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Abstract: Leak of carbon dioxide (CO2) from conventional underground carbon storage reservoirs
is an increasing concern. It is highly desirable to inject CO2 into low-temperature reservoirs so that
CO:z can be locked inside the reservoir in solid state as CO2-hydrates. Marine gas hydrate reservoirs
and surrounding water aquifers are attractive candidates for this purpose. However, the nature of
low-permeability of these marine sediments hinders injection of CO2 in commercial scale due to the
low-injectivity of wells with conventional completions. This study investigates injection of CO:z into
the low-permeability marine reservoirs using a new type of well namely radial-lateral wells (RLW).
An analytical model was developed for predicting CO: injectivity of the RLW to assess well
injectivity improvement. Model comparison shows that use of RLW to replace vertical wells can
improve COzinjectivity by over 30 times and use of RLW to replace frac-packed wells can increase
CO: injectivity by over 10 times. A case study and sensitivity analysis were performed with field
data from the South China Sea. Result of analysis reveals that the injectivity of the RLW is nearly
proportional to reservoir permeability, lateral wellbore length, and number of laterals. CO: injection
rate is predicted to be 19 tons/day to 250 tons/day, which is 3 to 15 times higher than the injectivity
of frac-packed wells. It is feasible to inject CO2 into the low-permeability-low-temperature marine
reservoirs at commercial flow rates. This work provides an analytical tool to predict CO2-injectivity
of RLW in low-temperature marine reservoirs for leak-free CO2 storage.

Keywords: CO: storage; radial-lateral well; well-injectivity; permissible pressure; analytical model

1. Introduction

Global climate change is partially attributed to the increasing level of CO:2 emission into the
atmosphere (Frolicher et al., 2014). Several mitigation strategies have been proposed for carbon
reduction (Soeder, 2021). Injecting CO:2 into underground structures, such as oil reservoirs, is now
more than just for improving oil recovery but for sealing CO: inside the reservoirs (Gaurina-
Medimurec and Mavar, 2019). Previous studies revealed high risks of COz2 leak from reservoirs
through old wells where cracks were found in well cement sheath (Duguid et al., 2017). These cracks
are very likely the channels responsible for CO2 leak. The work of computer simulation done by
Zhang et al. (2021) shows that it may take just a few months for COz2 to fully penetrate wellbore
cement through cement cracks to reach well casing where sealing property is lost. Because the
deterioration of wellbore cement sheath that induces cracks is unavoidable, the only option to prevent
COxz leak is to make CO: immobile inside the storage reservoirs. This can be achieved by injecting
COz into low temperature reservoirs such as gas hydrate reservoirs and/or nearby water zones where
CO:z will turn into its hydrates (solid-state).

Figure 1 shows conditions for forming CO: hydrates and methane hydrates. Because the
pressures required for forming COz-hydrates are lower than that required for forming methane-
hydrates, natural gas (mainly methane) hydrate reservoirs are always good candidates for storing
COzin form of CO2-hydrates. The water zones near the gas-hydrate zones are also good candidates
for storing CO2 in the form of COz-hydrates if the in-situ pressures are higher than the forming
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pressure of COx-hydrates. In fact, these water zones are better candidates than the gas-hydrate
reservoirs due to their higher injectivities.
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Figure 1. Phase equilibrium curves for CO2 and CH4 (Bhawangirkar et al., 2019).

Moridis et al. (2008) characterized gas hydrate reservoirs in three types namely Class 1, 2 and 3.
Class 1 type gas hydrate reservoirs have three coexisting phases (gas, water, and hydrate). Class 2
type hydrate reservoirs have hydrate-bearing layers with underlying free water layers or overlaying
free gas layers. The Class 3 type ga hydrate reservoirs consist of hydrate-bearing layers existing as
standalones confined by under burden and overburden layers (Moridis et al. (2007). To the best of
our knowledge, the Class 1 types of gas hydrate reservoirs are not in thermodynamic equilibrium
condition which results in only one excessive phase in nature, either free gas or free water but not
both. This is why Moridis et al. (2008) further divided the Class 1 type gas hydrate reservoirs into
two categories as Class 1W for the hydrate-bearing layers with free water and Class 1G for the
hydrate bearing layers with free water.

Because of the existence of either free water or free gas in gas hydrate reservoirs, non-zero
injectivity of CO2 into gas hydrate reservoirs is possible before dissociation of gas hydrates. The CO:
injectivity should increase as the gas hydrates decompose. However, CO: injectivity may drop during
CHs-CO:z swapping. But the efficiency of CHs-CO:z swapping is low due to mass transfer barriers
caused by the COz-hydrate formation (Davies et al., 2010). Nevertheless, the low-injectivity of CO:
into marine gas hydrate reservoirs is a big concern due to the low-permeability nature of the storage
reservoirs.

Guo and Zhang (2023) proposed to inject COz into low-temperature water zones for non-leaking
storage in hydrate form. Assuming pre-injection of heating of CO2 should prevent COz-hydrate
formation during injection, they developed an analytical model to predict CO:2 injectivity into frac-
packed reservoirs. A case study with the model shows achievable commercial injection rates of 6-17
tons/day depending on fracture conductivity. Because this range of COe-injectivity is still
commercially marginal, we investigated using Radial-Lateral Wells (RLW) shown in Figure 2 for
increasing COz-injectivity into gas-hydrate reservoirs or low-temperature aquifers in this study.

The first versions of RLW are short-radius open-hole multi-lateral wells drilled for improving
well productivity (Marbun et al., 2011). Abdel-Ghany (2011) reported application of the technology
in offshore field development. Modern RLW are created by radial jet-drilling (RJD) starting from
cased hole (Wang et al., 2016; Kamel 2017; Qin et al., 2020). Productivity of RLW has been studied by
many investigators including Liu et al. (2012), Lu et al. (2014), Jain et al. (2017), and Maut et al. (2017).
Based on Furui et al.’s (2003) model for horizontal wells, Guo et al. (2020) developed a mathematical
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model for predicting productivity of RLW considering the interactions between radial laterals. No
literature reports any mathematical model for injectivity of RLW. Such a model is highly desired and
developed for predicting COz-injectivity into marine hydrate reservoirs and low-temperature aquifers
for project feasibility analysis.

Main
Wellbore

Figure 2. Sketch of a radial lateral well with four identical laterals.

Mathematical Model

A mathematical model for predicting injectivity of RLW was derived in this study using the
following assumptions:

1) Reservoir rock is homogeneous and isotropic in horizontal extension;

2)  The injected fluid is incompressible;

3) Pseudo-steady state flow condition prevails in the reservoir; and

4) Radial laterals are identical in geometry and evenly placed in the reservoir.

The first assumption, homogeneous and isotropic properties in horizontal extension, is valid for
most clayey deposits formed in marine environments where gas hydrates are found. The second
assumption, incompressible fluid, is valid for water and CO: in supercritical conditions that exist in
CO:xz injection wells. The third assumption, pseudo-steady state flow, becomes realistic after a short
transient flow period. The fourth assumption, identical and evenly distributed RLW, is realistic with
the modern RJD technology.

Development of the well injectivity model is given in Appendix A for reference. The resultant
model is briefly presented as follows.

. Mani |, . —+Zsin(™
_7.08><10_3nth(smm—pe)ln Iamln[rw(lanﬁl) Igni(1.224 S)+h51n(n)L

Qrmax Ty sin(%) Iani ln[% ~Iani(1.224-5)+7 sin(g)RW @)
where
Qumax = the maximum permissible fluid injection rate in bbl/day,
n =number of radial laterals,
ku = formation horizontal permeability in md,
h = thickness of reservoir in ft,
smin = the minimum formation in-situ stress in psi,
Pe =reservoir pressure in psi,
e =liquid viscosity in cp,
ro = lateral wellbore radius in ft,
s =skin factor of wellbore,
L  =length of lateral in ft,
Rw =radius of the main wellbore in ft,
and

Ioni = b (2)
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where kvis vertical formation permeability in md.

The maximum permissible fluid injection rate corresponds to the maximum permissible bottom
fluid injection pressure being equal to the minimum formation in-situ pressure. Because the
minimum in-situ stress is normally the vertical stress in shallow marine deposits, using any fluid
injection rate that is higher than this maximum fluid injection rate is expected to cause formation
breakdown/fracturing and lifting the overburden of the reservoir, which can be disastrous for
offshore operations involving gas hydrates.

The developed well injectivity model has not been validated due to lack of field data. However,
the model for oil production wells has been validated by Guo et al. (2020) using data from 3 RLW.
They found that the productivity model overestimated production rates for the 3 wells by 7.7%,
3.25%, and 8.8%, respectively. The error was attributed to lack of data for well skin factor, uncertainty
of horizontal permeability, uncertainty of permeability anisotropy (Imi), and uncertainty in bottom
hole pressure. COMSOL Multiphysics simulation was also used to validate the model. The values of
the Mean Absolute Percentage Error (MAPE) were found 2.98% and 5.92% for two analyzed cases. It
is understood that, when the well injectivity model is applied to COz-injection into gas hydrate
reservoirs, less accuracy is expected due to the uncertainties in determination of free gas/water
saturation, relative permeability, and the effect of CHs-CO: swapping.

Comparison of Well Types

It is worthy to investigate the improvement of RLW over other types of wells in fluid injectivity.
This section provides a comparison of well injectivity using the term Fold of Increase (Fol). The Fol
of RLW over vertical well is defined by

Injectivity of RLW
Injectivity of Vertical Well

and the Fol of RLW over frac-packed well is defined by

FOIROV =

)

Injectivity of RLW
Injectivity of Frac—Packed Well

FOIROF = (4)

The injectivity of vertical well is expresses as (Guo et al., 2017):

0 __ 7.08x1073kgh(Spmin—Pe)
Vmax — L
uLIn(z=+s)
w

)
The injectivity of frac-packed well is written as (Guo and Zhang, 2023):

_ 7.08x107 3wk £ (Smin—Pe)

QFmax - Wk
4 Jikd
e ‘"<mj e >

where w is fracture width in inch and k; is fracture permeability in md.
Substitution of Equations (1) and (5) into Equation (3) yields:

(6)

)

. hlgni ]_ ) —)+Zsin(®
L | Iamln[rw(laniﬂ) Iani(1.224-3)+% sin(3 )L
Folgoy = K(E) n(ﬁ+ s)in Lani In|—tani__|_; - 1224-5)+Zsin(Z)R
n ani n[m]— ani(1. —S)+ﬁ51n(5) w

Substituting Equations (1) and (6) into Equation (4) gives:

hlgni T . (T
Y IgniIn|—F 90—\ -(1.224—s)+—sm(—)L
FOIRgF — nkH.h _ In <i fw> In ani [ M;l(llan.ﬁl) ani nh nn (8)
Tkyw Sm(;) Yiw \} 3kn Iani ln[m]—lani(l.224—s)+z sin(;)Rw
Due to the complex forms of Equations (7) and (8), it is not clear what trends the Folrov and Folror
take. A numerical analysis was further carried out using the data in Table 1. Figure 3 shows the effects

of number of laterals and lateral length on Folrov. It indicates that the Folrov is nearly proportional to

the number of laterals and lateral length. Using RLW to replace vertical wells can improve fluid
injectivity by over 30 times. Figure 4 illustrates the effects of number of laterals and lateral length on
Folror. It shows that the Folror is also nearly proportional to the number of laterals and lateral length.
Using RLW to replace frac-packed wells can increase fluid injectivity by over 10 times.
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Table 1. Reservoir Properties and Wellbore Geometry for Well Type Comparison.

Parameter Value Unit Value Unit
Reservoir thickness 24 m 78 ft
Reservoir horizontal permeability 1 md 1 md
Reservoir vertical permeability 0.1 md 0.1 md
Radial wellbore radius 0.05 m 0.16 ft
Main wellbore radius 0.10 m 0.33 ft
Wellbore skin factor 0 0
Fracture width 0.0127 m 0.5 in
Fracture permeability 5,000 md 5,000 md
40
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Figure 3. Effects of number of laterals and lateral length on FoIRoV.
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Figure 4. Effects of number of laterals and lateral length on FoIRoF.

Field Case Study

A case study was performed using data from the gas hydrate reservoir in the Shenhu area,
Northern South China Sea. The water depth is about 1,180 m in the area. The gas hydrate reservoir is
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between 155 m and 177 m below the mudline (Wang et al. (2014). The average reservoir pressure and
temperature are approximately 14 MPa and 6 °C, respectively (Li, et al., 2018). The major component
of the natural gas in the Shenhu area is methane. The dissociation temperature of the gas hydrate at
14 MPa is about 15 °C (Chen et al., 2018). The reservoir is composed of clayey silt in three intervals
namely “a”, “b”, and “c”. Interval “a” has an effective about 0.35, hydrate saturation about 34%, and
permeability about 2.9 md. Interval “b” has an effective porosity about 0.33, hydrate saturation
about 31%, and permeability about 1.5 md. Interval “c” has an effective porosity about 0.32, gas
hydrate saturation about 7.8%, and permeability about 7.4 md (Chen et al., 2018). Recently Lu et al.
(2023) presents a review of research progress and scientific challenges in the depressurization
exploitation mechanism of clayey-silt natural gas hydrates in the area. They reported that 85% of the
produced natural gas is from dissociation of gas hydrates. This means that 15% of the produced
natural gas is from the free gas in the reservoir, indicating that the reservoir is a Class 1G type gas
hydrate reservoir. They also reported that the maximum gas relative permeability is 0.1.

Table 2 presents a summary of estimated reservoir properties and wellbore geometry of RLW
for COz injection. A conservative value of the effective horizontal permeability to CO2 was estimated
to be about 1 md, considering free-gas saturation and relative permeability to the CO: phase.
Equation (1) indicates that the injectivity of the RLW depends on several factors including the
controllable parameters (lateral length, lateral radius, and the number of laterals) and parameters
(reservoir permeability and permeability anisotropy). A sensitivity analysis was performed using the
data set in Table 1 by varying one parameter at a time.

Table 2. Reservoir Properties and Wellbore Geometry for Case Study.

Parameter Value Unit Value Unit
Water depth 1,180 m 3,870 ft
Reservoir mid-depth 1,346 m 4,415 ft
Reservoir pressure 14 MPa 2,058 psi
Reservoir temperature 6 °C 43 F
The minimum formation stress 18 MPa 2,646 psi
Reservoir thickness 22 m 78 ft
Reservoir horizontal permeability 1 md 1 md
Reservoir vertical permeability 0.1 md 0.1 md
Fluid density 1100 kg/m”3 386 Ib/bbl
Fluid viscosity 1 cp 1 cp
Radial wellbore radius 0.05 m 0.16 ft
Main wellbore radius 0.10 m 0.33 ft
Wellbore skin factor 0

Figure 5 shows model-calculated effects of number of laterals on well injectivity for 9 lateral
lengths. It indicates that COz-injectivity increases with the number of laterals and lateral length. This
is because these parameters control the flow cross-section area at the sand face. The injectivity is
proportional to the number of laterals when the laterals are short, but the linearity drops for long
laterals. In the practical ranges of the number of lateral and lateral length between 100 ft and 500 ft,
COr-injectivity of the RLW can be 19 tons/day to 250 tons/day.
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Figure 5. Effects of number of laterals and lateral length on well injectivity.

Figure 6 presents model-calculated effect of lateral radius on well injectivity for 4 values lateral
radii. It shows that well injectivity increases non-linearly with lateral length. This is because wellbore
radius affects the flow cross-section area at the sand face. The narrow band covered by the 4 curves
implies that the injectivity is not sensitive to lateral radius in the range investigated.

Equation (1) shows explicitly that well injectivity is directly proportional to the reservoir
horizontal permeability. However, the effect of reservoir permeability anisotropy is not obvious.
Figure 7 illustrates model-calculated effect of reservoir permeability anisotropy on well injectivity. It
shows that well injectivity decreases non-linearly with reservoir permeability anisotropy. This is
because reservoir permeability reduces fluid seepage flow in the vertical direction.

200

180
— 160
>
©
T 140
(%)
c
2 120
(]
E 100 —rw = 0.16 ft
5 g0 ———rw = 0.20 ft
k3]
.C'C_’, 60 rw = 0.24 ft
© =
2 40 rw = 0.28 ft
w

20
0 100 200 300 400 500 600

Lateral length (ft)

Figure 6. Effect of lateral length on well injectivity for 4 lateral radii.
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Figure 7. Effect of reservoir permeability anisotropy on well injectivity.

Discussion

Effect of Reservoir Type. The result of case analysis presented in the above section was obtained
based on the assumption of CO: flows in the gas hydrate reservoir prior to decomposition of natural
gas hydrates. This can happen only in Class 1 type gas hydrate reservoirs where at least one free
phase exists, such as gas hydrates and free gas (1G type) or gas hydrates and free water (1W). If the
free-phase does not exist in the gas hydrate reservoir, relying on CHs-CO2 swapping due to molecular
diffusion would make it very difficult to inject CO2 at commercial rate. It is also understood that
Equation (1) is expected to be more conservative in 1G than in 1W gas hydrate reservoirs because the
gas in front of COz has higher mobility than water.

Effect of Hydrate Formation. Equation (1) was derived based on the assumption of no formation
of CO:z hydrates during CO: injection. This assumption may be valid in the near wellbore region
where the high velocity of CO2 flow should not give sufficient retention time for forming CO:
hydrates. This condition may not exist in the region away from the wellbore where the CO: velocity
can drop to below a critical value that will cause CO2-hydrate to form, reducing injectivity. Future
studies should investigate the determination of the critical velocity through lab-testing and/or
computer simulation with compositional multi-phase flow models.

Conclusions

It is desirable to inject CO2 into marine gas hydrate reservoirs for non-leak storage. Low-
injectivity of conventional wells is a major concern in the process. Radial lateral wells (RLW) are
proposed to improve well injectivity. A mathematical model was derived in this work to predict
injectivity of RLW for CO: injection. The following conclusions are drawn based on case studies and
sensitivity analysis.

1. The Folrov is nearly proportional to the number of laterals and lateral length. Using RLW to
replace vertical wells can improve COzinjectivity by over 30 times.

2. The Folrer is also nearly proportional to the number of laterals and lateral length. Using RLW to
replace frac-packed wells can increase CO: injectivity by over 10 times.

3. CO:z can be injected into marine gas hydrate reservoirs through an RLW at a rate of 19 tons/day
to 250 tons/day, which theoretically proves the feasibility of the RLW technology.

4. RLW injectivity increases with lateral length, lateral radius, and the number of laterals. It is
nearly proportional to the lateral length and the number of laterals but not sensitive to lateral
radius.
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5. RLW injectivity is directly proportional to reservoir permeability and inversely proportional to
reservoir permeability anisotropy.

The mathematical model has some limitations in real applications. It may be applicable to Class 1
type gas hydrate reservoirs with free gas (1G type) or free water (1W). The model may be valid in the
near wellbore region where the high velocity of CO: flow should not give sufficient retention time
for forming CO: hydrates. This condition may not exist in the region away from the wellbore where
the CO: velocity can drop to below a critical value that will cause COz-hydrate to form. Future studies
should investigate the determination of the critical velocity through lab-testing and/or computer
simulation with compositional multi-phase flow models.

Appendix A. Derivation of Analytical Model for Injectivity of Radial-Lateral Wells

The following assumptions are made in deriving an injectivity model of radial-lateral wells: 1)
reservoir rock is homogeneous and isotropic in horizontal extension, 2) reservoir fluids and injected
fluids are incompressible liquids; 3) psudo-steady state flow condition prevails, and 4) radial laterals
are identical in geometry and evenly placed in the reservoir.

The plan view of a radial-lateral well model is sketched in Figure Al. For an infinitesimal
segment of a lateral dx at distance x from the center of the main wellbore, the following relation is
considered (Furui’s, 2003):

Radial \ / Virtual
Lateral \ \ / No-flow
Boundary

Figure A1. Planar configuration of a radial-lateral well.

7.08x10 3 ky (pw—D)

| Mani |, ®Sp_, _ }
o {lang tn|;r LS D L (1.224-5)

dq, = dx (A.1)

where gris liquid flow rate in bbl/day, kx is horizontal permeability in md, pw is lateral wellbore
pressure in psi, P is the average reservoir pressure in psi, s liquid viscosity in cp, & is thickness of
reservoir in ft, r» is lateral wellbore radius in ft, s is lateral wellbore skin factor, Sp is the drainage
distance of the wellbore segment dx in ft. The reservoir anisotropy factor is defined as:
kn
Lyni = - (A2)
|4
where kv is the vertical permeability of formation rock in md. The drainage distance of wellbore
segment relates to its location x and the angle &between laterals:

Sp = xsin(@) = x sin (%) (A.3)

where 7 is the number of laterals. Substituting this relation into Equation (A.1) gives:

-3 —_
dq, = 7.08x10 3k (Pw—P) dx (A4)

nl—lani | mo (MY _
uL{Iam ln[rw(lani+1) +hsm(n)x Iani(1.224 s)}
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10
which can be integrated as
qL L 7.08x10 3k (pyw—D )
Jo day = [, s = dx (A.5)
w ﬂL{Iani ln[m +—- sm( )X Iam(l 224—- S)}
where Ru is the radius of the main wellbore. This equation is integrated to give the following.
h i T . (T
0 = _ 7.08x10" 3th(pW_p)l Lani ln[m]—Iani(1.224—s)+—sm(—)L "
L= Ty, sm( ) Lani ln[# —Igni(1.224— s)+—sm( )RW

If a well has n evenly placed radial laterals, the fluid injection rate of the well can be expressed as:

. h ant ]
7.08x10~3nkyh(py,— D) 1 lani ln[rw(lam+1) lani(1.224=s)+ Sm( )L

h
Ty sin .
UL () Iani m[rw(lamﬂ)] Iani(1.224—5)+— sm( )RW

QL= (A7)

where Qr is well liquid injection rate in bbl/day.

The maximum permissible fluid injection rate is defined as the flow rate at which the formation
is broken down (fractured) by the injection pressure near the wellbore, i.e., pw= p;, where pr is
formation fracturing pressure. For highly permeable formations, such as gas hydrate reservoirs with
free gas or free water, the formation fracturing pressure is approximately equal to the minimum
formation stress. Therefore, the maximum permissible fluid injection rate is expressed as

h
Iani ln[¢] Iani(1.224—5)++ sm(n)L

7.08x10 3 nkyh(smin—D) Tw(l gni+l
Qumar = HASmin D) D (A8)
nuLsm(;) Lani ln[m] Iani(1.224—5)++ sm( )RW

where smin is the minimum formation stress which is normally the vertical in-situ stress in subsea
sediments.
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