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Abstract:
Concerns exist about CO2 leaks from conventional supercritical CO2 storage reservoirs.
This study investigates injecting CO2 into low-temperature offshore reservoirs to lock
it in a solid state, thus preventing potential leaks. An analytical model was developed to
predict CO2 injectivity into frac-packed injection wells in these low-temperature reservoirs.
While the initial transient flow model was complex with Bessel functions and exponential
integral, it was further simplified for practical field application. Sensitivity analysis of the
model reveals that injectivity is less sensitive to reservoir permeability but more sensitive
to fracture conductivity. The analytical model suggests injectivity is directly proportional
to fracture width and fracture permeability. The case study utilizing field data from the
South China Sea indicates feasible injection rates ranging from 6 to 17 tons/day depending
on fracture conductivity. This work provides an analytical tool to predict injectivity for
CO2 storage in frac-packed low-temperature offshore reservoirs, contributing to carbon
reduction and neutralization goals.

1. Introduction
The increasing level of CO2 in the atmosphere is of

great concern to humankind due to its global warming effect
(Frölicher et al., 2014; Soeder, 2021). A number of carbon
capture and storage projects have been initiated in recent
years to place CO2 in offshore structures like depleted oil
reservoirs (Gaurina-Medimurec and Mavar, 2019; Sukor et
al., 2020). Recent studies indicate a high risk of CO2 leakage
through CO2-exposed oil wells (Hangx et al., 2016; Duguid
et al., 2017). The leakage could be due to the loss of sealing
integrity of wellbore cement over time from CO2-cement
interaction. Simulations by Zhang et al. (2021) show it may
take centuries for CO2 to fully penetrate wellbore cement
through pore space to reach casing, but just months through
cement cracks. Such cement cracks were presented in studies
like Duguid et al. (2017). Since deterioration of wellbore
cement sheath sealing is unavoidable, the high mobility of
CO2 in its supercritical state in offshore reservoirs is logically
to ”blame” (Lin et al., 2020; Anya et al., 2023). It is highly

desirable to store CO2 in its hydrate (solid-state) form in low-
temperature offshore structures to minimize leakage.

By comparing the formation conditions of CO2 hydrates
and methane hydrates (Fig. 1), it is found that environments
suitable for methane hydrate formation are also likely to
provide conditions conducive to storing CO2 in hydrate form.
Since methane-hydrate reservoirs have been found globally
in both onshore and offshore sediments (Kvenvolden, 1993;
Dawe et al., 2007; Shaibu et al., 2021), it is logical to believe
the number of low-temperature offshore structures is at least
as many as the number of methane-hydrate reservoirs. There-
fore, the potential for safely storing CO2 in low-temperature
offshore structures is huge.

Injecting CO2 into methane-hydrate reservoirs for storage,
called CH4-CO2 swapping, has been studied for years. In
this process, one CO2 molecule replaces one CH4 molecule
without destroying the hydrate structure or producing much
water. This reduces matrix collapse and stratum failure (Cha
et al., 2023). However, swapping efficiency is low due to mass
transfer barriers caused by CO2-hydrate formation (Davies et
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Fig. 1. Phase equilibrium curves for CO2 and CH4 (Khasanov et al., 2020): (a) CO2, (b) CH4.

al., 2010).
This study investigates storing CO2 in low-temperature,

low-permeability formations beneath the seafloor, assuming
the CO2 stream is heated prior to injection to prevent hy-
drate formation during injection. Injecting CO2 into these
formations at commercial rates is challenging due to the
extremely low well injectivity. This investigation put forth
frac-packing technology, commonly utilized to control sand
production (Ghalambor et al., 2009), as a means to complete
CO2 injection wells and improve injectivity (Fig. 2). Although
it remains uncertain whether frac-packed wells will attain
adequate CO2 injectivity, fracture orientation and dimensions
are believed to play a pivotal role in determining the injectivity
of fractured wells. Since vertical stress is the minimum in
shallow formations below the seafloor, horizontal fractures are
expected to propagate during frac-packing operations in these
low-temperature formations (Lamont and Jessen, 1963; Huang
et al., 2012; Lu et al., 2015). In this work, a mathematical
model was formulated to predict CO2 injectivity into frac-
packed reservoirs with horizontal fractures. Sensitivity analysis
shows CO2 injectivity is less sensitive to reservoir permeabil-
ity but more sensitive to fracture properties like width and
permeability. Additionally, CO2 injectivity is proportional to
fracture permeability and width.

2. Mathematical model

2.1 Assumptions
The following assumptions are made to derive the govern-

ing equation for fluid injection into storage reservoirs through
radial fractures:

1) The fluid storage reservoir is homogeneous and isotropic
within boundaries.

2) The reservoir is fully saturated with a slightly compress-
ible liquid.

3) Fluid is injected through a radial fracture at the mid-depth

of the storage reservoir section.
4) The width of the radial fracture is constant.
5) Vertical flow of injected CO2 dominates fluid seepage

in the storage reservoir sections above and below the
horizontal fracture.

6) Vertical flow of injected CO2 supports the diverging radial
flow in the fracture.

2.2 Governing equation
Consider a volume element of fracture at a radial distance

r from the wellbore centerline, with a width in the tangential
direction rdθ , a length in the radial direction dr, and a height
w (Fig. 2). The law of conservation of mass states:

Mass inflow rate − Mass outflow rate = Mass change rate
in the volume element.

That is:

qρ|r −qρ|r+dr −Qm = ϕ f wrdrdθ
∂ρ

∂ t
(1)

where q is the fluid injection rate, ρ is the fluid density, ϕ f
is fracture porosity, t is the injection time, and Qm is the
mass flow rate from the fracture element into the matrix. All
variables in this paper are in Darcy units. This equation can
be expanded as:

qρ|r −
[

qρ|r +
∂ (qρ)

∂ r
dr
]
−Qm = ϕ f wrdrdθ

∂ρ

∂ t
(2)

which is simplified to:

∂ (qρ)

∂ r
dr+Qm =−ϕ f wrdrdθ

∂ρ

∂ t
(3)

Applying Darcy’s law gives:

q =−
k f wrdθ

µ

∂ p f

∂ r
(4)

where k f is the permeability of fracture, p f is the pressure in
the fracture at distance r, µ is fluid viscosity. The fluid volume
V on one side of the fracture can be determined as:
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Fig. 2. A frac-packed storage reservoir separated by a hori-
zontal radial fracture at the mid-depth.

V = ϕ
h
2

rdθdr (5)

where ϕ is the matrix porosity, and h is the reservoir thickness.
The compression coefficient of matrix cm is:

cm =− 1
V

∂V
∂ p

(6)

where p is pressure in matrix.
Differentiation of Eq. (5) with respect to time gives:

cmV
∂ρ

∂ t
=−∂V

∂ t
=−Q(r) (7)

where Q(r) is the mass flow rate at r.
Considering Eq. (5), the pressure increase rate ∂ p/∂ t in

Eq. (7) can be solved to give:

∂ p
∂ t

=−Q(r)
cmV

=− 2Q(r)
cmϕhrdθdr

(8)

The governing equation for the linear flow from the fracture
element to the storage reservoir element is (Dake, 1983):

∂ 2 p
∂y2 =

ϕµcm

km

∂ρ

∂ t
(9)

where y is the depth of a location in a storage reservoir, km is
reservoir permeability.

Substituting Eq. (8) into Eq. (9) gives:

∂ 2 p
∂y2 =− 2µQ(r)

kmhrdθdr
(10)

Integrating Eq. (10) gives:

∂ p
∂y

=− 2µQ(r)
kmhrdθdr

y+C1 (11)

where the integration constant C1 can be evaluated by applying
the boundary condition:(

∂ p
∂y

)
y=h/2

= 0 (12)

Applying Eq. (12) to (11) yields:

C1 =
2µQ(r)
kmrdθdr

(13)

Substituting Eq. (13) into Eq. (11) gives:

∂ p
∂y

=
2µQ(r)
kmrdθdr

(
1
2
− y

h

)
(14)

Separating variables and integrating Eq. (14) results in:

p =
2µQ(r)
kmrdθdr

(
y
2
− y2

2h

)
+C2 (15)

where the integration constant C2 can be calculated by apply-
ing the boundary condition:

p|y=0 = p f (16)
Applying Eq. (16) to Eq. (15) yields:

C2 = p f (17)
Substituting Eq. (17) into Eq. (15) gives:

p =
2µQ(r)
kmrdθdr

(
y
2
− y2

2h

)
+ p f (18)

Because along the boundary at y = h/2 the pressure is pe
(reservoir pressure), Eq. (18) yields:

Q(r) =
4kmrdθdr

µh

(
p f − pe

)
(19)

The total mass flow rate to the storage reservoir matrix
elements on both sides of the fracture is written as:

Qm = 2ρQ(r) =
8ρkmrdθdr

µh

(
p f − pe

)
(20)

The change of density in Eq. (3) can be formulated in terms
of pressure change by incorporating the compressibility of the
fluid:

∂ p
∂ t

= c f ρ
∂ p f

∂ t
(21)

where c f is fluid compressibility in the fracture. Substituting
Eqs. (4), (20), and (21) into Eq. (3) result in a governing
equation for fluid flow inside the fracture element:

1
r

∂

∂ r

(
−r

∂ p f

∂ r

)
+

8km

hk f w

(
p f − pe

)
=−

ϕ f µc f

k f

∂ p f

∂ t
(22)

Define a pressure differential pd as:

pd = p f − pe (23)
Substituting Eq. (23) into Eq. (22) gives:

1
r

∂

∂ r

(
r

∂ pd

∂ r

)
=

ϕ f µc f

k f

∂ pd

∂ t
+

8km

hk f w
pd (24)

If the coefficient groups ϕ f µc f /k f and 8km/hk f w are
denoted by A and B, respectively, Eq. (24) can be simplified
to give:

1
r

∂

∂ r

(
r

∂ pd

∂ r

)
= A

∂ pd

∂ t
+Bpd (25)

2.3 Initial and boundary conditions
The initial condition is that pressure remains constant

everywhere before the fluid injection is activated:

pd = 0 at t = 0, for all r (26)
For the outer boundary far away from the wellbore is

specified by:



4 Guo, B., Zhang, P. Advances in Geo-Energy Research, 2023, 10(1): 1-6

1 1 0 1 0 0 1 0 0 0 ( 1 )

0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
3 . 5
4 . 0
4 . 5
5 . 0

0
1 0 1 0 0 1 0 0 01 0 1 0 0 1 0 0 0 ( 1 )

We
ll f

unc
tio

n W
(r w

,t)

 B  =  7 5 0  c m
 B  =  3 5 0  c m
 B  =  2 0 0  c m

A  =  1 . 5 × 1 0 4  s / c m 2 A  =  7 . 5 × 1 0 5  s / c m 2 A  =  5 × 1 0 5  s / c m 2

 B  =  4 0 0  c m
 B  =  2 0 0  c m
 B  =  1 0 0  c m

T i m e  ( s )

 B  =  3 5 0  c m
 B  =  1 5 0  c m
 B  =  1 0 0  c m

Fig. 3. Plots of W (rw, t) for practical A, and B values.

pd = 0 at r = ∞, for all t (27)
For the inner boundary, it holds:

lim
r→0

(
r

∂ pd

∂ r

)
≡ qµ

2πwk f
, for t > 0 (28)

2.4 Solution
The solution of Eq. (25) with the initial and boundary

conditions is:

pd =
qµ

2πwk f

{
K0

( r
B

)
− 1

2
I0

( r
B

)
Ei

( t
AB2

)
+

1
2

exp
(
− t

AB2

)[
ln
(

γAr2

4t

)
+Ei

(
Ar2

4t

)
−Ar2

4t
+

Ar2

4t
I0
( r

B

)
−1( r

2B

)2

]} (29)

where I0 is the zero-order modified Bessel function of the
first kind, K0 is the zero-order modified Bessel function of
the second kind, Ei is the exponential integral, and γ is an
exponential function of Euler’s constant (e0.5572 = 1.75).

Eq. (29) simplifies to the expression for the pressure
differential in the wellbore where r = rw (i.e., wellbore radius):

pd =
qµ

2πwk f
W (rw, t) (30)

where the well function W (rw, t) is given by:

W (rw, t) = K0

( rw

B

)
− 1

2
I0

( rw

B

)
Ei

( t
AB2

)
+

[
ln
(

γAr2
w

4t

)
+Ei

(
Ar2

w

4t

)
− Ar2

w

4t
+

Ar2
w

4t
I0
( rw

B

)
−1( rw

2B

)2

]
∗ 1

2
exp

(
− t

AB2

)
(31)

To rearrange Eq. (30), q is described by the following
equation:

q =
2πwk f (pw − pe)

µW (rw, t)
(32)

where pw is the wellbore pressure.The mathematical model
is challenging to use since the functions are difficult to
evaluate, which necessitates model simplification for practical
applications. Fig. 3 presents well function W (rw, t) curves for
practical A and B values. The curves all level off after an
injection time of around 100 seconds. This means the time-
dependent terms in W (rw, t) diminish after a short injection
period which is negligible in real applications. After removing
the time-dependent terms the well function can be simplified
to:

W (rw, t) = K0

( rw

B

)
(33)

For practical values of rw and B, the ratio rw/B is
close to zero. Because lim

x→0
K0(x) ≡ ln(2/γx), the rela-

tion lim
(rw/B)→0

K0(rw/B) ≡ ln(2B/γrw) holds. Therefore, Eq.

(33) practically degenerates to:

W (rw, t) = ln
(

2B
γrw

)
(34)

Submitting coefficient group B, and Eq. (34) into Eq.
(32) yields a simplified form of solution:

q =
2πwk f (pw − pe)

µ ln
(

2
γrw

√
hk f w
8km

) (35)

The maximum permissible fluid injection rate is the in-
jection rate when the wellbore pressure (pressure at the entry
of fracture) reaches the minimum in-situ stress smin when the
overburden is lifted.

Submitting pw = smin into Eq. (35) results in:
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Fig. 4. Effects of fracture width, fracture permeability, and reservoir permeability on CO2 injectivity.

qmax =
2πwk f (smin − pe)

µ ln
(

2
γrw

√
hk f w
8km

) (36)

It is understood that the volumetric flow rate qmax is in
reservoir condition. If the density of the fluid is known at the
reservoir pressure and temperature, the maximum permissible
fluid mass injection rate can be calculated.

3. Sensitivity analysis
Eq. (36) implies the maximum permissible fluid injection

rate is directly proportional to the differential between vertical
stress and initial reservoir pressure, known as the effective
vertical stress, which is typically well characterized. Reservoir
thickness is also usually known confidently. The equation also
shows the maximum injection rate is inversely proportional
to fluid viscosity, which is logically understandable from a
frictional pressure perspective. However, data on reservoir
permeability, fracture width, and fracture permeability are usu-
ally uncertain. Due to uncertainty in these parameter values,
conducting sensitivity analysis would be prudent to identify
factors significantly impacting the injection rate.

The storage reservoir condition is similar to that found
in a low-temperature reservoir below the sea floor (Liu et
al., 2012). The data set used in the sensitivity analysis is
listed in Table 1. The model-calculated effects of reservoir
permeability, fracture width, and fracture permeability on CO2
injectivity are seen in Fig. 4. It reveals that injectivity varies
nonlinearly with reservoir permeability changes, indicating rel-
atively low sensitivity. However, injectivity varies linearly with
changes in fracture width and fracture permeability, showing
high sensitivity. Though reservoir permeability changes by
50%, injectivity only varies about 5%-8% around the 11.9
tons/day mean. But with 50% changes in fracture width or
permeability, injectivity varies by 42%. Therefore, fracture
conductivity dominates injectivity, while reservoir permeabil-
ity has a relatively minor effect.

Table 1. Reservoir and fracture properties for a subsea
storage reservoir.

Parameter Value

Water depth (cm) 100,613

Reservoir mid-depth (cm) 134,604

Reservoir temperature (°C) 6

Reservoir pressure (atm) 140

Minimum in-situ stress (atm) 181

Reservoir thickness (cm) 2,378

Reservoir permeability (Darcy) 0.0046

Fluid viscosity (cp) 0.8

Wellbore radius (cm) 10

Fracture width (cm) 1

Fracture permeability (Darcy) 5

4. Conclusions
This study proposes injecting CO2 into subsea reservoirs

with temperatures below CO2-hydrate formation levels, en-
abling solid-state storage to minimize potential leakage. As-
suming pre-injection CO2 heating prevents reservoir hydrate
formation, a mathematical solution was developed to predict
injectivity into frac-packed reservoirs. Sensitivity analysis al-
lows the following conclusions:

1) The developed transient model could be utilized to predict
CO2 injectivity, which was simplified to steady-state
without early time dependencies for practical use.

2) Injectivity is less sensitive to reservoir permeability but
more sensitive to fracture width and permeability. In-
creasing fracture conductivity, the product of width and
permeability significantly improves injectivity.
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3) The case study using data from a low-temperature reser-
voir shows achievable commercial injection rates of 6-17
tons/day depending on fracture conductivity.

These conclusions assume pore spaces remain fully occu-
pied by supercritical CO2 during injection, with flow velocities
high enough to prevent hydrate formation. Solid-state CO2
storage in appropriately frac-packed subsea reservoirs can
therefore enable commercial-scale injection while minimizing
leakage risks.
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