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Summary

Geological setting warranted a (level-2) Seismic Hazard Analysis

Mohr Coulomb and Finite Element models show the faults in HAL remain
stable

Under Groningen depletion conditions, faults in HAL would remain stable

There is a very low possibility that an unmapped fault reaches a critical
state under worst case fault and production parameters

Extreme scenario would have a maximum possible magnitude in the order
of Mw = 1.6 after 30 yes
- This is considered very unti

- ATLS is set up'to gate the potential impact. Possible other mitigation measures are
decrease of injection pressure and increase the injection temperature.
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Geological Setting HAL
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Connectivity HAL

HAG-GT-02i well test: 1400 mD
HAG-GT-01p well test: 2300 mD

Interference test: Minimum of 280
mD

Less high permeability of
interference test is most likely
caused by a lower fault
permeability and/or offset.along
the fault reducing connectivity
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SHA for geothermal systems

- SHA based on QCON/IF, Defining the |
Framework for Seismic Hazard
Assessment in Geothermal Projects,
October 2016

«  Result of SHA Level 1 QuickScan:
low seismic risk (score = 0.26)
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Figure 5-1, Level 1 SHA assessment for HAL based on the IF/QCON guidelines, "6
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SHA Level 1: QuickScan HAL

Table 2-1 SHA scoring scheme for TWL-2. The applicable scores are highlighted in red. From the individual scores a normalised

QS score of 0.26 is calculated.
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Figure 5-2. Result of the SHA QS-Scoring table as put forward by IF/QCON.
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Mohr Coulomb Stress Field: HAL

Density logs show a vertical stress gradient for HAL of o, = 0.214 bar/m

Leak Off Tests and Formation Integrity tests show the minimum
horizontal stress gradient at 6; = 0.165 bar/m

Groningen relations between o5 and 6, show a maximum horizontal

stress of 0, = ™ —

The EBN Geo-drilling events database (GDE) was advised but contained
no better constraints on the stress situation near HAL

For details see Appendix 1
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Mohr Coulomb model: HAL

) : oL . _ « Young’s Modulus E =10
« Situation after injection is closer to the failure line GPa

Under these already conservative parameters no failure is expected . , .
« Poisson’s ratiov=0.3

Injection Temperature: 45°C ) ]
AP at injector: 5 bar (150m3/hr injection rate) 3-D Mohr-Coulomb failure diagram HAL | _ Thermal expansion
e coefficienta =1-107
140.0 1 Initial
—— 0,7C3
1200 - 0,—0; | « Frictioncoefficient pu =
_ 0,-0; 0.6
= 100.0 -
]
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00 | e, . o e, | «  No cohesion assumed
0.0 50.0 100.0 150.0 200.0 250.0 300.0
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Production parameters: worst case (winter) S0,
For interpretation see Appendix 2 Fault parameters: worst case 1<
<

Reservoir parameters: conservative »
P~ .



Fault azimuth

0,
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Fault azimuth

If 0, > 0, > 03, and o, is parallel to the fault
azimuth, the fault is more ‘open’ and more
prone to failure (top-left figure)

A fault with an azimuth perpendicular to o,, or
parallel to o, is in the most stable orientation
(top-right figure)

F1 and F2 are orientated at an angle of 40° and
60° and therefore more stable than fault
parallel to 0,. This is reflected in a position less
prone to failure in the Mohr-Coulomb analysis
— away from the ‘large’ circle (next slide)




Mohr Coulomb analysis: impact of
fault azimuth

Fault situation in HAL is more stable than a situation where faults

are parallel to the maximum horizontal stress o,
This is already for a conservative production scenario

Production parameters: worst case (winter)
Fault parameters: expected
Reservoir parameters: conservative

Injection Temperature: 45°C
AP at injector: 5 bar (150m3/hr injection rate)

3-D Mohr-Coulomb failure diagram HAL
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Mohr Coulomb analysis

« Fault situation in HAL is more stable than a situation where faults
are parallel to the maximum horizontal stress o,

« Thisis already for a conservative production scenario

Production parameters: worst case (winter)
Fault parameters: expected
Reservoir parameters: conservative

|nj€Cti0n Temperatu re: 45°C 3 hr-Coul b fail d HAL O | Faultazimuth perpendicular on o,
.. S -D Mohr-Coulomb failure diagram
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Production will not bring the situation to a critical
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/ The mapped faults are even less prone to failure
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Finite Element Analysis(1)

Mohr-Coulomb only looks at one point in the subsurface

Does not take into account:

— Geometrical effects

— Effects of local stress concentrations

— Effect of stress arching

- Etc.

In order to capture the above, build 2D finite element model

and simulateglifeeye

e for.one.doublet

- Fully coupledafluidiflow — thermal convection / diffusion- stress

calculations — failure & slip calculations

In building FE model, follow a similar approach as published
for Groningen depletion (Buijze, v.d. Bogert et al)




Finite Element Analysis(2)

« ‘Calibration’ against Groningen:
— Build same Groningen FE model as Buijze et al
- Use this to compute fault slip as a function of depletion
—- Estimate maximum seismic magnitude based on the above
— Build & run similar FE model for HAL case, & compute fault slip
- Analyze & explain differences Groningen <> HAL

HAL Groningen




Finite Element:
Groningen case
calibration




Groningen Depletion

¢ = overburden load
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Total model width: 4000 m

“Fault reactivation mechanisms and dynamic rupture modelling of
depletion-induced seismic events in a Rotliegend gas reservoir”

- Buijze et al., 2017




G ro n i nge n De p I etio n Distance to coulomb failure.

A value of 1 is coulomb failure.

DEPLET'ON: 155 BAR (_|__ 1987) Below this we have elastic behaviour

Pore Pressure Coulomb failure (0 to 1)
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Pore Pressure pent [*

Displacement along fault

Groningen Depletion
DEPLETION: 180 BAR (+ 1995)

Coulomb failure (O to 1)

~3 Centimeter

Groningen Earthquakes
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Legenda
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Pore Pressure jent [’

Displacement along fault

[min: -9.07e-2m max:_1.38e-2m T

Groningen Depletion
DEPLETION: 270 BAR (+ 2016)

~9 Centimeter

Coulomb failure (O to 1)
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Slip (m)

0.02

Groningen Depletion

Slip of all points along the fault

| — Merging of failure zones

First MC
failure
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Groningen model matches expected results in
terms of timing, depletion and magnitude
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Groningen Depletion: Mohr
Coulomb

Groningen (depletion)
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Finite Element:
HAL Model




HAL Finite Element Model

- The two mapped faults were implemented in the model
- 70° dipping fault below the reservoir
- 50° dipping fault in the reservoir

- 50m offset was used as a most conservative scenario

- Reservoir is 100m thick, shale on top is 50m

!
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HAL Finite Element Model

Production parameters: expected
Fault parameters: worst case
Reservoir parameters: conservative

« As base case a conservative scenario was used

Most critical fault azimuth (e.g. a; — a3 Mohr Circle)
50m offset along fault (expected: 25m)

Young’s Modulus at 10 Gpa (expected: 3 GPa)
Poisson’s ratio at 0.3 (expected: 0.25)

Flow through the fault

- 5 Models for HAL'under these conservative conditions

Hypothetical'depletion

Business Case Scenario

Maximum Business Case Scenario
Impermeable fault scenario

High-skin scenario




Finite Element:
Hypothetical
depletion case HAL




Hypothetical depletion HAL: 180 bar

Groningen case: failure HAL case: far from failure

Coulomb Failure (Oto 1)

Phased Structural Nonlinear

Phase 2, Load-step 2901, Load-factor 1.3999
Coulomb-Friction failure criterion SHRC AP
min: 0.00 max: 1.00

Reservoir

1.00
l 0.88
0.75

0.63
0.50

0.38
0.25
0.13
0.00

Distance to coulomb failure.
A value of 1 is coulomb failure.




Depletion in HAL vs Groningen:
Mohr Coulomb

HAL (depletion) versus Groningen (depletion)

400 Groningen
- = = Groningen depletion
HAL
- — = HAL depletion
3
OO Groningen MC failure line
% e HAL MIC failure line
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Finite Element scenarios HAL

. Maximum Business
Business Case Case Impermeable Fault

165/100 m3/hr

165 m3/hr Unrealistic 165 m3/hr
Variable All year All year

Resulting
pressure 5 bar 25 bar* 25 bar 60 bar
increase

Temberature 45°/57°/63° 45° 45° 45°

P Variable All year All year
*For the Maximum Business Case scenario, a conservative

All year
permeability in the reservoir is used. This results in a higher injection
pressure in the reservoir.
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Inject

Business Case Scenario

lon pressure

Maximum Business Case Scenario

™ Doublet Calculator 1.4.3 Result Table — d X ™ Doublet Calculator 1.4.3 Result Table — O X
pots | | fingerprintng | | export base case details | \ pots | fingerpeinting | | export base case defails A
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Property I[ value|  |aquiter pressure at producer (bar) || 2ses||  23221| 24875 | |Propeny I[ value| |aquifer pressure 2t producer (bar) || zmeaz|[  2322s| 24870
number of si 1runs (-} Il 10000 | aquifer pressure atinjector (bar) || 18156 19183 2020 || [number of si 1runs () I 10000, aquifer pressure atinjector (bar) [ 18187][ 19183 2021
aguiter khikv ratio (-) I[ 50| |pressuro amerence atproducer (pan) || 722 g 2g 12.44 | | |aquiter khiky ratio (-) I 50| |prossuro amerence atproducer (van) | | 51.07
surface temperature *C) 1l 100|  |pressure diference atinjector (oar) || 396 6.92 surface temperature (*C) 11 100|  |pressure diference atinjector (oar) || 28.06
geothermal gradient *C/m) Il 0.0208| gauuifertemneraime atproducer * (°C) [ ‘ 7623 ou.U7 8375 | | |geothermal gradlent {"C/m] ‘ l 0.0308| |aquifer temperaiure at producer * (°C) \ [ 83.7¢
“mid aquifer lemperature producer ()] | 800 |temperature atheat © || 7438 77.94| 8154/ | | mid aquifer temperature producer (*C)]| | 800 |temperature atheatexchanger ('C) || 8156
inital aquifer pressure at producer (nar)]] [ O.D[ inital aquifer pressure at producar (bar)]‘ [ 0.0/
linitial aquifer pressure at injector (bar)]] \ O.D[ \‘m“ case (| value Inputs) ‘ j vgmoi linitial aquifer pressure at injector (bar)]‘ \ 00 xm“ case (¢ value Inputs) ‘ [ vajuo‘
et e heat co || 450 [aquifer kH nt ©m) || 13zas| exit e heat cor || 450 [aguifer kH nst @©m) [ 2897
distance wells at aquifer level (m) | [ 22050\ |mass flow (kals} [| 45_57f distance wells at aguifer level (m) ‘ | 22050‘ |mass fiow (kals) [l 49_92‘
oump system efficiency (-} [ 05| |pump velume fiow (m/n) Il 164.7 pump system efficiency (-) [ 05| |pumpvoiume flow (m*/n) I| 165.9|
Procuction pump dept (m) Il 6000  |required pump power (ki) I 2516| | Proguction pump dept {m) I 600.0|  |required pump power (kW) Il 6915/
pump pressure differsnce (bar) || 330 |geomermal power () I 5.86) pump pressure differsnce (bar) [ 900  |gectnermal power (1v) [l 591
outer diamater producer (inch) I 5.0 [coP Gewikw) I 233 outer lameter producer (inch) I| 50 [COP (xWIkW) I 85|
skin producer (-) ] l 20.0‘ skin producer (-) ‘ [ 20.Di
=kin due to penetration angle p (-} ] [ O.Dl i | \7273_1 _2_24 =kin due to penetration angle p (-} \ | 0.0 |aqurter pressure 7‘ {*%372 EZJ
pipe segment sections p (MAH) I[ 600.0,1110.0,2422 0,2673.0| [aqufer pressure atinjsctor (oar) [ 19182 pipe segment sedtions p (MAH) I[ 600.0.1110.024220.26730|  [aquifer pressure atinjector (oar) || 1e182|
pipe segment depth p (m TVD) I 500.0.1078.02085.022750  |prassuro amoronce atproducer (oan || ¥ pipe segment depth p (m TVD) I 5000.1078.02085.022750  |prassuro amoronce atproducer(oan || 4591
pipe inner diameter p (inch) I[ 5.370.95535392)  [rassure diference atiniadtor (var) || 501 pipe inner diameter p (inch) [l 5.37,0.95535392)  [jrassurs diference atinjadtor (var) || 2521
pipe roughness p (millinch) I 1818.1818)  |aquifertemperature at producer * °C} || 80.0] pipe roughness p (mill4nch) | 18181818 |aquffertemperature atproducer* (°C) || 80.0]
| outer ramator injoctor (inch) I 50| [ o alheat exchanger (C) || 7799 | outer @amator injoctor (Inch) Il 60| | @ atheat exchanger (C) || 7801
skin injector () | 03| |pressure at hea exchanger (bar) [| 611 skin injeclor ) | 08| |pressure at heat exchanger (bar) || 2629 =
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Business Case Scenario HAL

Retourtemperatuur over de tijd
7000 o
Summer ca. 63°C
6500
000
5500
50,00
Spring/Fall ca. 57°C
45,00
, Winter ca. 45°C
40,00
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Business Case Scenario HAL

e Injection pressure is

matched to the

« Temperature is variable




Business Case Scenario HAL




Business Case Scenario HAL

Time = 3 years

Pore Pressure

67.50
61.88| Distance to Coulomb failure.

56.25
803 A value of 1 is Coulomb failure. The

— initial condition in HAL starts at 0.45.
For comparison, the initial condition in

Groningen has areas up to 0.76.

|




Business Case Scenario HAL

Time =15 years

Pore Pressure

Coulomb Failure (0to 1)

SCU

1.00
I 0.88
0.75

0.63
0.50
038
025
0.13

000k ¢,

|




Business Case Scenario HAL

Time = 30 years

Temperature Pore Pressure

84.38
78.75
73.13
: , 67.50
B o ol B ,.r e BHE e (Bt e Ml SRS S SR L S s o 61.88

56.25
50.63
45.00

Horizontal Stress | s | Coulomb Failure (0 to 1)




Business Case Scenario HAL

Time =30 years

Elastic Displacement along fault Coulomb Failure (0 to 1)

Faults do not show a significant
increase of instability under expected
operating conditions in HAL

DUSx |

(m)

2.78e-5
I 1.650-5
5.17e-6
-6.14e-6
-1.75e-5
| 28805
o -4.01e-5
-5.14e-5
.6.27e-5

60 micrometers




Business Case Scenario HAL

Time = 30 years

Elastic Displacement along fault

DUSX
m

2.78¢-5|
1.65e-5
5.17e-6
6.14e-6
1.75e-5
2.88e-5
4.01e-5
5.14e-5
6.27e-5

This is elastic displacement, not instantaneous
slip.

However, slip of in the order of 2/100t of a
mm would have a maximum magnitude of 0.6

Maximum Magnitude

-0.50

2.00

1.50

1.00

Maximum magnitude over years

Negligible displacement along surface

v

|

0.50

0.00

-1.00

Slip (m)

/

0.000020
0.000015
0.000010
0.000005
0.000000
-0.000005
-0.000010
-0.000015
-0.000020
-0.000025

5 10 15 20 T 25 30

. Time (years) .
Normal displacement but no slip at all
) Ay I

Slip of all points along the fault

5 10 15 20 25 30
Time (years)

VLT



Maximum Business Case Scenario

Temperature

Time = 3 years

Pore Pressure

Horizontal Stress

TE
©C)
90.00

84.38
78.75 bisyiid somd ki nd st i ke i Sk

67.50
61.88
56.25
50.63
45.00

73']3 i S 9N ’I‘

PR
(N/m?)
2.20e+7

L | e

2.10e+7
2.05e+7
2.00e+7
1.95e+7
1.90e+7
1.85e+7
1.80e+7

SCU

1.00
' 0.88
: 0.75

/’J} ; ¥ /‘"’ : 3 Ly 0.63

4 4 050

v 038

/ o e B0s
Ly — 000k,



Maximum Business Case Scenario

Time = 15 years

Temperature Pore Pressure

/ o e 84.38
/ e _ 78.75

e gharanaan L 7313
67.50
61.88
56.25
50.63
45.00

Horizontal Stress

Coulomb Failure (0to 1)

SCU

- s ' 0.88
Ve ml 075

,{ "//' ! i :..1 i 3 i : 0.63
4y oG : 0.50
fn A - 0.38
Weryy o o

e o 025

e B |l 0.3

Begs : 000k ¢,
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Maximum Business Case Scenario

Temperature

£l

Time = 30 years

Pore Pressure

Coulomb Failure (0to 1)

SCU

Max SCU of 0.71

‘ 1.00
I 0.88
0.75

0.63
0.50
038
025
0.13

000k ¢,

|




Maximum Business Case Scenario

« Situation after injection is closer to the failure line

Under the maximum possible business case, no failure is expected o
Injection Temperature: 45°C 3.D Mohr-Coulomb failure di .
AP at injector: 5 bar (150m3/hr injection rate) -L Viohr-Loulomb fallure diagram
140.0 - Initial )
—— 0,703
120.0 - 0,= 03
O,—0 [}
= 1000 - v
£ °
:s:" 80.0 - Injection
g “““ 01 - 03
€ 60.0 T T T - - 0~ 03 .
S -1y 0,-0;
40.0 -
20.0 - ,'/,,u ’
0.0 — ! ! ! | |
0.0 50.0 1000 93 150092 2000 %1 2500 300.0
normaalspanning (bar)

Production parameters: worst case (winter)

Fault parameters: worst case

/ Reservoir parameters: conservative

Young’s Modulus E = 10
GPa

Poisson’s ratiov =0.3

Thermal expansion
coefficienta =1-10°

Frictioncoefficient u = 0.6

T

reservoir

=73°C
Re-injection temperature =
45°C (Winter scenario)

Injection pressure = 25 bar

No cohesion assumed

/

3

B

<]
¥y q08



HAL cooling: Mohr Coulomb

350

300

250

200

150

100

50

HAL (cooling, depletion) versus Groningen (depletion)

Groningen

- = = Groningen depletion
HAL

- = = HAL depletion

- = = HAL cooling

Groningen MC failure line
m HAL MIC failure line

- = = HAL cooling + 25 bar pressure

400 500 600




Finite element
Impermeable fault scenario

« Impermeable fault may have a large temperature and pressure difference
along the fault

« The model was forced to come to this scenario as the temperature front is
not expected to reach the fault

« To increase the temperature contrast, no temperature diffusion was allowed

through the fault.

7 \, R . ‘- ,.;-fy rrﬂ_

Flow around the faults with non- == » .
Temperature difference along the fault
- - : !_:;_;:_- a

transmissible faults o4

-
y i i ! |_o 20 do0 cogy - =
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Impermeable fault scenario

Temperature |

TE
°C)
90.00
Mas3s
78.75
73.13
Sl 6750
61.88
56.25
50.63
45.00

Pore Pressure

To-eeEEREEEER
i PR

(N/m?)

' 2.20e+7
| PXE

: 2.10e+7

/ 2.05e+7

4 L 2.00e+7

: 1.95¢+7

Horizontal Stress

‘‘‘‘‘‘‘‘‘‘

-1.03e+7
-1.15e+7
-1.28e+7
-1.40e+7

Coulomb Failure (0 to 1)

SCU
1.00

. 0.88
0.75
0.63
0.50
0.38
025
0.13
0.00

SCU=0.60 I




Impermeable fault scenario

Time = 30 years

Elastic Displacement along fault

DUSx
(m)

7.42e-5

[ 4.64e-5
1.87e-5
-9.03e-6
-3.68e-5
-6.45e-5
-9.22e-5

I -1.20e-4
-1.48e-4

0.15 millimeter

Faults remain stable if there is a large

Coulomb Failure (0 to 1)

=

\

SCU =0.60

temperature contrast along the fault

T o




High-skin scenario

A high skin would increase the injection pressure locally around the
well

A skin up to 60 bar is tested, reflecting the maximum allowed
injection pressure under SodM criteria

The pressure impact on the fault is found to be negligible

ss'

10°
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High-skin scenario

High skin (60 bar), high pore pressure around well

Temperature

Weight + Initial Pere Pressure|

(—_

TE
(*C)
l $0.00
75,63
71.26
66,88
62.580
58.13
53.75

I 49.38
45.00

‘eight + Inificl Pore Pressure|

Pore Pressure

PR
(N/m?)
250e+7

. 2A0e+7
2.30e+7
2.20e+7
2.10e+7
2.00e+7
190e+7

I 180e+7
170e+7

Elastic Displacement along fault

S

b 2

Coulomb Failure (0 to 1 — a value of 1 indicates failure)

No significant effect on fault stability

/ 1 Max. SCU of 0.66

DUSK

(m) SHRCAP)|

l 344es l 046

147e$5 058

49706 050

-2.460-5 042

" 44305 . 033
e 44065 : 025
St 83705 = 0.7
I -1.03e-4 I 008

-1.23e4 0.00

- Y
&




Finite Element: Conclusions

5 models were shown for HAL

Hypothetical depletion

-> Under similar conditions as Groningen, faults in HAL are far from the failure
level (SCU_.. = 0.60)

Business Case Scenario

max

- Normal geothermal operations have little effect on the stability faults
(SCu__ =0.61)

Maximum Business Case Scenario

max

-> Maximum injection possible in HAL has increased effect, but remains small
(SCU_., =10:71)
Impermeablesfaultssecenario
> A completely impermeable fault, resulting in a large temperature contrast, is
not expected to produce larger instability (SCU,__, = 0.71)

High-skin scenario

- A high skin will result in a high increase of pressure, and decrease of
horizontal stress around the well, but is not expected to affect the faults
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Probabilistic analysis: Approach A

« The goal of this exercise is to add the possible range of input parameters, e.g.
Youngs Modulus, Thermal expansion coefficient, stress gradients.

« Fault parameters are kept constant

« Monte Carlo simulation was done on a large range of parameters (1000 runs)

« Triangular distribution is used to omit outliers & this is consistent with

DoubletCalc approach Production parameters: worst case (winter)

Fault parameters: worst case
Reservoir parameters: variable

Reservoir Temperature | Thermoelastic | Injection Pressure| Vertical stress Horizontal stress Fault di
(°C) coefficient (bar) gradient (bar/m) | gradient (bar/m) P
0.5

Minimum 0.207 0.158
Most likely 73 1 5 0.213 0.165 50
Maximum 76 2 25 0.225 0.172 65

Gﬁocoz‘)
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Input parameters

« Reservoir temperature 73 = 3 °C from measurement

« Combining of Young’s Modulus, Poisson’s ratio and thermal expansion coefficient
these values into a thermoelastic expansion coefficient

aE_
K. =
T =1

« Ktypically ranges from 0.5 to 2

« Vertical stress gradient determined at 0.207 based on density log, the TNO
standard is 0.225. Not expected to be much lower than 0.207

« Horizontal stress gradient determined at 0.165, lowest FIT in the area shows 0.158,
maximum set at 0.172

« Fault azimuth v_d uatlon is used (see white dot in
slide 22)
Fault dip is within mos! conservative range

Reservoir Temperature Thermoelastic | Injection Pressure| Vertical stress Horizontal stress Fault di
(9] coefficient (bar) gradient (bar/m) | gradient (bar/m) P
35

Minimum 0.207 0.158
Most likely 73 1 5 0.213 0.165 50
Maximum 76 2 25 0.225 0.172 65

<
vy

I .
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Monte carlo: 1000 runs

Only looked at for the most
conservative

Mobhr Circle (0, — 0;) (see slide 23)
No cohesion for fault

Most critical fault dips

Cooling down to 45°C

Effect of the 1% cases further
investigated in Finite Element Model

Production parameters: worst case (winter)
Fault parameters: worst case
Reservoir parameters: variable

schuifspanning (bar)

Mohr Coulomb Monte Carlo Simulation HAL

——Initieel
Injectie
<P10
>P10 & <P90

- >P90

60.0

MC Failure

1000 150.0 2000

normaalspanning (bar)

For already a worst case, <1% of the Monte Carlo
simulations fall above the Mohr coulomb failure line




schuifspanning (bar)

Probabilistic Analyis: Approach B
Including fault properties

« An alternative probabilistic scenario also includes the fault properties
Cohesion: Minimum of 0, maximum of 30 bar. This is a realistic expectation of cohesion from

literature.

Friction coefficient is an unknown factor, varying from 0.4 to 0.7

Dip of fault (already included in approach A

Variable Mohr Coulomb Failure Line

-~ = MC Failure [P90)

MC Failure [P50)

== =-MC Failure [P10)

MC Failure (cld)

50 100 1% 200 250

normaalspanning (bar)

/ F

- Fault Properties

Cohesion (bar) FLELT) Ly

coefficient ()  (degrees)
Minimum 0 0.4 35
|. Most likely 15 0.55 50
Maximum 30 0.7 65

Production parameters: worst case (winter)
Fault parameters: variable
Reservoir parameters: variable

s

e
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.%9C0
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Probabilistic Analyis: Approach B
Including fault properties

Maximum SCU value of 1.1

This would result in only <1% of the values falling over the failure line

Bulk of the SCU values are between 0.5 and 0.8, in the stable range

Fraction in distribution

0.7

03

0.1

0

Initial state: Distribution of SCU values

SCU value

Worst case scenario for the fault (45°C, 12 bar increase)
Distribution of SCU values

<

Stable

<0.2 0.2-0.3 03-04 0.4-05 0.5-0.6 0.6-0.7 0.7-08 0809 08-10 1.0-1.1 1.1-12 >1.2
Unstable

Fraction in distribution

0.35

o
w

o
o

o
[

o
-
N

0.1

0.05

SCU value

2%

X

Stable

<0. 0.2-03 03-04 04-05 0.5-0.6 0.6-0.7 0.7-0.8 0.8-09 09-1.0 1.0-1.1 1.1-1.2 >1.2
- Unstable

&
a
PANEZE] ¢
S
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Extreme scenario:
What is required to make a fault slip

The most extreme scenario encountered from the
probabilistic analysis (see Appendix 7)

Permanent winter conditions, 45°C and 150 m3/hr
injection

No cohesion, worst fault orientation

Mohr Coulomb Monte Carlo Simulation HAL

mmmmm

mmmmm

schuifspanning (bar)

normaalspanning (bar)




Extreme scenario HAL

Time =0 years

Temperature

Pore Pressure

Coulomb Failure (0to 1)

SCU

0.55
0.48
0.41
0.34
0.27
0.20
0.14
0.07
0.00k ¢,

|




Extreme scenario HAL

Time = 21 years

Pore Pressure

-1.03e+7
-1.15e+7
-1.28e+7
-1.40e+7

SCU

0.98
0.86
0.73
0.61
0.49
0.37
ozl f——
pR———
0.00k ¢,




Extreme scenario HAL

Time = 21 years

Elastic Displacement along fault

Coulomb Failure (0 to 1)

1/10th milimeter

39 %ey,
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Extreme scenario HAL

Time = 30 years

Temperature

Pore Pressure

Ll i T T T = T
TR T

#h Bis

TE

B °C)
90.00
L EYRY:
78.75

73.13
o 67.50
61.88
56.25
50.63
45.00

ettt

SEXX SCU
400 . ] 1.00
-4,00e+6 g .0
B 525046 028
-6.50e+6 ) N .

-7.75e+6 £ .
0.50
0.38

.~ -9.00e+6
0.25
I 0.13

-1.03e+7 y
-1.15e+7 A
-1.28e+7 o
-1.40e+7 e

0.00k ¢,

PANZET

I
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Extreme scenario HAL

Time =30 years

Displacement along fault

-4.01e-4
-8.37e-4
-1.27e-3
-1.71e-3
-2.14e-3
-2.58e-3
-3.01e-3
-3.45e-3

Coulomb Failure (0 to 1)

G£°Co¢
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Maximum Magnitude

Maximum PGV (mm/s)

1.00

0.50

0.00

-0.50

Extreme scenario HAL:

Approximate

Maximum magnitude over years

Onset cooling of fault

First MC
failure

5 10 15 20

Time (years)

Maximum PGV over years

5 10 15 20

lime (years)

e

relation to magnitude

Note that this is for:

- An unrealistic parameter set (Appendix

7)

- Completely cooled down fault to 45°C

- No cohesion for the fault

25 w0 - Conservative fault orientation

- A flow path through the fault

- Maximum offset (50m) of reservoir

- Assuming all release accommodated in
1 event

- Large flow contrast between layers

A

25 30
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Risk matrix

A qualitative risk matrix was set up according to the IF/QCon guidelines

Defining the impacts takes into account a trailing effect which may lead
toa ~0.5 M,, increase

Three stages of the project are defined

1. Prior to production, there is no induced seismicity expected

2. During production, it is very unlikely an average impact (M,, > 1.5) will happen
3. Setting up a TLS qualitatively lowers the impact to minimal

Negligible
M, <1.0

Average
M, <1.5

Significant
M,, > 2.5

Very likely

Likely

Possible

Unlikely

Very unlikely




Traffic Light System (TLS)

To mitigate the possible impact in terms of surface effects a TLS was
set up

- Based on the geomechanical results this is defined in the risk matrix as a
very unlikely scenario

The Traffic Light System is to be monitored by 3 seismic monitoring
stations

It is proposed on the basis of localized seismicity to the HAL project
Threshold vaHTL if

background readlngs sen5|t|V|ty and technical capability of the
stations

Gﬁocoz‘)
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Traffic Light System (TLS)

A PGV value of 1 mm/s is considered a threshold which is noticeable on the
surface. With use of the GMPE relations of Groningen this rougly corresponds
to a M, of 1.3. Both these values are used for the green part of the TLS, which
means operations may continue as normal as long as measurements remain
under these values.

Values between 1 and 1.6 mm/s (PGV) and 1.3 and 1.6 (M,,) is considered a
yellow part of the TLS. This is possibly noticeable on the surface, but not
expected to cause any damage. Action however should be taken (a 50%
temporary reduction of prodJetionlisisliggested), and models should be
evaluated withjproduction'history to propose an adjustment of the plan. The
aim should be to get back to the green part of the TLS.

A PGV value of 1.6 mm/s is here considered a threshold to be noticed on the
surface. This roughly corresponds to a M, of 1.6. This is considered a stop
threshold for the operation and needs to be thoroughly investigated,
including possible mitigation measures.




Traffic Light System (TLS)

PGV (mm/s)

Mitigation

>1.6

>1.6

Report to regulator

Continue seismic monitoring

Bring production to a halt

Evaluate geomechanical models and history match with observed
event(s). Investigate mitigation measures.

Propose new production plan

Evaluate

>1.0
<1.6

>1.3
<1.6

Report to regulator

Continue seismic monitoring

Lower injection pressure to 50% temporarily

Evaluate geomechanical models and history match with observed
event(s)

Propose new production plan

Continue

<1.0

<1.3

Continue seismic monitoring

Continue production as planned

Update geomechanical models and outcomes with periodic
injectivity measurements

Update production plan when necessary




Other possible mitigation measures

1. Increase injection Temperature

This will ‘heat up’ a critical fault and is shown to restabilize the
fault

Dependent on production history; propagation of flow is
restricted by time

2. Decrease injection rate

elm than temperature effect

tion would give the system time to heat up

- Injectio
- Decreas




Conclusions

Mohr Coulomb analysis shows that production will not bring the situation
to a critical state for worst case fault and production parameters and
conservative reservoir parameters

Calibrated Finite Element Model shows far from critical failure for HAL in

multiple production scenarios under worst case fault and conservative
reservoir parameters

Under Groningen depletion conditions, faults in HAL would remain stable

There is a very low possibility that an unmapped fault reaches a critical
state under worst case fault'and production parameters

Extreme scenariois extrapolated to a possible magnitude in the order of
Mw = 1.6 after 30 years.

- This is considered very unlikely (<0.1% chance)
- Can be mitigated by decreasing pressure or increasing injection temperature




Appendix 1:
Geology: Structure
and connectivity




Geological Setting HAL
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3) Structural Interpretation

The injector HAG-GT-02i is
drilled in a major (inactive)

fault zone, in a compressional
bend.

The well is positioned in the
transfer zone. This results’in‘a
denser fault network around
this well.




2) Faults [*—

Base Ommelanden

000

Middle Holland

New, Inversion-
related faults

Near-Base Delft
[E

Alblasserdam

Old, rifting-
related faults

g9 Eey
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Connectivity HAL

HAG-GT-02i well test: 1400 mD
- Baffleat 770m

HAG-GT-01p well test: 2300 mD

- Baffle at 1400m
Interference test: Minimum of 280
mD, higher permeability
models (366 and 686 mD also
match the data)

Baffles were not IinkedtofaultsJ

Less high permeability of
interference test is most likely
caused by a lower fault permeability
and/or offset along the fault
reducing connectivity

Geologically 2 flow models possible:
The worst case (Model 1) is used

Model 1: Flow through the faults with
= semi-transmissible faults: worst case N

. i :
=) 4
. g “ y
-
‘
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Appendix 2:
Stress Field
derivation




0

500

1000

1500

2000

2500

3000

3500

4000

4500

0

Density (g/cm3)

0.5 1 1.5

2 2.5

Stress field (1)

T
-

« Density profile from West-Netherlands basin
from density logs of well LIR-45

« Top section from offset density log of S05-01
up to 40m.

« Density log is corrected for wash-outs and

top section (See Appendix 3)
]

« DEL-08 is shown for comparison to HAL area

—S05-01 ——LIR-45

—— DEL-08

« The resulting vertical stress gradient for HAL
is 0.207 bar/m

/’T
/ s&

10°
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Stress field (2)

Minimum horizontal stress gradient can be derived from offset
Leak Off Tests (Verweij et al., 2012)

Formation Integrity Test from HAG-GT-O1p indicates a potential
higher minimum stress gradient

The resulting minimum horizontal stress gradient is 0.165 bar/m

Pressure (MPa)

0 20 40 60 80
° O
500 ® Verweijetal (2012)
1000 - - = =-0.158 bar/m
2 1500
2 - - - - Lithostatic gradient
£ 2000
= O FIT HAG-GT
‘| 2500
[)]
a
3000 y = 69.203x09617
R?=0.9618
3500
N \\
4000 A 639 %0y,

4500 / PANTZI]

(VV_L'; C\c“'



Stress field (3)

The maximum horizontal stress is not determined in the
West-Netherlands Basin

There is a clear orientation of the maximum horizontal stress
field trending approximately 135°/315°

A core-based relation from .
Groningen is used
S,=1.32-5,=032_P (Mechelse, G
2017) i
This results in @ maximum
horizontal stress gradient of
0.184 bar/m =




Appendix 3:
Reservoir parameters
from logs




Young’s modulus & Poisson’s ratio

Young’s Modulus (GPa)

Depth Delft Reservoir offset well (MD)

2300

2320 4

2340

2360

2380 4

2400 A

2420 -+

2440 A

2460 -

2480 -+

2500 ~

Poisson’s ratio (-)

Depth Delft Reservoir offset well (MD)

Sand Shale
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4
—-— . ‘ ‘ . . . 2300 . . ‘ . . . .
2320 4 2320
2340 4 2340
2360 2360
2380 2380
2400 2400
2420 2420
2440 2440
2460 2460
2480 - = 2480
o
]
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Density log correction

Corrected
Caliper Gamma Ray Density density u’
‘};' Vertical stress | Corrected vertical B
{" _j;— gradient (bar/m) | stress gradient xp
= <
;8 3
= -~ i;i Minimum 0.2 0.207 Minimum top-section density
2 J=3
= = = Most likel
Z;) s ;? Ostlikely 0.213 0.214 Average top-section density
- s e
p z {— <3 Maximum 0.225 0.225 Standard value The Netherlands (TNO, multiple
% === e é- occasions)
- — —— —_—
) }i—_ N L™ Average density used
] £ f:; {Z for top section
7 = = i 1090
. ¢ il 14|
7] = - =
.= = 5 .
= = -3 Despike
1 £ = M= -
< = =
3 q 3“’ = é Small wash-out corrected
: = 5
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= =i
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Appendix 4:
Ground motion
prediction




Ground Motion

Prediction:

extreme scenario HAL

To create Peak Ground Velocity maps, the
GMPE relation by Roos (2009) was used

The type of surface has a significant
effect on the predicted PGV

The PGV is about 2 times smaller at a
3km (surface) distance from the
epicentre

PGV (mm/s)
OFRLNWHARUONOOWO

o

Bommer 2019 Zand (Roos 2009)
s K|€] (ROOS 2009) e=====\/een (Roos 2009)

Different GMPE models

0.5 1 1.5 2 2.5 3 3.5
Magnitude (Richter)

.......

~~~~~

Zand e K|o] e=—\/een

Effect of different surface lithologies on PGV

PGV (mm/s)

0.5 1 1.5 2 2.5 3 35 |°

Afstand tot epicentrum (km)




round Motion prediction M, =1.0

68000 70000 72000 74000 76000 78000 80000 82000 84000 86000 88000 90000 92000 94000

96000

462000

deM,=1.0 |
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PGV
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mERT el el

GgO CO(D

(VVJ.'I (\C"

ss'









Ground Motion Prediction M, = 2.0

68000 70000 72000 74000 76000 78000 80000 84000

82000

86000 88900 . 90900

92000

94?00

462000

North Sea

PGV
(mm/s)

460000

456000 458000

454000

452000

450000

444000 446000 448000

68000 70000 72000 74000 76000 78000 80000 82000 84000 86000

88000 90000 92000 94000 960002

96000

00009 00029t

0009S% 0008SY

000vSy
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Maximum Magnitude
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Appendix 5:

Depletiongssthermoselastic effect
Theoretical Background




Mohr Coulomb analysis:
Depletion (pressure decrease)
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Mohr Coulomb analysis:
Depletion (pressure decrease +
volume decrease)
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Mohr-Coulomb analysis:

Cooling
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Mohr-Coulomb analysis:
Cooling + pressure increase
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Thermo-elastic effect Depletion

« Thermal cooling in reservoir and

diffusion to surrounding layers « Uniform depletion in reservoir only
« No stress concentrations at lithology « Stress concentrations at lithology boundaries
boundaries

Temperature Pore Pressure
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HAL depletion and cooling:

Poisson’s ratio

HAL (cooling, depletion) sensitivity for Poisson's ratio
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Appendix 6:
Magnitude calculation:
Theoretical background




Magnitude Calculation

Magnitude M,, = = 10}0g(,) — 6.1
Mo — fG ) l_) - S

— G is the shear modulus

- D is the displacement
— Sis the surface of the fault

The surface mmy

maximum 400m.




SCU (Shear Capacity Utilisation)

« Indicates distance to Mohr Coulomb Failure Line

- SCU =

T T

Tmax C+(on —P)u




Appendix 7:
Monte Carlo analysis
sensitvitity






