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Abstract

CO, storage is planned in a depleted gas field c@tB8, which is located offshore in the vicinity bétDutch coast. This project
is also known as the ROAD project, which is the Rdden capture and storage demonstration projectthén P18-4
compartment, cold CQwill be injected into a formation with a tempenatwf 120°C. Cooling of the reservoir with the cold O
will induce thermal stresses, similar to those Itesy from injection of cold water. The thermal etses around the well can
promote the propagation of fractures into the mase and possibly the caprock. This is usuallylezlthermally induced
fracturing. In contrast to cold water injectionr 80, injection thermally induced fracturing is usualigt taken into account. In
this paper, we are exploring the potential develepnof thermal fractures and their impact on treerneoir rock, caprock and
well injectivity of the P18-4 reservoir.

The P18-4 reservoir was modelled by a modified TGI2ECO2M module. The module is designed for geoklgstorage of
CG, in a wide range of temperature, pressure conditéord therefore different G@hase conditions, but was not able to model
phase transitions in low pressure — high tempegataservoir. We modified the ECO2M module to be dblenodel the
transition of gaseous to liquid Gheeded for the pressure temperature conditioesiigated in P18-4.

To estimate the maximal extent of a fracture it teservoir we started with 2D simulations of d8I@, injection without any
fracture development in TOUGH2/ECO2M module. Theiltesy pressure and temperature fields were usedgaomechanical
analysis to determine the thermo-elastic and ptastie stresses, and to assess the fracture dewetdpnto the reservoir (using
the finite-element software tool DIANA). After comeping a number of timesteps, these fractures wereduced back into the
TOUGH2 model and the potential injectivity enhaneemwas analysed. The TOUGH2-DIANA coupling was enagmi-
automatic, therefore an efficient exchange of tataveen the two software packages was possible.

The DIANA model was initialised with the correspamgl stresses at a depth of 2500m, rather thandtuladepth of 3200m at
which the minimum in-situ stress was too high fay dthermal) fracture to occur. On one side of tybnder the fracture
development was modelled. We employed a layeredemepresenting a quarter cylinder of the reseriai the TOUGH2
simulations. The model was initialised at 20 bad d@®0°C. Injection of 1.1 Mton/yr was assumed, whielSulted in a
temperature front up to 250 meters into the reseafter 5 years of injection. The quarter cylingeas mapped upon a 2D plane
strain geometry for the geomechanical simulations.

The large temperature changes resulted in a fedevelopment in “the shallow P18-4 reservoir” @®50depth) of up to 140 m
after 5 years of injection. The fracture developtweas translated into a permeability change irfithetured part of the reservoir
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and in this way we are able to predict the newciiyéy of the reservoir. The injectivity increaséom 0.7 Kg/s bar to 2.0 Kg/s

bar.

In the 2D simulations, we have seen the extentfedcture in a single-layer reservoir, however tihigs not completely reflect

the vertical heterogeneity in “the shallow P18-dergoir”. Also, it was not possible to examine #ffect on the caprock with

this model. Therefore a 3D model was constructetdohh TOUGH2 and DIANA, which resulted in even mateallow P18

reservoir in order to show the ability to simulétte development of a crack inside the caprock.dwb horizontal propagation

of the fracture was considered, but also to allevtival fracture propagation of the fracture irtie taprock. The stresses due to

the cold injection have to overcome not only theézmmtal minimum stress, but also the vertical sdrim order to propagate into

vertical direction.

From the 2D simulations and 3D simulations, it wkesar that for the true depth (3200m) of the PX@skrvoir, no fracturing as

a result of the cold CQs expected, which is in line with the earlieruits. However in “the shallow P18-4 reservoir” (254)

there is fracture development into the reservoire BD simulation results are very sensitive for vhkies of the following

properties: permeability in the fracture, brinersg} and the reduction of permeability due to gakcipitation.

The main impact of thermal fractures are:

« Well injectivity increases.

« The shape of the GGront changes, which means that the cold, €&h extent much further away from the well thathaut
fracturing.

« The probability of the development of fracturedath the reservoir and the caprock increases.

* CO, flow patterns become complicated due to saltipita¢cion and blocking in the reservoir and/or aag

« The result is very sensitive for the values offtiwing properties permeability in the fractul#ijne salinity and the
reduction of permeability due to salt precipitation

© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility biGT .
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1. Introduction

CO, storage is planned in a depleted gas field cal&8, which is located offshore in the vicinity betDutch
coast (Figure 1). This project is also known as R@AD project, which is the Rotterdam capture atatage
demonstration project [1]. In the P18-4 compartmeald CQ will be injected into a formation with a tempenau
of more than 120°C. Cooling of the reservoir wiltte tcold CQ will induce thermal stresses, similar to those
resulting from injection of cold water [2]. The theal stresses around the well may promote the gmaton of
fractures into the reservoir and possibly the cekrdhis is usually called thermally induced fraotg. In contrast
to cold water injection, for CQinjection thermally induced fracturing is usualtgpt taken into account. In this
paper, we are exploring the potential developménthermal fractures and their impact on the reservock,
caprock and well injectivity of the P18-4 reservoir

Within the CATO2 program, an extensive feasibibtudy for the storage of GGn P18 has been done [3]. In
that study, the integrity of the top seal was assg@dased on a maximum possible temperature differef 10°C.
However, the assumption of the maximum possiblexgban temperature in the caprock was not checkisermal
simulation of the effects of injecting cold @@ere analyzed for the reservoir, but not for tlagrock. Also,
thermally induced fracturing had not been takea atcount.

The reservoir of the P18 field is in the Lower Ganie Trias Group and consists of three formatibtedegsen,
Detfurth and Volpriehausen. Of these three, thedeigsen has the best properties in terms of perfitgadnd
porosity, but has limited thickness. On top of Herdegsen, the clay stones and evaporites of thieagElaystone
Formation can be found, which act as the primaay aed caprock.
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Figure 1. 3D view of the top of the P18 fields. Eaare shown in grey, well traces are shown in Reproduced with permission from (Arts et
al, 2012)

Coupled flow-geomechanical numerical simulationuged to analyse the thermally induced fracturinge T
workflow is illustrated in Figure 2. For the flownsulations, the P18-4 reservoir was modelled by adifred
TOUGH2/ECO2M module [4,5]. The original module EQ®W#s designed for the simulation of geological atpe
of CG, in a wide range of temperature, pressure conditiord therefore different G@hase conditions, but was not
able to model phase transitions in low pressurggh temperature reservoir. We modified the ECO2Mlaie to be
able to model the transition of gaseous to liquigb,Gheeded for the pressure temperature conditioresfigated in
P18-4. The geomechanical analysis was performew) tke generic finite element code DIANA® [6]. Thest step
was to model only the main reservoir layer (Haréeysn a detailed 2D radial model. The main goathds step is
to analyse the thermal fracturing simulation waskfland process and effect on well injectivity. le thext step, a
3D model including the caprock was created to a®apossible fracturing of the caprock.

In the following, first the adjustments needed T@®UGH?2 are discussed. Next, the results of the ad 2D
model are discussed.

DIANA
TOUGH?2 K , )
v Evaluation of the extension
K pressure (p) - — | F E> Cooro »| of the area where thermal
1% temperature K :
- a e cracking can happen (Ay,).
P
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Figure 2. Coupling TOUGH2 — DIANA.
2. Simulation of CO,in TOUGH2

TOUGH2-ECO2M is one of the few available simulattitat can simulate the full range of Ciahavior as a
function of temperature and pressure and in pdatidhe phase transition of G&om subcritical to supercritical.
Also the presence of liquid and supercritical asegaus phase in the reservoir can be simulated tsinadusly.

However, after initial tests failed, it was fouritht the code was untested for the application densd in this
paper (low temperature injection in first low presgsreservoir and later high pressure reservoigréfore, the first
step was to fully test and debug the program inpeoation with the main author of the code KarsteneBs,
formerly with Lawrence Berkeley National Lab. Fatmore, two main changes were implemented:

1. CG, properties: In the ECO2M module the thermophysgicaperties of pure CCare based on the Altunin
correlations [5]. In this study, a new set of pmties (density, viscosity and specific enthalpyyénerated
based on NIST data between 3°C and 103°C.

2. Relative permeability: A new formulation for thdative permeability was introduced to ensure cdassy
for phase changes across and above the critical (exj. 1). The main characteristic of the newtieda
permeability curve is that the relative permeapitit a phase (as defined in TOUGH2: aqueous, g&sEQ
liquid CO,) depends on its own saturation only. Eq. 1 coordp to the “Corey” formulation for relative
permeability, e.g. [7].

_ Sph_sph,r ¢
kph,‘r - ( 1-Sphr ) (1)
Where:
Sph : phase saturation
Spnr - residual phase saturation
kynr  :relative permeability of the phase
Cc : Corey exponent

3. Thermal fracture development with 2D simulations
3.1.Input TOUGH2

To simulate the injection of cold CO2 in a depleiad reservoir (P18-4), detailed processes ardwendiell such
as Joule-Thomson cooling need to be simulated.eftwer a radial model with small gridblocks near wedl was
used. Usually for a 2D radial model, radial symmeis assumed. However, this would not allow the
implementation of a fracture, because that brelagkgadial symmetry. Therefore a radial, layer moda$ created
containing only the Hardegsen formation. Figurén8ves an overview of the TOUGH2 grid. The followisettings
were used:

» Grid size: 87x22.

» Rock properties are listed in Appendix A.

» 5 years injection of 1.1 Megaton G@er year in P18-4 of 12°C. The temperature of 1243 been chosen,
because lower injection temperatures might reauttydrate formation and for even lower temperatofes
freezing conditions around the well due to the daithomson effect. In the feasibility study tempera as low
as 259 K were considered [3].

« Distribution of the injection is based on the peafvitity-depth product of the well: 66% in Hardegsem 34%
in Detfurth. The Detfurth is not simulated.
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* initial reservoir conditions: 20 bar and 100°C (stamt over depth). The real temperature of thevesas
120°C, but this is outside the range of applicabdf the new properties dataset included in TOUGht®lule.

» well: 20 bar and 12°C.

« initial gas present is C{because the behaviour of &BO, mixtures cannot be simulated yet [8].

» Relative permeability that depends on the saturaifd¢he analyzed phase only as discussed in théqus
section.

» No capillary pressure.

The TOUGH2 output of pressure and temperature isped to the DIANA grid. To minimize errors, thedgi
have the same grid block size.

The fracture was simulated explicitly in TOUGH2.iF was achieved by applying increased permealbiiitye
first row of grid blocks (with y=0). Since the widbf the grid blocks is not set to the actual fuaetwidth, the grid
block permeability is calculated as:

k= Tfrac/Wfrac 2
Where:
k : grid block permeability (A)
Teac  : fracture transmissivity (h

Whrac . fracture width (m)

In DIANA only the expected length of the fractusedalculated. Permeability of a fracture is in tingt place
related to fracture width. Predicting fracture widls not a trivial problem, especially for non-isetmal cases (e.qg.
[9]). Moreover, sensitivity analysis showed thattié fracture permeability reaches above 1E26the solution is
quite insensitive to the actual values but carugstable numerically. Using the well-known cubiw|d0,11,12], it
can be derived that these values are already rédohea fracture width in the order of 5 mm, a widvhich is
already reached for quite short fractures. Theesfowas decided to assume a constant maximumufagtidth at
the well of 5 mm. The fracture width decreasegtdally with the length of the fracture. Permedypilvas then
calculated using the cubic law (T342). Figure 4 shows the permeability as calculaisihg the cubic law,
adjusted for the grid block width and as implemdrtethe TOUGH2 model.
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Figure 3. Top view of the grid (green lines). Thow indicates the location of the fracture.
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3.2.Input DIANA

A fracture can develop if the combined thermo awdofelastic stresses as a result of injection ekdbe
minimum horizontal in-situ stress{,,;,). This was calculated in two steps:

» First the minimum total horizontal stress basedhenaverage reservoir pressure was calculated dingaio
Figure 5. In this case, the expected case cuntedeipletion coefficient (DC) is 0.7 was used. Ncharg effect
has been considered in the evaluation of the instiesses. In order to show the ability to sineuthe
development of a fracture and to compensate foutigerestimation of the thermal stresses due toethervoir
temperature of 100°C instead of 120°C, a test easecreated. In the test case a depth of 2500sidsif the
real depth of 3200m was used, which results in tdvegizontal stresses.

» In the second step, the stresses as a resultestimy cold C@are calculated and compared to the minimum total
horizontal stress. If the stresses as a resuftjeftion exceed the minimum total horizontal stresacture can
develop (illustrated in Figure 6). Since thermakfures are typically driven by the tensile stregfar the 2D
radial model, the tangential stresses) that anegmeticular to the sides of the crack, the radiaks is not taken
into account.

Minimum total horizontal stress in P18-4 during depletion (D = 2500 m)
450
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Figure 5 Value of the horizontal stresses for theapleted and depleted reservoir at a depth of &5(%].
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Figure 6. Representation of the radial and tangeotimponent of the thermal stresses.

3.3.2D Simulation results

Figure 7 shows the total tensile stressesangl, (which is 23 MPa for field average pressure oMPa) after
1 year. The fracture can develop up to the poirgretithe tensile stresses become lower thag,,. Figure 8 shows
the extent of the fracture together with the pressund temperature profile for four different tisteps. As has been
observed for cold water injection [2], the thermafiduced fracture extends to the cooling front.

After 5 years, the pressure has (just) exceededhitied pressure of the reservoir. This is notlisti, but due to
the fact that the injection into the Hardegsen tased on kh (permeability-depth product) of thel wagher than
the available volume.
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Figure 7. Tensile stresses with distance fromntékbafter 365 days after the start of injectiorntw;, ,,,;,=23MPa (red line).
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Figure 8. Temperature and pressure profile wittedise from the well for four time steps: 10d, 10Dgear and 5 years. The red line indicates
the extend of the fracture

In the next step, a fracture of 100 m long is idtreed in the reservoir and the effect on the @@v calculated.
The fracture is introduced after 1 year. It wasnbthowever that the presence of the fracture aetdds the
numerical performance considerably. In fact, faz tthosen configuration, a complete run up to 5syeas not
achieved. Therefore, a variety of adjustments vemtetl to achieve convergence. The most efficient ofa
improving convergence was to reduce the permeglufitthe fracture by a factor of 10. The resultcttange in
temperature was less than 0.5% in all grid blocks.

The fracture more than doubles the well injectiitym 0.68 kg/s/bar to 1.64 kg/s/bar. Figure 9 shidke full
development of the injectivity over the full 5-ygaariod, both with and without the 100m long fraietu

These results show that the thermal front can éxtemsiderably further from the well due to the elepment of
thermal fractures. If the P18-4 reservoir had bmene shallower, this might have posed a risk folt ®&8_04A2 ,
which is very close to two major faults. The chaimgéhermal stresses might increase the risk df fadactivation
and thus possibly of leakage. In previous studiesy the effect of changes in pressure were iredudh the
analysis of possible fault re-activation.
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Figure 9. Injectivity with and without a fracture.
4. 3D simulations

In the 2D simulations, we have seen the extentfodi@ure in a single-layer reservoir, howeveridt dot reflect
the situation in P18-4. The vertical layering oé 18 reservoir is not taken into account in thesiBulations.
Also, it was not possible to examine the effecttba caprock with this model. Therefore a 3D modelsw
constructed in both TOUGH2 and DIANA. Thermal craeke typically caused by normal loading or unlogdiA
crack always propagates perpendicular to the miminmsitu stress. In our case the minimum in-sthess is
horizontal, so a crack will propagate horizontahd the crack front will belong to a vertical plai® evaluate an
eventual propagation of the crack within the caprae need to model a vertical plane as well, b@Davertical
plane model only is not enough because the stréisaedrive the propagation of the crack are pedjperar to the
vertical plane. For these reasons we needed td &alBD geomechanical model.
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Figure 10. From 2D to 3D grid
4.1.Input TOUGH2

In line with the geomechanical model, the flow mladeTOUGH?2 also needs to be 3D. The size of thelehcs
47x11x8, where the caprock is represented by 3dayfthickness 6.7, 13.3 and 20 m. Except forgitie, the input
is identical to the 2D model (see Appendix A). Tagrock was assumed to be at virgin pressure (adCelfter the
depletion phase. This was also assumed for the gelmamical simulations. Because the main goal ferrtiodel is
to analyze the influence on the caprock, the bottant of the reservoir (Volpriehausen), which haslatively low
permeability (~0.2 mDarcy) has not been includedhim reservoir model to keep run-times acceptdhktead it
was assumed for the geomechanical model that thpet@ture remains virgin at T=100°C and that tlesgure is
the same as in the Lower Detfurth.

Within the reservoir, thin shale layers may sepaditfferent parts of the reservoir. Especially,hals layer is
present between the Hardegsen and the Detfarthationwhich might separate the reservoir in two distipatts
with their own pressure regime. However, this hatsbeen taken into account.

4.2.Input DIANA

For the 3D model, a full geomechanical model wasstroicted including over-, under- and side-burderour
3D axisymmetric model, the total thickness of thedel is 6000 m and the radius of the model is 2800rhe
reservoir is at a depth of 3190 m and has a ramfi®8’8 m. The model is based on the stratigraphitswand their
thickness and properties are taken from [3]. Faaitbesee Appendix B. Figure 11 shows the compiedelel with
the stratigraphic units in different colors and thesh.

Figure 11 From left to right: 3D view of the stgaiphic units, side and top view of the mesh. Tleehnis finer in the area of interest (reservoir
and caprock) and coarser closer to the borders.

4.3.3D Results

Similar to the 2D simulations, first a forward réor 5 years was done with the TOUGH2 model. Figi?e
shows the development of the temperature frontaiGlehe layers with different properties can beognized. In
the Hardegsen (formation with the highest perméglithe front has advanced the most. Also in fbrgnation the
effect of gravity segregation is visible. Sincestmodel is still radially symmetric, a cross settaver depth
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provides a complete overview of the results. ABgrears the thermal front has advanced furtheiterHardegsen
(between 100 and 120 m). For the 2D results, tharhl front had advanced much further (~200m, sger& 8).

The difference is that in this case the injectisrdistributed better over the Hardegsen and théuBet Also the

pressure is much lower (~160 bar after 5 years enetpto ~360 bar after 5 years for the 2D resHitgufe 8, lower

right corner).

The simulated pressure and temperature were usedldalate the changes in stresses as a resulieo€§
injection. For the real depth of the reservoir (318) no fractures developed. In Figure 14, aftgedr of injection
all the stresses are negative, which means thét thet reservoir and the caprock stay in a compresstiate of

stress.
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Figure 12. Development of the temperature front &vgears.

To be able to show the ability to simulate the dmwment of a crack inside the caprock and to corsatenfor
the underestimation of the thermal stresses dileet@eservoir temperature of 100°C instead of 12@° st case
was created. In this new geomechanical model,gbervoir is placed 1314 m degnd it has the same length (878
m) and the same material properties of the deaymtdd P18-4 case. The rest of the volume, undiele; and
over-burden have the material properties of theadpof the P18-4 case.

The reservoir was placed even on a more shallowhdsgmpared to the 2D simulations. The reasonas rtbt
only horizontal propagation of the fracture was sidared, but also to allow vertical fracture progtamn of the
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fracture into the caprock. The stresses due tedlatinjection have to overcome not only the hanizb minimum
stress, but also the vertical stress in order dpagate into vertical direction.

Figure 13. From left to right: view of the strafighic units, side and top view of the mesh of &s¢ tase.

In the test case, a fracture develops in the coptetiof the reservoir (Figure 14) in line with tresults for the
2D model. Also in the caprock a fracture penetraldsough the temperature did not drop below 755©bably
because the caprock is more brittle. The exteneitical direction was around 5 m into the capraftlker one year
of injection.

Figure 14. The shallow P18-4 reservoir, from leftight: state of stress (MPa) at the beginninthefinjection (depleted reservoir) and after 1
year of injection with a zoom of reservoir and agiraround the well.
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Figure 15. Test case, from left to right: statstofss (MPa) at the beginning of the injection (ekepl reservoir) and after 1 year of injection.

Figure 16. Test case: the yellow and orange sudfao® the area of the thermal crack in the researa caprock (positive stresses in Figure 15
(right)).

As for the 2D model, the effect of the fracturetba flow was examined by restarting with a fractiurelace
after 1 year. The fracture extent was implementethé TOUGH2 model with the dimensions as showRigure
17. In the caprock, the fracture was only impleradnih the bottom layer, which has a thickness 67 6n. Fracture
permeability and extent were assumed to b’ ¥ and 30 m respectively. The properties of the fnactin
Hardegsen and Detfurth were calculated in the sameas for the 2D model and were again multipligdlb to
increase simulation stability.
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Figure 17. Temperature (°C) after 1 year and thendof the fracture that is implemented in thesresir model.

After implementation of the fracture, pressure ghexb very fast in the caprock close to the fractutgich was
initially at hydrostatic (virgin) pressure. As asult, salt precipitation occurs in the top partttod fracture in the
Hardegsen close to the well. In fact, after 5 dalys,first 40 cm of the fracture are almost blockgdsalt. After
about 100 days, this zone has extended to ~1.5hmtdmperature change is much slower than theyeshange
(Figure 18). Initially, in most areas the flow isofn the caprock to the Hardegsen (which is mostly s
overpressured compared to the depleted gas figsijting in rather low temperature change in tyerack. In the
area with the fastest change in temperature (heawell), the flow is from the Hardegsen into tla@mwck. Later in
time the flow becomes increasingly complex andidiff to understand. Figure 19 shows that the teatpee
development in the fracture over the entire 5-ygeniod. After about 520 days, a sharp drop in taatpee is
observed in the fracture. The sharp decrease oatuh&e moment that the critical pressure (73.9 isaexceeded.
However, since the CQs at supercritical conditions with a temperatofe-70°C, this hardly affects the properties
of CO,. The most likely explanation is that the coolisghe result of evaporation of water, since therasibn of
the aqueous phase decreases with a decrease iartdunp. The solubility of water in G@eaches a minimum
around this point [8].

Sensitivity to fracture permeability

From a sensitivity analysis, it was found that tbsults are quite sensitive to the chosen pararseténgs like
permeability, brine salinity and the reduction efipeability due to salt precipitation. A very urte@m parameter is
the fracture permeability. Decreasing the fracpeameability from 10, 10° and 10 n? to 10°, 10*° and 10" n??
respectively, completely changed the temperatutatisn. The amount of salt deposition in the fraetun
Hardegsen decreased and circulation into the clgracture increased. Temperatures dropped mudbrfasthe
caprock in this case (Figure 20).
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Figure 18. Initial temperature development inftiaeture in the caprock. One line per time steggiel shows the time in days).
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Figure 19. Temperature development over time irfrdxeture. Every line represents one grid blocke Téd line is the grid block closest to the
well and the green line is the grid block at thd efithe fracture.
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Figure 20. Temperature development over time irfrinure. Every line represents one grid blocke Téd line is the grid block closest to the
well and the green line is the grid block at thd efthe fracture for the case with decreaseddragbermeability.

5. Conclusions

From both the 2D and 3D simulations, it was cléat for the actual P18-4 reservoir, no fracturisgaaesult of
the cold CQ s expected, which is in line with the earlieruies [3].

In the shallower test cases which were modelleardter to allow fracturing to occur, the injectiohcold CG
indeed induced the development of thermal fractimgbe reservoir and/or caprock. The main chamyesto the
thermal fractures are:

» Well injectivity increases.

* The shape of the GQront changes, which means that the cold, €&h extent much further away from the well
than without fracturing.

» The probability of the development of fracturedbath the reservoir and the caprock increases.

* CO, flow becomes patterns complicated due to saltipitation and blocking in the reservoir and or icagix

» The result is very sensitive for the values offtiilowing properties: permeability in the fractut®jne salinity
and the reduction of permeability due to salt pitation



18 Author name / Energy Procedia 00 (2013) 000-000
6. References

[1] Arts, R.J., V.P. Vandeweijer, C. Hofstee, M.PHBuymaekers, D. Loeve, A. Kopp and W.J. Plug.20he feasibility of C@storage in the
depleted P18-4 gas field offshore the Netherlatits ROAD project). Int. J. of Greenhouse Gas ConiiS. S10-S20.
http://dx.doi.org/10.1016/j.ijggc.2012.09.010.

[2] Fjeer E., R.M. Holt, P. Horsrud, A.M. Raaen d@hdRisnes. 2008. Petroleum related rock mechagitedition). Developments in Petroleum
Science 53. Elsevier, Amsterdam, The Netherlands.

[3] Vandeweijer, V.P. et al. 2011. Feasibility spuef1 8 (final report). CATO2-WP3.01-D06. (Confidexti

[4] Pruess, K., C. Oldenburg and G. Moridis, 19BOUGH2 User’s Guide, version 2.0. LBML, Uni. Ber&g| Berkeley, CA.

[5] Pruess, K., 2011. ECO2M: A TOUGH2 Fluid Progévtodule for Mixtures of Water, NaCl, and G@ncluding Super- and Sub-Critical
Conditions, and Phase Change Between Liquid anédsasCQ. LBML, Uni. Berkeley, Berkeley, CA (Updated Sejtt13).

[6] DIANA Version 9.3, 2009. Program and User's Doeentation. TNO Diana B.V.

[7] Wang, Y., Z. Chen, V. Morah, R.J. Knabe andAppel. 2011. Gas phase relative permeability charaation on tight gas samples.
SCA2011-13. 12p. This paper was prepared for ptaten at the International Symposium of the SgoiétCore Analysts held in Austin,
Texas, USA 18-21 September, 2011.

[8] Loeve D., C. Hofstee and J.G. Maas, 2014. Tiateffects in a depleted gas field by cold Q@ection in the presence of methane.

[9] Tran, D., A. Settari and L. Nghiem, 2013. Prtulig growth and decay of hydraulic-fracture widtlporous media subjected to isothermal
and nonisothermal flow. SPE Journal. P 781-794.18P651.

[10] Golf-Racht, T.D. van, 1982. Fundamentals acfured reservoir engineering. Dev. In Petr. ScElsevier, Ams. The Netherlands.

[11] Brown, S.R., 1987, Fluid flow throug rock jeénthe effect of surface roughness, J. Geophys. Red2,1337-1347

[12] Zimmerman, R.W., S.Kumar, G.S. Bodvarsson,119@brication theory analysis of the permeabitifyough walled fractures, Internatial
Journal of Rock Mechanics and Mining Sciences &m@&chincs Abstracts, 28(4), 325-331



