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FACTORS INFLUENCING POTENTIAL CO, STORAGE CAPACITY IN SHALES

This article aims at presenting research on the sorption of carbon dioxide on shales, which will allow
to estimate the possibility of CO, injection into gas shales. It has been established that the adsorption of
carbon dioxide for a given sample of sorbent is always greater than that of methane. Moreover, carbon
dioxide is the preferred gas if adsorption takes place in the presence of both gases. In this study CO,
sorption experiments were performed on high pressure setup and experimental data were fitted into the
Ambrose four components models in order to calculate the total gas capacity of shales as potential CO,
reservoirs. Other data necessary for the calculation have been identified: total organic content, porosity,
temperature and moisture content. It was noticed that clay minerals also have an impact on the sorption
capacity as the sample with lowest TOC has the highest total clay mineral content and its sorption ca-
pacity slightly exceeds the one with higher TOC and lower clay content. There is a positive relationship
between the total content of organic matter and the stored volume, and the porosity of the material and
the stored volume.

Keywords: CO, storage; storage capacity; storage in shales; CO, sorption

1. Introduction

Due to extraction of crude oil and natural gas, traditional deposits of these two natural re-
sources are continuously shrinking. The solution for reduced supply of energy obtained from listed
sources is extracting natural gas from shales. Shale gas (also called as tight gas, although they are
not the same) became more popular source of natural gas in USA since its first commercial use
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in early ’80 in Barnett, Texas [1]. In the last decade revolution in American fuel’s politic became
fact, when USA transformed from importer of shale gas to its exporter and a half of a natural
gas extracted on USA territory is obtained from shales, what makes it the biggest shareholder
of shale gas market [2,3].

Shale gas deposits are very common all over the world and have a similar structure — they
consist of organic matter and clay minerals, with almost negligible permeability. This poses huge
mining problems starting with the necessity of deep wells drilling and fracturing. Fractures al-
low the gas to flow yet there is a difficulty of maintaining the light of the obtained fractures and
for that purpose proppants are used. In comparison to conventional gas wells, shale gas wells
produce at lower rates however the advantage is the longer production time up to tens of years
from a single well [4]. There are also ideas to enhance shale gas recovery by CO, injection. In this
approach carbon capture and storage mixed with extracting gas has a positive energy balance
[5,6]. This allows not only to obtain more shale gas but also helps in reducing the footprint left
by gas production [7].

This article aims at presenting research on the sorption of carbon dioxide on shales, which
will allow to estimate the possibility of CO, injection into the volume of shale rocks. The clay
minerals such as kaolinite, illite, montmorillonite and chlorite in the shale rocks are known for
their good sorption properties. This allows to assume common statement that sorption occurs
mostly on organic content of shale since part of the gas is sorbed in clay minerals, this can lead
to underestimation of amount of carbon dioxide which can be stored in shale reservoir.

In previous studies it has been established that the adsorption of carbon dioxide for a given
sample of the material is always greater than that of methane [8]. Moreover, carbon dioxide is
the preferred gas if adsorption takes place in the presence of both gases [9]. It is known that the
greater the content of organic matter in shale, the greater its suitability as a source of shale gas
and a carbon dioxide reservoir [10,11]. Also, the common knowledge is that presence of clay
minerals has a positive effect on the sorption capacity of shale, but this is usually marginal in
case of high content of organic matter [12,13]. When organic content is particularly low and does
not exceed 1% of mineral composition, then sorption occurs on clay minerals almost exclusively,
although amounts of sorbed gas are significantly lower than with higher organic content [14,15].

The shale storage capacity for carbon dioxide allows to calculate the amount of gas, which
can be injected into shale formation and trapped in pores and voids as well as with bonding surface
mechanism in porous solid. The mechanism is not homogenous and can be considered as adsorp-
tion on rock surface, dissolution and other (in much lesser extent) phenomena [16]. As shales
present nearly negligible permeability appearing together with seal over the petroleum reservoirs
they are considered as attractive place for carbon dioxide sequestration. Another advantage is
preference in sorption CO, over the natural gas due to molecular swapping mechanism, which
is promoting methane to desorb and staying in free phase while CO, is sorbed on pores surface.

2. Materials and methods

For the purpose of research, shale rocks with low total organic content (TOC) and high
mineral content were chosen. Silurian-Ordovician shale rocks were sampled from the northern
part of the Baltic — Podlasie — Lublin basin (Fig. 1). Due to the non-disclosure agreement the
exact location of exploratory well and sample depths cannot be revealed. Shale rocks are di-
vided into samples obtained from different depths which significantly differ in amount of clay
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minerals and TOC content. Two pair of samples were chosen for tests, 2 with higher and 2 with
lower TOC content, in order to show variation in gas storage capacity. Mineral composition of
samples was measured using X-ray diffraction (XRD) and the TOC content using rock-eval
method (see Table 1).
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Fig. 1. Location of Baltic-Podlasie-Lublin basin. Samples were collected from the northern part.
Due to non-disclosure agreement the exact location cannot be revealed [17]

TABLE |
Samples composition based on XRD and rock-eval test (TOC)
No. Caf‘bonate TOC Kaolinite Montn{on:nllomte Chlorite Clay minerals

minerals + illite total

wt. % wt. % wt. % wt. % wt. % wt. %

1 11,6 0,98 0,7 44,6 7,4 52,7
2 2,5 0,3 1 58,5 3 62,5
3 3,5 6,66 0 50,7 7,1 58,9
4 2,1 7,22 0,9 51,8 4,5 57,2

The sorption tests were conducted with in-house designed and made manometric apparatus
(Fig. 2). The set consists of gas cylinder, compressor, high-performance pump Maximator DLE
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5-30-GG, vacuum pump and thermostatic bath with temperature adjustment with an accuracy
of 0,1°C. Internal part of a setup is immersed in thermostatic bath and consists of double set of
reference (RC) and sample (SC) cells which allows conducting two tests at once. The elements
are linked with ball valves and Swagelok high-pressure stainless-steel fittings. Apparatus is con-
nected to data collecting system. Set of pressure sensors Keller Druck X33 (0.05% FS 0-200 bar)
with a measurement accuracy of up to 0.02 bar and 0.01K are located inside the cells and tempera-
ture sensors PT-100 class 1/ 10B located inside the reference cells and sample cells. Temperature
data are recorded in data logger L200-RTD.
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Fig. 2. High pressure manometric setup for sorption measurement

Samples were ground below 0.1 mm and dried in accordance with the PN-80 / G-04511
norm, cooled in desiccator to avoid moisture saturation and then inserted into sample cell. The
apparatus was sealed, closed, and calibrated with helium. Helium as inert gas does not take
part in sorption and this property allows to determine the volume of reference cells and the free
volume of the sample cell. Helium remained in the apparatus for 24 hours to check the tightness
and increase the possible gas penetration into the sample. Then inert gas was vacuumed to degas
the samples from possible residues of adsorbed gases.
This step preceded main sorption test, which was conducted iteratively and included repeti-
tive steps:
1. gas injection and temperature stabilization — the valve between RC and SC is closed;
time: approx. 1 h

2. connecting gas and sample, the valve is opened;

3. sorption observation, collecting temperature and pressure value every 5 sec, time: ap-
prox. 24 h;

4. closing valve between samples, start of injecting next portion of gas into RC as in step 1.

The manometric method of sorption testing is measuring the pressure reduction in the system,
caused by the transition of gas molecules from the free phase to the subsurface adsorbed phase.
It is assumed that under constant conditions (here: temperature and volume) the pressure reduc-
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tion in the system is directly proportional to the amount of sorbed gas, hence sorbed gas can be
calculated as subtraction of total injected gas and gas staying in not-sorbed state:

Nsorbed — MNtotal — Nfiee (1)

Here ng,,,., is number of moles of adsorbed gas, n,,,,, is the total number of moles of gas in the
system, and 7, is the number of moles of free gas, all values in mmol.

The number of moles of free gas is the product of the volume available for the injected gas
(void volume of the apparatus and volume of pores penetrated by gas) and the density of the gas
at a constant temperature and pressure:

Nfice = Vm ’ pP’T (2)
The density of Helium was calculated with a McCarthy equation of state [ 18]. The density
of carbon dioxide was calculated with the Span&Wagner equation of state [19] and CH, was
calculated with Wagner&Setzmann [20].
The mass of gas, transferred in one step can be calculated with below equation:

n =V (ol ) G)
i-1

where pi.f is the gas density before injection additional portion of gas and after stabilization of
the temperature in whole volume of apparatus? This equation is necessary to establish a sorption
isotherm.

3. Results

3.1. Sorption isotherms

Experimental data points were fitted with two parameter Langmuir model for absolute
adsorption:

a. -
a,, = Gm Py 4)
- btp,
and three parameter Langmuir model for excess adsorption:
a.
Aoxe = = pg [l_p_g] (5)
b, +p,\ P

Here a,,. the excess sorption, a,, is the maximum monolayer capacity, b, is the Langmuir equi-
librium constant, equal 1/P;, p, is the free phase gas density and p; is the adsorbed phase gas
density. Calculation of Langmuir parameters and fitting the model to experimental data was
achieved with minimizing residual sum of squares to the experimental data with EXCEL solver.
Four experimental measurements were conducted at the temperature of 50°C and 80°C, in pres-
sure range 0 to 10 MPa. Results of tests for all the samples are presented in Figures 3, 4, 5 and 6
as the sorbed volume (in mmol/g) against pressure below.
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Fig. 3. Carbon dioxide excess sorption isotherms on samples at 50°C
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Fig. 4. Carbon dioxide absolute sorption isotherms on samples at 50°C

Adsorption isotherms (Fig. 3 to Fig. 6) show that total organic content is correlated with
higher sorption capacity. Figure 7 presents Langmuir volume plotted against the TOC which
shows that sorption is almost directly proportional to organic content.

Assignificant drop of isotherm can be observed when pressure in setup reaches 8 MPa at 50°C
and 6 MPa at 80°C. This phenomena can be explained by various factors i.e.: low adsorbed phase
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Fig. 5. Carbon dioxide excess sorption isotherms on samples at 80°C
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Fig. 6. Carbon dioxide absolute sorption isotherms on samples at 80°C

density (sorption energy) of dry shales and experimental artifacts behavior of CO, near critical
point. Further explanation of this phenomena can be found in [6,21]. The fitting of Langmuir
model is considerably good up to the pressure of 6-8 MPa where the experimental points drop.
Discrepancy between the experimental points and model can be attributed to the phenomena
mentioned above where the mismatch increases with pressure. Results of experiments also
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Fig. 7. The relationship between the Langmuir volume and total organic content

show that sorption capacity is inversely proportional with the temperature. In Table 2 Langmuir
parameters calculated using the equation (5) for isotherms are presented.

TABLE 2
Langmuir parameters calculated for the samples

No v, CO,, m*/t P, CO,, MPa
50°C 80°C 50°C 80°C
1 7,84 2,53 5,83 1,13
2 10,54 3,98 4,48 3,09
3 21,34 10,65 2,43 3,49
4 23,35 14,60 1,71 2,86

3.2. Storage capacity

Although there are several methods of estimating shale storage capacity [22-24] in this
paper two methods proposed by Ambrose et al.: standard and with further modifications [25,26]
have been used for comparison.

The calculation is based on 4 components:

1. G volumetric component, free gas storage capacity, representing on amount of gas stored

in pores, based on modified standard reservoir evaluation methods.

2. G, surface component, adsorbed gas storage capacity, representing gas sorbed on surface
area of pores, based on sorption isotherm measurements by establishing equilibrium
adsorption isotherm.

3. G,,, second volumetric component, dissolved gas-in-oil storage capacity, representing
gas solved in liquid hydrocarbons, component is combined with adsorbed gas capacity
in reservoirs that contain a large fraction of liquid hydrocarbon in the pore space, has not
been considered important.
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4. G, third volumetric component, dissolved gas-in-water storage capacity, representing
gas solved in formation water, estimated from the bulk solubility calculations, as above
has not been considered important.

Hence basic calculation:

Gy =G+ G, + Gy, + Gy, (6)
As mentioned, G, and G, has little to no importance therefore are not applicable:
Gy=Gi+ G, 7)
Graccording to the standard method:
G, = 32,0368M ®)
PyB,

Modification proposed in [3]:

32,0368| ¢(1-5,) 1,318:10°M , P

G fi )
/ Bg png Ps P+ PL
G, stays unmodified in both versions:
P
G, =V 10
a L Pt PL ( )

Here ¢ is total porosity fraction, S|, is saturation, B, is gas formation volume factor, reservoir
volume/surface volume, M is molecular weight of gas, V; is Langmuir volume, P; is Langmuir
pressure, P is pressure, p, — bulk rock density, p, — sorbed phase density.

Total porosity, density and water saturation of samples are known. Molecular weight of
gas and gas formation volume factor are constant. Langmuir volume and Langmuir pressure are
obtained from previous volumetric method tests. The sorbed phase density is discussed and in
literature different values are encountered [16]. Here 22 mmol/mol were taken as this value cor-
responds to the density of the gas in the liquid state. Two values of the porosity of the material
were adopted for the calculations: 4.8% and 9.5%, which corresponds to the average and high
porosity of gas-bearing shales [27]. The results are presented in Tables 3 and 4.

Data presented in tables 3 and 4 indicates that G, component stays constant despite vari-
ous moisture and porosity values as it is based on Langmuire volume and pressure, which were
obtained from prepared samples. These two factors are not influencing the volume and pressure
itself but rather time of sorption.

The G component is highly dependent on porosity and in both cases takes values twice
higher. Also in Ambrose model this component is slightly higher than in classic one.

Figure 8 shows results for shale storage capacity for 4.8% porosity shale, 35% water satu-
ration and 50°C reservoir temperature. Samples with lower TOC have amount of storage gas
approx. 9 to 15 m*/t, while samples with higher TOC have amount of gas storage approx. 20 to
23 mA.
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TABLE 3
Storage capacity for samples with moisture 30%. G values in m*/t
04,8
50°C 80°C
Sample TOC G, Gy Gaambr | Grampr G, Gy Guambr | Grambr
1 0,3% 6,98 2,41 6,98 2,31 3,14 2,36 3,75 2,38
2 0,98% 9,94 2,36 9,94 2,25 2,00 2,41 2,26 2,41
3 6,66% 17,67 2,87 17,67 2,08 7,93 2,87 8,82 2,27
4 7,22% 20,67 2,15 20,67 2,02 9,93 2,15 12,92 2,19
09,5
50°C 80°C
Sample | TOC G, Gy Guambr | Grambr G, Gy Guambr | Grambr
1 0,3% 6,98 4,15 6,98 4,72 2,00 4,15 2,26 4,82
2 0,98% 9,94 4,41 9,94 4,66 3,14 4,41 3,75 4,79
3 6,66% 17,67 4,21 17,67 4,49 7,93 4,21 8,82 4,68
4 7,22% 20,67 4,36 20,67 4,43 9,93 4,36 12,92 4,60
TABLE 4
Storage capacity for samples with moisture 70%. G values in m*/t
04,8
50°C 80°C
Sample TOC G, Gy Guambr | Grambr G, Gy Gaambr | Grampr
1 0,3% 6,98 1,11 6,98 0,99 2,00 1,11 2,26 1,09
2 0,98% 9,94 1,09 9,94 0,92 3,14 1,09 3,75 1,06
3 6,66% 17,67 1,33 17,67 0,76 7,93 1,33 8,82 0,95
4 7,22% 20,67 0,99 20,67 0,69 9,93 0,99 12,92 0,86
99,5
50°C 80°C
Sample | TOC G, Gy Gaambr | Grambr G, Gy Guambr | Grambr
1 0,3% 6,98 1,92 6,98 2,10 2,00 1,92 2,26 2,20
2 0,98% 9,94 2,04 9,94 2,04 3,14 2,04 3,75 2,17
3 6,66% 17,67 1,94 17,67 1,87 7,93 1,94 8,82 2,06
4 7,22% 20,67 2,01 20,67 1,81 9,93 2,01 12,92 1,97

Figure 9 shows results for shale storage capacity for 4.8% porosity shale, 35% water saturation
and 80°C reservoir temperature. Samples with lower TOC have amount of storage gas approx.
5 to 8 m*/t, while samples with higher TOC have amount of gas storage approx. 10 to 15 m*/t.

Figure 10 shows results for shale storage capacity for 9.5% porosity shale, 35% water satura-
tion and 50°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 9
to 15 m*/t, while samples with higher TOC have amount of gas storage approx. 20 to 25 m?/t.

Figure 11 shows results for shale storage capacity for 9.5% porosity shale, 35% water satura-
tion and 80°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 4
to 9 m*/t, while samples with higher TOC have amount of gas storage approx. 11 to 18 m*/t.
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Fig. 8. Shale storage capacity for 4.8% porosity shale, 35% water saturation and 50°C reservoir temperature
— standard method compared to the modified Ambrosio method
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Fig. 9. Shale storage capacity for 4.8% porosity shale, 35% water saturation and 80°C reservoir temperature
— standard method compared to the modified Ambrosio method
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Fig. 10. Shale storage capacity for 9.5% porosity shale, 35% water saturation and 50°C reservoir temperature
— standard method compared to the modified Ambrosio method
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Fig. 11. Shale storage capacity for 9.5% porosity shale, 35% water saturation and 80°C reservoir temperature
— standard method compared to the modified Ambrosio method

Figure 12 shows results for shale storage capacity for 4.8% porosity shale, 70% water satura-
tion and 50°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 8
to 12 m*/t, while samples with higher TOC have amount of gas storage approx. 19 to 22 m’/t.
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Fig. 12. Shale storage capacity for 4.8% porosity shale, 70% water saturation and 50°C reservoir temperature
— standard method compared to the modified Ambrosio method

Figure 13 shows results for shale storage capacity for 4.8% porosity shale, 70% water satura-
tion and 80°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 3
to 5 m*/t, while samples with higher TOC have amount of gas storage approx. 9 to 14 m>/t.

Figure 14 shows results for shale storage capacity for 9.5% porosity shale, 70% water satura-
tion and 50°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 8
to 13 m*/t, while samples with higher TOC have amount of gas storage approx. 19 to 23 m*/t.

Figure 15 shows results for shale storage capacity for 9.5% porosity shale, 70% water satura-
tion and 80°C reservoir temperature. Samples with lower TOC have amount of storage gas approx. 3
to 6 m>/t, while samples with higher TOC have amount of gas storage approx. 9 to 15 m>/t.



www.czasopisma.pan.pl P@N www.journals.pan.pl
FOLSRA AKADEMIANAUK

155

mGa OGf EGaAmbrose BEGf Ambrose

_ 15
B
&
S
Foo]
éﬂlo [
Z
: 0 S
o]
Com B D
0
1 2 3 4
Sample

Fig. 13. Shale storage capacity for 4.8% porosity shale, 70% water saturation and 80°C reservoir temperature
— standard method compared to the modified Ambrosio method
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Fig. 15. Shale storage capacity for 9.5% porosity shale, 70% water saturation and 80°C reservoir temperature
— standard method compared to the modified Ambrosio method
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4. Conclusions

Several factors influencing the sorption capacity have been identified: total organic content,
porosity, temperature and moisture. Clay minerals also have an impact on the sorption capacity as
the sample 2 with lowest TOC has the highest total clay mineral content where sorption capacity
slightly exceeds that of Sample 1 with higher TOC and lower clay content. This phenomena has
been developed further and is the scope of a separate study under publication. There is a positive
relationship between the total content of organic matter and the stored volume, and the porosity
of the material and the stored volume. Temperature and amount of stored gas is inversely pro-
portional, which is a result of earlier mentioned link between sorption capacity and temperature.
Storage capacity is lower with increasing water saturation.

The total organic content is a place of formation of many active centers where gas is willingly
sorbed therefore its content increases the capacity of gas which can be stored in shale. Porosity
affects sorption capacity in at least two ways: increase volume where free gas can gather and
surface available for adsorbing gas, although its influence does not seem as strong as TOC. The
sorption capacity decreases with the moisture of the sample — water makes it difficult for the gas
to contact the surface on which it can sorb and reducing the chance of gas to transit from free to
bound state. The temperature lowers the sorption capacity by half.

Although all factors are influencing the potential CO, storage capacity in shales, the greatest
influence has total organic content, as with constant deposit conditions, the TOC is modifying
sorption capacity the most.

When examining if shale formation is suitable for gas storage a several aspects should be
taken under consideration. One of them is estimating the volume of gas that can be stored in
shale deposits. The attention should be paid first of all on total organic content — the higher its
share in shale composition, the larger volume can be stored in rock. Moisture is naturally tied
with shales, reservoirs chosen for storage should be as dry as it is possible. Temperature in depths
suitable for storing is rather constant and oscillating around 80°C and porosity has less influence
than other factors which means should be considered as the least important factor. The content of
clay minerals should also be taken into consideration as it might increase the sorption capacity
particularly in shales with low TOC content.
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