CO, production can be favorable,
since it will favor the production of water which is probably easier to dispose.

Step3: Perform simulations on all cases defined in Step2

Step4: Analyze results and define criteria by which simulations will be evaluated in terms of safety and process
performance (ex. % of CO, recovered by comparison to CO, injected).
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Theoretically, the dimensionless numbers which can used have been identified using literature of CO,-EOR
which aimed originally at scaling the CO, injection Shook et al. [1], Rivas et al. [2], Diaz et al. [3]. Scaling consists
in extrapolating results obtained at one scale size to another scale. This process produces dimensionless groups,
which then serve as a basis of comparison between scales. These are combination of properties such that the
dimensions of the properties composing the dimensionless group cancel each other to produce a final group with no
dimensions. A process can be described by independent and dependent dimensionless variables. When the
independent dimensionless groups for that group are identical, the dependent dimensionless group will also be
identical. This implies that systems with completely different dimensional properties but similar dimensionless
properties have a similar dimensionless response, allowing a comparison between scales. The dimensionless groups
retained for the description of the injection/production CO, process are:

Aspect Ratio (Ry): This is a measure of the communication between fluids in the horizontal direction relative to
the vertical one. The aspect ratio governs the vertical equilibrium (VE), representing the state of maximum cross-
flow, occurring when the forces in the transverse direction is zero. The greater the aspect ratio, the closer it is to
vertical equilibrium (well approximated for aspect ratios greater than 10).

R =L | M
H\ k,
where L is the reservoir length, H is the thickness, k, is the vertical permeability and k, is the horizontal

permeability.

Dip angle group (Na): Long, thin, dipping reservoirs will have greater values of No, lessening the potential
impact of gravity overriding, while thicker, shorter reservoirs (low Na) increase the potential impact of gravity
overriding.

a

N _L tanoy @)
H

where o is the reservoir angle with the horizontal

Mobility Ratio (M): Mobility relates the ability of gas and water to move relative to each other and are used to
evaluate sweep efficiencies.

Mw — k:gluw
f kL,
3)

where p, and p,, are gas and water viscosity and Krgo and Kr,, are relative permeability end-points for gas and water

Buoyancy Number (Ng): The buoyancy number is the ratio of the gravity forces resulting of the density
difference to the viscous forces in a reservoir. Larger values of Ng indicate larger density differences between fluids
and therefore a higher potential for segregation. Thus, the Ng value governs the shape of the CO, from its injection
point (lower Ng values favoring a more cylindrical shape).

_ HApgcosa )

N
£ AP

where Ap is the density between gas sand water, g is the gravity constant and AP is the difference in pressure
between the injection and the reservoir.
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Capillary Number (NPc): The capillary number is the ratio of the viscous forces to the capillary ones. It governs
the amount of trapping which may occur in an aquifer storage. Capillary forces increase with capillary pressure.

AP |k
N, =— |=
Pc o ¢ (5)

where o is the interfacial tension and ¢ is the porosity.
Heterogeneity (VDP) — Dykstra-Parsons method: This method is simple, allowing the generation of a vertical

(and possibly horizontal) permeability heterogeneity. It is expressed as a variance of the permeability where K is
the permeability with a probability of x %. The index is expressed by:

VDP = Kso 7K84.l (6)

50

The significance of such a definition can be seen in Figure 2.

KSD KBM

Log(K]

00 15 8 %

Percentage of permeabilities larger than a particular value, %

Figure 2. Illustration of the VDP concept

A completely homogeneous system has a VDP = 0 and a completely heterogeneous system has a VDP = 1.
Heterogeneity is viewed as a layered system to which a permeability is assigned per layer. Thus, the method used in
this study consists in assuming some VDP value (from statistics issued from hydrocarbon reservoirs), and then
assign a permeability to each layer, inverting the VDP function. Vertical permeability is calculated from the
horizontal value (ex. K, = 0.1 K,). Porosity is assigned from the K-PHI relationship corresponding to the field under
study, often available.

The question may be raised on why geostatistical methods are not used here. The answer is simple. Geostatistical
data such as correlation lengths obtained from variogram analysis imply the existence of many wells so as to
determine the existence of such correlations lengths. Furthermore, if correlative relations could be found at the
facies “level”, such as porosity which can be correlated for particular deposition environments it is hardy the case
for permeability (outcrop studies have proven that). Using petrophysical properties for characterization would need
the development of flow-units, which is not easy to Data base of geostatistical parameters for aquifers or
hydrocarbon reservoirs are not easy to come by. By opposition, VDP statistics for many reservoirs have been
collected (Hirasaki et al [4], Jensen ef al. [5], Dykstra et al. [6]) and thus we can use these for our modeling purpose.
While recognized as being imperfect, this method accounting for heterogeneity, given its simplicity, is considered as
adequate for this study.
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In our case, two representative values of VDP were considered - VDP = 0.6 and 0.8 as seen in Figure 3 below
(Hirasaki et al [5].
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Figure 3. VDP value depending on the reservoir type

Injection pressure (P;): This ratio determines the dimensionless injection pressure with regard to the fracturing
pressure, considered as a limiting pressure for CO2 operations. For all simulations cases two scenarios were chosen,
based on over-pressure data obtained from traditional CH4 storage operations.

Pinj
P, = > (M

Sfract

Residual gas saturation (Sg): Residual gas saturation controls the volume of gas trapped in that portion of the
reservoir that has experienced water encroachment. As water moves into a rock volume filled with gas, the water
displacement of the gas is incomplete. The water fills pores and pore throats, causing capillary pressure and relative
permeability effects to stop the flow of gas and allow only water to pass through the rock volume. This results in gas
being trapped behind the encroaching waterfront as residual gas. The volume and location of the residual gas are
controlled by the distribution of the petrophysical properties. The trapping characteristics used were calculated from
the relation of Holtz [22].

2.2 Data Base Building

The data-base of dimensionless numbers was built from information obtained from different publications
describing field injections (Bachu et al. [7]., Bachu S. [8], Flett ez al. [9], Hosa et al. [10] ). The total number of sites
qualifying for the data base is 60, of which 40 are aquifers and 20 reservoirs.

The theoretical analysis identified eight dimensionless groups characterizing the CO, storage. Further analysis of
the available data lead to a reduction of the groups considered. Thus, only five groups were retained to represent the
variability of all cases, namely the Aspect Ratio (Rp), the Dip angle group (N,), the Mobility Ratio (M), the
Buoyancy Number (N,) and the Capillary Number (Np.). The other groups, namely the Residual gas saturation, VDP
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and Injection Pressure are estimated, making up the different simulation group scenarios. Results from the Data-
Base are shown below in Figure 4 through 9.

Aspect ratio

Min = 1.58 b

2

i : . ;

§3 !, :

< '; ‘1
LALLILALALLALAERIEY |

i
i (|
| !

T4 7 101316 19 2258 8 1 M 31 40 43 46 4 2 5% 9%
Case Nb.

Max = 6.32

Figure 4. Aspect Ratio obtained for all investigated cases

As seen, no value among all cases considered reaches a value of 10, which is theoretically a value approximating
a perfect vertical equilibrium.

Dip Number

Min=10.17

Max = 3.52

Dip MNb.
o

1T 47 1017 6192 %5 28 3 3 3740 4464 55 %
Case Nb.

Figure 5. Aspect Ratio distribution obtained for all investigated cases

Long, thin dipping reservoirs have greater Dip Angle numbers, lessening the potential impact of gravity
overriding. It also has an impact on the shape of the interface between displaced and displacing fluids. The lower
the value of the number the more the interface parallel to the fluid movement. By opposition, the higher the value,



5486 Dan Bossie-Codreanu / Energy Procedia 114 (2017) 5479 — 5499

the is most perpendicular to the fluid movement. In developing the statistic angle values varying between 1 and 10
degrees were used.

Mobility Ratio
Min=144 |, z
g 30
Max=5406 |§ o}
Ll el ol L

14 7T 10 B 16 19 22 25 28 31 34 37 40 43 46 49 52 55 S8
Case Nb.

Figure 6. Mobility Ratio distribution obtained for all investigated cases

This is the ratio of the viscous forces of one fluid relative to the other. In theory the closest the ratio is to 1.0 the
more stable the recovery of CO, will be. High values such as the ones recorded here using our data base of aquifer
projects shows values up to 54.0 (for oil reservoirs it can go up to 45.0), indicative of conditions where displacement
will be highly unfavorable.

Buoyancy Number
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Figure 7. Buoyancy Number distribution obtained for all investigated cases (Option A -Top and B - Bottom)

The buoyancy group requires a AP term between the injection pressure and the reservoir pressure. The injection
pressure is related to the fracturing pressure which represents a potential risk when storing the CO, - the risk not
being necessarily the fracture itself, but the potential impact it could create on the well completion (cementation),
thus creating a potential leaking path. Thus, two hypothesis are made. The first one assumes that Pj,; = 1.1P
(option a) while the second one is that P;,; = 1.8P, (option b). Results are shown below. Given the fact that the only
values changing between the two options are the injection pressure, the variability among values stays the same.

Capillary Number

The capillary group variability is shown below (Figure 8).

0,003
0,0025
Min = 1.4E-04 0,002

00015

0,001
Max = 3E-03
0,0005 "
14

Capillary Nhb.

T 10 13 16 18 22 25 28 31 34 37 40 43 46 49 52 55 5%

0

Case Nb.

Figure 8. Capillary Number distribution obtained for all investigated cases

Like the other constitutive relationships describing multiphase flow, capillary pressure and relative permeability,
the IR characteristic of a rock is considered to be invariant across a wide range of fluid pairs and conditions of
temperature, pressure and brine salinity so long as the wetting state of the system remains similar between systems.

It is well known that these properties will vary, however, and if these conditions control the wetting state of the
system (Salathiel [11]) or the flow velocity v, viscosity p and interfacial tension ¢ combine in a way such that the
dimensionless capillary number, Nc = vp/o, exceeds a critical value for desaturation. For Berea sandstone, for
example, this has been observed to be in the range Nc >107 - 10~ (Taber [12]). For natural rocks representative of a
wide variety of pore structures the range of capillary numbers for desaturation extends to N¢ >10"" —10™* (Lake et
al., [13]). Observations of the wetting state of the CO2 brine system have raised doubts about whether these general
observations extend to CO2 displacement. Contact angle, conventionally measured in the wetting phase, water, was
observed to increase (weakening water wetting) with pressure in work of Broseta et al. [14] Chiquet ef al. [15] or
Iglauer et al. [16] , by opposition to the work of Espinoza et al. [17], Farokhpoor et al. [18], and Wang et al. [19].
Contact angle was observed to increase significantly with brine salinity in work by Espinoza et al. [17],, but not in
Broseta et al. [14], Chiquet ef al. [15]. The work of Farokhpoor et al. [18], Saraji et al. [20] investigated the
dependency of contact angle on temperature but a clear trend was not observed. A recent review of the subject
(Iglauer et al [21].) highlights the challenging nature of these experiments and summarizes that the wide range of
behavior observed can be attributed largely to differences in surface roughness and surface contamination between
studies. Thus, it is difficult a-priori to estimate the role this number will play during the simulation of an
injection/production process as envisioned here. We expect the residual saturation to play a larger role through the
Kr trapping effects and thus indirectly reflecting the importance of capillary trapping.
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The Sgr term

In addition to all the dimensionless groups chosen as representative of the CO2 storage, the maximum gas
strapping saturations are shown, in order to define a representative value range to be used with all scenarios (see

Figure 9).
0 13 16 4

2 8 8 N U TN
Figure 9. Sgtuax distribution obtained for all investigated cases

Sgt.max
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Case Nb.

When studying the distribution of reservoirs within our data-base by Sgt,..« class-values, we observe very high
values of trapped gas saturations for reservoirs of low porosity values. These potential candidates should be
excluded from potential storage sites given their porosity values which in term controls the storage capacity.

25
§ o} Realistic estimation o
5 (confirmed by EOR results)
5 5L Corresponds tolow PHI reservoirs
? ol o No storage will be designed in suc
E 0 reservoirs - pressure problems
B sl Q 0

. o | . 9 ] o
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Saturafion range

Figure 10. Reservoir distribution classified by trapped gas saturation values

The value most representative are considered as Symax = 0.45. The EOR operations have shown from a simple
material balance (amount of CO, injected — amount of CO, produced) that about 40 to 50 % of the CO, injected
stays trapped. These numerical figures are worth considering over eventual core-floods since they are obtained at a
macroscopic scale (realistic scale), as seen in Figure 10.
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From all the dimensionless terms defined above, considering a representative variability we are looking after, and

considering the min/max values of all dimensionless groups, we designed 4 main scenarios, shown below in Figure
11.

Scenario 1 -1 1 Scenario 3 -1 1
vDP 0.6 VDP 08
Min Max Min Max
Aspect. Ratio 1.58 6.32 Aspect Ratio 158 6.32
Dip 0.17 3.52 Dip 0.17 3.52
M::'r"' R":"’ 1’::9 15:5'261 Mobility Ratic 1.4 54.06
oyancy’ g K
Capillary 0.000301  4.68 Buoyancyl Ry - iErd

Capillary 0.000301 468

Scenario 2 -1 1 Scenario 4 -1 1
VDP 0.6 VDP 0.8
Min Max Min Max
Aspect Ratio 1.58 6.32 Aspect Ratio 1.58 6.32
Dip 017 3.52 Dip 047 3.52
Mobility Ratio 144 54.06 Mobility Ratio 1.44 54.06
Buoyancyl 1.73 195.26 Buoyancyl 1.73 195.26
Capillary 0.000301 4.68 Capillary 0.000301 4.68

Figure 11. All scenarios considering values of dimensionless numbers

The Scenarios above consider two VDP values (0.6 and 0.8), along with two buoyancy numbers (corresponding
to two injection conditions; one leading to higher overpressures after 4 years than the other — these numbers being
derived from a pressure difference formulation between reservoir pressure and injection pressure.

In summary six numbers are considered (including two different buoyancy numbers) but only five are considered for
an experiment design for each VDP chosen (in our case 0.6 and 0.8)

2.3 Experimental Design & Optimization

The design of experiments (in our case simulations) is a planned approach aiming to determine cause and effect
relationships, applied to any process with measurable inputs and outputs. The aim of designing experiments is to
identify the factors which cause changes in the responses, and predicting them in a simple mathematical form. In our
case we used a fractional factorial design to reduce the number of simulations to be run in order to obtain a
representative response relationship.

Factorial design means that all possible combinations of the levels of the factors are investigated in each
complete trial or replication of the experiment (simulation). One of the most widely used case of factorial design is
using K factors with two levels. These two levels are denoted as (-1) for the minimum value and (+1) for the
maximum one. Therefore, a 2* factorial design requires 2" runs to perform the analysis. For a five dimensionless
group problem, considering the maximum and minimum values, the total number of simulations to perform are 32.
In our case since four main scenarios are considered, 128 simulation in theory cover the entire “experiment”,
including all interactions. This is shown in Figure 11 in which A= Aspect Ratio, B=Dip Number, C= Mobility Ratio,
D= Buoyancy Number (either 1 or 2 depending on the injection scheme chosen) and E= Capillary Number.

Results of the full experimental design are shown in Figure 12, including the interaction terms, considering all
parameters (5 parameters) or any combination (2,3 or 4 parameters) . Along with the full experimental design, the
sum of all parameters is shown in the last column, helping in reducing the number of simulations.
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Figure 12. Setting up the experimental design including interactions

E

In order to reduce the number of simulations we can reduce use a “balance” method which adds all coefficients (1
and -1 corresponding the min and max values), including all interaction terms among all 5 dimensionless terms
Figure 13. Final experimental design covering all simulations per scenario

considered, and choose only those cases for which the sum is null. In such a way we have a balance effect of all

In order to perform simulations one needs to define as input a geometry (grid properties)
within the storage zone. The grid shown below is common to all simulations. Below (Figure 14) we show first an X-

parameters among themselves. This leads us a fractional experimental design showing 8 cases. The summary of this
Y view followed by a X-Z or Y-Z view of the layering chosen.

simple method is shown in Figure 13.

3. Simulations Set-up
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Figure 14. Grid used in X, Y and Z for all simulations: (a) X-Y and (b) X-Z or Y-Z

As seen the injection zone has been refined, in order to minimize gridding effects. The layer below the cap-rock
is also refined, in order to catch a possible saturation evolution within the zone where the N, is supposed to be
placed. The full reservoir zone is closed, considered as an injection storage zone, isolated from the rest of the field.

A petrophysical relationship between K and PHI as well as a spatial distribution of these properties has been
developed using the two VDP values chosen (0.6 and 0.8), considered to cover the entire range of possible
heterogeneity variation. The average permeability used is 200md and the average porosity is 0.2.

Given the VDP used the minimum permeability is 43md while the maximum is 912md for VDP = 0.6 and the
minimum permeability is 13md and 2874md for VDP = 0.8. Results corresponding to a stochastic draw of 8
realizations (corresponding to the 8 cases identified as representative by the experimental design) are shown below
when considering an PHI range of 0.15 to 0.24, considered as representative of reservoirs in which CO, storage will
be considered (Figure 15).

5491



5492 Dan Bossie-Codreanu / Energy Procedia 114 (2017) 5479 — 5499

1000
o] i
N I
0 T
m 3 |*ct]
-] ) ] = v jecz| =
o H a [
= s = * -gE
& M . 3 o
g ™ v ] s
E a0 - L °ch
E 0 i 2 a
00 ] [+]
N |
200 — T
100 = 1 l - |
I [ - 1
0 |
014 0.1 018 0.2 0.22 0.24 026
Porosity - fraction
(a)
000 |
) A
2500 . I 1 2
* h ] * . oCl
Y «C2
¢C3
- * * i o H
; Lol
I « T |
T L — g __ [ . 1€ |
8 realizations using for & 1w T l.cal
R ! =
500 L [ ] +
- L]
0 1 ° + J
014 016 018 0.2 0.2 024 026
Porosity - raction

(b)

Figure 15. Permeability realizations obtained for a VDP of (a) 0.6 and (b) 0.8

These values were generated at the level of the reservoir (See grid representation above) while for the rest of the
simulation domain average values were used.

The actual K vs. PHI distributions are shown below. In principle the VDP concept implies an ordering of layers
within the reservoir. In our case this is not the case and all values within layers are drawn randomly within the
petrophysical range values indicated. The procedure consisted to first determine a unique K-PHI relationship.within
a porosity range 0.15 and 0.24 (typical of potential storage aquifers). To these porosity values are associated
permeability values obtained from the VDP centered around an average permeability of 200md (again typical of
what storage aquifers ought to have). The final step is to draw randomly from the porosity and permeability
distribution 8 realizations which establishes 8 distributions. Results are shown in Figure 16.

For VDP =0.6
PHI K PHI K PHI K PHI K PHI K PHI K PHI K PHI K
024 732 021 691 015 362 0.16 367 022 169 0.24 620 021 734 019 646
024 196 022 534 015 111 019 361 02 62 02 448 024 184 02 521
022 79 047 784 023 574 047 769 021 513 0.19 645 024 854 023 630
047 245 023 676 02 129 022 850 019 320 047 667 018 574 0.16 868
018 210 021 715 0.24 635 0.23 374 015 565 0.18 756 018 698 021 283
047 774 02 128 015 369 021 64 017 191 0.16 901 0.22 1493 02 195
0.16 98 024 76 021 616 021 531 018 154 02 437 0.23 201 015 169
022 874 018 884 016 226 047 195 019 814 0.22 175 0.5 74 021 589
019 532 019 847 019 479 021 136 02 239 0.23 78 047 729 02 368

0.17 545 021 543 0.19 219 0.2 830 023 104 0.15 134 019 347 0.2 206
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For VDP =0.8

PHI K PHI K PHI K PHI K PHI K PHI K PHI K PHI K

0.17 354 047 765 0.17 1058 021 2697 02 1165 0.6 78 047 588 017 177
0.23 2584 0.23 536 022 2379 047 1579 049 685 0.22 732 022 2657 048 1103
02 1530 0.19 2312 0.22 4 0.24 2526 | 021 651 047 1065 048 1398 0.2 2150
0.15 2554 0.22 1317 0.21 132 047 2348 023 2806 0.8 1435 | 024 211 0.16 998
0.18 1295 0.19 1725 0.22 1583 021 632 019 1855 017 1197 02 203 049 2560
0.21 37 0.15 2036 016 2724 02 1663 016 127 0.22 719 021 1887 o0 1870
0.24 578 047 507 024 213 oM 852 046 2517 023 216 023 233 03 811
0.16 2166 047 2624 046 1668 022 1757 | 021 23% 02 2503 | 024 2295 02 2732
0.17 683 0.21 958 0.16 781 019 127 02 2124 | 046 2525 | 046 1285 023 234
0.23 352 0.24 2514 017 664 0.18 87 018 363 021 1682 043 2330 023 2519

Figure 16. K-PHI distributions for all simulations

A dynamic petrophysical data set (Relative permeability Kr curves for water and CO,). Aside from the saturation
and individual curves end-points, exponents of the curves are also needed.

The first step of this data generation is to define the maximum gas saturation trapped (Sgt..x). Since for all
realizations a different porosity distribution is used, we considered the average porosity of each realization and then
using the correlation of Holtz [22] we generated the corresponding trapping gas saturation. Results are show in
Figure 17.

VOP=0.
$im 1 Sim2 Sim3 Simd Sims Simé Sim? Simg
0381106893 0.363649342 0.396969158 0.378157216 0.383057333 0384259012 0373317673 0.381504725

VOP=08
Sim 1 Sim2 §im3 Sim4 Sim5 Sim6 Sim? Sim8
0384822981 038422881 0386291817 0368941326 0.38439346 0386921737 0367989639 0370658978

Figure 17. Trapped CO2 saturation for all simulations using Holtz correlation

The second step is to generate the other end-point of the Kr curves, such as the Swi (for both imbibition and
drainage curves since injection and imbibition have to be considered. The other factors concern the M and N Corey
shape factors which have to be used. Since no clear data base is currently available in the literature we used values
given by Bachu [8], concerning aquifers in Canada. We considered them as representative (Figure 18).
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Figure 18. (a) Sgt and Swi including end-points and (b) M and N Corey exponents

When summarizing all results and grouping them according to all cases simulated, for drainage and imbibition,
results can be seen below (Figure 19).

06 -
05 -
04 -
——KrD -C0O2-C1/4/7/8
03 -
—KrD - Water - C1/4/7/8
02 - ——KrD-C02-C2/3/5/6
=——KrD - Water - C2/3/5/6
01 -
() J0 L -
0 0,2

Figure 19. Kr for all cases for drainage

Given all of the above we can summarize all simulation cases along one injection scenarios corresponding to
allowable overpressures varying between 1.1P., and 1.2 P.. These values are considered as typical low
overpressures which are seen during the storage of CH, which are the only reliable historical record of storage gas
overpressure in our possession. This is why we considered these values for the simulations undertaken.

In summary, what has been developed are the formulation of a few dimensionless numbers characterizing the
storage, the minimum and maximum values of these from a realistic data-base of reservoirs and a few simulations
based on various combinations of maximum and minimum values of these dimensionless numbers. The last step is
to find common values of the parameters making up these dimensionless numbers, coherent throughout and meeting
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the requirements of the min. and max. values. This step was done through an iterative, trial-and error process,
leading to a data set of values which fit the best all dimensionless values.

Results are given in the next figures (Figure 20), for both injection schemes, leading to different overpressures
expected during the various simulations undertaken.

Summary Scenario 1 (Plim from 1.1Pres to 1.23Pres)
1 2 3 4 5 6 7 8
L 800 800 800 800 800 800 800 800
H 40 40 40 40 40 40 40 40
Kx 200 200 200 200 200 200 200 200
k2 20 20 20 2 20 1,25 1,55 1,25
alpha 5 - 5 5 5 5 5 5
Krw' 0,052 0,55 05 0052 Q55 055 0052 0,052
KrC02' 0,355 01 01 0,355 0,1 01 0355 0,355
Muw 08 03 08 08 0,8 08 08 08
Muco2 01 01 01 01 0,1 01 01 01

rhow 1200 1200 1200 1200 1200 1200 1200 1200
thoCO2 500 500 500 500 500 500 500 500

Pres 14000 14000 14000 14000 14000 14000 14000 14000

Pinj 15400 15400 15400 25200 25200 25200 25200 15400
PHI 0,25 0,25 025 0,25 0,25 0,25 0,25 025
sigma 40 40 40 40 40 40 40 40

Figure 20. All cases for the injection scenarios Pinj = 1.1/1.2Pres

An initial temperature and pressure: the initial temperature was set at 54°C (ad-hoc) whereas the initial pressure
is taken as 140bars, in the middle of the perforated interval.

An injection rate corresponding to the CO, placement stage - injection stage: the injection rate chosen is 1M tons
COy/year. This value is often used as a “standard” in CO, injection scenarios. The injection is supposed to occur
over the entire reservoir height. The reservoir height considered are supposed to be realistic. Injection is set to occur
for 4 years. This is followed by a resting period set to 10 years during which time the saturation is slowly
equilibrates as the pressure diffuses throughout the reservoir.

The total number of simulations is 16 corresponding to the injection scenario, for the two heterogeneity factors used.
Throughout the full simulation the CO, saturation is monitored so as not to contaminate the layer below the cap-rock
(refined into 10 thin layers) where the N, is supposed to be injected as a protective, cushion measure.

4. RESULTS and DISCUSSION

Among all results (16 cases simulated) only 5 are recognized as being favorable for an eventual N, injection as a
preventive leaking measure, since no CO, reached the upper layer, neither at the end of the injection period, nor
after the resting period of 10 years. The favorable cases were Case 6/7/14/15 and 16. These cases show the
following dimensionless numbers (see Figure 21)
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Caze Aspect Ratio Dip Mobility Ratioc Buoyancy Nb.  Capillary Nb. Sgr vDP
6 1.58 3.52 1.45 13.89 0.000301 0.38 0.6
7 1.58 352 54.51 13.89 0.000301 037 0.6
14 1.58 352 1.45 13.89 0.000301 0.38 0.8
15 1.58 352 54.61 13.89 0.000301 037 0.8
16 1.58 017 54.561 1562.1 0.000301 0.38 0.8

Figure 21. Dimensionless numbers for all favorable N2 cases

The first remark when inspecting these results is the fact that two have a VDP of 0.6 (more homogeneous) while
three cases have a VDP of 0.8 (more heterogeneous). Thus, heterogeneity doesn’t play an important role in the CO,
placement with regard to the cap-rock. All favorable cases have the same aspect ratio (low), the same capillary
number, almost the same Sgr and the same buoyancy number, Ng (low). The role of the vertical movement due to
low Ng and low vertical permeability Kz, which enters in the aspect ratio term is evident. Those two numbers drive
the CO, setting, and therefore the capacity of the CO, to eventually contaminate the upper layer where the N, would
be injected. The role of the mobility ratio is more ambiguous and plays a role when the gravity number is high
(Casel6). Let’s look at the regulating role of the mobility ratio by comparing Cases 6 and 7.

For case 6 (considered as a typical favorable case) the situation at the end of the injection period (4years) shows a
favorable CO, saturation, which has not reached the upper layer. When looking at the evolution of the saturation
during the resting period, the CO, remains within the original region of storage, moving only slightly. The lateral
movement, governed by the mobility number, compensates the vertical movement adequately. This is shown in
Figure 22.

Injection period At rest

Figure 22. Case 6 - CO, saturation evolution
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When looking at Case 7, for which the Mobility number is higher, the general saturation shows a propensity to
spread more, given the K-PHI distribution (comparison of the CO, saturation zone between Case 6 and 7) which are
certainly different yet both having variance values corresponding to a common VDP (0.6), thus statistically
equivalent.

For both cases the maximum CO, saturation obtained at the end of 4 years of injection is almost identical, namely
0.7364 and 0.7267. Therefore, comparing the spread between these two cases can become significant. The situation
can be seen in Figure 23.

Injection period | At rest

Figure 23. Case 7 saturation evolution

By opposition, if we look at an unfavorable case (Case9) the aspect ratio is 6.32 (max) instead of 1.38 (min)
implying that the favorable vertical permeability favors the vertical movement. This can be seen in Figure 24.

Figure 24. Case 9 - CO, saturation evolution ( unfavorable)
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The same situation occurs for all the other cases. For example the maximum saturations reached for Cases 14, 15
and 16 are respectively 0.688, 0.672 and 0.677. A different situation occurs for Case 16 which shows, when looking
at the dimensionless numbers, a high Gravity number and a high Mobility number. This is the only case for which
the saturation distribution is still favorable for the CO, saturation (Figure 25).

[ |
HJSULUUN Pponiou = ! ~

Figure 25. Case 16 - CO; saturation evolution

The situation is similar to Case 9, shown above. Yet, the difference is that for this particular case, a low Aspect
Ratio is present (1.58) which proves that the Aspect Ratio is very important. In conclusion we can state that a low
Aspect Ratio, high Mobility and low Gravity number are important parameters to estimate, prior to the possible
injection of N».

5. CONCLUSIONS

e A realistic set of dimensionless numbers, characterizing the storage of CO, has been developed.

¢ Based on these dimensionless numbers, a data-base of values from different projects currently operating, or to be
operated has been developed. Using minimum and maximum values of these numbers, a full experimental
design, followed by a simplification, led to a minimal set of simulations studying the movement of the CO, in
relation to a potential storage layer containing N,.

e N, is conceptually imagined as a potential shield agent against CO, leaking, while potentially increasing the
storage capacity of a site.

e The study of the CO, saturation distribution throughout the reservoir in regard to a potential layer containing the
shielding N,, has identified three main factors keeping the CO, in place. These are the Aspect Ratio, the
Buoyancy number (Gravity Number) and the Mobility Ratio. While the first two govern the vertical movement of
the CO,, the last one controls the lateral extension of the CO,. For these numbers, a low aspect ratio, combined
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with low Gravity number and a High Mobility number insures that CO, stays within the reservoir throughout the
injection period.

e [t is clear that the cases studied correspond to a specific injection rate, distance between the reservoir and the N,
storage layer, and a specific period time of injection. A more refined study is needed to determine the relationship
between injection rate, distance between reservoir and N, and time of injection. Within the range of values
chosen, out conclusions are valid for the design of a N, placement prior to the injection of CO,.
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