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ABSTRACT 
CO2 geological sequestration has been widely 

adopted as a key strategy for mitigating greenhouse-gas 
emissions and addressing climate change. Previous 
simulation techniques typically coupled thermal, 
hydraulic, mechanical and chemical (THMC) processes, 
yet they often omit the fracture initiation and evolution 
mechanisms induced by high injection pressures and 
temperature gradients. In this study, a novel numerical 
framework is introduced to simulate fracture initiation 
and extension during CO2 storage. This method 
integrates the thermal, hydraulic, mechanical and 
chemical reaction (THMC) processes with dynamic 
fracture generation and propagation to enable accurate 
prediction of caprock integrity and long-term storage 
safety. The proposed numerical framework extended the 
Embedded Discrete Fracture Modeling (EDFM) to 
fracture initiation and extension based on tension and 
shear failure criteria, and dynamically updates the 
hydraulic properties of fractures throughout the 
simulation. Meanwhile, heat transfer between the 
injected CO2 and the reservoir, stress redistribution, and 
relevant geochemical reactions are fully coupled to 
assess the impacts of fracture evolution on multi-field 
dynamics. The proposed framework was demonstrated 
using a two-dimensional In Salah CO2 storage model. The 
results indicated that fractures first initiated around the 
CO2 injection well after approximately 5 years of 
injection, and then extended along the caprock–saline 
aquifer interface. In addition, it is observed that fracture 
evolution exerted a pronounced influence on surface 
deformation. The proposed framework provides a 
rigorous, quantitative tool for fracture evolution forecast 
and containment risk management in CO2 storage 
projects. 

 
Keywords: CO2 storage, fracture evolution, THMC 
coupling processes, EDFM.  
 

1. INTRODUCTION 
CO2 geological storage is widely regarded as a vital 

approach for mitigating greenhouse gas emissions and 
combating climate change [1]. This method entails 
injecting CO2 into deep geological formations—such as 
saline aquifers, depleted oil and gas reservoirs, or 
unmineable coal seams—to sequester atmospheric CO2 
effectively [2]. However, the long-term integrity and 
safety of storage sites remain a critical concern, 
particularly with respect to preventing CO2 leakage 
through fractures or faults. The caprock, serving as the 
primary barrier, must retain its impermeability to block 
CO2 migration to the surface or into potable aquifers. 
Yet, injection-induced changes in pressure, temperature, 
and chemical composition can undermine caprock 
stability, potentially triggering fracture initiation or 
reactivating existing fractures [3]. 

Significant progress has been made in developing 
numerical models that integrate thermal, hydraulic, 
mechanical, and chemical (THMC) processes to simulate 
storage system behavior under diverse conditions [4]. 
These models are indispensable for evaluating the 
effects of CO2 injection on reservoir and caprock 
dynamics. Nevertheless, a key limitation persists: most 
THMC models fail to adequately address the dynamic 
initiation and propagation of fractures. Fractures are 
often predefined or treated as static in existing studies, 
overlooking their extension driven by elevated injection 
pressures and temperature gradients [5, 6]. Such 
omissions can compromise the accuracy of predictions 
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regarding caprock integrity and leakage risks, thereby 
reducing the reliability of storage evaluations. 

To overcome these deficiencies, a novel numerical 
framework is introduced in this study. This framework 
couples THMC processes with dynamic fracture 
generation and evolution, employing the Embedded 

Discrete Fracture Modeling (EDFM) method [7-10]. 
Fractures are explicitly represented within a structured 
grid using the EDFM approach, and the fracture network 
is dynamically adjusted in response to injection-induced 
stress and strain alterations. By integrating this 
technique with THMC processes, a robust tool is 
provided for analyzing the influence of fracture evolution 
on multi-field interactions, encompassing stress, 
pressure, temperature, and chemical reactions. 

This framework was implemented in a two-
dimensional model inspired by the In Salah CO2 storage 
project, a well-documented case notable for surface 
uplift linked to CO2 injection. Simulation outcomes 
revealed that fractures originated near the injection well 
and propagated parallel to the caprock-saline aquifer 
interface, which markedly affected the migration 
distance and storage volume of CO2. Moreover, surface 
deformation was found to increase significantly as 
fracture network expanded, underscoring the 
importance of incorporating fracture dynamics into 
storage assessments. Therefore, this work developed a 
comprehensive framework that bridges dynamic 
fracture modeling and THMC processes. This approach 
strengthens the capacity to ensure the safety and 
efficacy of CO2 storage projects, contributing 
meaningfully to climate change mitigation efforts.  
 

2. METHODOLOGY 
In this section, we formulate the mathematical 

description and computational framework underpinning 
our approach. First, coupled THMC conservation laws for 
mass, energy, and momentum are derived. We then 
detail the transmissibility relations governing fluid flow 
and the kinetic model incorporated into those 
conservation equations. Next, the rock-failure criteria 
that dictate fracture initiation and propagation are 
introduced. Following this, we describe how fracture and 
matrix porosity and permeability are updated 
dynamically, with fracture permeability evolving in 
response to the combined pressure-stress effects of 

THMC interactions. Lastly, the overall algorithmic 
workflow is summarized. All governing equations are 
discretized using the finite-difference scheme. 

1.1 Conservation Equations 
The mass-conservation equation for a fluid 

component c is expressed as [11] 

(1) 
where ∂t denotes the simulation timestep; Vf is the pore 
volume occupied by the fluid phase; V represents the 
volume of a single grid cell; ρj (j = w for water, o for oil, g 
for gas or s for solid) refers to the mass density of phase 
j; Sj is the saturation of phase j; Mcj is the mass fraction of 
component c in phase j; Dcj is the diffusion coefficient of 
component c in phase j; The integers nm and nf count the 
faces shared with neighboring matrix and fracture 
blocks, respectively, and nr is the total number of 
chemical reactions considered; ΔΦ l 

j  measures the 
potential difference for phase j between the current 
block and its lth (l=1, 2, 3, …) adjacent block; dl is the 
center-to-center grid-block distance, and Al is contact 
area between these two blocks; φ is the current fluid 
porosity; ΔM l 

cj gives the difference in mass fraction of 
component c in phase j between the current and the lth 

neighboring blocks; kcs and skc are the stoichiometric 

coefficients for product and reactant c, respectively, in 
kth (k=1, 2, 3, ...) chemical reaction, and rk is the 
volumetric reaction rate for reaction k; qj represents the 
source or sink for phase j; and λl 

j  is the mobility of phase 
j between the current and the lth adjacent grid-blocks. 

The rate of fluid phase j injected or produced at a 
well is defined by 

( ),j j wfq WI P P=  −         (2) 

where WIj denotes the well index of phase j; Pwf and P are 
wellbore pressure and pore pressure, respectively. A 
positive well index corresponds to an injection well, 
whereas a negative value indicates production. 

For immobile solid component c, the mass-
conservation equation is defined as [11] 

( )
=


= −



1

.
fn

c
kc kc k

k

C
s s r

t
        (3) 

where Cc represents the mass concentration of solid 
component c. 

( ) ( ) ( ) ( )
1 1 1

m f m f r
n n n n nl

l l l
f j j cj j j cj j j cj cj k kc kc j j cjl

j l j l j k j

V S M M M V s s q M
t

A
D r

d
     

+ +

= = =


=  +  + − +



       
      
        

        

 



3 

Energy conservation is expressed as [11] 

(4) 
where Vv denotes the combined pore volume occupied 
by fluids and reactive solids, while Vr is the volume of the 
inert rock matrix; The terms Uj , Us , and Ur correspond to the 

internal energies of fluid phase j, reactive solid components, 

and the non-reactive rock matrix, respectively. The total 
concentration of all solid phases is Cs, and Hj is the 
specific enthalpy of phase j; κ stands for the effective 
thermal conductivity of saturated rock matrix; ΔT 
represents the inter-block temperature difference; Hrk 
denotes the enthalpy change of reaction k; and qH 
accounts for the thermal input from heater wells. 

Momentum conservation is given by 
2 2 2

2 2 2
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          (5) 
where ν and α are the Poisson’s ratio and Biot’s 
coefficient, respectively; P denotes the pore pressure of 
grid cells; β is the linear thermal expansion coefficient; G 
is the bulk modulus; F represents the volumetric body 
force; and the σm is the mean normal stress. 

2.1 Kinetic Model for Chemical Reactions 

Geochemical dynamics during CO2 injection into 
brine‐filled reservoirs encompass both aqueous 
speciation and solid‐phase transformations, including 
mineral precipitation and dissolution [12, 13]. Dissolved-
species equilibria are captured by a thermodynamic 
reaction network [13, 14]: 
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where Q is the activity product; ai denotes the activity of 
ion component i; N stands for the total number of ions 
involved in the equilibrium reaction; ηi is activity 
coefficient; m stands for molality; A1, A2 and A3 are 
temperature-dependent coefficients, respectively; zi is 
the charge number; I denotes the ionic strength; d is the 
ion size; and ζ indicates the chemical equilibrium 

constant, which is a temperature-dependent parameter 

defined as [13] 
2 3 4

0 1 2 3 4log ,B B T B T B T B T = + + + +      (10) 

where B0, B1, B2, B3 , B4 stand for equilibrium constant 
coefficients. 

Mineral-surface reactions follow kinetic laws 
outlined in Equations 19–21 [13, 14]: 

ˆ ,1eqr A
Q




=
 

− 
 

       (11) 

0

0

,
1 1

expeq eq

E

R T T
 

  
=  − −  

  
      (12) 

0

0

ˆ ˆ ,A A



=         (13) 

where γeq and 
0

eq  are the temperature‐dependent rate 

constant at the current temperature T and a reference 

temperature T0, respectively; Â  and 0Â  denote the 

reactive surface area per unit volume at T and T0; ω and 
ω0 represent the molar amount of the mineral phase 
within a unit block volume. 

2.2 Fracture Initiation and Extension Criteria 

2.2.1 Fracture Initiation 

A matrix cell mechanically fails in tension when its 
stress state meets the criterion [15]: 

min ,T   −         (14) 

where σT is the tensile strength of the rock matrix; and 

min   is the minimum effective principal stress. In this 

work, compressive stress is positive while tensile stress 
is negative. Likewise, shear failure is predicted by the 
Mohr–Coulomb condition: 

( )tan( ),nc P   + −        (15) 

where τ denotes shear stress; c represents rock 
cohesion; σn is normal stress; and θ is the internal friction 
angle [16]. 
2.2.2 Fracture Extension 

Two fracture planes (ΠⅠ and ΠⅡ) are characterized 

by their unit normals, nⅠ  and nⅡ , and their vertex 

collections SⅠ and SⅡ. Select arbitrary vertices pⅠ ∈ S
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Ⅰ and pⅡ ∈ SⅡ. Define the intersection of their vertex 

sets as: 

.S S S− = ⅠⅡ Ⅰ Ⅱ            (16) 

A fracture will extend to include another fracture if 
they satisfy the following geometric conditions: (1) the 
normal vectors coincide, (2) coplanarity, and (3) 
intersection along at least one line segment. These 
requirements can be expressed mathematically by: 

− Ⅰ Ⅱ ,n n           (17) 

( )  − Ⅰ Ⅰ Ⅱ ,n p p        (18) 

( ) ,  Ⅰ Ⅱ        (19) 

where ℓ (⋅) indicates the length of a 1D line segment; ε is 
a small tolerance parameter to account for numerical 
discrepancies. 

2.3 Calculation of Dynamic Reservoir Properties 

2.3.1 Porosity as A Function of Solid-phase Volume 
Changes 

Solid-phase volume variations stemming from 
mineral precipitation and dissolution directly influence 
formation porosity. When solid material is consumed, 
the porosity increases, a behavior captured by 
Equations 32 and 33: 
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(21) 
where φ0 is the initial porosity; φ* denotes fluid porosity 
adjusted for solid-reaction effects; Nc and N 0 

c  are, 

respectively, the current and initial mole quantities of solid 

component c per unit bulk volume; ρc denotes molar 
density; Cφ represents the rock compressibility; and P* 
indicates the reference pressure. 
2.3.2 Matrix Permeability as A Function of Porosity 

The absolute permeability of the matrix is expressed 
as a porosity-dependent function via the Carman-Kozeny 
relationship [17]: 

2

0 0
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 
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where km and k 0 
m  are the current and initial absolute 

permeabilities of the matrix, respectively; ck is the 
Carman–Kozeny exponent, which is taken as 5 in this 
study. 

2.3.3 Fracture Permeability as A Function of Fracture 
Width, Stress and Pressure 

To account for the interplay between normal stress 
on the fracture plane and pore pressure, Louis [18] 
proposed an exponential stress‐permeability 
relationship: 

( )0 ,n P

f fk k e   − −
=         (23) 

where kf is the current absolute permeability of fracture; 
0

fk  refers to the permeability at the initial stage of 

fracture opening; and γ is the hydromechanical coupling 
coefficient. According to the cubic law [19], this initial 
permeability can be expressed in terms of the fracture’s 
opening width: 

2

0 ,
12

f

f

w
k =            (24) 

where wf denotes the initial aperture of the fracture. 

2.4 Overall Procedure 

This study proposes a novel numerical approach to 
capture the dynamic growth of fracture networks under 
fully coupled THMC interactions. The algorithm proceeds 
through these stages: 

(1) Parameter initialization. At the outset, assign all 
geological and numerical parameters, configure the 
simulation grid, and embed any pre‐existing fractures via 
the EDFM approach. 

(2) Solution of governing equations. In each time‐
step, resolve the coupled mass, energy, and momentum 
conservation laws (Equations. 1, 4, and 5) to update the 
pressure, temperature, stress, and chemical fields 
throughout the domain. 

(3) Rock-failure assessment and fracture initiation. 
Evaluate the tensile and shear failure conditions 
(Equations. 14 and 15) in every matrix cell. Wherever 
these criteria hold, insert new discrete fracture cells 
using EDFM routines. 

(4) Fracture extension. Each newly generated 
fracture is evaluated against neighboring fractures using 
the geometric extension rules provided by Equations 17–
19. If the fractures meet the conditions of coplanarity, 
aligned normal vectors, and line intersection, they are 
connected to enable direct mass and energy exchange. 

(5) Update of formation porosity, permeability and 
thermal conductivity. Recompute porosity, permeability, 
and thermal conductivity in both matrix and fracture 
cells according to Equations. 20–24. The loop then 
returns to step 2, iterating through steps 2–5 until the 
simulation reaches its prescribed end time. 
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3. RESULTS AND DISCUSSION 

The In Salah injection facility, situated within 
Algeria’s Krechba field, ranks among the world’s largest 
onshore CO2 storage operations, utilizing gas‑production 
by‑product CO2. Its subsurface architecture (Fig. 1a) 
features a 900 m‑thick shallow aquifer of alternating 
sandstone and mudstone, overlain by two caprock 

sequences—750 m of Carboniferous mudstone capped 
by 150 m of low‑permeability sandstone—and underlain 
by a principal reservoir sandstone layer approximately 
20 m thick at ~ 1800 m depth [20, 21]. Multiyear InSAR 
campaigns have documented surface uplift patterns that 
illuminate the CO2 plume migration and associated 
geomechanical deformations, establishing In Salah as a 
reference case for storage performance assessment [22, 
23]. Leveraging these insights, we apply the XEDFM 
framework to evaluate how evolving fractures influence 
geomechanical behavior during CO2 injection at this site. 

Fig 1b presents the 2D In Salah CO2 storage 
configuration (the ISC model), consisting of  200 1 100   

grid cells spanning a domain of 4000 6000 2000   m in 
the x, y, and z directions. Each cell measures 20 m along 
the x‑axis and varies in height along z. Model parameters 
(Table 1) were sourced from [21, 24]. Because cohesion 
and friction angle for In Salah are unavailable, we 

adopted values from the Zagros Basin CO2 storage study 
[25]. Note that the x‑ and z‑axes need not align with the 
principal stress orientations. Caprock and aquifer relative 
permeability and capillary-pressure functions follow the 
THM simulations of Li and Laloui [24]. Six principal 
geochemical reactions, with their stoichiometries and 
rate constants, as listed in Table 2 and  Table 3 [26]. 

Incorporated into the ISC model is the KB503 well—with 
a 1000 m horizontal section at 1810 m depth [20, 21]. 
The model base is fixed in displacement, while the 
boundary opposite KB503 is held at constant pressure, 
temperature, and displacement to simulate an infinitely 
far formation boundary. Finally, the proposed numerical 
framework was used to simulate a 25‑year injection 
period. 

3.1 Validation of CO2 Storage Model 

Model validation plays a critical role in establishing 
the credibility of computational frameworks, especially 
for simulating complex subsurface systems. In this study, 
the ISC model was benchmarked against observed 
surface vertical displacement (SVD) data collected above 
the KB503 injection well [21]. As illustrated in Fig. 2, field 
observations indicate that SVD gradually increased and 
stabilized around 25 mm between days 800 and 1000. 

 
Fig. 1. (a) Vertical x–z cross section and (b) geological framework of the In Salah 
CO2 storage reservoir.  
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The simulated result at day 1000 yields a displacement of 
24.93 mm, demonstrating excellent agreement. This 
close correspondence between predicted and observed 

values substantiates the ISC model’s accuracy and 
predictive robustness. 

3.2 Evolution of Fracture Distributions and Properties 

Table 1. Hydraulic, thermodynamic, and mechanical properties used in the ISC model. 

Parameters Units Shallow 
aquifer 

Upper 
caprock 

Lower 
caprock 

Saline 
aquifer 

Under-
burden 

Hydraulics 

Matrix porosity / 0.1 0.01 0.01 0.1 0.01 

Matrix permeability mD 1×10-2 1×10-4 1×10-6 2 1×10-4 

Initial fracture aperture m 1×10-3 

Initial fracture permeability mD 8.33×107 

Maximum CO2 injection rate m3/day 2.6×104 

Maximum injection pressure kPa 5×104 

Pressure gradient kPa/m 10.44 

Thermodynamics 

Temperature gradient ℃/m 0.033 

Rock thermal expansion coefficient 1/℃ 1×10-5 

Rock thermal capacity J/(m3·C) 1.5 1.5 1.5 2.5 1.5 

Rock thermal conductivity W/(m·℃) 1.5 1.5 1.5 2.5 1.5 

Water thermal conductivity W/(m·℃) 0.67 

CO2 thermal conductivity W/(m·℃) 0.08 

Mechanics 

Young’s modulus GPa 3 5 20 10 20 

Poisson ratio / 0.20 0.30 0.15 0.20 0.30 

Cohesion kPa 2.39×104 2.39×104 2.39×104 2.79×104 1.29×104 

Internal friction angle ° 44 44 44 38 27 

Initial effective stress in the x direction kPa 3.48×104 

Initial effective stress in the z direction kPa 2.78×104 

Stress gradient in the z direction kPa/m 10 

hydromechanical coupling coefficient / 0.1 

Biot’s coefficient / 1 

 
Table 2. Chemical reactions and corresponding equilibrium constant coefficients used in the ISC model. 

Reaction formulae B0 B1 
(10-2 K-1) 

B2 
(10-4 K-2) 

B3 
(10-7 K-3) 

B4 
(10-10 K-4) 

H+ + OH- = H2O 14.93 -4.19 1.97 -5.55 7.58 

CO2 + H2O= HCO- 
3 + H+ -6.55 0.90 1.02 2.76 -3.56 

HCO- 
3 = CO2- 

3  + H+ 10.61 -1.28 1.20 -3.02 2.69 

Calcite + H+ = Ca2+ + HCO- 
3 2.07 -142.67 -0.06 1.46 -4.19 

Anorthite + 8H+ = 4H2O + Ca2+ + 
2Al3++ 2SiO2 (aqueous) 

3.17 -20.13 5.90 -9.04 9.15 

Kaolinite + 6H+ = 5H2O + 2Al3+ + 
2SiO2 (aqueous) 

9.30 -9.80 2.92 -3.27 -3.31 
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Fig. 3 illustrates the progressive development of 
fracture networks in the ISC model over the 25‑year 
injection period. After the initial five years (Fig. 3a), 
twenty tensile fractures appear clustered around the CO2 
injection well (spanning x = 0–20 m). Over the next 
fifteen years (from Figs. 3b to Fig. 3d), these fractures 
grow predominantly upward into the shallow aquifer, 
driven by stress concentration and pore‑pressure 
gradients. In the final five‑year interval (Fig. 3e), 
propagation slows as the system’s stress field and 
pressure distribution reach quasi‑steady conditions. At 
the end of simulation (Fig. 3f), the original twenty 
fractures have extended into a network including 676 
discrete fracture segments. 

overburden stress—so that zones of elevated pore 
pressure coincide with reduced effective stress, and vice 
versa. 

Fig. 4 illustrates the time-dependent behavior of 
fracture pressure, effective normal stress, and 
permeability. In panel a, the fracture pressure diminishes 
from 5×104 kPa to about 4.9 × 104 kPa over the 25 years 
of CO₂ injection, forming a pronounced gradient: 
maximum values appear at the advancing fracture tips, 
while minimum values reside at their trailing ends. 
Panel b shows effective normal stress rising from –
2000 kPa to –500 kPa throughout most of the network, 
except in the fracture immediately below the caprock (at 
1800–1801 m depth), where stress locally surges to 
roughly 2000 kPa. This localized spike reflects the 

elevated vertical effective stress in the matrix near the 
caprock–aquifer interface (Fig. 4b). In Fig. 4c, 
permeability closely tracks the pressure distribution, 
reaching on the order of 1010 mD at the propagation 
fronts and falling to about 108 mD elsewhere. These stark 
contrasts result from the exponential pressure 
dependence specified in Equation 23; nevertheless, 
because absolute pressures remain near 5×104 kPa with 
variations under 1000 kPa, most fracture permeabilities 
converge to approximately 108 mD. 

3.3 Impact of Fracture Evolution on Geomechanical 
Responses 

To isolate the impact of fracture network growth, 
we created a control case—identical in all inputs and 

Table 3. Kinetic rate parameters for mineral reactions used in the ISC model. 

Minerals Reaction frequency 
factor (s-1) 

Activation energy 
(J/mol) 

Initial reactive surface 
area (m2/m3) 

Calcite -8.8 41870 88 
Anorthite -12 67830 88 
Kaolinite -13 62760 17600 

 

 
Fig. 2. Comparison of simulated and observed surface 
vertical displacement (SVD) above the KB503 injection well 
in the ISC model. 

 
Fig. 3. Temporal development of fracture networks in the 
ISC simulation: (a) after 5 years, (b) 10 years, (c) 15 years, 
(d) 20 years, and (e) 25 years of CO₂ injection, and (f) the 
discrete fracture cells at year 25. In panels (a)–(e), each 
color‐distinct, noncontiguous cluster of grid blocks 
represents a single, continuous fracture, whereas in 
panel (f), each differently colored block denotes an 
individual fracture element. 



8 

boundaries but with fracture propagation disabled (the 
“ISC no‑fracture model”). Fig. 5 contrasts both scenarios 
in terms of surface vertical displacement (SVD) and 
cumulative CO2 injected (CGI). Once fractures began 
appearing after year 5, the fracture‑enabled run 
exhibited higher permeability (Fig. 4c), allowing 
2.40 × 109 m3 of CO2 to be injected over 25 years—
21.2 % more than the 1.98 × 109 m3 in the no‑fracture 
case. This increased injectivity also translated into 
greater surface uplift, peaking at 46 mm versus 40 mm in 
the static‑fracture simulation. 
 

4. CONCLUSIONS 
This work develops a novel numerical framework 

that dynamically couples fracture generation with fully 

 
Fig. 5. Spatial distributions of fracture (a) pressure, (b) effective normal stress, and (c) 
permeability at 5, 10, 15, 20, and 25 years of CO2 injection in the ISC model. 

 

Fig. 5. Temporal comparison of surface uplift (SVD) and 
total CO2 injected (CGI) for the ISC model and the ISC 
non‑fracturing model across the 25‑year injection period. 
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coupled thermal‑hydraulic‑mechanical‑chemical (THMC) 
processes. At each time step, the rock matrix is assessed 
against tensile and shear failure criteria to identify new 
fracture segments, which are then integrated into the 
mass, energy, and momentum balance equations. 
Fracture permeability is concurrently updated based on 
the evolving stress and pore‑pressure fields, enabling an 
accurate depiction of fluid–rock interactions in a 
deformable, cracking medium. This dynamic strategy 
transcends the static fracture assumptions inherent to 
conventional EDFM. 

The proposed method was applied to geological CO2 
sequestration. Fracture initiation was confined to the 
saline aquifer because the overlying caprock’s low 
permeability blocked upward pressure transmission. 
Tensile failure dominated, with cracks nucleating near 
the injection well and extending preferentially within the 
upper aquifer strata. Propagation slowed after roughly 
twenty years as stress and pressure gradients 
attenuated. Importantly, allowing fractures to evolve 
increased cumulative CO2 injectivity by 21.2 % and 
yielded an additional 6 mm of surface uplift over 
25 years compared to a non‑fracturing scenario. 
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