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Diminution of the residual CO, gas in the reservoir (in mol)
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Figure 1

Diminution and dissolution of the CO, residual gas in the reservoir following the evolution of the aquifer from west to east.

a) t =500 years, b) t =1 000 years, ¢) = 1 500 years, d) t =2 000 years.

from Ravieres. Other information comes from four drills in
the Oolithe Blanche and three in the Comblanchien.

The information on the nature and proportion of minerals
has been obtained by combining petrographical information
and DRX (X-ray diffraction) measurements on the rock sam-
ples taken from the drill cores. In some cases, use of electron
microprobe has been made in order to know the exact chemi-
cal composition of the minerals. The more precise proportion
of minerals has been obtained by using the data on whole
rock geochemistry and by converting them to mineral modes,
thanks to the information on the nature and composition of
the present minerals.

The petrophysical and mineralogical variability (variogram,
means and variance) of the fields also have been obtained
from the geochemical analysis of verticals wholes rock. Then,
multivariate geostatistics methods permit to stimulate correlated
variables, such as the couple porosity, permeability and also

the minerals. Finally a multiplicative coefficient was applied
on the range and permitted the passage of the vertical field to
horizontal field in two dimensions.

The main minerals observed are silicates (quartz, illite,
chlorite, kaolinite) and carbonates (calcite and dolomite)
(Azaroual et al., 1997). Field observations show that dolomite
is not present uniformly at the decimeter to meter scale but
forms islands or disjoint spots.

For the purpose of geochemical modeling, the silicates are
considered as a single group noted TSM (total of silicate
minerals) with quartz = 32.9% TSM, chlorite = 11% TSM,
illite = 47.9% TSM, kaolinite = 8.2% TSM. The field of
dolomite spots and the field of calcite are deduced from the
closing relation, calculated by subtracting the other minerals.
The vertical variogram is obtained using drilling information
from Ravieres (LCV) core. Since the horizontal variogram is
impossible to obtain because of the lack of data, it is simply
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Observation of a stochastic realization: a) porosity geological field at time ¢ = 0, b) variogram of the porosity field.

derived from the vertical one, applying a proportional factor
on the range; the factor is such that 10 m in the vertical field
represent 300 m in the horizontal field, as suggested by sev-
eral observations in the similar formations from Bahamas
Dogger (Collin, 2007).
The three groups of parameters give rise to eight factors:
— the variogram of the logarithm of the dolomite spot field is
characterized by two parameters: sill and range;
— the silicate variability is characterized by three parameters:
sill, range and nugget effect of Total Silicate Minerals
(TSM) field;

— petrophysic is characterized by three parameters: sill, range
and nugget effect, for both porosity and permeability that
are linked.

1.2 The Simulated System

The simulations were run until 2 000 years on a field of
dimensions 1000 m x 1000 m, with a meshing 80 x 80 and
with 12.5 m width. The considered reservoir is essentially com-
posed of carbonates, mainly calcite, dolomite and silicate (illite,
chlorite, kaolinite and quartz). The CO, was injected in a het-
erogeneous carbonated reservoir in residual saturation in the
porous media at a pressure of 150 bar (Coudrain-Ribstein et al.,
1998). A proportion of CO, is dissolved in the aquifer while the
remaining stays in gaseous form and occupies 1/10 of pores
volume. We consider the geological reservoir is a mobile
aquifer moving at a velocity of 1 m/year (Aubertin et al., 1987,
Palandri and Kharaka, 2004; Pruess et al., 2001). The contact
between the aquifer and the gas modifies the equilibrium of the
system and initiates the chemical reactions in the reservoir.

2 UNCERTAINTY OF THE INITIAL STATE

Variograms are needed for each parameter that can
potentially influence the CO, storage. These quantities are
petrophysical properties (porosity and permeability), silicates
and dolomite spots within the rock. Three empirical vari-
ograms are thus calculated and the fitted model is the sum of
a nugget component and a spherical component:

Y(h) =\, x Pep(h)+ (\, —\,) x Sph (%) )

3

where:
— Pep(h) =1 if h #0 and 0 otherwise,
3.1,

Sph (h) 5 h 5 h’,

— M, is the total sill, A, is the nugget effect and A5 is the range.

Once the variograms parameters are fitted, a stochastic
realization of the geological spatial field at the initial instant
is obtained (Fig. 2).

This realization is then used as input of the reactive transport
software. The result of the run is the evolution of the geological
field with time. We particularly focus on the evolution of the
quantity of carbon dioxide stored and the mean variation of
the porosity in the reservoir.

To analyze the sensibility of the storage process to the
geological field, two sources of uncertainties are examined.
In the first one, all variograms parameters are fixed and different
realizations of the initial field are used (Chilés and Delfiner,
1999). The impact on the storage of this variability is called
the draw dispersion. In the second one, the parameters of the
variogram are not fixed anymore. Different realizations of



534

the initial geological field for different values of range and
sill are studied. Indeed, the parameters of the variogram
(range, sill and nugget effect) are fitted on the available data.
They can be imprecise because of the lack of data or mea-
surement errors. Moreover, it is necessary to take account of
the scaling between the grid and the measured values of the
drilling. Therefore, the impact of variations of the variogram
parameters around the reference values on carbon dioxide
storage is examined.

Section 3 introduces the reference values of the parameters
of interest calibrated on observations and also their field of
variation.

3 VARIOGRAM CALIBRATION AND FIELD
VARIATION OF PARAMETERS

The factors of which we want to quantify the impact on the
output are parameters of the variograms that characterize the
geological reservoir. The estimation of these parameters and
their range of variation for silicates, petrophysical properties
and for dolomite spots within the rock is introduced here.

Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 68 (2013), No. 3

3.1 Silicates

The Dalle Nacrée part of the field contains about 17% of
clays mineral whereas the Oolith and the Comblanchien con-
tain less than 1% (Kohler, 2006). We make the hypothesis
that the variation of silicate is the same in the three groups
(Dalle Nacrée, white Oolith and Comblanchien). The analy-
sis shows that the concentrations of the silicate minerals are
all proportional and are thus deducted from the Total Silicate
Minerals (TSM) from the DRX (Kohler, 2006), referred as
TSM. Their compositions have the same variability in those
total silicate minerals (Fig. 3). The illite represents 32% of
TSM, chlorite 11%, quartz 32.9% and kaolinite 8.2%.

The vertical variogram fitted on the data of the white Oolith
formation has the following parameters (see Eg. 2): the range
A, is equal to 0.16, the nugget effect A, to 0.08 and the sill A,
to 12. The proposed domain of variation for A, is [0.12; 0.2],
for A, [0.05; 0.11] and for A5 [6; 18]. Theses perturbation
intervals are consistent with observations (Diedro, 2009;
Collin, 2007).

Figure 4 presents the 2° different possible variograms
when parameters are fixed at boundaries.
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3.2 Dolomite Spots Within the Rock

The geological and petrographical observations in the field
show that the dolomite mineral is not present everywhere in
the reservoir at the scale the rock is described. On the contrary,
it can be considered that dolomite appears as spots at the
macroscopic scale. We speak of the size of the dolomite spots
within the rock to characterize this scattering. It is important
to notice that we don’t used here the usual Gaussian threshold
modal but the presence of the dolomite spots is simulated
using a threshold of the logarithm of the dolomite concentration
field: so at fixed dolomite content, thanks to the concentrations
variations, the greater the size of the spots, the larger the
volume and the reactive surface, for a given size of mineral
grains. Here to better fit the observation of the dolomite field,
we choose these parameters of the variogram of the logarithmic
transformation of the dolomite concentration: a range equal
to 7 and a sill equal to 0.01. These values were obtained by

the method of errors and testing, with a mean = 0.03 fitted on
the data (Diedro, 2009). The variogram is defined by:

h 3
Moz ®

where A, is the sill and A, is the range. The domain of vari-
ation of these quantities ([2, 12] for the range and [0.006, 0.014]
for the sill) is chosen to allow small variations below and above
the mean of the fitted values. The form of the dolomite field
varies according to the range, to the sill and to the threshold.
When the range is high, the threshold concentration is fixed to
0.019 so that it generates large spots of dolomite. In the other
hand, when the range is low, the threshold is fixed to 0.033 and
generates small spots of dolomite within the rock.

Y(h) = N gy % Sph(

Four different fields are generated with the same random
values. As illustrated in Figures 5 and 6, they represent the
diversity of the size of the spots of dolomite within the rock.
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3.3 Petrophysics

We can observe on experimental data (Delmas, 2007) a link
between porosity and permeability that can be modeled by a
linear model of coregionalisation. The simple and the cross
structural variogram define a linear model of the same basis
structure. These two quantities can be jointly simulated. We
use the following variogram of the transformed Gaussian
with a linear model of coregionalisation. Thus, we only study
the impact of the parameters of the variogram of porosity.
The chosen variogram is the following:

A A
Y =N 0 —pr02 o Pep(h)+|1- =222 | x Sph h ()
>\‘par01 7\'porol )\‘par03
where A, represents the total range, A,,,,,, the nugget effect

and A3 the sill. The experimental domain is calibrated
using experimental data (Delmas, 2007). The fitted values
are the following: 0.16 for the sill A;, 0.08 for the nugget
effect A, and 12 for the range A;. Some perturbations will
then be applied to theses reference values. The considered
domains of variation are then [0.015, 0.035] for the sill,
[0.002, 0.012] for the nugget effect and [6, 18] for the range.
The situations covered by the experimental domain are
represented in Figure 7.

4 THE DRAW DISPERSION STUDY

The variograms parameters used to fit the sample variograms
have been introduced in Section 3.

We also defined the domain of variation of the variogram
parameters. Our aim is now to quantify the influence of theses
variations on the storage.

First the variation of the response due to the different
draws with the same variogram parameters, called draw dis-
persion, is examined. Indeed the quantity of stored carbon is
influenced by the initial configuration of the reservoir, which
differs from one run to another. The induced variability can
be interpreted as a repeatability error. It is then summed up
by a variance term, noted Ggmtmimm,. In practice, a hundred
simulations of the same random field have been generated,
representing 100 different examples of the same reservoir
with, for the silicates: the range A, is equal to 0.16, the nugget
effect A, to 0.08 and the sill A5 to 12. For the porosity, we
use the variogram:

=0.007 Pep(h)+0.018Sph(h /2) 5)

Y poro

and the permeability is deduced using the linear modal of
corregionalisation between the gaussian transform of porosity
and permeability field (Diedro, 2009). The reactive transport
software, run for each of the initial fields, give 100 different
output values, of which the variance is evaluated. The results
for solid stored carbon and mean porosity are presented here
after (Fig. 8-11).

Study of the statistical
dispersion on carbon stored

30000
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15000
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Time (y)
Figure 8

Results obtained after 100 runs. Effect of statistical
dispersion on solid stored carbon: note the increase with time
of the carbon stored in the solid phase.

4.1 Solid Stored Carbon

The effect of the draw dispersion on the stored carbon
(normalised to a volume of 1 m? of the mesh) in the solid
matrix of the reservoir is presented in Figure 9. The differ-
ence between the simulations increases during the first thou-
sand years and then stays constant. At time ¢ = 2 000 years,
the mean m is 22 196 moles and the standard deviation o is
1297.3 moles, which corresponds to a coefficient of variation
of o/m about 6%.

4.2 Mean Porosity

It can be seen in Figure 10 that the porosity firstly
decreases; the reactions of precipitation dominate and lead
to some reservoir occlusion. After 300 years the inverse
trend is observed; the porosity begins to grow with dominant
dissolution reactions.

The variance observed on curves can be evaluated and
is illustrated in Figure 11. At time ¢ = 2 000 years, the stan-
dard deviation o is equal to 1.65 x 10 and the mean m to
3.29 x 10, That corresponds to a coefficient of variation of
5.6%.

In this preliminary study, the quantification of the impact
of the draw dispersion shows a light effect on carbon storage
and porosity. In the next section, the draw dispersion is
compared to the dispersion induced by the variation of the
variogram parameters.
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5 ANALYSIS OF THE DESIGN OF EXPERIMENTS TABLE 1

Experimental design

5.1 Choice of the Design

Porosity Dolomite Silicates
To detect the most influential parameters among the 8 1 2 3 4 5 1234 | 2345 | 1245
selected parameters, i.e. the parameters that are the most Sill | Range | Nugget | Sill Spot Sill | Range | Nugget

linked to the storage, the variation of the quantity of carbon
stored is quantified when the factor varies from its minimal
value to its maximal value (the range of variation was 1 1 1 1 -1 1 -1 -1
defined in Sect. 3). However, each parameter x considered
separately can be non-influent on the storage whereas they
can influence the output if they are considered simultane- 1 1 1 -1 -1 -1 1 1
ously. Therefore, the chosen model that links the inputs to the
output is the following (p = 8):

1 1 1 1 1 1 1 1

»
Y=BO+EBixi+EBjxixj+8 with €= N(0,0%)  (6) | | 1 1 | 1 1 1
i=1

i<j

The coefficients x; represent the different parameters of
the variogram (Tab. I).

The coefficients correspond to half the expected variation 1 -1 1 I -1 -1 1 1
of the answer when the factor varies from its minimal value
to its maximal value (Helbert, 2006; Linder, 2005). All the
factors are preliminary transformed to have the same scale of 1 -1 1 -1 -1 1 -1 -1
variation [-1, 1]. The value —1 corresponds to the minimal
value of the initial scale and the value +1 to its maximal. The
coefficients f3, ..., §, are expressed in the unit of output and 1 -1 -1 1 -1 1 -1 1
can be compared to each other.

The best designs of experiments to estimate that kind of
models are full factorial designs that include all possible 1 -1 -1 -1 -1 -1 1 -1
combinations of high and low levels, i.e. 2% experiments.
These designs allow the estimation of the main effects and
also the estimation of the effects of all interactions (prod- -1 1 1 1 -1 -1 -1 1
uct of two, three, ..., eight factors). Moreover, the effects
are estimated independently from each other and with the
minimum of variance (Montgomery, 2005). However, the -1 1 1 -1 -1 1 1 -1

reactive transport software is time consuming and the reali- 1 | 1 | | | 1 1
sation of the full factorial design cannot be considered. The

chosen design, presented in Table 1, is a fractional factorial -1 1 -1 1 -1 1 1 1
design of resolution IV. It contains a part of the experi- 1 1 1 1 | 1 1 1
ments of the full design. Here, only 32 runs are launched

among the 256 possible runs. These runs are chosen so that -1 1 -1 -1 -1 -1 -1 -1
the estimation of the main effects (coefficients B, ..., 3,) 2 2 | | | | B 1

are still independent. However, the consequence of reduc-
ing the number of runs is an augmentation of the estima-
tion variance and that several effects are confounded. For 1 1 1 1 1
example, in Table 1, the column 6, that contains the levels
low and high of the sill of silicates, is confounded to the
product of the first 4 columns. Thus, if we detect that this 1 1 1 1 1
column is influent on the storage, we won’t be able to dis-
tinguish if it comes from the effect of the sill or from the
effect of the product x,x,x3x,. However, in most of the 1 1 1 1 1 1 1 1
time, the effect of a product of more than 3 factors is
neglectable. That is why the present design allows the
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estimation of the main effects (effects of principal factors)
that are confounded with products of more than 3 factors
but not of all the effects of interactions (themselves con-
founded with other interactions). The help of physical
sense is then crucial to detect what effect takes the high-
est part of the estimated confounded effect. More pre-
cisely, the following relations can be obtained between
interactions:

X ¥ x3=x7 % xg @)
X, ¥ xs=xg * X7 ®)
Xy X7 = x5 ¥ X = Xs ¥ X ®
X Fxg=x3 % xy (10)
X3 % X5 =xg * xg (11)

The influence of interactions can’t be mathematically
separated. However, some of the interactions are naturally
neglected exploiting knowledge based on the physical phe-
nomena. In this study, all the interactions situated on the
right hand of the above equations are neglected
(Montgomery, 2005).

Some effect or several interactions are confounded as
we have shown in Equations (7-11) below. The effect of
the sill, the range and the nugget effect of the petrophysic
(porosity and permeability) and the sill and the spot of the
dolomite field could clearly be determined.

5.2 Analysis of the Variance

One simulation has been run for each of the 32 experiments.
The two operational responses (porosity and stored carbon)
are observed. In this section, our aim is to analyse the vari-
ance of the 32 observations in order to detect which of the
8 variographic parameters influence most the storage.

However, the seed of the simulation has not been fixed
during the study. Thus, the total observed variance is not
only due to the effect of variographic parameters variations
but also to the draw dispersion. Before interpreting the
results, we compare the total variance including both
effects (variables and draw dispersion) to the variance
induced by the draw dispersion only.

This approach makes the strong assumption that the
draw dispersion does not depend on the variographic para-
meters. The variance above in Section 3 is the same for
each run of the design. However, this is not the case since
the considered distributions are lognormal and the draw
has a stronger effect when the sill is high.

5.3 Results of the Analysis

As for stored carbon dioxide is concerned, the total variance
is equal to 4.44 x 10° whereas the variance due to the draw is
1.68 x 10°. This indicates that more than 99% of the variance
is due to variation of variogram parameters and only 1% to
the repeatability error (draw dispersion).

The situation is similar for the average porosity where:

02 e ="111x 1078 (12)
nggeuslutisricul =272 x 10—10 (13)
O-%ariables =709 x 10_8 (14)

These results suggest that the noise induced by draw
dispersion is very low so that the impact of variogram
parameters can be estimated properly. Thanks to the results
obtained on the 32 simulations, the following models for
the total quantity of stored solid carbon and for the average
porosity are fitted:

8
Y =B+ ZBx+ D B e (15)
i=1 (i.J)EA
where A is the set of the chosen interactions, where the
coefficient (3; quantifies half of the mean output variation
when x; goes from its minimal to maximal value and where
€ is a white noise.

5.3.1 Estimation of the Model for Stored Carbon

The evolution with time of the various estimated coefficients
is observed in Figure 12. The value of each coefficient deter-
mines the impact of the corresponding parameter on the
stored carbon dioxide. The major role of three of them, x;
and the interaction x,xs, is clearly noticed. They correspond
to the parameters controlling the size of the spots of dolomite
within the rock. Therefore, the threshold and the sill of the
dolomite are the parameters the most significant on the stor-
age of carbon dioxide in solid form in the reservoir.

The other parameters have a negligible effect. At ¢ equal
2000 years, the following relation between stored carbon
and variogram parameters is the following:

NC=59766+37616 x5—35434 x,~35559 x, x5 (16)

The number of moles of stored carbon dioxide (NC) increases
with xs, i.e. the size of the spot of dolomite but decreases with
X4, the sill of dolomite.

Physical Interpretation
The stored carbon dioxide in the matrix is distributed in the
form of carbonate precipitation, following the equation:

B

2,)"_
-l

I,

=k,S, [, H)
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Figure 13

Time evolution of the various coefficients of the initial parameters and their interaction: X,, X,, X3,

variation of the average porosity in the reservoir.

..., X4 Xg having an impact on the

determined by (Lasaga, 1998). The precipitation pattern is
proportional to its reactive surface S,, (Brosse et al., 2005).
The greater the initial reactive surface is, the higher the
dolomite precipitation will be. This confirms the importance
of the spots of the dolomite within the rock for the geological
storage of carbon dioxide in the matrix. An increasing size of
the dolomite spots (with lower mean concentration within)
indicates that the mineral offers an improved contact area
with all other minerals. This promotes the reactions in the
reservoir.

5.3.2 Results on the Average Porosity

Similarly to the previous response, the spot and the sill of the
dolomite are the parameters that most influence the variation
of the average porosity in the reservoir. The coefficients have
a similar but inverse pattern compared to the carbon dioxide
storage (see Fig. 13). The estimated equation is:

Dif,

poro

=15%x10* +1418x107* x X,

(18)
-1.506 %107 x X, +1.421*%107 x X, x X,
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The variation of the porosity increases with the sill of the
dolomite field X, and decreases with the size of the spots. 25000
The stored carbon dioxide and the precipitated mineral
reduce inside porosity. An increase of the dolomite spot areas 20000
results in a decrease of the average porosity in the reservoir.
We also notice the opposite effect for sill: the higher the sill € 15000
is, the higher the average porosity level becomes. From this S
experimental design study, the importance of the dolomite 10000
spots is shown. The last section of the paper deals with addi-
tional experiments carried out with constant dolomite content. ~~CS_low_dol
500 —&- CS_mean_dol
. . . . . CS_high_dol
5.4 Simulation with Constant Quantity of Dolomite ] , , , ,
) 0 500 1000 1500 2000 2500
To complete and better understand the results, a series of Time (y)
experiments with constant quantity of dolomite is performed. Figure 15

We simulate a dolomite field with a mean equal to 0.025, a
standard deviation equal to 0.05 and a variogram range of
4 meshes. We then apply three different thresholds, a high
one at 0.0267, a medium one at 0.025 and a low one at 0.024.
This produces three different sizes of the dolomite spots. The
fields are then normalized so that the global quantity of
dolomite is maintained constant between three runs; there-
fore, the surface of the spots is different (Fig. /4). We obtain
three different cases with various surface spot of dolomite.
This is explained by the imposed constraint of constant
dolomite. The transition from small to larger spots leads to a

Carbon stored (in mol) for three different sizes of the spots of
dolomite within the rock: small spots (CS_low_dol), medium
spots (CS_mean_dol) and large spots (CS_High_dol).

decrease of the average proportion of dolomite in the spots
from 25% to 3%. In the 3 examples below section (5.4), the
neutral aquifer meets the reservoir containing free CO, at
residual saturation in conditions such as the aquifer is the
only mobile phase.
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An important parameter is the geometry of the dolomite
spots. This result (Fig. 15) is in agreement with the overall
kinetics of mineral precipitation, as proportional to the min-
eral surface (Lasaga, 1998); carbon storage is thus propor-
tional to a surface parameter. It should be noted however that
the surface parameter is defined at the scale of several
decimetres or metres and not defined at the scale of individ-
ual mineral grains, the size and surface of which are kept
constant in the computer code.

CONCLUSION

The main objective of this study was to show the influence of
the initial variability of the geological reservoirs on the under-
ground storage of the CO,. We completed a study of experi-
mental design by varying initial parameters around their mean
value to determine their impact on two operational parameters
such as the quantity of stored carbon in the reservoir and the
average porosity. An important effect of the size of the
dolomite spots within the rock on the random value of carbon
has been identified. Whatever the value of the sill of the vari-
ogram of the dolomite field, the quantity of stored carbon
increases when the range or the extent of the dolomite spot,
increases. As specified in (Lasaga, 1998), the precipitation of a
mineral is linked to its specific surface. A great extent of the
spot of dolomite facilitates an important reactive surface and
leads to more precipitation of carbonates in the reservoir.

We can also notice a similar effect obtained on the variation
of the average porosity. The precipitation of a mineral
reduces the average porosity. Results presented in this paper
show that the average porosity decreases when the extent of
the dolomite spot (i.e. the range of the threshold field)
increases. It is important to notice that, with the exception of
the variations of the extent of dolomite spots, small errors in
the modeling of the variogram for parameters the nugget
effect, the sill and the range of petrophysics and the range
and nugget effect of silicates (i.e. X; to X5 and X, to Xg) do
not cause significant variations on the stored solid carbon and
change of the average porosity. Two additional studies have
been performed to complete results obtained by before. The
first study concluded that the variability inferred by the statis-
tical dispersion is weaker than the variability inferred by per-
turbations on the variogram parameters. The second study
consisted in experimenting with a constant quantity of
dolomite and confirms the important role of the spot of
dolomite. All the results show that a great extent of the spot
of dolomite leads to an important reactive surface, which
facilitates the precipitation reactions in the reservoir.

Additional petrophysical and mineralogical data would
be necessary to better calibrate our geostatistical models.
This would allow the direct computation of horizontal vari-
ograms and thus avoid the use of a multiplicative coeffi-
cient for the transition from the vertical information to that

for the horizontal fields. Therefore, we are confronted to
the lack of data due to the difficulties to collect the miner-
alogical data. The results of the experimental design high-
lighted the important role of the spots of dolomite within
the rock on the storage of carbon. So, we could try to better
understand the important role of the dolomite spots using
physical considerations by assessing the reactive surface
associated to a given size of the spots as a function of the
grain size. For an equal quantity of mineral, a slow moving
fluid can quickly react when compared to a fast moving
fluid. These remarks could encourage us for the future
studies to define a non dimensional number using the range
of the variability, the chemical kinetic and the speed of the
fluid. For further studies, it will also be benefit to compare
the incertitude due to the choice of chemical system.

The model proposed in the paper has been restricted to
the influence of the nature and proportions of minerals on
some CO, storage parameters; it remained conceptual in so
far as it is too simple to be readily applied. However, it
may be the basis for future studies where the uncertainty
on the proportions of minerals will be combined with other
types of uncertainties so as to be more realistic.
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