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As the demand for energy continues to increase, shale gas, as an unconventional source of methane (CH,),
shows great potential for commercialization. However, due to the ultra-low permeability of shale gas reser-
voirs, special procedures such as horizontal drilling, hydraulic fracturing, periodic well shut-in, and carbon
dioxide (CO,) injection may be required in order to boost gas production, maximize economic benefits, and
ensure safe and environmentally sound operation. Although intensive research is devoted to this emerging
technology, many researchers have studied shale gas design and operational decisions only in isolation. In

I<}ely\l/vords: fact, these decisions are highly interactive and should be considered simultaneously. Therefore, the research
Shale gas . question addressed in this study includes interactions between design and operational decisions. In this
Hydraulic fracturing . . . . e .

Scheduling paper, we first establish a full-physics model for a shale gas reservoir. Next, we conduct a sensitivity analysis
Well shut-in of important design and operational decisions such as well length, well arrangement, number of fractures,

fracture distance, CO, injection rate, and shut-in scheduling in order to gain in-depth insights into the com-
plex behavior of shale gas networks. The results suggest that the case with the highest shale gas production
may not necessarily be the most profitable design; and that drilling, fracturing, and CO, injection have great
impacts on the economic viability of this technology. In particular, due to the high costs, enhanced gas re-
covery (EGR) using CO, does not appear to be commercially competitive, unless tax abatements or subsidies
are available for CO, sequestration. It was also found that the interactions between design and operational
decisions are significant and that these decisions should be optimized simultaneously.
© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction spacing and length, and the number of fractures and their distance.
It is said that design decisions are “here-and-now” decisions. By
comparison, operational decisions such as production rate, shut-in

scheduling, and potential CO, injection are made only at later stages

Dwindling petroleum reservoirs have stimulated new research
into the commercialization of unconventional resources such as

shale gas. Unlike natural gas, its conventional counterpart, shale gas
needs to be extracted from ultra-low-permeability geological for-
mations. Therefore, special methods such as horizontal drilling, hy-
draulic fracturing, carbon dioxide (CO,) injection, and shut-in oper-
ations are required to improve the economic benefits. The decisions
involved are highly complex and can be broadly categorized into
design and operational decisions. The common feature of design
decisions is their immediate realization at an early stage of shale
gas exploration. Examples include the number of wells and their
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and during shale gas extraction. The methodology by which the in-
teractions between design and operational decisions are considered
is known as “integrated design and control” [1-3].

The design of shale gas networks has been the focus of several
researchers. Ran and Kelkar [4] studied the economic implications
of the number of fracture stages. They indicated that, as the num-
ber of fracture stages increases, the cost of completion becomes a
major cost contributor; beyond a certain number of fractures, the
cost increases do not cover the incremental benefits. Balan et al. [5]
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applied a proxy model to optimize the well spacing, hydraulic frac-
ture spacing, and half-length in a hypothetical shale gas reservoir,
and made similar observations.

In parallel, the operation of shale gas production networks has
been the focus of other researchers. Compared with their conven-
tional counterparts, shale gas reservoirs experience sharp pressure
depletions and potential liquid loading that can greatly influence the
gas production rate. Appropriate shut-in operations can avoid this
problem and increase gas extraction [6]. Knudsen [7] incorporated
shut-in decisions into an optimization procedure for a single well,
with different shut-in time cycles in four examples. The results re-
vealed that shale gas production losses can be greatly reduced using
shut-in procedures. Later, Knudsen et al. [8] introduced a scheme for
multi-well shale gas well scheduling. A single-layered and radical
composite proxy model for reservoirs was built, and mixed-integer
linear programming (MILP) was applied. Unfortunately, the model
showed discrepancies from actual complex systems for predicting
shut-in operations. To enhance the performance of their models,
Knudsen and Foss [9] established a new proxy model for shale gas
wells based on partial differential equations. A generalized disjunc-
tive program (GDP) was also applied to incorporate well shut-in
arrangements. Later, Knudsen et al. [10] built a scheme for a multi-
well shut-in arrangement using a three-region proxy model with
reasonable accuracy. They applied a Lagrangian relaxation method
for system optimization.

Shut-in procedures can be applied to a large range of conditions.
However, they may result in undesirable interruptions in long-term
production. Injecting CO, into a shale gas reservoir is an alternative
method to enhance shale gas recovery. Shale formations preferen-
tially adsorb CO, (about 5-10 times more than methane, CH, [11]),
which can lead to an increase in shale gas recovery. Intensive studies
are underway to gain better understanding and improve the perfor-
mance of shale gas recovery using gas injection methods. Eshkalak
et al. [12] compared the performance of shale gas recovery using CO,
injection and re-fracturing. A dual porosity and permeability model
was built for both scenarios. The results illustrated that re-fracturing
performs better than gas injection due to the formation of new
drainage areas. However, gas injection performance increased shale
gas extraction in long-term scenarios. It was also found that using a
gas injection method after re-fracturing is very effective for enhanc-
ing shale gas recovery. Researchers at the National Energy Technolo-
gy Laboratory (NETL) [13] applied a numerical simulation method to
simulate shale gas recovery using a CO, injection method. They built
a dual porosity and permeability model to evaluate shale gas re-
covery performance under different CO, injection rates. The results
showed that a low gas injection rate can be more economical due
to lower operational costs. In addition, a high gas injection rate may
create undesired fractures. Li and Elsworth [14] applied modeling of
Barnett shale in order to estimate shale gas recovery under different
pressures. The results revealed that production of CH, was increased
by 2.3%, 14.3%, and 28.5% when CO, was injected at 0 MPa, 4 MPa,
and 8 MPa, respectively. In conclusion, CO, injection is an efficient
technique to improve shale gas recovery; in addition, this technique
sequesters a greenhouse gas (GHG).

While a thorough review of the research in the field is not the
focus of the present contribution, based on the aforementioned
critical analysis, it is immediately evident that shale gas network
design and operational decisions are drastically different and more
challenging than their natural gas counterparts. In particular:

* Both design and operational decisions have significant economic

implications;

* Both design and operational decisions are highly nonlinear, and

do not lend themselves to conventional simplifications; and

* Design and operational decisions differ in that the former are

made at much earlier stages, although both are highly interac-

tive and interdependent.

With the aim of gaining in-depth insight into the decisions in-
volved in the design and operation of shale gas networks, the pres-
ent research develops a full-physics model of a shale gas network,
consisting of four production and four injection wells. This rigorous
model is then applied to a comprehensive sensitivity analysis in
which design decisions such as the number of fractures in each well,
fracture distance, well length, and the arrangement of production
and injection wells, and operational decisions such as the possibil-
ity of CO, injection and shut-in scheduling (timing, durations, and
frequency) are comprehensively studied. Using an example, we also
demonstrate that design and operational decisions are highly inter-
active and require simultaneous decision-making. The paper con-
cludes by proposing a future research direction.

2. Full-physics model of a shale gas reservoir

A full-physics model was established using numerical simulation
software (Eclipse). As a shale gas reservoir is an unconventional res-
ervoir, the coal-bed methane (CBM) method, which is especially pro-
grammed for unconventional gas reservoirs, was selected. Non-Darcy
flow and instant desorption were assumed. In order to simulate the
matrix-fracture system of a shale gas reservoir, a dual-porosity and
dual-permeability model was constructed using the Eclipse simula-
tion software tool. Unlike the single-permeability model, in which
the matrix blocks are linked only through the fracture system and
the matrix blocks act as sources, a dual-permeability system has
flow occurring directly between neighboring matrix blocks. In order
to simulate the hydraulic fractures, local grid refinement (LGR) was
applied and the porosity and permeability of certain blocks were
adjusted to the fracture’s porosity and permeability.

In a fractured shale gas reservoir, fluids exist in two systems that
are connected with each other:

* The rock matrix, which occupies most of the reservoir volume;

and

* The rock fractures, which are highly permeable.

In shale gas reservoirs, the rock matrix has high porosity and low
permeability, while the rock fractures feature low porosity and high
permeability [15]. Soeder [16] suggested the average rock matrix po-
rosity to be about 10%, and Wang and Wu [17] estimated the fracture
porosity to be about 1%. The permeability of the shale gas matrix can
be calculated by the Klinkenberg correlation [18]:

K- k”X(H%j (1)

where b, is the Klinkenberg coefficient; P is the mean pore pressure;
and k~ is the reference permeability. Aguilera [19] postulated a sim-
plified empirical equation based on shale gas reservoirs:

k 045
r=2.665 —2—
' [loom] (2)

where 1 is the pore size, and ¢,, and k,, are the porosity and perme-
ability in the matrix, respectively. In the research study presented
in this paper, the value of 0.1 for ¢,, and the value of 6 nm for r were
considered. Liu et al. [20] measured the average pore size as 5.97 nm
using gas adsorption, and used mercury intrusion techniques to
obtain the value of 60.7 nd (1 nd = 9.869233 x 107"° um?) for per-
meability. Cho et al. [21] suggested the permeability of hydraulic
fractures to be around 100 000 md. Hydraulic or primary fractures
are those that are induced by the injection of hydraulic fracturing
fluid. They are propagated in the direction of least principal stress
[6]. Proppants provide high permeability for these types of fractures
[7] and enable the easy flow of gas from the matrix to the wells.
By comparison, secondary fractures are the result of geomechan-
ical changes in the rock, induced by hydraulic fractures [7]. Ozkan
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et al. [22] investigated the permeability of secondary fractures.
In the initial conditions, the pressure was found to be 5000 psi
(1 psi = 6.894757 x 10° Pa) and the permeability to be 2000 md.
During the extraction process, the permeability of the secondary
fractures induced by hydraulic fractures was found to be around
200 md, since the flowing bottom hole pressure dropped to about
750 psi. The permeability of the natural fractures was deemed to be
negligible, as it has little effect on productivity; the limiting factor
is the flow capacity of the matrix [22]. Desorption can be modeled
using the Langmuir equation:

__Wr
ptp

s 3)
where V4 represents the volume of gas adsorbed in the reservoir
rock, with a unit of scf-t™" (scf is short for standard cubic foot, 1 scf =
0.0283168 m?); p is the pressure; and V, and p, are the Langmuir
volume and Langmuir pressure, respectively. The Langmuir volume
is the maximum adsorption capacity of the rock and the Langmuir
pressure is the pressure at which V,q, is equal to half of the Langmuir
volume. The so-called “instant desorption” model can be applied
when the desorption process is negligible. Queipo et al. [23] inves-
tigated the storage capacity of a specific shale gas reservoir. Using
Langmuir isotherm properties, both free and adsorbed gas can be
plotted as a function of pressure. At an initial pressure of 5000 psi
[24-26], the gas content in the reservoir is approximately 70% free
gas and 30% adsorbed gas. As the reservoir pressure drops toward
the flowing bottom hole pressure (FBHP) of 750 psi, this ratio shifts
to 60% adsorbed gas, and the content of adsorbed gas remains
almost unchanged. It is evident that gas desorption will not signifi-
cantly affect shale gas production until the reservoir inventory has
decreased substantially below the initial pressure. This behavior is
consistent with the observations made in a previous work on the
Barnett shale [27], in which gas desorption appeared in the decline
curve after significant production but had only a minor effect on
cumulative gas production. Thus, the desorption of shale gas is
negligible and the instant desorption model can be applied. The
adsorption-desorption process is represented as a source term in
the matrix pore system.

The fluid flow in the shale gas reservoir can be divided into two
parts:

* Gas flow toward the fractures within the pore space of the ma-

trix; and

* Gas flow in the fractures.

For gas flow within the matrix, the flow rate is very small. Thus,
the gas flow follows Darcy’s law. For gas flow in the fractures, the
flow is non-Darcy flow due to high velocity; it can be correlated us-
ing the Forchheimer correction, which takes the inertia effects into
account [28,29]:

dp _u 2

aw kPP (4)
where dp/dx is the pressure gradient; v is the gas velocity; u is the
fluid viscosity; K is the effective permeability of rock; p is the fluid
density; and g is the non-Darcy coefficient in 1 ft™' (1 ft = 0.3048 m).
A general form of the non-Darcy coefficient is expressed below [28]:

B=aK?® (5)

where a and b are constants determined by laboratory experiments;
their estimated values are 109 for « and 1 for 5.

The main body of the reservoir is occupied by stimulated reser-
voir volume (SRV). Hydraulic fractures and induced secondary frac-
tures penetrate throughout this volume. The matrix permeability
of the SRV part is complex, and is different from the part outside
the SRV. The average matrix permeability of SRV at the beginning of
shale gas extraction is 3 md [29]. Since the aperture of the fracture is

Table 1

Parameters of the simulation model.
Parameter Value
Dimensions of the field (m) 205 x 205 x 99
Number of cells in x, y, and z directions 41 x41 x 11
Matrix porosity 10%
Hydraulic fracture porosity 1%
Matrix permeability (nd) 60.7
Hydraulic fracture permeability (md) 100 000
Secondary fracture permeability (md) 200
Fracture block permeability (md) 100 [30]
Fracture half-length (m) 25(30]

much smaller than the dimensions of the blocks, an average perme-
ability of the whole area around the fracture should be considered.
Table 1 [30] summarizes the important parameters of the simula-
tion model that were applied for modeling primary and secondary
fractures.

In order to manage the computation time in the present study,
a small-scale SRV was considered; this can be thought of as a seg-
ment of a densely explored reservoir. The field dimensions were
205 m x 205 m in the horizontal plane and 99 m in depth. The num-
ber of blocks in the simulation model were 41 x 41 x 11, and the di-
mensions of each block in the x, y, and z directions were 5 m, 5 m, and
9 m, respectively. Fig. 1 shows grid networks with hydraulic fractures.
The production and injection wells are specified by the letters P and I,
respectively. The injection wells are vertical, and the production wells
have a vertical segment followed by a horizontal one.

In our case, we wish to explore the possibility of CO, injection as
well. Hence, we consider the CO, component in addition to CH,. A
compositional model (Eclipse 300 [29]) was applied in order to sat-
isfy the desired case. A multi-well pad that consists of four orthogo-
nal production wells was considered in the model. In addition, four
injection wells are in operation when the CO, injection is applied.
The production wells and injection wells are arranged in two ways,
as shown in Fig. 2. In the alpha arrangement, the injection wells are
at a 45° angle to each of the production wells. By comparison, in the
beta arrangement, the injection wells and the corresponding pro-
duction wells are adjacent to each other.

The objective function that we seek to optimize is the net present
value (NPV) of the field development, which is the sum of the dis-
counted cash flows (DCFs) minus the capital expenditures C,,:

N
NPV =%"DCF, -C,, 6
2 ’ (6)
The capital costs are the sum of the leasing cost, drilling cost,
fracturing cost, and CO, injection cast [30]:

C,., =C..tCu tCh. +C

cap lease drill frac injection ( 7 )

It is estimated that the cost of drilling and completing a well in the
Woodford shale (Oklahoma), where the shale is 6000-11 000 ft deep,
is 6.7 million USD, whereas the cost of drilling and completing a new
well in the Haynesville shale is estimated to be 9.5 million USD [31].
According to the more scalable data provided by Wilson and Durlof-
sky [32], the drilling cost is 250 USD-ft”", the completing (fracturing)
cost is 21 750 USD-stage™, and the leasing cost is set at 11 130 USD for
the field. According to the work of Allinson et al. [33], the CO, injec-
tion cost is 1000 AUD-t™', which is approximately 1.49 USD-m™. This
cost includes CO, compression, transport, and injection. A discounted
cash-flow function for shale gas was applied [34]:

DCF, =(1-T)(q,G = Cyop ¥t )(1+i) " (8)

where ¢, is production over the time step; G is the gas price; T is the
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Fig. 2. (a) Well arrangement (alpha): 45° angle between production and injection wells; (b) well arrangement (beta): 0° angle between production and injection wells.

tax rate; i is the discount rate; and C,q; is the lease operating cost,
which is the costs of the equipment used during the extraction work.

Shale gas price is affected by the same factors that influence con-
ventional gas prices; hence we applied a conventional gas price to
the shale gas project. The gas price of 9.55 USD-MMBtu™ [31] was
used for this study, where MMBtu stands for one million British
thermal units. Other parameters can be found in Table 2 [30].

Gas production can be shown in a time step that also considers
shut-in operation, as follows:

m-1

q, :J':’ r(t)de + ;U:, r(t)dt +J';“r(t)dt}+m‘

where r(t) is gas production rate; m refers to shut-in periods in a
time step; 7, and 7} are the start and end times of each shut-in inter-
val, respectively; and 7} - 7, is the shut-in interval. The gas produc-
tion rate r can be defined as follows [31]:

r(t)de (9)

r=ri(1+17Dil)7% (10)

where r is the production rate at time t, with a unit of Mcf-a™ (Mcf is

Table 2
Other parameters in DCF function.
Parameter Value
Tax rate 30%
Lease operating cost 25USD-d™

Discount rate 15%

short for thousand cubic feet); r; is the initial production rate at time
t=0; and D, and 7 are constants, such that D, is the initial rate of de-
cline in production and 7 is the rate of change in D; over time. Lake et
al. [31] provided the values of these parameters: r; (initial production
rate at time 0) = 19 500 Mcf.d”", D, (initial rate of decline in produc-
tion) = 85% for the first year, and 5 (the rate of change in D;) = 1.0.

3. Sensitivity analysis
As a complex process, shale gas extraction contains a large num-

ber of decisions that can influence the gas production and drilling
efficiency. It is essential to screen out the decisions that have a
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great impact on shale gas production. An effective method of doing
so is to change one factor by steps, while keeping other decisions
unchanged. To reduce the workload, we selected some typical para-
metric values as the baseline for the analysis, and then screened the
most sensitive decisions accordingly. Two types of decisions can be
immediately identified: design decisions and operational decisions.
These are discussed below.

3.1. Design decisions

Design decisions can greatly influence gas production. Once the
shale gas extraction comes into operation, the network design is fixed
and there is little or no room to revise these decisions. Several crucial
design decisions, including the number of fractures in each well, frac-
ture distance, well length, and well arrangement, are considered here.

3.1.1. Number of fractures in each well

Hydraulic fracturing is indispensable in the shale gas extraction
process, due to the ultra-low permeability of shale reservoirs. The
number of hydraulic fractures in each well will have a great impact
on shale gas production. As the SRV area used in this study is not
very large (205 m x 205 m x 99 m), a case with one fracture, a case
with two fractures, and a case with three fractures were considered.
The fracture distances are even, and the total well length is 100 m.
Wells are positioned in the alpha arrangement. CO, injection and
shut-in operations are not considered in this operation.

Fig. 3(a) shows the production rate of the three cases. It can be
seen that the production rate increases significantly at the beginning
with an increasing number of fractures. On the third day, the gas
production rate of the case with three fractures is more than twice
the rate of the case with only one fracture per well. This observation
can be explained by the high permeability of hydraulic fractures
and induced secondary fractures. Hydraulic fractures have very high
permeability compared with the shale gas matrix. The fractures
can penetrate the tight rock of the shale and release trapped shale
gases. Secondary fractures are also induced by hydraulic fractures,
and release additional shale gas. Having more fractures means that
it is easier for the shale gas to move from the matrix to the well.
Thus, the gas production rate initially increases when the fracture
number increases. It was also observed that the gas production rate
drops more sharply when there are more fractures. This result is
due to the influence of pressure drop. When there are more frac-
tures, shale gas will be released from the shale gas reservoir more
quickly, and the pressure of the matrix will decrease more quickly
as well. As a consequence, the extraction rate of shale gas will de-
crease more quickly. Therefore, there is a trade-off between the
total amount of gas produced and the number of fractures. Fig. 3(b)
illustrates the total gas production. The result shows that the case
with two fractures has the highest total shale gas production, while
the case with one fracture has only a narrow advantage compared
with the case with three fractures. Although the case with three
fractures has the highest production rate at the beginning, it has the
lowest total gas production, due to the sharp drop in gas production
rate that occurs later in the process. Table 3 shows the NPV of the
three scenarios. When economic benefits are taken into account,
the case with two fractures on each well is the most profitable. Al-
though this arrangement requires more investment than the case
with one fracture, the additional costs result in superior profits.
It was also found that the case with three fractures has a negative
economic performance, due to the high costs of fracturing.

3.1.2. Fracture distance

The formation of secondary fractures is very complex and is
greatly influenced by the distance between fractures. Different frac-
ture distances can form different secondary fracture structures and
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Fig. 3. (a) Shale gas production rate for different numbers of fractures; (b) total gas
production for different numbers of fractures.

Table 3
NPV of shale gas production for different numbers of fractures.
Fracture number NPV (USD)
1 21090
2 21563
3 Negative

thus influence the shale gas production. In this study, three fracture
distances are taken into account: 20 m, 30 m, and 45 m. Each case
has two fractures, and the well length is 100 m. Wells are positioned
in the alpha arrangement, and no CO, injection or shut-in operation
is applied. Fig. 4 shows the pressure map of the shale gas reservoir
for different fracture distances on the 15th day of extraction.

Fig. 5(a) shows the gas production rates for different fracture
distances. Fig. 5(b) shows the cumulative production for the cor-
responding scenarios. Although the differences are incremental, it
suggests that the case with a 30 m fracture distance has the highest
total gas production. The implication is that if the distance between
fractures is too large or too small, then the secondary fractures in-
duced by the hydraulic fractures cannot reasonably cover the whole
reservoir; and that the secondary fracture structure created in this
case is better than those created in other cases. This implication can
also be observed from the pressure map, as the case with a 30 m
fracture distance, shown in Fig. 4(b), provides a larger and more
homogeneous low-pressure area that indicates better gas release.
Table 4 lists the NPV for different fracture distances. The case with a
30 m distance has the highest shale gas production and the greatest
economic benefits.

3.1.3. Well length
Well length is an important design factor that must be consid-
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Fig. 5. (a) Shale gas production rate for different fracture distances; (b) total produc-
tion rate for different fracture distances.

Table 4
NPV of shale gas production for different fracture distances.
Distance between fractures (m) NPV (USD)
20 18 292
30 21563
45 19771

ered. In the present study, lengths of 50 m, 75 m, and 100 m were
considered for the sensitivity analysis. In these scenarios, each well
has only one fracture, and wells are positioned in the alpha arrange-
ment. There is no CO, injection or shut-in operation.

As can be seen in Fig. 6(a), the longer well has a higher gas produc-
tion rate at the beginning, but its pressure decrease is sharper. If the
well is longer, more gas will permeate from the matrix to the well via
the well wall. Fig. 6(b) shows the cumulative shale gas production.
The total gas production increases with the increase of well length.

Table 5 shows the NPV for different well distances. When eco-
nomic benefit is taken into account, the cost of drilling a well is a
very important factor to consider. After calculation, the case with a
50 m well length has the highest NPV, and the NPV decreases as the
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Fig. 6. (a) Shale gas production rate for different well lengths; (b) total gas production
for different well lengths.

Table 5

NPV of shale gas production for different well distances.
Well length (m) NPV (USD)
50 51693
75 38854
100 21090

well length increases. This is contrary to the result regarding total
gas production, which means that the cost of well drilling plays an
important role in the shale gas extraction process.

3.1.4. Well arrangement

When the CO, injection method is applied to improve shale gas
production, the arrangement of the production wells and injection
wells can influence gas quality and production. Two well arrange-
ments were considered in this study, as shown in Fig. 2(a) and
Fig. 2(b). In the alpha arrangement, each injection well is at a 45°
angle to the closest production well. In the beta arrangement, the



250

horizontal part of each production well heads toward the nearest
injection well. Keeping other decisions fixed, at two fractures for
each well and a well length of 75 m, we applied CO, injection with
an injection rate of 7079.2 m*d™". No shut-in operation was in place.

Fig. 7(a) shows the gas production rates of various scenarios for
different well arrangements, while Fig. 7(b) illustrates the mole
fractions of the extracted gas. Fig. 7(c) shows the cumulative gas
production of the two cases. The result can be divided into three
phases. In the first phase, the production gas does not contain any
CO,. The curve of the gas production rate is similar to that without
CO, injection. In the second phase, the mole fraction of CO, begins
to increase while the mole fraction of CH, simultaneously begins
to decrease. The production rate of shale gas shows an increase in
this period. In the last phase, the mole fractions of the components
become stable and the shale gas production rate slowly decreases.
It can also be observed from the result that phase one is short and
phase two is entered into more quickly in the beta arrangement,
as compared with the alpha arrangement. This result is caused by
the distance and angle between the injection wells and hydraulic
fractures. The hydraulic fractures in the beta arrangement are closer
to the injection wells than those in the alpha arrangement, and the
CO, flow is almost vertical to the hydraulic fractures, which makes
it easier for CO, to “break through” the production wells. The total
CH, production can be estimated by multiplying the shale gas mole
fraction by the production rate and integrating over the time hori-
zon. The resulting total CH, production is 530 756 m® in the alpha
arrangement and 423 804 m® in the beta arrangement. Although the
beta arrangement has a higher total gas production, the alpha ar-
rangement extracts more CH,. This result indicates that the quality
and quantity of shale gas production will decrease if injected CO,
moves into the production well too quickly. The direction of and dis-
tance between the injection well and the production well are crucial
design decisions.

3.2. Operational decisions

Operational decisions can influence shale gas production and are
flexible to deal with potential uncertainties. CO, injection and well
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shut-in operations are efficient approaches to enhance shale gas
production rates. It is essential to study their impacts on shale gas
production.

3.2.1. CO, injection

CO, injection is an efficient way to improve shale gas production,
and can also act as a carbon sequestration method. The injected CO,
can push the shale gas in the matrix toward the production wells,
thus enhancing shale gas production. However, it is important to
control the injection rate, since too-high injection rates can decrease
the quality of the produced shale gas due to the channeling effect.
In this section, we take six CO, injection rates into account: 0 m*.d™',
50 m’d™', 100 m*d™', 300 m*.d™', 3000 m>.d™", and 7079.2 m*.d™". Each
well has two fractures, and the fracture distances are even. Wells are
arranged in the alpha formation without shut-in operation.

Fig. 8(a) reveals the shale gas production rates of the six investi-
gated cases. When the CO, injection rate increases, the decline in the
gas production rate slows down. When the CO, injection rate reaches
3000 m*d™", the gas production rate becomes stable after 60 d and
even increases slightly for the CO, injection rate of 7079.2 m*d™". The
CO, breakthrough into the production wells increases the quantity of
the produced gas. Fig. 8(b) illustrates the total gas production of the
considered scenarios. Fig. 8(c) gives more detail in terms of the shale
gas (CH,) mole fraction in the extracted gas. It is clear that CO, enters
the production well earlier and faster as the injection rate increases.
The results suggest that injection rates of 50 m*d™" and 100 m>.d™’'
lead to an increase in high-quality shale gas. In contrast, the cases
with 3000 m*d™" and 7079.2 m’.d™" injection rates show quite im-
proper gas quality; in addition, almost all the produced gas after
100 d is CO,, due to channeling phenomena.

Table 6 provides the results, which show that the total shale gas
production increases at first with increasing CO, injection rate; the
total shale gas production then shows a decrease after reaching a
maximum value. When the injection rate is too high, it is observed
that the total shale gas production is even smaller than the produc-
tion without injection. This is due to the CO, breakthrough, which is
created by excessive CO, injection. Large amounts of CO, can create
tunnels to the hydraulic fractures and production wells. Then CO,
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can flow into the production wells directly, without pushing the
shale gas in the matrix; rather, it impedes the shale gas from en-
tering the production wells. In other words, too-large or too-small
injection rates will either sabotage the gas production or have little
effect. There is an optimal CO, injection rate that can obtain maxi-

Table 6
Total shale gas production for different CO, injection rates.

mum shale gas production.

The costs of CO, injection and of drilling the injection wells are
critical economic factors that should be taken into account. The eco-
nomic benefits of the cases with CO, injection should be quantified
in terms of the NPVs. Table 7 displays the sensitivity of the NPVs
with respect to CO, price, shale gas price, and tax rate, for different
injection rates. For example, for Scenarios 1-5, the tax rate is 30%,
and the shale gas price is 0.319 USD-m~ (9.5 USD-MMBtu™, assum-
ing 950 Btu-ft™ for the heating value of shale gas). The sensitivity is
applied with respect to the price of CO,. This analysis suggests that if
the CO, price decreases by 50%, the NPV becomes positive. However,
due to the low price of shale gas, the scenario with no CO, injection
performs economically better, even for such cheap CO, streams. Two
prospective sets of scenarios can promote the sequestration of CO,
in shale gas reservoirs. Firstly, the depletion of conventional energy
resources can increase the price of shale gas. Secondly, governments

Case CO, injection rate (m*d™") Total shale gas production (m®)
1 0 600 450
2 50 607 400
3 100 611 320
4 300 608 800
5 3000 603 000
6 7079.2 541 250
Table 7
NPV of shale gas production for different cases shown in Table 6.
Scenario Tax O, price Shale gas price Price NPV (USD)
rate  (USD-m™) (USD-m™) ratio Case 1
1 30% 1.450 0.319 4.550
2 30% 0.725 0.319 2.275
3 30% 0.363 0.319 1137
4 30% 0.181 0.319 0.569
5 30% 0.091 0.319 0.284
6 30% 1.450 0.637 2.275
7 30% 0.725 0.637 1137
8 30% 0.363 0.637 0.569
9 30% 0.181 0.637 0.284
10 30% 0.091 0.637 0.142
11 30% 1450 3.187 0.455
12 30% 0.725 3.187 0.227
13 30% 0.363 3.187 0.114
14 30% 0.181 3.187 0.057
15 30% 0.091 3.187 0.028
16 20% 1.450 0.319 4.550
17 20% 0.725 0.319 2.275
18 20% 0.363 0.319 1137
19 20% 0.181 0.319 0.569
20 20% 0.091 0.319 0.284
21 10% 1.450 0.319 4.550
22 10% 0.725 0.319 2.275
23 10% 0.363 0.319 1.137
24 10% 0.181 0.319 0.569
25 10% 0.091 0.319 0.284
26 5% 1.450 0.319 4.550
27 5% 0.725 0.319 2.275
28 5% 0.363 0.319 1137
29 5% 0.181 0.319 0.569
30 5% 0.091 0.319 0.284
31 0% 1.450 0.319 4.550
32 0% 0.725 0.319 2.275
33 0% 0.363 0.319 1.137
34 0% 0.181 0.319 0.569
35 0% 0.091 0.319 0.284

Case 2 Case 3 Case 4 Case 5 Case 6

Yellow cells refer to scenarios with no CO, injection. Orange cells are the scenarios with negative NPV. Green cells are more profitable compared with the corresponding yellow

scenarios. Blue cells indicate other positive NPC scenarios.
* Tax rate is fixed at 30%, when CO, sequestration is not planned.
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may consider incentives or tax abatements in order to encourage CO,
sequestration. These alternatives are covered in Scenarios 16-35.

In Scenarios 6-10, the price of shale gas is two times higher, and
in Scenarios 11-15, it is 10 times higher. Table 7 suggests that the
NPV increases sharply as the ratio of the CO, price to shale gas price
decreases. However, it is only for price ratios of 20% or lower that CO,
injection can create added value and will be commercially viable.

In Scenarios 16-20, 21-25, 26-30, and 31-35, the tax rate is de-
creased to 20%, 10%, 5%, and 0%, respectively. Table 7 suggests that
NPV is commercially competitive for almost all price ratios, starting
from the price ratio of 227% for 20% tax (Scenario 17), or even the
price ratio of 455% for the 10% tax ratio (Scenario 21). This observa-
tion suggests that government incentives play an important role in
the commercialization of CO, sequestration in shale gas reservoirs.

3.2.2. Shut-in operation

The pressure of the reservoir drops continuously during the pro-
duction operations, and liquid loading may occur when the pressure
is very low. Consequently, the pressure gradient may not be strong
enough to lift the liquids, resulting in choking and production in-
terruption. Shut-in operation is an effective way to prevent liquid
loading and enhance gas production. Shut-in scheduling and dura-
tion are important operational decisions that can influence shale gas
production. In this study, three aspects of shut-in operation were in-
vestigated: the shut-in duration, the time at which the well is shut,
and the shut-in frequency.

(1) Shut-in duration. To study the implications of shut-in du-
ration, four time intervals were chosen: 5d, 15d, 30 d, and 60 d.
The injection wells are shut on the 30th day in all cases. Each well
has two fractures and even fracture distances. The production well
length is 100 m and wells are in the alpha arrangement. There is no
CO, injection in these cases.

Fig. 9(a) shows the gas production rates of different shut-in du-
rations. The gas production rate increases to a high value when the
well is shut for a period of time. This phenomenon is due to pressure
buildup in the reservoir. It is also observed that the gas production
rate increases with longer shut-in duration. The cumulated reservoir
pressure is greater if the well is shut for a longer time; thus, a higher
gas production rate can be achieved. Fig. 9(b) reveals the total gas
production of shale gas for these cases. The results illustrate that
shut-in operation improves gas production, and that the case with
a shut-in lasting 15 d gives the greatest improvement. There is a
trade-off between the added production gained after shut-in oper-
ation and the production lost during the operation. Too large shut-
in durations result in a great amount of production being lost during
the operation, while the extra production obtained after a shut-in
operation is not significant if the duration is too small. Therefore, it
is essential to keep the shut-in duration within an appropriate range
and search for the duration with the highest shale gas production.
Table 8 shows the NPV of shale gas production for different shut-
in durations. The cases with more shale gas production also have
higher economic profits. The results show that shut-in is an effective
operation to increase economic benefits. Fig. 10 shows the pressure
distribution of different shut-in durations before and after shut-in
operation. This figure suggests that an increase in shut-in duration
results in a decrease of the pressure gradient across the reservoir.

(2) Shut-in timing. Since the shale gas production rate changes
from time to time, different timing of shut-in operations can lead to
variations in gas production. Four cases are considered here: shut-in
on the 15th day, 30th day, 60th day, and 90th day. Each well has two
fractures with even fracture distances, and all wells are positioned
in the alpha arrangement. The well length is 100 m, and no CO, in-
jection is applied in these cases.

Fig. 11(a) shows the shale gas production rates of scenarios with
different shut-in timing. It was observed that the gas production
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Fig. 9. (a) Shale gas production rate for different shut-in durations; (b) total gas pro-
duction for different shut-in durations.

Table 8

NPV of shale gas production for different shut-in durations.
Shut-in duration (d) NPV (USD)
5 22295
15 22667
30 22423
60 21047

rate after a shut-in rises to a higher level if the timing of the shut-in
is earlier. The rise in gas production is significant when the wells are
shut on the 15th day, while a shut-in on the 90th day only results
in a minor increase in gas production rate. For early shut-in days,
the matrix has a high capacity for shale gas production due to the
high reservoir pressure. Therefore, the accumulation of released
shale gas around the production well is quite large after a while,
and the increase in gas production rate is significant when the well
opens again. As time goes by, the pressure of the shale gas reservoir
decreases, and its capacity for gas release declines. As a result, the
increase in gas production rate after a shut-in is limited when the
operation is applied later on.

Fig. 11(b) shows the cumulative gas production. There is an opti-
mal timing for a shut-in operation that can lead to the greatest shale
gas production. Although a shut-in results in a higher production
rate afterwards if the operation is applied in the earlier days, the
loss of shale gas production during the shut-in time is also greater.
If the wells are shut too early, the associated production that is lost
can be more significant than if they are shut later, thus reducing the
increase in total shale gas production.

Table 9 gives the NPV of shale gas production for different timing
of shut-in operations. The case in which wells are shut on the 30th
day offers the highest economic profits. These results also suggest a
direct relationship between the revenues and the total gas production.
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Fig.11. (a) Shale gas production rate for different timing of shut-in operations; (b) total
gas production for different timing of shut-in operations.

In addition, the results reveal that all the cases with shut-in operations
are more profitable than the cases without shut-in operations.

As mentioned earlier, shale gas reservoirs have significantly low-
er permeability than conventional gas reservoirs. The implication
is that shale gas extraction results in significant pressure gradients

Table 9
NPV of shale gas production for different timing of shut-in operations.
Timing of shut-in NPV (USD)
The 15th day 20 746
The 30th day 22 667
The 60th day 22278
The 90th day 22007

across the reservoir. Excessive pressure drop means that the pro-
duced gas may not be strong enough to lift the liquids, which would
result in liquid loading and production interruption. A shut-in op-
eration is an effective way to prevent liquid loading and enhance
gas production. Here, a temporary shut-in of the production wells
allows enough time for the sharp pressure gradient to be moderat-
ed. According to the Langmuir equation (Eq. (3)), the volume of the
adsorbed gas is proportional to the reservoir pressure. Hence, a re-
duction in the pressure releases the adsorbed shale gas and enables
its accumulation near production wells. Nonetheless, the timing of
a well shut-in is a crucial decision and inherently relates to the dy-
namics of gas flow. If the shut-in operation is conducted too early,
there may not be enough pressure gradient across the reservoir to
invoke significant gas release. By comparison, if the shut-in is sched-
uled too late, there will again be little pressure gradient to induce
gas flow.

(3) Shut-in frequency. Shut-in operation is an effective way to
improve shale gas production rate. However, it also results in a tem-
porary interruption in the gas extraction. In other words, conducting
shut-in operations too frequently may not result in higher profits.
It is crucial to schedule shut-in times properly. In this study, cases
with one, two, and three shut-in operations were investigated. The
shut-ins occur on the 30th day from the end of the previous shut-in
operation, and the wells are shut for 15 days each time. All the wells
are 100 m deep, and each well has two fractures with even distanc-
es. Wells are positioned in the alpha arrangement, and no CO, injec-
tion is applied in these cases.

Fig. 12(a) shows the shale gas production rate for different shut-
in frequencies. When the number of shut-in operations increases,
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the rise of the shale gas production rate after each operation shows
a decrease. It is also observed that the increase of gas production
rate after a shut-in operation is not significant when the wells
have already been shut three times. Fig. 12(b) displays the total gas
production for different shut-in frequencies. The results show that
the most effective shut-in frequency is two times. Although the
differences are small, wells that are shut three times have an even
lower gas production than wells that are shut only once. This means
that the third shut-in operation is unnecessary, and that the gas
production lost during the shut-in interruption is greater than the
additional gas that is obtained after the operation. Table 10 gives the
NPV of different cases. The case with two shut-in operations has the
highest economic profits. Although the third shut-in operation has
a negative impact on the total gas production, the case with three
shut-in operations still produces more revenue than a scenario with
no shut-in operations.

3.3. An example of interaction between design and operational decisions:
Number of fractures with and without shut-in operations

In Section 3.1.1, we conducted a sensitivity analysis of cases with
different numbers of fractures. In this section, we add shut-in op-
erations to all these cases in order to investigate the interactions
between design and operational decisions. In each case, wells are
shut once on the 15th day for a duration of 15 d. Fig. 13(a) shows the
gas production rate of these cases. Cases with more fractures have
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Fig. 12. (a) Shale gas production rate for different shut-in frequencies; (b) total gas
production for different shut-in frequencies.

Table 10
NPV of shale gas production for different shut-in frequencies.
Shut-in frequencies NPV (USD)
1 time 22667
2 times 22730
3 times 22611

a higher gas production rate at the beginning and possess a greater
rise in gas production rate immediately after a shut-in operation.
For the case with one fraction, it was observed that the gas produc-
tion rate after a shut-in operation is significantly larger than the rate
at the beginning. This phenomenon can be explained by the accu-
mulation of shale gas around the production wells during the shut-
in time. At the beginning, the pressure of the shale gas reservoir is
quite high; thus, the amount of shale gas moving out of the matrix
is very high. However, it takes some time for the gas in the farther
regions of the matrix to move to the hydraulic fractures and pro-
duction wells. If a shut-in operation is conducted shortly after the
start date, the pressure drop of the shale reservoir is not significant.
Therefore, the gas production rate after a shut-in operation increas-
es sharply. Fig. 14 depicts the pressure for the case with one fracture

30 000
25000
20 000

15 000 —e— 1 fracture

10 000 —e— 2 fractures

—— 3 fractures
5000

Gas production rate (m*-d-")

0 100 200 300 400
Time (d)

(@)

700 000

600 000

500 000

400 000
—e— 1 fracture

Cumulative gas production (m?)

300 000
—e— 2 fractures
200000 —=— 3 fractures
100 000
0
0 100 200 300 400
Time (d)

(b)

Fig. 13. (a) Shale gas production rate for different numbers of fractures (one shut-in
operation on the 15th day); (b) total gas production for different numbers of fractures
(one shut-in operation on the 15th day).
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before and after a shut-in operation. The pressure of the area is
more homogenous after a shut-in because the gas from farther re-
gions of the matrix has moved closer to the production wells, and
there is little pressure gradient.

Fig. 13(b) shows the total gas production for these cases. The case
with two fractures still has the highest shale gas production, while
the case with one fracture has the lowest production. Table 11 lists
detailed comparisons of the NPVs for cases with and without shut-
in operations. The results show that the impact of a shut-in opera-
tion is more significant in the case with one fracture as compared
with the other cases. The results of this case study demonstrate that
the interactions between design and operational decisions are not
negligible. Increased production and better NPV can be achieved
when design and operational decisions are considered at the same
time.

Table 11
Comparison of total production and NPV for different numbers of fractures, with and
without shut-in operations.

Fracture With shut-in operations Without shut-in operations

number “ya gas NPV (USD) Total gas NPV (USD)
production (m’) production (m?)

1 569 684 15182 587 683 21 090

2 596 509 20 746 600 455 21563

3 582 845 Negative 585 803 Negative

4. Discussion: Interactions between design and operational
decisions

In the previous section, important decisions were analyzed. A
case study was applied to discuss the interactions between design
and operational decisions. It was shown that there are optimum
values for fracture number, fracture distance, CO, injection rate, and
shut-in schedules that result in maximum shale gas production and
economic gains. However, the case with the most gas production
may not have the greatest economic benefits. The costs of drilling,
hydraulic fracturing, and CO, injection have a great impact on rev-
enues. Therefore, isolated decision-making can result in economic
losses. The outcomes of these decisions are influenced by each
other. In order to maximize profitability and identify the optimal
solution, design and operational decisions should be considered and
optimized simultaneously.

5. Conclusions

In the present study, a full-physics model of a small-sized reser-
voir was developed and applied to study the economic performance
of a shale gas network, including different arrangements of produc-
tion wells and injection wells. It was observed that the economics of
shale gas production are greatly influenced by the revenues gener-
ated by shale gas production and by the cost of drilling, fracturing,
and CO, injection. Establishing two fractures on each well can result
in higher gas production and revenues. It is also beneficial if the
fracture distances are even. Short wells result in lower gas produc-
tion but higher economic profits. This result is due to the significant
cost of drilling. In the densely drilled reservoir considered here, the
SRV was not large enough, so the gas production was insufficient
to eliminate the impact of drilling cost. The operational strategy of
CO, injection can potentially increase shale gas production within a
certain range. However, the economic benefit can only be justified
for price ratios (CO,/shale gas) of 20% or lower. On the other hand,
tax abatement policies can greatly encourage this environmentally
friendly technology, even for price ratios as high as 400%. Shut-in
operation is an effective way to boost gas production and economic

profits. There is an optimal shut-in arrangement that can obtain
the maximum revenues. Among all the cases in this study, the best
shut-in arrangement has two shut-in operations spaced 30 days
apart and lasting for 15 days each time. The interactions between
design and operational decisions also have a great impact on shale
gas production and economic profits. It is important to consider de-
sign and operational decisions simultaneously in order to obtain the
globally optimal result. Overall, the sensitivity analysis conducted
in this study uncovered significant optimization variables. Subject
to the underlying assumptions, the NPV was most sensitive to well
length and fracture distance, followed by shut-in variables such as
timing and duration. Number of fractures was found to be the least
important for a small-sized reservoir. It should be noted that the
decision variables are highly interactive. Furthermore, there are var-
ious uncertainties in the model parameters that can influence the
numerical results to some extent. We will undertake scale-up and
simultaneous optimization of design and operational decisions un-
der uncertainty in our future research.
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