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Pressure Distributions and Flow Regimes: An integrated Approach For CO,
Sequestration Project Design and Evaluation
Introduction

The CO2 storage capacity of shale reservoirs is exclusively determined by three items. The first is the free
gas that is stored in the pore space of shale reservoirs represented by organic and inorganic pore space, and the
natural and hydraulic fractures. The free space offered by inorganic matters is often considered non-significant
dueto the lack of connectivity of the pore space of inorganic matters. Nevertheless, the organic mattersprovidea
significant pore space for storing the CO2 free gas. The second is the adsorbed gas by the surface of the organic
mattersand clay minerals. The adsorption mechanisms of clay minerals are more efficient than the organic matters
due to their high surfaceareasand swelling behavior. The adsorbed gas may have the biggest contribution to the
CO: storage capacity (Wu et al. 2022). The third is the dissolved CO> in the kerogen. Kerogen is characterized by
the high porosity and specific surface area as well as the high attraction to CO2 molecules. Therefore, these
molecules are easily adsorbed by the kerogen thatin turn provides a significant storage capacity to CO2 (Zhu et
al. 2019).

Estimating the storage capacity of shale reservoirs is a keystone forthe CO2 sequestration projects. Currently,
there are three techniques for this purpose. The first is the volumetric-based method thatcanbe applied simply to
homogenousreservoirs with simple fluid distribution (Chu et al. 2019). Similar to the volumetric method used for
calculating the initial oil or gas in place, this technique requires some basic information about the reservoir of
interest such as thickness, porosity, drainage area, and saturation. However, applying the volumetric models in
shale reservoirs may lead to misleading results. It does not consider the complex structure of these reservoirs as
well as the flow mechanismsin the micro-structures.

The second technique for estimating CO: storage capacity of shale reservoirs is analysing the production
history (Xu et al. 2021). In this technique, a history matchingby decline curve analysisis used for calculatingthe
total prove volume that could be an expected candidate for CO2 storage. It is important to emphasize that the
classical decline curve analysis is not recommended. Instead, the history matchingtechniques of shale reservoirs
should be used such as SEPD (Valko and Lee 2010), LGM (Clark et al. 2011), CRM (Pan 2016), Beta derivative
(Ik et al. 2007), and Duongmodel (Duong 2011). For betterestimation of the CO2 storage, the availability of the
production data for the whole reservoirs is necessary. Moreover, coupling these models with the probabilistic
approach and artificial intelligence tools such as machine learning could give reasonable results (de Holanda et
al. 2018).

The third technique is the numerical solutions wherein the CO: flow mechanisms and the reservoir
characteristics are considered. It considers the hydraulic fracture geometry, natural fractures intensity and
connectivity,and organic and inorganic contents. Therefore, it is currently more adopted thanthe othersdueto its
accuracy in CO; storage capacity estimation. However, it requires utilizing powerful industrial simulation tool
(Caoetal. 2020).

Pressure distribution and flow regimes

Considering a hydraulically fractured shale reservoir thatis shown in Fig. (1). The reservoir of interests is a
rectangular shape whose boundaries are (2x,,2y,) and its thickness is (k). Multiple hydraulic fractures are
assumed symmetrically propagated in the porous media so that the fracture half-length is (x,). The reservoir
consists of two porous media. The first is the stimulated reservoir volume (SRV) where the hydraulic fractures
are propagated. This volume is determined by the porous media between two adjacent fractures and extended
from the wellbore to the fracture tips. The second is the unstimulated reservoir volume (USRV) where no
hydraulic fracture are existed. This volume is determined by the porous media extended beyond fracture tips to
the reservoir boundary.

The analytical model of the wellbore pressure build-up atthe point where the hydraulic fractures transect the
wellbore is given by:
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When CO; is injected, the difference between reservoir pressure during injection (P.) and the depleted
pressure before injection (P,) builds-up. The build-up pressure pulse movesinside the hydraulic fracturesat eary
injection time. Then the pulse moves to the natural fractures of the SRV, the matrix, kerogen, and the organic
matters of this volume. At the sametime, the pulse transfersto the naturalfractures of the USRV and thereafter
its matrix, kerogen, and the organic matters.

The maximum pressure build-up is observed close to the horizontalwellbore while the minimum is seen close
to the fracture tips. The pressure pulse increases with time as far as the injection of CO2is proceeded. At early
injection time, this pulse may notreach the fracture tips, however, at sometime later, the pulse reaches the tips.
Therefore, the time at which the pressure pulse has reached the tips gives an indication that the hydraulic fractures
have totally filled by the CO.. This time is a function of a lot of parameters such as CO: injection rate, fracture
geometry and conductivity. The injection rate and the fracture conductivity expediates this time. Furthermore, the
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higher conductivity is the lower pressure build-up inside hydraulic fracturesis. Fig. (1) shows the impact of
fracture conductivity.

Figure 1: Pressure distributionin hydraulic fractures (left) for (F., = 1.0) . (Right)for (F., = 10.0).

The pressure pulse moves from hydraulic fractures to the natural fractures of the SRV first and then to the
matrix, kerogen, and organic particles sequentially. The distribution of the pressure pulse dependson a lot of
parameters such as (n;,,). The ratio of the hydraulic diffusivity of hydraulic and natural fractures (;,) is
controlled mainly by the petrophysical properties of the hydraulic and naturalfracturessuch as the permeability.
Therefore, the pressure pulse moves very fast when this permeability is high and vice versa. Moreover, the
pressure drop inside natural fractures increases when the permeability of these fractures is low. Fig. (2) depicts
the pressure distribution for two hydraulics diffusivity ratios (1, = 100.0), and (r,, = 1000.0) respectively.
Apparently, the maximum pressure drop inside these fractures is seen close to the hydraulic fracture face while
the minimum is seen close to the no-flow boundary between two adjacent hydraulic fractures.

Figure2: Pressure distributionin the SRV (left) for (n,, = 100.0) (Right)for (3, = 1000.0).

The injected CO- flows from the naturalfractures of the SRV to its matrix. CO. spreadsinside the matrix that
is characterized by ultralow permeability and complex structure. It consists of inorganic matters where clay
minerals are imbedded, kerogen particles, and micro-size pores. CO diffuses in the matrix by three flow
mechanisms. The first is the adsorption mechanism wherein part of the CO2 is adsorbed by the surface of clay
minerals. The second is the slip flow of the gas to the kerogen particles while the third is the flow in the micropores
of the matrix. At the same time, part of the injected CO2 flows to the naturalfracturesof the USRV. Because of
that, the pressure build-up inside the USRV could take some time to be observed. When the matrix of the SRV is
fully saturated by the COz2, the flow of CO; continues from the naturalfractures of the SRV to the naturalfractures
of the USRV. Apparently, the petrophysical properties of the SRV and USRV, mainly the permeability, play the
crucial role in this flow. Therefore, as much as the permeability divergence between the natural fractures of the
SRV and USRV is small, the CO> flows very fast and could reach the reservoir boundary (x,p,y,,) in a short
time and vice versa. Fig. (3) demonstrates the pressure distribution in the USRV for (7,, = 0.1), and
(n,, = 0.001) respectively.

Figure 3: Pressure distributionin the USRV (Left) for (1, = 0.1) (Right) for (n,, = 0.001).
1- Hydraulic fracture linear flow regime
This flow regimes develops at early injection time when CO> flows linearly inside hydraulic fractures. It is
controlled by the hydraulic fracture conductivity and characterized by a straight line of a slope of (1/2) on the
log-log plot of the pressure derivative. Fig. (4 Left) depicts the pressure build-up and its derivative behaviors with
the injection time for three hydraulic fracture conductivities (F., = 1.0,10,20). This figure is designed for the
calculated pressure build-up inside the wellbore i.e., (x, = x,,,) Where the wellbore intersects the fractures, while
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the pressure distribution alongthe hydraulic fracturesis shown in Fig. (4 Right) fora specific fracture conductivity
(E., = 10). Fig. (4 Left) tells us that CO> pressure could build-up very slow when the fracture conductivity is
high, thus, the pressure build-up pulse could take a long time to reach the fracture tips. While Fig. (4 Right) says
that the pressure build-up inside hydraulic fractures sharply declines toward the fracture tips. It is important to
emphasize that the CO> flow inside hydraulic fracturesis better described by the non-Darcy flow rather than the
Darcy flow. The injection time of CO. during hydraulic fracture linear flow regime, in field units, is calculated
from the dimensionless time at which the pressure pulse hasreached the fracture tips. This time is given by:
(@ucysrvxt
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therefore, CO, geosequestration capacity (CGC) of a single hydraulic fracture can be determined by:
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Figure 4: Pressure build-up and its derivative behavior calculated at (Left) ((xp = x,p) (Right) (x,,p < xp < 1.0).

2- Bi- linear flowregime

This flow regime developswhen the CO: flows inside the natural fractures of the SRV. Itis typically observed
afterthe hydraulic fracture linear flow regime and characterized by a straight line of a slope of (1/4) on the log-
log plot of the pressure derivative as it is shown in Fig. (4 Left). This flow regime is mainly controlled by the
characteristics of the natural fractures and the matrix of the SRV aswell as the characteristics of the hydraulic
fractures, and the natural fractures and matrix of the USRV. The injected CO> spreads inside the matrix after
leaving the natural fractures. CO diffusesin the matrix by three flow mechanisms. The first is the adsorption
mechanism wherein part of the CO2 is adsorbed by the surface of clay minerals. The second is the slip flow of the
gas to the kerogen particles while the third is the flow in the micropores of the matrix. The injection time of CO>
during hydraulic fracture linear flow regime, in field units, is calculated from the dimensionless time at which the
pressure pulse hasreached the no-flow boundary between two adjacent hydraulic fracturesie., (y, = y,p).

(Q)#Ct)srvszf
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where (t,),, is the difference between the start and end time of the bi-linear flow regime. Therefore, CO;
geosequestra(tion )ca pazcity (CGC) of the SRV is determined by:
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3- Formation linear flow regime

This flow regimes developswhen the CO2 flows from the naturalfractures of the SRV to the naturalfractures
of USRV. It is characterized by a straight line of slope (1/2) onthe log-log plot of the pressure derivative asit is
demonstrated in Fig. (4 Left). From the naturalfracture, CO> diffuses to the matrix of the USRV and later to the
kerogen particles and organic contents. Itis controlled by the characteristics of the naturalfracturesand matrix of
the USRV. Two flow mechanismsoccurswhen the CO2 diffusesthroughout the matrix. The first is the dissolution
of the CO: in the organic matters energized by the similar characteristics of CO2 molecules and the organic
matters. The second is the diffusion flow mechanism that takes place when the dissolved gas, driven by the
concentration difference, diffuses easily in the organic matter. While the flow inside the naturalfracturescan be
described by the Darcy flow. The injection time of CO2 during formation linear flow regime, in field units, is
calculated from the dimensionless time at which the pressure pulse has reached the reservoir boundaries i.e.,
(x, = x,p). This time is given by:

(Q)uct)sr,,szr
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where (tD)ff is the difference between the startand end time of the formation linear flow regime. Therefore, COz
geosequestration capacity (CGC) of the USRV is determined by:

((Z)uct)swxlzc

4- Pseudo-steady state flow regime
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This flow regime represents the impact of the reservoir boundaries on the CO2 pressure build-up during
injection. It is observed when the reservoir boundaries have been approached by the pressure pulse. It is
characterized by a straight line of a unit slope for the pressure and pressure derivative curves on the log-log plot
vs production time. This flow regime is mainly controlled by the reservoir configuration or the drainage area
(x,p,¥ep ). Because of the matrix ultralow permeability, the reservoir boundaries may need for a long time to be
reached, therefore, the pseudo-steady state flow regime is typically seen at very late injection time. The
corresponding time to the initial reservoir pressure or the constraint pressure can be calculated and used to
calculate the geosequestration capacity (CGC) of the reservoir:
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where (t,), is the correspondent time, in dimensionless form, to the initial reservoir pressured or the constraint
pressure.
Conclusions

The study hasreached severalconclusions. The characteristics of the organic matter, kerogen,and the micro-
size scale matrix do notsignificantly impact the pressure distribution and flow regimes. Conversely, the pressure
distribution and flow regimes are significantly impacted by the characteristics of the hydraulic and natural
fractures. The hydraulic fractures may offer a reasonable capacity for CO> storage, meanwhile the capacity of
stimulated and unstimulated reservoir volume is controlled by reservoir configuration and fracture spacing. The
constrained pressure may strictly reduce the total capacity of CO2 storage in the reservoir. The totalvolume of the
injected CO> can be determined from the pressure point when the injection pulse has reached to reservoir
boundary. Beyond this point, it is not recommended to inject CO; as it could increase reservoir pressure more
than initial pressure. The pressure of depleted reservoir before injection is a key parameter in the design and
evaluation of the CO. storage in shale reservoirs.
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