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Abstract

Natural gas extraction from shale formations has experienced a rapid growth in recent years, but the low

recovery observed in many field operations demonstrates that the development of this energy resource is far

from being optimal. The ambiguity in procedures that account for gas adsorption in Gas-in-Place calculations

represents an important element of uncertainty. Here, we present a methodology to compute gas production

curves based on quantities that are directly accessed experimentally, so as to correctly account for the usable

pore-space in shale. We observe that adsorption does not necessarily sustain a larger gas production compared

to a non-adsorbing reservoir with the same porosity. By analysing the entire production curve, from initial

to abandonment pressure, we unravel the role of the excess adsorption isotherm in driving this behaviour.

To evaluate scenarios of improved recovery by means of gas injection, we develop a proxy reservoir model

that exploits the concept of Pressure Swing Adsorption used in industrial gas separation operations. The

model has three stages (Injection/Soak/Production) and is used to compare scenarios with cyclic injection

of CO2 or N2. The result show that partial pressure and competitive adsorption enhance gas production in

complementary ways, and reveal the important trade-off between CH4 recovery and CO2 storage. In this

context, this proxy model represents a useful to tool to explore strategies that optimise these quantities

without compromising the purity of the produced stream, as the latter may introduce a heavy economic

burden on the operation.
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1. Introduction1

Due to the rising global demand of natural gas, the interest in unconventional gas resources, such as gas2

shales, has recently grown [1]. Progress in production techniques, such as hydraulic fracturing and horizontal3

drilling, is allowing access to massive reserves of natural gas [2, 3, 4]. In conventional reservoirs, natural4

gas exists mostly as compressed supercritical fluid in pores and fractures and its behaviour is described by a5

suitable equation of state. Shales, on the other hand, have very small pores (nanometric in size), where gas6

can densify as a result of physical adsorption [5]. While the presence of nano-scale pores enhances storage7

capacity by retaining gas at liquid-like densities [6], it also introduces severe limitations to mass transfer8

in terms of low (nano-Darcy) permeability [7]. Production from shale formations starts to decline in less9

than 3–4 years from initial production and recovery factors from these reservoirs are low, usually ranging10

from 1–30% [8, 9]. In so-called conventional reservoirs, secondary recovery methods are routinely used to11

sustain productivity. By analogy with coal-bed methane recovery [10], reservoir engineering practices can be12

considered for shale, whereby gas is injected into the formation to sustain a pressure gradient, while reducing13

the partial pressure of methane and increasing its extraction. When CO2 is used as the injected gas, it can14

be retained in the formation by the same mechanisms that led to the accumulation of natural gas, thereby15

reducing the impact of hydrocarbon production on climate change. Shale plays are usually significant in16

size, providing a potentially large CO2 sequestration site [11, 12]. The coupling of gas recovery with CO217

injection and storage also poses many operational benefits, including the utilisation of existing infrastructure18

to achieve higher recovery rates [13], and the maintenance of reservoir pressure to limit the risk of subsidence19

[14].20

CO2-Enhanced Shale Gas Recovery (CO2-ESGR) has been considered to have great economic potential -21

71 trillion m3 additional CH4 recovery, while providing 280 Gt of CO2 storage [15]. A few modelling studies22

have evaluated the potential of specific shale plays. Tao and Clarens (2013) estimated that the Marcellus23

Shale would be able to store 10.4–18.4 Gt of CO2 by 2030 based on the CH4 production rates [13]. Similarly,24

Edwards et al. (2015), found storage capacities of 7.2–9.6 Gt for the Marcellus shale and 2.1–3.1 Gt for the25

Barnett Shale [16]. Li and Elsworth (2015) showed an enhanced recovery between 2–29% depending on the26

CO2 injection strategy [12]. Practical demonstration of in-situ CO2 injections are quite rare however. In a27

small-scale trial, around 500 tons of CO2 were injected in a shale reservoir located in the Morgan County,28

Tennessee (USA) and results showed that after an initial soaking period, the daily average production rate29

of hydrocarbons from the well increased compared to data before CO2 injection [17].30
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There are still outstanding questions that remain to be answered about ESGR. To list a few: How could31

such a cyclic operation be implemented in practice given the low permeability of shale? What would be32

the optimum pressure to operate such a process? Is there an injection scheme that maximises recovery and33

storage simultaneously? Answering these questions requires understanding the gas adsorption properties of34

shale at the elevated pressure and temperature conditions found in the formation. CO2-ESGR is in fact35

founded upon the principle that CO2 adsorbs preferentially within the rock as compared to CH4 [11, 16].36

While experimental studies have confirmed a favourable adsorption selectivity towards CO2 [18, 19], the use37

of the same experimental adsorption quantities in volumetric calculations for storage capacity estimation38

has not yet been addressed properly. As discussed in the next section, a key element in the analysis is the39

use of the so-called excess amount adsorbed, which is the truly measurable quantity in a high-pressure gas40

adsorption experiment.41

In this paper we develop and deploy a simplified mathematical model that exploits the concept of Pressure42

Swing Adsorption (PSA), as used in industrial gas separations, to describe an ESGR operation that involves43

three stages: Injection, Soak and Production. The model framework is built entirely on material balances44

and uses quantities that can be directly accessed experimentally, so as to correctly account for the pore-45

space occupancy in shale. We evaluate CO2 and N2 as injection gases and identify a number of operational46

constraints and strategies.47

2. Background: Supercritical Gas Adsorption in Shale48

The Gas-in-Place (GIP) is a metric that dictates a reservoir’s suitability for production and the design49

of an optimum production strategy must rely on the knowledge of how GIP varies as a function of reservoir50

pressure. There are three main ways in which gas is stored in shales: (1) adsorption on the organic matter51

and the clay minerals; (2) compression as free gas in pores and fractures; and (3) dissolution in formation52

fluids (oil and water) [20, 21, 22]. The relative proportion of each mechanism varies from shale to shale, with53

adsorption contributing to 20–85% of GIP [23, 24, 25]. Common approaches to estimate GIP for shales do54

account for the mass of adsorbed gas, but they neglect its volume by assuming that the total rock’s porosity55

continues to be available to the free gas [26, 27, 28]. It has been reported that this assumption can lead56

to an overestimation of the actual GIP by approximately 10–25% [27]. The reliability of this excercise is57

further compromised by the fact that the distinct dependency of gas bulk density and adsorption capacity on58

pressure is not accounted for. As anticipated below and described in Section 3, the use of excess adsorption59
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quantities in GIP calculations circumvents the problem by correctly accounting for the usable porosity, while60

avoiding unnecessary assumptions on the properties of the adsorbed phase and their dependency on the61

pressure. We note that these complications are largely due to the fact that shale is mostly mesoporous,62

implying that adsorbed and free gas occupy the same pore space. Filling this pore space with compressed63

gas and additionally accounting for adsorption leads to double counting. This is in contrast with another64

natural adsorbent, coal, which is largely microporous and enables the “simpler” allocation of the adsorbed65

and free gas phases between the micro- and macro-porous space, respectively.66

At the typical shale reservoir conditions, both CH4 and CO2 are supercritical. Because of the absence67

of a vapour-liquid transition, adsorption measurements of supercritical gases are interpreted using excess68

quantities. The so-called excess amount adsorbed refers to the amount of fluid that exists in the pores in excess69

of the fluid which would exist there at the same temperature and pressure in the absence of adsorption (i.e.70

as a bulk fluid) [29]. The excess CH4 adsorption capacity has been observed to range between 3–8 m3
STP/m3

71

for shales from the Barnett, New Albany and Woodford formations [30, 31, 32, 25, 18]. Experimental CO272

adsorption data on shale are scarcer and more scattered [33], with only a few studies reporting data at73

sufficiently high pressures (> 10 MPa), indicating excess adsorption capacities of 8–10 m3
STP/m3 [30, 18].74

While the excess amount adsorbed is the measured property experimentally, the practitioner often chooses75

to convert it to an absolute amount adsorbed for the purpose of process modelling. This conversion requires76

an assumption on the density (or volume) of the adsorbed phase. For a pure gas, the conversion is given by77

the following expression:78

nex = na − ρbva = na

(
1− ρb

ρa

)
(1)

where nex and na are the excess and absolute amount adsorbed, respectively, ρb is the bulk density of the79

gas, va is the volume of the adsorbed phase and ρa = na/va is the density of the adsorbed phase. Figure 180

shows (a) excess CH4 adsorption isotherms and (b) their absolute counterparts, obtained upon assuming a81

liquid-like adsorbed phase with a density ρa = 22.3 mol/L. For the sake of generality, four common adsorption82

isotherm models are considered in the figure (equations provided in the Supplementary Information), which83

prompt the following remarks. First, the absolute amount adsorbed always increases with pressure, while84

the excess can feature a non-monotonic behaviour (e.g. Langmuir isotherm). The latter does not indicate85

a decrease in adsorption, but rather a decrease of its contribution to the total amount of gas stored in the86

porous rock. Secondly, nex ≤ na over the entire pressure range, with the relative difference between the87
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two quantities that increases with increasing pressure (nex ≈ na at P < 4–5 MPa). It becomes apparent88

from these initial considerations that the use of absolute instead of excess quantities in material balance89

calculations will produce different results, if the volume occupied by the adsorbed phase is not accounted for.90

Langmuir

Anti-Langmuir

BET

LinearLangmuir

Anti-Langmuir

BET

Linear

AbsoluteExcess

(b)(a)

Figure 1: CH4 (a) excess and (b) absolute adsorption isotherms as a function of pressure, as predicted using four adsorption
isotherm models, namely the Langmuir, Anti-Langmuir, BET and Linear model. The equations and parameters of each model
are provided in the Supplementary Information.

In this study, we will also consider an enhanced recovery operation, in which a gas is injected into the91

formation to displace natural gas, thereby creating a binary gas mixture. In this case, absolute and excess92

adsorption are related as follows [34]:93

ni,ex = ni,a

(
1− yiCt

ziρa

)
(2)

where Ct is the total concentration of the bulk phase, ρa is the adsorbed phase density of the gas mixture,94

yi is the mole fraction of component i in the bulk phase and zi (zi = ni,a/
∑
i

ni,a) is the mole fraction of95

component i in the adsorbed phase. The density of the adsorbed phase, ρa, can be estimated by assuming96

ideal mixing [35]:97

ρa =

(∑
i

zi
ρi,a

)−1

(3)
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The volume of the adsorbed phase is then calculated as follows:98

va =
ni,a
ziρa

(4)

The amount of component i adsorbed, ni,a, from the multicomponent gas mixture can be predicted by99

various means, including thermodynamic approaches (e.g. the Real Adsorbed Solution Theory, RAST) or an100

appropriate extension of the single-component adsorption isotherm model, such as the extended Langmuir101

model. The availability of closed-form expressions to predict mixed-gas adsorption equilibria is often used102

as the argument for choosing the latter option in process optimisation calculations, such as those used to103

describe cyclic adsorption processes [36].104

3. Shortcut Pressure Swing Adsorption Analogue model105

The proposed model concept is inspired from industrial gas adsorption separations, in which a porous ad-106

sorber undergoes cyclically a pressurisation (“adsorption”) and de-pressurisation (“desorption”) step. Proxy107

models that assume uniform conditions throughout the system have been shown to provide a useful means108

to rationalise the results arising from the analysis of such cyclic operation, while simplifying considerably the109

mathematical formulation of the problem [37]. We will follow a similar approach in this study to evaluate110

the exploitation of a shale reservoir that is accessed by wells from which gas is injected and withdrawn. The111

process is thus reminiscent of a ‘huff-n-puff’ operation [38, 39, 40], but is extended here to a situation where112

multiple injection-recovery cycles are carried out, so as to elucidate potential trade-offs between incremental113

recovery, produced gas quality and gas storage. In our conceptualisation, the following assumptions apply:114

• The system is well-mixed, and there are no pressure, concentration or temperature gradients in the115

system;116

• Shale properties, such as porosity and adsorption parameters, are constant throughout the reservoir;117

• Formation water is considered to be immobile and is not accounted for in the reservoir porosity;118

• The system is isothermal;119

• Natural gas is represented by pure methane, CH4.120

The cyclic operation has three distinct stages (Figure 2): Injection (I) − where gas is introduced in the121

reservoir; Soak (S) − where adsorption equilibrium is reached between fluid and solid phase; and Production122
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(R) − where either CH4 or a mixture of CH4 and the injected gas are produced. In the latter case, the two123

components are separated, and as the cycle continues, the gas is then re-injected into the reservoir in the124

following Injection stage. The assumption of a well-mixed reservoir presents a deviation from the expected125

behaviour in the shale reservoir. There, the finite spacing between natural and artificial fractures will limit126

the achievable rate of mass transfer, meaning that the well would need to be shut in for a sufficiently long127

time in order to reach adsorption equilibrium during the Soak stage. In fact, mass transfer rates have a major128

impact on the achievable gas quality and recovery. In the following, we outline the mathematical formulation129

of the model, including the performance indicators for the gas recovery/storage operation.130

Production (R)Soak (S)Injection (I)

Free Gas

Shale

Adsorbed Gas

Shale

Adsorbed Gas

Free GasFree Gas

Shale

Adsorbed Gas

CH4Gas Gas

yi
I, Ct

I

ni,a
I

yi
S, Ct

S

ni,a
S

yi
R, Ct

R

ni,a
R

Figure 2: Schematic of the cyclic shale production and storage model.

3.1. Mathematical Model131

The total amount of component i (in moles) in the reservoir at a given stage is Ni,t, which includes132

contributions from the free gas, FG, (Ni,f) and the adsorbed phase, AG, (Ni,a):133

Ni,t = Ni,f +Ni,a (5)

where,134

Ni,f = V yiCt(φ− ρw,sva) (6)
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Ni,a = V ρw,sni,a (7)

In Eqs. 6 and 7, yi is the bulk gas phase mole fraction of component i, φ is the total reservoir porosity, Ct135

is the total concentration of the bulk phase (in mol/m3), V is the volume of the reservoir (in m3), ρw,s is136

the bulk density of the reservoir (in kg/m3), va is the specific volume of the adsorbed phase (in m3/kg) and137

ni,a = f(yi, P, T ), is the absolute amount adsorbed per unit mass of shale (in mol/kg). The second term in138

Eq. 6 accounts for the volume occupied by the adsorbed phase and therefore, for the reduction in porosity139

available to the free gas. By using the definitions introduced in Section 2, Eq. 5 can be recast as:140

Ni,t = V (φyiCt + ρw,sni,ex) (8)

The recoverable amount of component i in the reservoir, Gi,t, is more conveniently expressed using units of141

standard volume (m3
STP/m

3):142

Gi,t =
1

ρsc

(
φyiCt + ρw,sni,ex

)
(9)

where ρsc is the density of the fluid at standard conditions (1 atm and 0 ◦C). Eq. 9 predicts the amount of143

recoverable gas purely based on the achieved production pressure. Therefore, it neglects reductions in the144

recoverable volume that may be caused by practical limitations and/or other physical processes, which are145

commonly accounted for by means of so-called efficiency factors [41]. We also note that the conventional146

method of calculating the GIP uses ni,a instead of ni,ex in Eq. 9, thereby overestimating the porosity accessed147

by the free gas. We will compare both methodologies in this work.148

Traditionally, material balance calculations for primary recovery operations (no injection, single-component149

gas) use a graphical approach, where the recoverable volume of gas (corresponding to the GIP) is plotted as150

a function of P/Z (Z is the fluid compressibility) [42]. Mathematically:151

GIP = Gt =
1

ρsc

(
φ

RT

P

Z
+ ρw,snex

)
(10)

where R is the universal gas constant and T is the reservoir temperature. The amount of gas produced at a152
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given reservoir pressure, P , is thus estimated as:153

Gp = Gt,0 −GIP (11)

where Gt,0 is the original GIP (OGIP). For a so-called volumetric reservoir (no adsorption), the OGIP can be154

readily estimated from production data by extrapolation to P/Z = 0, because Eq. 11 represents a straight-155

line. In the presence of adsorption, the production data deviate from linearity [42]; because the strength of156

the deviation ultimately depends on the amount of gas desorbed, the accurate description of experimental157

adsorption data is key to obtain reliable estimates of the GIP during primary production.158

For enhanced recovery by gas injection, we consider a cyclic operation, where each cycle starts with the159

Injection stage, followed by the Soak and Production stages (Figure 2). We note that the free and adsorbed160

gas phase are in equilibrium only in the Soak stage, meaning that only the free gas participates in the Injection161

and Production stages. This choice is motivated by the very low permeability of the unfractured rock matrix.162

The governing equations for each stage in a generic cycle j are described in the following sections. We refer163

to CH4 with the subscript ‘m’ and the injected gas with subscript ‘g’. The operation starts by depressurising164

the reservoir from the initial reservoir pressure, P0, to the production pressure, PL, after which the cyclic165

operation commences.166

3.1.1. Injection Stage167

At the start of the cycle (initial state ‘R’), the reservoir is not under equilibrium, as it is straight after the168

initial depressurisation or a Production stage. A fixed amount, N j
g,inj, of pure gas (CO2 or N2) is injected169

into the reservoir (final state ‘I’). The gas is only injected into the free phase (subscript ‘f’), and the adsorbed170

phase (subscript ‘a’) remains unchanged. Only the amount of the injected component changes in the FG,171

while the amount of methane remains constant:172

N I,j
i,a = NR,j−1

i,a (12a)

N I,j
m,f = NR,j−1

m,f (12b)

N I,j
g,f = NR,j−1

g,f +N j
g,inj (12c)
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where j refers to the injection cycle. The composition, pressure and total concentration of the bulk phase is173

then given by:174

yI,ji = N I,j
i,f /N

I,j
t,f (13a)

CI,j
t =

ρw,sN
I,j
t,f

φ− ρw,sv
R,j−1
a

(13b)

P I,j = P (yI,ji , CI,j
t , T ) (13c)

where Eq. 13c denotes an equation-of-state. Eqs. 12 and 13 are only valid for j > 1. When j = 1, the175

reservoir comprises only of pure CH4 and the following equations apply:176

N I,1
m,a = N0

m,a (14a)

N I,1
g,a = 0 (14b)

N I,1
m,f = V Ct|PL(φ− ρw,sv

0
a) (14c)

N I,1
g,f = N1

g,inj (14d)

where the superscript ‘0’ refers to the initial reservoir conditions.177

3.1.2. Soak Stage178

After injection, a Soak stage (state ‘S’) is carried out to let the reservoir gases reach adsorption equilibrium.179

The following set of equations that describes the total and component mass conservation has to be solved180

simultaneously:181

NS,j
m,a +NS,j

g,a +NS,j
m,f +NS,j

g,f = N I,j
m,a +N I,j

g,a +N I,j
m,f +N I,j

g,f (15a)

NS,j
g,a +NS,j

g,f = N I,j
g,a +N I,j

g,f (15b)

where,182
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NS,j
i,a = V ρw,sni,a(yS,ji , CS,j

t ) (16a)

NS,j
i,f = V yS,ji CS,j

t (φ− ρw,sv
S,j
a ) (16b)

The two unknowns are the equilibrium bulk phase composition (yS,ji ) and the total concentration of the bulk183

phase (CS,j
t ). The pressure at the end of the Soak stage is calculated using an equation-of-state:184

P S,j = P (yS,ji , CS,j
t , T ) (17)

3.1.3. Production Stage185

At the start of the Production stage, the reservoir is at equilibrium at a given pressure, P S,j , and bulk186

composition, yS,ji . Gas production is carried out by reducing the reservoir pressure to the specified level,187

PL. This process is not at equilibrium; while gas is withdrawn from the free bulk phase, the adsorbed phase188

remains unaffected. The following equations describe the amount of FG and AG at the end of this stage189

(final state ‘R’):190

NR,j
i,a = NS,j

i,a (18a)

NR,j
i,f = V yS,ji CR,j

t |PL
(φ− ρw,sv

S,j
a ) (18b)

N j
i,prod = NS,j

i,f −N
R,j
i,f (18c)

Eq. 18c is used to compute the amount of component i that is produced. For the first depressurisation, prior191

to the first Injection stage, the amount of methane gas produced is N0
m,prod = V (Ct|P0 −Ct|PL)(φ− ρw,sv

0
a).192

After the final Production stage, the reservoir is abandoned; there is a final Soak stage, where the reservoir193

re-equilibrates.194

3.1.4. Solution Procedure195

The cyclic operation of the reservoir starts and ends at state ‘R’, passing through the ‘I’ and ‘S’ stages.196

The design variables are PL, N j
g,inj and the total number of injections, J . It is worth noting that while197

the absolute amount adsorbed remains constant during injection and production stages, the excess amount198
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adsorbed may vary, because it depends on the amount of gas in the free bulk phase. The mathematical model199

was implemented in MATLAB R2020a and the set of nonlinear equations (Eqs. 15 and 16) was solved using200

lsqnonlin with a tolerance of 1x10−9 and the default of 400 iterations. A NIST REFPROP [43] MATLAB201

wrapper was used for the equation-of-state for each fluid and/or their mixtures.202

3.2. Model Parameters203

The Marcellus shale is the largest shale play in the USA [44] and has about 135 trillion cubic feet of204

proven reserves [45]. In this work, we use the physical properties of this shale reservoir to demonstrate205

the applicability of the shortcut PSA analogue model. Reservoir properties and operational parameters are206

reported in Table 1. Either pure CO2 or N2 is injected to displace the resident gas, which is initially pure207

methane. Five injection cycles are conducted by introducing a constant volume of gas at each injection stage,208

corresponding to approximately 100 times the pore volume of the reservoir. In the model, excess adsorption209

isotherms are generated from the corresponding absolute quantity by assuming a constant adsorbed phase210

density. For each fluid, the latter takes the value of the density of the saturated liquid at 35 MPa (Table 2);211

this reflects common pore densities found in the literature for shale reservoirs [46, 30].212

Table 1: Model parameters, including reservoir properties and operational parameters.

Parameter Value Source

Initial Reservoir Pressure, P0 35 MPa [44, 47, 48]
Reservoir Temperature, T 55 ◦C [44, 47, 48]

Reservoir Porosity, φ 8% [49]
Reservoir Bulk Density, ρw,s 2,550 kg/m3 [50]

Production Pressure, PL 10 MPa –
Number of Cycles, J 5 –

Gas Injected per Cycle, Ng,inj/V 357 mol/m3 –

Table 2: The adsorbed phase density (ρa) and density at standard conditions (ρsc) for each fluid in this work. a Liquid density
at 35 MPa and 190 K (CH4), 303 K (CO2) and 124 K (N2).

Gas CH4 CO2 N2 Source

ρa (mol/m3)a 22,342 21,996 25,821 [51]
ρsc (mol/m3) 44.135 44.326 44.635 [51]

The model is solved by providing the constitutive equation for a given adsorption isotherm model, ni,a =213

f(yi, P, T ). The four models selected for this study are shown in Figure 1 and include the Langmuir, the BET,214

the Linear and the Anti-Langmuir model. The equations for each model are provided in the Supplementary215
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Information, together with the model parameters. The first two models have been used previously to describe216

adsorption on shale and coal [32, 52, 48], while the last two have been added here for the sake of generality.217

The isotherms have been constructed such that the absolute adsorbed amount at P0 (35 MPa) is equal for218

all adsorption models, namely 5 kg/m3 for CH4, as shown in Figure 1. For the ESGR process, the mixed-gas219

adsorption equilibrium is described using the extended Langmuir model formulated for two components (i220

and k):221

ni,a =
nmaxKiPyi

1 +KiPyi +KkPyk
(19)

where Ki and Kk are the pure component Langmuir parameters for component i and k, respectively (values222

provided in the Supplementary Information). We note that to ensure thermodynamic consistency, the molar223

saturation capacity, nmax, is the same for each component in the mixture, meaning that the selectivity of224

species i relative to species k for any bulk phase composition and pressure is simply the ratio of the Langmuir225

parameters, Ki/Kk. The extended Langmuir model was used in this study for its simplicity, but the approach226

may be easily adapted to the use of more complex theories, such as RAST. In fact, while these two approaches227

have been shown to produce similar composition fronts during cyclic adsorption processes, RAST may be228

needed to improve the agreement between the experimental and modelling results [53].229

3.2.1. Performance Metrics230

The two main parameters that are of interest in an ESGR process are (i) the total recovery of CH4 and (ii)231

the total amount of injected gas that remains in the reservoir after abandonment (storage). The Enhanced232

Recovery factor is defined as the ratio between the total amount of CH4 produced with enhanced recovery233

and the amount of CH4 that would have been produced from primary recovery by depressurisation to the234

same pressure (PL), but without any gas injection (Nm,PR):235

Rm =

N0
m,prod +

J∑
j=1

N j
m,prod

Nm,PR
(20)
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The Storage factor is defined as the ratio between the total number of moles of the injected gas left in the236

reservoir at the end of cycle J and the cumulative amount of gas injected into the reservoir:237

Sg =
NJ

g,t

J∑
j=1

N j
g,inj

(21)

4. Results238

The following section is divided into two main parts: (1) Primary recovery, where the impact of different239

adsorption isotherm models is investigated by evaluating the P/Z−Gp curves for a recovery operation driven240

exclusively by depressurisation; and (2) Recovery with gas injection, where the use of two different gases with241

opposite selectivity relative to CH4 is assessed, namely CO2 and N2; to this end, only the extended Langmuir242

adsorption isotherm model will be considered, because of its proven general applicability.243

4.1. Primary Recovery by Depressurisation244

4.1.1. GIP and Initial Reservoir Pressure245

It is highly instructive to first investigate the P/Z −Gp diagram for the case of the Langmuir adsorption246

isotherm model, as shown in Figure 3a for four initial reservoir pressures, P0. Three sets of curves are plotted247

to represent three contrasting cases, namely: (i) no adsorption (“base case”, dashed straight line); (ii)248

adsorption without porosity correction (“absolute”, light blue); and (iii) adsorption with porosity correction249

(“excess”, dark blue). The latter is the true cumulative gas production curve for an adsorbing shale reservoir.250

For each case, the intercept on the x-axis indicates the predicted OGIP of the reservoir. It can be seen that251

adsorption increases the gas storage capacity and, accordingly, the amount of recoverable gas reserves. The252

increase correlates positively with initial reservoir pressure, as a result of increased bulk gas density and253

adsorption. Yet, the characteristic shape of the Langmuir isotherm (Figure 1) further indicates that the254

gain in OGIP brought by adsorption relative to the contribution of the dense bulk phase diminishes with255

increasing P0; for example, at a P0 of 5 MPa, the OGIP is 119% higher than the volumetric reservoir, while256

at a P0 of 35 MPa, the same difference is reduced to 13%.257

For P0 = 5 MPa and 10 MPa, the “absolute” and “excess” scenarios outline a similar behaviour relative258

to the base case, while indicating larger recoverable volumes over the entire operating range of pressures. For259

larger values of P0, the “absolute” curve continues to stay on the right-hand side of the trend indicated by260
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Figure 3: (a) CH4 cumulative gas production (Gp) as a function of P/Z for four initial reservoir pressures (P0 = 5, 10, 20, 35 MPa)
and three scenarios, namely no adsorption (dashed straight line); adsorption without porosity correction (light blue); and
adsorption with porosity correction (dark blue). Adsorption is described with a Langmuir isotherm model (parameters given in
the Supplementary Information). (b) The relative difference, ∆Gp, between the two adsorption scenarios as a function of P/Z
for the same initial reservoir pressures as in (a).

the base case (black line). On the contrary, the “excess” curve follows a path on the left-hand side of the261

base case, before crossing it, when the pressure is sufficiently low. This behaviour nicely shows the effect of262

the reduction in pore-space due to the presence of the adsorbed phase − the latter decreases the contribution263

from the decompression of the free-gas that drives the initial stages of production for deep reservoirs. As264

discussed further below, this observation indicates that while adsorption does increase the OGIP, it does not265

necessarily sustain a larger gas production, and that careful consideration needs to be given to the type of266

adsorption isotherm and the initial reservoir pressure.267

At P0 = 35 MPa, both the “absolute” OGIP (30.2 m3
STP/m3) and “excess” OGIP (26.2 m3

STP/m3)268

are larger than the OGIP for the “base case” (23.2 m3
STP/m3). However, the predicted enhancement is269

significantly different (30% vs. 13%). Ambrose et al. (2012) demonstrated that the total gas storage capacity270

decreases between 10–25% when the adsorbed volume is duly considered [27]. Here, we extend this analysis271

by considering the entire gas production curve − from the initial pressure to any selected abandonment272

pressure. This is shown in Figure 3b, where the relative difference between the production curves predicted273

by the two adsorption scenarios (“absolute” and “excess”) is plotted for the four initial reservoir pressures.274

It can be seen that the overestimation for production starting at P0 = 5 MPa is rather limited; the maximum275
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deviation is about 5%. As the initial reservoir pressure rises, this discrepancy increases, and at P0 = 35 MPa,276

the OGIP is overestimated by approximately 15% using the incorrect adsorption framework.277

We note that the GIP calculations presented above are based on a fairly large set of parameters, as outlined278

in Section 3.2. While the observed trends are quite general, the relative strength of the overestimation will279

depend on the specific values of reservoir porosity and adsorption isotherm parameters. A sensitivity analysis280

for these parameters is presented in the Supplementary Information.281

4.1.2. GIP and Adsorption Isotherm Model282

Cumulative gas production curves obtained using the four different adsorption isotherm models are shown283

in Figure 4a for P0 = 35 MPa. For a given value of P/Z, Gp increases in the order Langmuir < Linear ≈ BET284

< Anti-Langmuir, mirroring the order observed for the excess adsorption isotherms (Figure 1a). The higher285

the excess adsorption at a given pressure, the stronger is the reduction in the available pore space for the286

free gas and, accordingly, in the enhancement of recoverable gas. With the exception of the Langmuir case,287

the curves obtained for all the isotherm models are on the right-hand side of curve describing the base case,288

indicating larger cumulative recovery right from the start of gas production. This behaviour can be traced289

back to the definition of excess adsorption and is again reflected in the characteristic shape of the excess290

adsorption isotherm, which may or may not show a maximum. The presence of a maximum (Langmuir case)291

is an indication that a threshold pressure (or P/Z value) has been reached beyond which the increase in mass292

stored by adsorption is less than the corresponding increase by simple gas compression. In practical terms,293

beyond this point the formation of the adsorbed phase reduces the potential for gas storage; in a scenario294

of primary recovery this translates into less gas being produced compared to a non-adsorbing reservoir with295

the same porosity. This apparent smaller gas production continues until the pressure is reduced below the296

threshold value; here, the Gp curve crosses the “base-case” in Figure 4a and the desorbed gas provides the297

expected enhancement in gas production. This ability to map the characteristic shape of the excess adsorption298

isotherm to the cumulative gas production curve highlights the importance of accurate adsorption data for299

the design of a primary recovery operation.300

Figure 4b shows the relative difference between theGp obtained from the “absolute” and “excess” scenarios301

discussed above. The relative difference increases as the reservoir is depressurised, reaching a maximum of302

approximately 15% at complete reservoir depletion. The different models approach this maximum at different303

rates, again reflecting the characteristic shape of each adsorption isotherm. These observations further304

indicate that at a given production pressure the overestimation brought by the incorrect use of absolute305
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Figure 4: (a) CH4 cumulative gas production (Gp) as a function of P/Z computed using for different adsorption models in the
excess formulation and their comparison with the “base case” (dashed black line, no adsorption). (b) The corresponding relative
difference, ∆Gp, between the two adsorption scenarios “absolute” and “excess” as a function of P/Z.

adsorption in GIP calculations depends not only on the extent of adsorption, but also on the shape of the306

adsorption isotherm.307

4.2. Recovery with Gas Injection308

4.2.1. Process Description309

The operation of the enhanced recovery process that cycles between Injection, Soak and Production steps310

is represented in Figure 5a,b for the case of CO2 injection and in Figure 5c,d for the case of N2 injection.311

Each cycle is depicted by three symbols of the same colour, with the exception of ‘Cycle 0’ that includes312

only the transition from the initial state of the reservoir (y0m = 1, P0 = 35 MPa) to PL = 10 MPa (these313

points are shown in grey). The transition between each state and cycle (the operating line) is indicated by314

the black arrows. The reservoir’s final state is represented by the yellow point, which is the result of a final315

Soak after the last Production stage. The competitive absolute adsorption isotherms at various equilibrium316

compositions (ySm or 1− ySm) at the Soak stage are also shown in each plot. These have been obtained from317

the extended Langmuir adsorption isotherm model. We note that the methane adsorption parameters used318

for this case study differ from those used in the previous section (see Supplementary Information).319

As an example of general validity, the first cycle of the CO2-ESGR operation is discussed first (red symbols320

in Figures 5a and 5b). The reservoir has been depressurised to PL = 10 MPa, followed by the injection of321
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Figure 5: Transitions (black arrows) during the cyclic CH4 recovery with gas injection by either CO2 (a,b) or N2 (c,d). The
results are plotted as absolute adsorption loadings for each gas and the dashed lines indicate the competitive loadings at the

equilibrium composition in the Soak stages (yS,ji ). The superscripts ‘0’ and ‘∞’ represent the initial and abandoned reservoir
conditions representatively. The symbols α, β and γ represent the Injection, Soak and Production stage for the first cycle. PL

refers to the production pressure and each cycle is illustrated by a different colour.
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CO2 (state α), which raises the reservoir pressure to approximately 21 MPa. During the Soak stage (state322

β), the composition of the bulk gas changes, as a result of the equilibration with the adsorbed phase, reaching323

a final value ySm = 0.91. It should be noted that this point lies on the corresponding equilibrium adsorption324

isotherm (dashed line). The reservoir is then depressurised to PL = 10 MPa (state γ) by producing a gas325

mixture with composition ym = 0.91. Thereafter, a new cycle starts by re-introducing CO2 in the reservoir.326

Through the sequence of cycles, the symbols in Figure 5a (CH4 loading) move downwards, while those in327

Figure 5b (CO2 loading) move upwards, meaning that the reservoir is being depleted in CH4 and enriched328

in CO2. After five cycles, the bulk gas composition has reached a value ym = 0.08.329

In the case of N2 injection (Figures 5c and 5d), the pressure swing is much wider, reaching a pressures330

as high as 32 MPa at the end of the first injection step (state α). The higher N2 partial pressure leads to331

an equally strong reduction in the CH4 loading already after the first Soak stage (state β, 3.9 m3
STP/m3 vs.332

2.7 m3
STP/m3 with CO2), albeit with a produced gas that is leaner in CH4 (state γ, ym = 0.57 vs. ym = 0.91333

with CO2). The lower concentration of CH4 in the gas phase is the result of the unfavourable adsorption334

competition, as CH4 has a stronger affinity for the shale than N2, while the opposite is true for CO2/CH4335

mixtures. These observations indicate that partial pressure and competitive adsorption both act towards336

enhancing gas production, but they do so in complementary ways. The final reservoir pressure after the337

N2-ESGR is 11 MPa, similar to the CO2 injection scenario, but the amount of adsorbed CH4 remaining in338

the reservoir is slightly more (0.2 m3
STP/m3 vs. 0.05 m3

STP/m3 with CO2). The reservoir is abandoned with339

a N2 loading of approximately 0.4 m3
STP/m3 (ym = 0.09), as compared to the approximately 15 m3

STP/m3 of340

adsorbed CO2 left in the reservoir after the CO2-ESGR operation (ym = 0.08).341

4.2.2. State of the Reservoir342

A better understanding of the mechanisms driving the recovery of CH4 in the two ESGR scenarios343

is achieved by analysing the evolution of both the FG (yi) and the AG (zi) composition. Here, we will344

additionally consider the partitioning of each gas between the FG and AG, as given by:345

fi =
ni,a
Ni,t

(22)

for methane and 1 − fi for the injected species (CO2 or N2). Figure 6 illustrates these different ratios for346

(a) CO2-ESGR and (b) N2-ESGR; in each plot, the lines indicate the variation of these quantities with each347

Soak stage and the symbols represent the Soak after the last Production stage.348
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Figure 6: Evolution of the composition of both the adsorbed and bulk phase after each soak stage for the (a) CH4/CO2 and (b)
CH4/N2 ESGR scenarios. CH4 is shown in pink, while the injected gas is shown in purple. Lines indicate the change in mole
fractions at each cycle (at the Soak stage), while the symbols indicate the final state of the reservoir (at the final Soak after the
last Production stage). Solid lines and squares indicate zi (adsorbed phase); dashed lines and circles indicate yi (bulk phase);
dotted lines and diamonds indicate fi (fraction of adsorbed phase).

While they are qualitatively similar, the trends outlined by the two injection schemes show important349

differences. Across cycles, the fraction fi of each component is fairly constant (dotted lines), with CH4350

remaining below 30% for both schemes; however, for the injected gas fg ≈ 55–85% > fm for CO2-ESGR and351

fg ≈ 6% < fm for N2-ESGR, highlighting the opposite adsorption selectivity of these two gases relative to352

CH4. This ordering applies also after completion of the cyclic operation: the diamond symbols show that353

7–26% of the total amount of methane is in the AG phase, whereas 66% and 6% of the total amount of354

CO2 and N2 remains in the AG phase, respectively. In terms of phase composition (solid lines), the AG is355

dominated by CH4 in the early N2-ESGR cycles, with a crossover after Cycle 3; on the contrary, zm ≈ 0.3356

already at Cycle 1 for CO2-ESGR and the AG becomes richer in CO2 at every cycle, reaching a value zg ≈ 1357

after 5 cycles (zg ≈ 0.6 for N2). As discussed above, this apparent inefficiency of N2 to extract CH4 by358

adsorption is compensated by the stronger reduction in CH4 partial pressure, relative to the CO2 injection359

scenario. This behaviour is confirmed by the trends outlined by the gas phase composition, yi (dashed lines).360

In both scenarios, the bulk phase is initially richer in CH4 (ym ≈ 0.91 for CO2 and ym ≈ 0.57 for N2), with361

a crossover appearing already after Cycle 1 for N2-ESGR and only after Cycle 2 for CO2-ESGR. When the362

two processes are compared, it can be seen that yg is always greater with N2 rather than CO2.363
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4.2.3. Performance Evaluation364

The CO2-ESGR and N2-ESGR operations are compared in Figure 7 by considering the total volume of365

CH4 produced, as well as the volume of gas (CO2 or N2) injected and stored in the reservoir, which are366

evaluated in terms of incremental and cumulative amounts. Both scenarios start with an initial depressuri-367

sation from P0 to PL (Cycle 0), which produces 12.2 m3
STP/m3 of CH4. Thereafter, the same amount of368

gas is introduced in each cycle (8 m3
STP/m3), for a total of 40 m3

STP/m3 of gas injected. After five cycles,369

approximately 26 m3
STP/m3 of CH4 have been recovered for both CO2- and N2-ESGR. In both cases, the370

first depressurisation contributes to about 48% of the total recovery and the first two cycles prove to be the371

most effective in terms of recovery and storage. By the end of Cycle 2, 85% and 87% of the total recovery372

has been achieved for CO2- and N2-ESGR, respectively. The volume of gas stored after five cycles amounts373

to 22 m3
STP/m3 (CO2) and 7 m3

STP/m3 (N2); 63% and 71% of this amount is stored by the end of Cycle 2,374

respectively.375

Prior to the start of the ESGR operation, there is only methane in the reservoir and approximately 27%376

of this mass is found as adsorbed gas. Methane contribution to the GIP reduces to approximately 63% after377

the first injection, irrespective of the injected gas, and to approximately 3% and 11%, at the end of the378

operation for CO2 and N2, respectively. For CO2-ESGR, the AG contribution to the GIP increases to an379

average of 53%, reaching 64% at the end of the operation. The opposite behaviour is observed for N2-ESGR,380

whereby the AG contribution to the GIP decreases to an average of 13% during the Soak stages, reaching381

8% at the final reservoir pressure. These numbers reflect both the removal of CH4 from the system as well as382

the preferential retention of CO2 in the adsorbed phase. On a volume basis, the AG occupies initially 17%383

of the total porosity and this value increases to approximately 37% at the final reservoir condition during384

CO2-ESGR. On the contrary, when N2 is used, the fraction of porosity occupied by the AG decreases to 11%385

after the first cycle and reaches a value of only 1% in the final state. The reservoir is now by and large a386

“conventional” reservoir, where most of the gas is found as compressed gas.387

5. Discussion388

This section will focus on a strategy for (i) primary recovery and (ii) recovery with gas injection, based389

on the observations in the previous section.390

21



(a) (b)

CO2 Injection

CO2 Storage

CH4 Production

CO2 Injection

CO2 Storage

CH4 Production

CH4/CO2 CH4/CO2

N2 Injection

N2 Storage

CH4 Production
N2 Injection

N2 Storage

CH4 Production

(c) (d)

CH4 / N2 CH4/N2

Figure 7: Incremental and cumulative volume of gas injected, stored and CH4 produced for each cycle during the ESGR operation
driven by CO2 (a,b) and N2 (c,d) injection. ‘Cycle 0’ refers to the depressurisation of the reservoir from the initial pressure to
the production pressure, PL.

5.1. Strategy for Primary Recovery391

The sensitivity of the Gp − P/Z curve to the selected adsorption isotherm model provides scope for392

identifying a suitable strategy for primary recovery. The inverse of the slope of the curves depicted in Figures393

3a and 4a can be interpreted as a ‘production rate’ - the amount of gas produced within each incremental394

change in P/Z. While in the absence of adsorption (“base case”) this production rate is constant, the non-395

linearity introduced by the desorption process is such that this rate depends on pressure. It was already396

anticipated in Section 4.1 that the Langmuir isotherm can lead to initial production rates that are lower than397
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those estimated based on total porosity alone. This is typically the case for deep reservoirs (high P0), which398

would therefore require fairly low production pressures to observe the desired enhancement brought by the399

desorbing gas. For two of the cases depicted in Figure 3a, the production rates for an adsorbing reservoir400

are always higher than the volumetric reservoir (P0 = 5 MPa and 10 MPa). At a P0 of 20 MPa or 35 MPa,401

the same is only true below a production pressure of approximately 11 MPa . These initial considerations402

have implications in the planning of the primary recovery operation and in the selection of an abandonment403

pressure.404

In general terms, reservoir production continues until declining production rates cause it to be no longer405

economically viable [54]. In this context, a shale that shows adsorption data following an Anti-Langmuir406

isotherm represents the most favourable option, because it has the highest gas production rate right at the407

start of production (see again Figure 4a). Accordingly, a process designed to produce a given amount of gas408

(Gp) would result in a higher abandonment pressure compared to the value required for an equivalent shale409

reservoir described with the other adsorption isotherms. For a shale that shows a linear adsorption isotherm,410

the production rate would increase linearly with the depressurisation of the reservoir. The characteristic411

shape of the BET adsorption isotherm model leads to a production scenario that share similarities with the412

Anti-Langmuir and Langmuir cases, which enable maintaining fairly high production rate throughout the413

entire pressure range. Based on this analysis, to achieve a given value of Gp, the abandonment pressures of the414

reservoirs would be in the order P(AL) > P(Lin) > P(BET) > P(L). Because of the fairly low abandonment415

pressure associated with a shale characterised by a Langmuir-type adsorption isotherm, a production strategy416

that involves the injection of a sweep gas is advisable, as discussed in the next section.417

5.2. Strategy for Recovery with Gas Injection418

The CO2 and N2-ESGR strategies studied in this work can be evaluated on the basis of the performance419

metrics shown in Table 3.420

Table 3: Performance metrics estimated from the Shortcut Pressure Swing Adsorption Analogue Model using CO2 and N2

injection to enhance CH4 recovery. The Enhanced Recovery (Rm) and Storage (Sg) factors are defined by Eqs. 20 and 21,
respectively.

Parameter CO2 N2

Rm 150% 149%
Sg 54.9% 16.9%

Primary Recovery 65.0%
Recovery with Gas Injection 97.6% 96.8%
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Primary recovery results in extraction of only 65% of the CH4 in the reservoir, while production using421

CO2 or N2 yields a methane recovery of 97.6% and 96.8%, respectively. The corresponding increase relative422

to the primary recovery is thus approximately Rm = 150%. As discussed above, for CO2 this is primarily due423

to favourable competitive adsorption, while for N2 the primary mechanism is the strong reduction in CH4424

partial pressure associated with the wider pressure swing. To produce the same volume of CH4 without any425

gas injection, the reservoir would have to be depressurised to about 0.5 MPa. This pressure is thus much426

lower than the production pressure sustained during the ESGR operation (PL = 10 MPa). For the reservoir427

to have the same final absolute adsorbed amount of CH4 as the reservoir with CO2 or N2 storage, primary428

recovery would result in depressurisation to below 1 MPa. A key advantage of CO2-ESGR is the storage of429

CO2 and the consequent environmental benefit; approximately half of the injected CO2 is effectively stored430

(Sg = 54.9%) and 66% of this CO2 is adsorbed. For N2, Sg = 16.9% and 6% of this amount is adsorbed.431

Simulation studies reported in the literature indicate similar trends in terms of recovery and storage [55].432

Others propose to inject a mixture of the two gases [56], although this potentially lowers the CO2 storage433

potential of the shale reservoir. Most notably, the results obtained with our simplified model compare434

favourably with observations from a field operation [17]. In the latter case, a single CO2 injection cycle was435

completed that enabled the increase of hydrocarbon production by 2–3 times (compared to the forecasted436

production by primary recovery), while storing approximately 60% of the injected CO2. The field study437

concluded that larger recovery factors could have been achieved upon increasing the volume of CO2 injected438

and its pressure. As shown in this study, one strategy to achieve this goal is to carry out additional injection439

(and soak) cycles.440

Figure 8 shows the cumulative and incremental changes of performance metrics reported in Table 3 (Rm441

and Sg) as a function of each cycle for both (a) CO2- and (b) N2-ESGR. The trends observed for both systems442

are very similar, with N2 sustaining a slightly lower level of production at every cycle. It can also be seen that443

initial depressurisation (Cycle 0) contributes greatly to the total recovery (48% of the total CH4 recovered444

using either CO2 or N2). The total pressure of the reservoir for CO2-ESGR oscillates between 10 MPa (the445

production pressure, PL) and the pressure after the Injection and Soak stages, which is between 15–21 MPa.446

For N2-ESGR, the pressure increase is up to 25–32 MPa with gas injection; as discussed above, the wider447

pressure swing compensates for the unfavourable competitive adsorption of the N2/CH4 system. Accordingly,448

more CH4 could be produced by CO2-ESGR if a higher Injection/Soak pressure could be obtained using a449

higher volume of CO2 injected per cycle. As discussed above, CO2 leads also to significantly larger storage450

24



Rm

Sg

Incremental Sg

Incremental Rm

Rm

Sg

Incremental Sg

Incremental Rm

CH4/CO2 CH4/N2

(a) (b)

Figure 8: The performance metrics as a function of each injection cycle for the (a) CH4/CO2 and (b) CH4/N2 systems. Both
Rm and Sg, which are cumulative quantities, are shown as solid lines and incremental quantities, i.e. metrics that are based
solely on each cycle, are shown as dashed lines. ‘Cycle 0’ refers to the initial depressurisation of the reservoir where there is no
gas injection.

than N2, the majority of which is already achieved during the first cycle.451

The Enhanced Recovery and Storage factors discussed above should be regarded as theoretical maxima,452

because they are based on complete equilibrium being achieved at the Soak stages. Realistically, this might453

take a significant amount of time, which might not be economical. We also note that more than half of454

the CO2 injected is produced, and there will be some cost associated with its separation from the produced455

CH4 before its reinjection into the reservoir. An optimisation strategy that prioritises CO2 storage and456

CH4 recovery, without compromising the purity of the produced stream, is required. Similar considerations457

apply to N2-ESGR, but with a heavier burden on the economics of the operation, given that there is no real458

incentive in storing N2.459

6. Conclusion460

We have analysed shale gas production from primary and secondary recovery with gas injection using461

material balance calculations that correctly account for the reduction in the the available porosity due to462

gas adsorption. While previous work has shown that the OGIP is overestimated if the adsorbed volume is463

not duly considered, we have extended here the analysis to the entire gas production curve – from the initial464
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pressure to any selected abandonment pressure. In this endeavour, we have shown that adsorption does465

not necessarily sustain a larger gas production relative to a non-adsorbing reservoir with the same porosity,466

and that careful consideration needs to be given to the initial reservoir pressure and the type of adsorption467

isotherm. The latter can significantly impact the strategy used for primary or recovery with gas injection.468

The shortcut Pressure Swing Adsorption analogue model developed in this work provides a practical way469

to test injection strategies for ESGR. We evaluated CO2 and N2 and observed that (i) they are both equally470

successful at enhancing recovery of CH4 and (ii) they exploit different means to achieve this (competitive471

adsorption and partial pressure reduction, respectively). In N2-ESGR, the volume of N2 stored is less than472

half of the volume of CO2 stored. This further indicates that more N2 is being produced with natural gas,473

leading to higher separation costs. In CO2-ESGR, about half of the CO2 injected is stored in the reservoir,474

meaning that the operation may be both economically and environmentally attractive. Yet, as CO2 increases475

in the system, the benefit gained by the recovery process might be offset by the costs involved in maintaining476

the injection of CO2, as a lot of the CH4 has already left the system. Various injection strategies could be477

explored in the future, whereby the injection volume is gradually reduced with each cycle.478

The soaking stage represents a key element of the cyclic operation, because it is where adsorption equilib-479

rium is attained. In our model formulation we did not consider the time to reach this equilibrium, although480

this represents a key aspect of shale gas production. The dynamics of adsorption/desorption and the con-481

sequences of not waiting for true equilibrium to be achieved are topics for further study. We envisage that482

current production strategies that use several lateral wells could be exploited also for ESGR, whereby each483

well undergoes alternately injection, soaking and production. In this context, the proposed proxy model484

could be exploited to identify optimum strategies to operate such a multi-well system.485
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sorption on coal and shale samples from the Paraná basin, Brazil. International Journal of Coal Geology,597

84(3-4):190–205, 2010.598

[47] R. H. Williams, D. K. Khatri, R. F. Keese, S. L. Roy-Delage, J. M. Roye, D. L. R. Leach, O. Porcherie,599

P. Rottler, and J. Rodriguez. Flexible, expanding cement system (FECS) successfully provides zonal600

isolation across marcellus shale gas trends, 2011.601

[48] W. Yu, K. Sepehrnoori, and T. W. Patzek. Modeling gas adsorption in Marcellus shale with Langmuir602

and BET isotherms. SPE Journal, 21(2):589600, 2016.603

[49] EIA. Review of emerging resources: U.S. gas and shale oil plays. Report, EIA, 2011.604

[50] M. L. Boyce, T. R. Carr, T. Carr, T. D’Agostino, W. Ambrose, J. Pashin, and N. C. Rosen. Lithos-605

tratigraphy and Petrophysics of the Devonian Marcellus Interval in West Virginia and Southwestern606

Pennsylvania, volume 29, page 0. SEPM Society for Sedimentary Geology, 2009.607

[51] P. J. Linstrom and W. G. Mallard. NIST Chemistry WebBook, NIST Standard Reference Database608

Number 69. National Institute of Standards and Technology, Gaithersburg MD, 20899.609

[52] R. Heller and M. Zoback. Adsorption of methane and carbon dioxide on gas shale and pure mineral610

samples. Journal of Unconventional Oil and Gas Resources, 8:14–24, 2014.611

[53] A. Streb and M. Mazzotti. Adsorption for efficient low carbon hydrogen production: part 2- Cyclic612

experiments and model predictions. Adsorption, 2021.613

[54] A. Satter and G. M. Iqbal. 4 - Reservoir fluid properties, pages 81–105. Gulf Professional Publishing,614

Boston, 2016.615

[55] K. Lin, Q. Yuan, Y.-P. Zhao, and C. Cheng. Which is the most efficient candidate for the recovery of616

confined methane: Water, carbon dioxide or nitrogen? Extreme Mechanics Letters, 9:127–138, 2016.617

[56] Z. Li and D. Elsworth. Controls of CO2-N2 gas flood ratios on enhanced shale gas recovery and ultimate618

CO2 sequestration. Journal of Petroleum Science and Engineering, 179:1037–1045, 2019.619

31


	Introduction
	Background: Supercritical Gas Adsorption in Shale
	Shortcut Pressure Swing Adsorption Analogue model
	Mathematical Model
	Injection Stage
	Soak Stage
	Production Stage
	Solution Procedure

	Model Parameters
	Performance Metrics


	Results
	Primary Recovery by Depressurisation
	GIP and Initial Reservoir Pressure
	GIP and Adsorption Isotherm Model

	Recovery with Gas Injection
	Process Description
	State of the Reservoir
	Performance Evaluation


	Discussion
	Strategy for Primary Recovery
	Strategy for Recovery with Gas Injection

	Conclusion

