APPENDIX B



1. DESCRIPTION OF FRACTURED WATER INJECTION MODEL [2]

The purpose of this computer program is to providesimulation an estimate of lateral and
vertical extension of waterflood-induced fractufesth for clean water and produced water
injection), of vertical fracture (nhon-)confinemetat target injection zones, of well injectivity,
and of the shape and extent of flooded zones. B developed by merging [1] existing
fracturing/CRI [2] and waterflooding [3] softwareagkages during the late nineties of last
century into a combined model suited to simulati bydraulic fracturing (HF), Cuttings Re-
Injection (CRI) and Water Injection (WI).

Applications of this program throughout the yeaewéh been mainly in the arena of water
injection for waterflooding, for reservoir voidageplacement and for (contaminated) water
disposal [4-20]. In most of these applications,arahjection simulations were carried out to
assess issues around fracture containment, sweapjaativity.

In many waterfloods, fractured water injectors arecommon feature. Unintended fracturing in
water injectors may occur owing to thermal effegarticularly in offshore areas) or due to
pore plugging by impurities in the injection watkttentional fracturing may be an integral part
of the field development plan, since the increasggttion potential may enable a significant
reduction in the number of injector wells drilldeurthermore, as a result of fracturing, water
purity requirements may be relaxed providing a ificent reduction in facilities costs,
especially offshore. However, once fracture lengthach a significant fraction of the well
spacing they can have a significant influence ereep efficiency. Furthermore, if the fracture
does not extend over the full height of the form@tinon-uniform sweep in the vertical sense
may be encountered which may alter field develogrpéams. Finally, intended or unintended
fracturing may lead to out-of-zone growth, partezily when injection rates significantly exceed
leakoff rates owing to low formation permeabilitisd/or limited disposal storage capacity of
the target injection zones. Therefore, the accupageliction of fracture length and height is
required.

Our WI/CRI injection model computes fracture dimens, well injectivities, and flood front
displacements for water injection under inducedttrang conditions. This applies both to
produced water injection and to clean (e.g. sedemmjection.



2.  VALIDATIONS

2.1. Validations against other simulators

Extensive validation [2] was carried out of ourclieed WI/CRI model against a number of
published results of other fracture simulatorshbeith a gridded fracture shape [BEM model,
21] and with fixed shapes [22-25]. These validatiamere carried out on the SPE benchmark set
for hydraulic fracture simulators which consistddl@ cases (called A-O, Il and VI) covering
contained and uncontained fracture growth (withartdout gradient), low and ‘high’ leak-off,
and Newtonian / non-Newtonian injection fluids. Rés obtained were overall close to results
obtained by the other models and well within theead of the results [2]. Additional
validations were carried out using the well-knowh stimulation field case of SFE-3 that was
executed by the US Gas Research Institute in ti @aeties [2].

For cuttings re-injection (CRI) applications thepahility to simulate ‘uncontained’ hydraulic
fracture growth is essential. Therefore, we algb lminchmarks against other models for the
situations of uncontained growth in the presencanoiin-situ stress gradient, with or without a
‘negative’ stress constrast (i.e. growth from ahkigstress into a lower stress zone).

An example of CRI is shown in Fig. 1 (Northern Noi$ea, UK sector) [2]. Clearly, our

fractured WI/CRI model and the BEM model used iis thtudy yield the highest degree of
uncontained upward fracture growth. The other modbbw far less upward growth. This is a
general shortcoming of many of the commercial hylicafracture simulation models, which

were mostly designed for typical US-hydraulic fraet stimulation settings (strongly contained
hydraulic fractures).
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Figure 1. Comparison of different fracture simutatfior CRI field example in the North Sea

An example for hydraulic fracture growth in the ggace of negative stress contrasts is shown
in figure 2 below. As can be seen on the left BEM model predicts a fracture with lengthwise
‘buldging’ in the lower stress zones whilst ourctiared WI/CRI model has a fixed shape of two
half-ellipses that more or less (on average) foltbes contours of the BEM model. In the case
on the right, the BEM model also predicts an aligdty shaped fracture, because in this case
the impact of the negative stress contrasts isi@ase result of the high net pressure.
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Figure 2. Hydraulic fracture growth from a high#ess zone into a lower stress zone, in the
presence of low (left) and high (right) net pressur

Finally, figure 3 shows the comparisons for a massiydraulic fracture (MHF) treatment for
the NAM offshore the Netherlands [2]. In this casepdeling was required in order to
determine the optimum injection depth, and subsetijuecompute the optimized pump
(proppant schedule).
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Figure 3: Comparison of WI/CRI fracture model witERRAFRAC (BEM) and MFRAC for NAM
offshore MHF.



2.2. Validations against field observations

Our fractured WI/CRI model has been applied to mome field cases, especially for
waterflooding and water injection disposal purpogesmparison with field observations was
always indirectly, e.g. by successful pump schedlblesed on HF designs [e.g. 2, see above],
PLT’s in water injectors [5], pressure transierstitey [e.g.12-16], fracture breakthrough (or the
absence thereof) in nearby producers (waterfloddit®j, in-well tiltmeter measurements [14],
temperature logging [16,19, 20], and continuous itooing plus history matching of observed
injection rates and pressures.

2.2.1. Pattern waterflood in Oman: Field development [12]

A pattern waterflood was designed with the intemtrject highly contaminated production

water into an oil reservoir with a fairly low reseir fluid mobility. For such situations, pattern

floods with close well spacing are ideally suitedoptimize recovery. However, at the same
time reasonable injection rates are only achievallien some degree of induced fracturing
around the injector is allowed. Obviously this gbk the operator to consider an optimal
operational scheme such that on one hand he pfadits good injectivity whilst on the other

hand, the induced fractures do not grow excessilabe, either into the overlying reservoir
caprock or into adjacent producer wells.

In order to gain experience with induced fracturamgd use this to aid in an optimum field
development program, a trial with a five-spot pattdood was carried out. The layout is shown
in figure 4 below.

Figure 4: Sub-surface map of reservoir highlightihg area of 5-spot inverted pilot in the southhef
field [12].

The pilot was carried out as a step-rate test loitly-duration steps in order to also observe the
impact on production in neighboring producers. plw in figure 5 shows the injection rate and
duration of each step, and also the computed tadtimgth by our WI/CRI simulator (coupled
to a reservoir simulator [15] to capture the impactthe production rates of nearby wells). As
can be seen, for low injection rate (below ca 160-In3/d), no appreciable fractures are
formed. However, as soon as one exceeds the 200, mm@ttures grow with lengths that
“rapidly” increase with increasing injection raf&. 400 m3/d injection rate, water breakthrough
was seen in adjacent producers. This is in linéhlite simulations in the sense that the
computed fracture length (150-200 m) becomes equak well spacing.
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Figure 5: Injection scheme during 5-spot trial ptosnputed fracture lengths

An important implication of this study was that thige of inducd fractures could be kept in
check by properly managing the injection rates d¢kerfield life. Particularly, it turned out that
initially when the reservoir is filled with low-mdhty oil, injection rates should be kept at a
fairly low level. When gradually increasingly mao@ is replaced by higher mobility (injected)
water, higher injection rates can be applied withba risk of excessive fracturing.

2.2.2. Pattern waterflood onshore Russia (West Sberia): Patterninfill [16]

In this field, a pattern waterflood using low-gtlinjection water in a light oil field had been
already ongoing for some time. The issue at sta&ke Wwas that pattern infill drill campaigns
were being planned and the question was how to gearthe induced fractures by an
appropriate choice of injection water quality angction rate, see figure 5.
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Figure 5: Pattern waterflood lay-out for field ingsia

In this case, fracture dimensions around the igje@to 1123) were monitored on a regular
basis by means of pressure fall-off testing fracture length, height) and temperature logging
(fracture height). Examples of these measuremeatshteown in figures 6 and 7 below.
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Figure 6: Example of pressure fall-off test andriterpretation
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Figure 7: Examples of temperature logs over tintbtrir interpretation

The plot in figure 8 shows the computed fracturgth and height by our WI/CRI simulator, in
comparison with the fracture lengths as interprdteth pressure fall-off tests. Agreement is
reasonable (especially in view of the large dataetainty), although it appears that the
WI/CRI simulator is somewhat on the conservatide sit later times.

The results as shown (plus many sensitivities) &atrine basis for a decision on infill drilling
(pattern, spacing), future injection rate and ing@ctwater quality.
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Figure 8. Fracture length growth map of historidajection results : computed versus
interpreted from pressure fall-off tests.

2.2.3. Large-scale producd water disposal (Oman): Risk of fracture containment [5,14]

Very large-scale produced water injection dispegag pioneered in the late nineties [5]. High
volumes of contaminated production water had toehmjected. A suitable injection horizon
was found. However, there was a non-negligible tiskt the induced fractures would grow
through the overlying caprock shale into potabléenbearing shallow formations.

The basic lay-out is shown in figure 10. Unfilteq@dduced water is injected into the far flank
of the deep formation. This is a fairly homogeneausdium-permeability (approx. 300mD),
medium-strength sandstone with a thickness of sévemdreds of metres. The caprock (8 —
18m thick) at approx. 1000 m TVD, provides a sepfhale layer with extensive lateral extent.
The carbonate formation above the shale layer isomtact with shallow aquifers, so it is
essential that injected production water does eoefrate upwards through the caprock shale.
As indicated in the figure, this requirement hadmapact on the optimum injection depth.
Figure 9 shows the history-matched injection rated pressures using the fractured WI/CRI-
model, whilst the computed induced fracture is ghaaFig. 10. Its is clear from this figure
that the initially planned injection depth was ipagpriate. Based on this study, the injection
depths for all planned water injection disposallsvelere moved down by about 300 m.
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Fig. 9 — Observed and simulated historical injacfierformance for one of the pilot wells.
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Fig. 10 — Overview of subsurface injection dispdsatizons. Also indicated are casing shoe
and induced fracture after 20 years of injectiandioe of the injectors [5].

After the injection disposal wells were on-streamumber of different surveillance techniques
was tried to validate / calibrate the fracture dahans (especially with respect to upward
fracture height), but the initial results were fainconclusive [5]. Early 2007, the technique of
downhole tiltmeters was successfully applied ina to measure induced fracture height. This
technique has been well-proven for propped fracipgications in tight rocks but applications
in medium- to high-permeability waterflood applicats had been limited. Because none of the
disposal wells had nearby observation wells, it desided to use the technique of “treatment
well tilt” in which the tiltmeters are deployed ihe injection well itself. This allows for
“optimal” measurement of fracture height (maximuih signal), although fracture length
cannot be measured in this way. The tiltmeter nreasents were combined with pressure fall-
off tests after each injection cycle to interprecture lengths.

Figure 11 shows the injection / shut-in sequenaiduhe tiltmeter trial. From the horizontal
scale of this graph it can be seen that the welldieeady been injecting ca 4 years prior to the
trial. Figure 12 shows an example of a raw tiltmestignal alongside an “ideal” signal for the
case of one planar vertical fracture. As can ba,sieeally the locations of fracture top and
bottom are identified from the maxima in the tifjrsal, but in our case four (instead of two) of
such maxima were observed, leading to some ampiguthe interpretation of fracture height.
In the interpreted results we took this into acddoy indicating a range for fracture height
rather than one value. Finally, Figure 13 showsxample of one of the injection fall-off test
results. These results show a pronounced storagédted flow period, which is indicative of
a large induced fracture [25].



Figure 14 shows a summary of the interpreted fracheights and lengths from tiltmeter and
fall-off tests, together with the fracture dimemsioas computed by our WI/CRI fracture
simulator, for 4 years injection history, plus ihgction cycles as depicted in Fig 11. During
the latter of these injection cycles, no relialiteneter signals could be obtained owing to their
detachment from the borehole wall (casing). As learseen from Fig. 14, the computed and
measured results are in fairly good agreement, cedpe when considering the large
uncertainties both in the measurements and coniquosat

Fig. 14 also shows that the maximum total fracheght during the injection trial is far less
than the 300 m that was based on earlier simukat{sae discussion above, and figure 10).
However, this turned out to be mainly the resulivad essential differences between the trial on
one hand and contiuous injection on the other hék)dDuring continuous injection, rates of ca
20,000 m3/d are applied, which was never achievihduhe trial, and (2) the limited duration
of the trial resulted in induced fractures whichravestill growing under the influence of
transient pressure build-up in the reservoir. Withthese two effects, induced fractures are
likely to grow towards ca 300 m height, as is iitated in Fig. 15 which shows the computed
result of continuous injection for 4 years at 20,088/d.

Summarizing the above discussion, the simulatezssif the induced fracture were confirmed
by surveillance data (tiltmeter, fall-off), endargithe policy of perforating water disposal wells
at least 300m below the caprock.
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Fig. 11. Oman water disposal well: Injection cyadésiltmeter test
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2.3. Conclusions from validations.

The above paragraphs have illustrated a numbeasg#scwhere the performance of our WI/CRI
fracture simulator was validated both against oligwlators and against field data. Overall,
the agreement is acceptable, especially in viewheflarge input data uncertainties for field
cases.

There are a number of important points that onetth&gar in mind when using this model (or

other models with similar functionality) for fielbplications. First, because of limited data and
limited understanding of the subsurface, simulatesults can vary widely. Therefore, regular

surveillance / monitoring will always be a requikamh Such surveillance results can be history-
matched and subsequently used to update the iapait 8econdly, it is vital that the user has a
proper qualitative ‘physical’ understanding of tiesults from a simulator — i.e. there should be
no using hydraulic fracture simulators in ‘blackxbanode. Trying to understand the results

from hyraulic fracture simulators can often be guithallenging, but it does help to track

deficiencies in the input data, in the understagdif the subsurface, and/or the hydraulic
fracture simulator itself.
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