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Abstract

Revealing an optimal geothermal development strategy attempt with long-term sustainability
(upcoming 100 years) based on a real 3D model derived from seismic data is considered one of
the main contributions of this research study. The heat extraction and thermal recharge of the
reservoir must be in balance to extend the productive lifetime of the Koekoekspolder field
system. Based on the best results obtained among different unconventional thermal
development approaches, the best locations for the new production wells or extra geothermal
doublets as well as the timing, injection temperatures, and rate at which the doublets operate
are determined. The best strategy to develop the Koekoekspolder field can be achieved by
several steps such as understanding the reservoir properties such as the sedimentary facies,
porosity, and permeability distribution by analyzing the literature studies and the static model
that simulates the Slochteren formation using Petrel software based on the seismic and log data
available followed by a dynamic model that mimics the flow of the hot aquifer inside the
reservoir using Eclipse 300 software. Both static and dynamic models must be calibrated by the
accessible production data to decrease inaccuracy. The thermal boundaries that are taken into
consideration for the koekoekspolder field are not mere confining layers. The workflow of this
research study ensures a high degree of realism in terms of the input data and output
information of the thermal model of the Koekoekspolder field. The best locations for the new
production wells or extra geothermal doublets are determined based on the best simulation
results obtained from this research study which fulfill the future energy demand increment. The
procedures used in this research study give clear guidance on how the Koekoekspolder field or
any other geothermal field can be sustainably developed using a robust history-matched model
that has reliable predictions. The low-enthalpy deep geothermal system of the koekoekspolder
field is optimized and developed using different types and scenarios of operational strategies for
doublets which allow adequate periods for operational thermal recharge. This study takes into
consideration different thermal parameters that are not common to achieve enhanced
predictions. Moreover, it illustrates the importance and benefits of considering reservoir
boundary conditions. Finding suitable sustainable geothermal field development for the
Koekoekspolder field can be achieved by new well-studied techniques that can ensure
adequate thermal recharge periods. The results of this research study show that the energy
demand can be fulfilled with low investment costs to increase the profit of the field owner. Long-
term (around 1 century) sustainable development of geothermal fields such as Koekoekspolder
and the new technology in this research study can partially contribute to achieving the
geothermal master plan objectives in the Netherlands as well as enhancing low and high-
enthalpy geothermal field development worldwide.



Contents

N & 13 1 =T 5
bl A\ (o] 0 =T o = L 01 USSP 8
fal €1 L0 11T T YU SSRUPTPPN 8
I8 14 o T 1¥ [} 4 o o I PP PPPPPPPPPP 9
A 1=t =T = | [0 YT T 9
1.2  ReSEArCh ODJECHIVES: .. ..uueii e e 9
1.3 RESEAICH QUESHIONS: ....iiii i e e e e e e e e 10
1.4  RESEAICN @PPIOBCK: .. ..uiiiiiiiiiiiii e 10
RS T o 1Y o TH RS0 o 12
1.6 AJAEA VAIUE:.... ..ttt 12
2.Important coNCEPtS / ASSUMPLIONS . ...u.iii i e e e e 13
2.1 REQIONAI OVEIVIEW: ...ciiiiiiiiiiieeeee ettt 13
2.2 StatiCc MOAEI OVEIVIEW: ... 17
2.3 Energy content in Slochteren formation: ...............iiiiiii e 18
2.4 Boundary CONAILIONS: ......ccoiiiiiiiiiiiiii i 20
2.5 Thermal boundaries for Slochteren aqUIfer: ............covvvviiiiiiiiiiiiieee 23
2.6 Initial aqQUIfEr VEIOCITY: .......oouiiiiii e e e e e et e e e e e e eaanes 24
2.7 BHP CalCUIALIONS: ....cooiiiiiiiiieeeee 25
B MBI OT O  OGY - 26
T R B T - -1 0 =112 LSOO UUSPPPPPRPRPN 26
3.2 Update static MOAEIlING: ....oouiiiiiiii e e e e e e e e e e e aaanes 27
3.3 Geomechanical MOdelling:........ccouiiiiiiiiiiiii 28
3.4 HIStOry MatChiNG: ...coooiiiiiiiii i 32
3.5 Forecasting MOAEl SELUD:.....uuuuii e e e e e e e e eeaaaeaaanes 36
3.6 New possible wells locations & Development Strategies: ...........covvvvvviiiiiiiiiiiiiiiiiieeeee, 39
3.7 Qualitative uncertainty analySiS:...........ccouiiiiiiiiiiiiiii 44
3.8 SENSIVILY ANAIYSIS:.....cceiiieeeiiiee e e aaaaaaaae 51
A RESUILS & DISCUSSION euuiiiiiieeiieieiet it e et e e e e e ettt a e e e e e e e e e eaten e e e e eeeeeeeanann e aeeeaeeeennnen 55
4.1 Production guide rate and temperature diStriDULION: .............uuuueeiiiiiiiiiiiiiiiiie. 55
4.2 Direct & Indirect increase in dOUDIELS: ........cooiiiiiiiiii e 59
4.3 Unconventional geothermal field development:............oooiiiii e, 60
4.4  Energy demand fulfilment using the discontinuous shut-off operation: ......................... 69
4.5 Well placement and stored energy diStribDULION:.............uuuuiiiiiiiiiiiiiiiiiiiiiiieen 69
5.Sustainability & OptimizZation ........oouuuiiii e 74
5.1 Direct & Indirect factors on geothermal sustainability:..............coiiiiiiiiiin i, 74



5.2 Ranking of different optimized SCENANIOS: ...........couviiiiiiiiiiiiiiiieeeeeeee e 74

5.3  Optimal field OPeration: ..........uuiii i i e e e e e e e e e aaeaaanne 75
6.Effects of subsurface geothermal engineering.........ccoovvviiiii e 76
7. FASIDI Y STUAY .. 77

7.1 Predicting the reliable revenues:............ooooviiiii 77

7.2 Computing the capital eXPeNnditUreS: .........cciiieeiiiiieiiiee e e e e e e eaaaees 78

7.3 Calculating Operational eXPenditUres: ...........ooviiiiiiiiiiiiiiieeeeeeee e 80

7.4  Obtaining the pure profit in term of net to present value:..........cccccvvvvvviiiiiiiiiiiiiiiiiiee, 81
B 0N CIUSION L 84
0. RECOMIMENUALION .. a e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaas 85
O\ (=T o o g o Lo Yo PP PP PP PPPPPPPPPP 87
B = =T =T o = 88
D2 N o] o 1Y o Vo [ o] = TSP 92



*Nomenclature
The following symbols are used within this document:

A Thermal conductivity [WIm/K]
A¢  Fluid thermal conductivity [W/m/K]
As  Matrix thermal conductivity [WIm/K]
6 Porosity [-]

¢. Effective reservoir porosity [-]

p  Density of the material [Kg/m?]
ps Pore filling fluid density [Kg/m?]
ps Rock density [kg/m?]
c Heat capacity [J/Kg/K]
¢ Heat capacity of the pore fluid [J/Kg/K]
¢s;  Heat capacity of matrix rock [J/Kg/K]
pc  Volumetric Heat capacity [J/m3/K]
pc, Bulk volume heat capacity [J/Kg/K]
Ep  Stored energy of a geothermal reservoir [J]

% volume of the reservoir [m?3]
T,  Reservoir temperature [°C]
T,.;y Reference temperature [°C]

KKP Koekoekspolder {name of the field} /[O.T.R] Operational thermal recharge

*Glossary

By knowing that the thermal recharge is always taking place, Operational thermal
recharge™[0.T.R]:is simply shutting a certain doublet/wells for a defined period to allow thermal
recharge without any cooling as a result of water injection in that doublet as in the case of
Discontinuous Shut-off geothermal development strategy*®> and Continuous shut-off
geothermal development strategy*3 or by injecting a small amount of cold water as in the
Low pressure gradient geothermal development strategy.

Discontinuous Shut-off geothermal development strategy*2:shutting off the doublet under
[O.T.R] for instance for 1 year or for few months then operating the doublet for the following
year, and so on.

Continuous shut-off geothermal development strateqy*3:continuous [O.T.R] by shutting off
the wells for a certain continuous period without any injected or produced water.

Low pressure gradient geothermal development strategy**:operating the doublet which are
under [O.T.R] with a small difference in bottom hole pressures(low pressure gradient).

Jafer matrix for geothermal operation*>:matrix build from 0 and 1 which simply reflects the
shut off periods and operation periods respectively of all doublets that are present in a
geothermal field using Discontinuous Shut-off geothermal development strategy*?to allow
adequate [O.T.R] that overcome high yearly cooling rate of the geothermal reservoir. This
matrix can help the owner of any geothermal field to have less constraints related to the
injection temperature.

Filling duration*®:the time that 1 kg of the produced brine water takes from the bottom hole of
the production well to the bottom hole of the injection well.

Thermal fatigue’(Geothermal fatigue zones):refers to the parts of the reservoir that are
subjected to cooling for a long period of time as in the vicinity of the injection wells or the parts
of the reservoir that are subjected to an excessive cooling due to cold front intersections of
injection wells. The duration of time that the surface area of 1m? of the reservoir rock is
subjected to the continuous flow of injected cold water due to direct contact with the injected
brine water through effective pore spaces.




1.Introduction

1.1 General overview:

According to the Geothermal Masterplan in the Nederlands (2018),
the aim is to increase the current production of 3 PJ of geothermal
energy per year to 50 PJ per year in 2030 and eventually to 200 PJ
per year in 2050 to reach the CO2 reduction goals as stated by the
government. Effective development of geothermal fields such as
Koekoekspolder can partially contribute to achieving the master plan
objectives.

The current doublet in Koekoekspolder field located North-East of
Kampen in Overijssel was drilled in 2011. The doublet consists of
production well KKP-GT-01 and injection well KKP-GT-02. Both wells
target the mid-Permian Slochteren reservoir formation in the upper
Rotliegend group at an approximate depth of 1850 meters. The well
KAM-01-S1 located near the field area provides core data of the
Slochteren formation. Plans to drill an additional production well
(KKP-GT-03) are being materialized.

The Slochteren formation is sealed by the Zechstein Group, and it
contains a sequence of red to light reddish brown with occasional
gray or yellow sandstones and conglomerates with a broad range of
grain size, texture, and sedimentary structures (TNO-GSN, 2020).
Different mineral compositions are found in the targeted aquifer like
gypsum, anhydrite, and iron oxide grains (Ziegler, 2006).

An expert report provided by Pan Terra Geoconsultants in December
2008 states that the field could support 8 doublets based on seismic
and petrophysical interpretation as well as the possible drilling
trajectories which can reach a maximum inclination of 45 degrees.
The underground distance between the injection and the production
well is about 1500 m.
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For the new doublets, the distance between the injection and the production well can be smaller
in case of barriers (less permeable areas) in the reservoir that can hinder the free flow of the
injected water. For the current doublet, the production capacity is lower than the injection

capacity. For this reason, an extra production well has been included by the permit holder in the
production forecast to double the expected energy yield from currently 150,000-170000 GJ to

350,000 GJ per year. At the top of the Slochteren formation, the reservoir pressure is 196 bar,

while the hydrostatic pressure at the same depth is 192 bar, which means that this aquifer was
over-pressured. The initial reservoir temperature at the production well is approximately 76.4°C,

and the injection temperature is around 35°C.

1.2 Research objectives:

This thesis aims to find a balance between the short-term heat extraction for optimal business

development and the long-term sustainability of the KKP geothermal field, because

developing a geothermal play in terms of maximizing heat extraction can result in an
unsustainable situation where parts of the reservoir are thermally depleted to such an extent
that future heat energy demand might not be met from the thermal resources in that geothermal



aquifer. The goal of this research is to derive scenarios for optimized exploitation with multiple
wells in the KKP license area. In order to achieve this objective, the long-term heat demand will
be offset by the potential subsurface supply of heat. A stepwise approach is needed for new
wells (type, location, timing) that allow optimal and sustainable utilization of the reservoir in
combination with economical optimization for the future. Dynamic reservoir model (using Petrel
and Eclipse300) was history matched by available production data to model forecasts for the
upcoming 50 to 100 years after observing as much as possible the direct and indirect
relationship between the effective operation and reservoir parameters with the geothermal heat
production as well as maximizing the lifetime of the geothermal system. The final output is a
system where field development, energy extraction, and heat regeneration of the subsurface are
in an optimum equilibrium to build an effective sustainable development approach for the deep
geothermal system at KKP field.

1.3 Research questions:

Based on the research objectives, the following questions need to be answered:

¢ How are the boundaries for the geothermal reservoir defined in general and especially in
the area of Koekoekspolder?

o What are the key factors to define a geothermal reservoir in Koekoekspolder?

¢ What are limitations (for instance winningsplan, seismic risk, compaction, etc.) that are
relevant in the use of a geothermal reservoir in general, and specifically in the
Koekoekspolder license area?

¢ What does a long-term heat balance (influx of heat in the reservoir/type of heat transfer,
outflux/extraction of heat look like for a geothermal play in general and specifically for
the geothermal play in Koekoekspolder by taking the economic aspects into account?
How can this be combined in the model?

e How does the future local heat demand align with the optimal heat supply from the
Koekoekspolder reservoir?

e What is the field development plan for Koekoekspolder (number and type of wells, timing
of well availability) if thermal regeneration is a prerequisite?

o What are the possible thermal development approaches to optimize a balanced use of
the targeted hot aquifer, also looking at possibilities to increase the lifetime of the
reservoir under exploitation?

1.4 Research approach:

To answer the defined research questions and to cover all aspects related to the research
guestions to the extent feasible, the steps indicated in the following chart have been conducted.
The research approach steps illustrated in chart 1 help in finding the best strategies to develop
KKP geothermal field by: - Understanding the reservoir properties as permeability distribution,
current and long-term development of the injection and production behavior of the doublet to
have a better overview of the short and long-term heat delivery.

- Observing as much as possible the direct and indirect relationship between the effective
operation and reservoir parameters with the geothermal heat production as well as maximizing
the lifetime of the reservoir, moreover, adjusting the created model by the available production
data (History matching).

- Identify optimal placement of the second production well and/or a new doublet for KKP aquifer
development.

- Applying economical study to be able to predict the revenue from the most effective
development strategy.
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- Explaining the findings of the study and including recommendations on the optimal
development for the Slochteren formation which can be applicable for other doublets in the

Netherlands.

Iy

3) Finding the best simple approach that can be implemented to
solve the research questions. As well as finding the creative
solutions to overcome the technical challenges related to the
missing data and the complexity of the project.

O

4) Applying the governing equations and the important
concepts/assumptions using the available software.

O

[ 4 ¥
6) Results interpretatiAon & ogtimization
—

7) Feasibility study

8) Summarizing & Recommending

Chart 1: Research approach steps.

The stage of both gathering and evaluation of existing data is very important to deliver accurate
and reliable results, this is why more organized inputs are needed to update the existing static
model and to construct a geothermal dynamic model that is adjusted by history matching which
will help in decreasing the uncertainty related to the placement of new production well or
doublets. The data analysis of the KKP field is mainly conducted by quantitative methods. The
static model that mimics all the possible details such as the lithology and permeability
distribution can be updated using Petrel. The static model can be calibrated by the available
production and injection data (History Matching). Furthermore, dynamic modeling can be
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achieved by Eclipse software for the optimization of both wells placements and field operation.
The analysis of the injectivity and productivity can be conducted with Excel software. By using
Phyton software for the geomechanical modeling, the maximum injection pressure for field
operation can be quantitively computed with Mohr coulomb criteria as well as the minimum
production pressure to avoid any effects of subsurface engineering as induced seismicity.

1.5 Previous work:

A static model of the KKP field by TNO (Redjosentono, 2014) was the starting point for the
dynamic modeling simulation of the Slochteren formation in the KKP field performed for this
thesis. The Rotliegend is an Aeolian sandstone with bimodal horizontal parallel lamination
based on the core, seismic, and well data interpretation. The Rotliegend Aeolian reservoirs
contain zones of high density which indicates the presence of anhydrite /gypsum, and these
zones may reach thicknesses up to 15 meters that can be interpreted as nodular gypsum
growth or as gypsum dunes. The static model is based on object modeling and multiple points
statistic techniques with input data from logs and core studies. Moreover, the case study area is
covered by high-resolution seismic imaging. Based on the history matching process and a
detailed study of the reservoir properties for this thesis, the net to gross ratio is adjusted, and
the static model of the KKP field by TNO (Redjosentono, 2014) is updated to understand the
flow through the Slochteren aquifer.(Franco and Donatini, 2017) described a simple method to
compute the energy of the geothermal reservoir, which is used in this research study with few
modifications. Despite the presence of many different methods and reliable perspectives that
are tested and used, it is challenging to obtain a collective and general view of computing the
energy of the subsurface geothermal reservoir that connects between the parameters of
geothermal plant design, reservoir characteristics, and reservoir engineering. The methods
estimate simply the thermal energy content in the reservoir by taking into consideration the
contribution from the solid rock and liquid phase. (Chen, Liu and Liao, 2019) studied the
reservoir boundary conditions for the enhanced geothermal system by establishing a thermal-
hydraulic-mechanical coupled model to compare the performance of fracture reservoir under
‘recharge’ boundary conditions with that under ‘no-flow’ during the heat extraction process. The
recharge boundary conditions permit fluxes of mass and heat across the reservoir boundaries
which will affect the geothermal reservoir lifetime. Heat compensation from surrounding rocks
“under recharge boundary conditions ” has a strong influence on the lifespan of the reservoir.
The efficiency of energy generation is positively correlated to the reservoir permeability and
water production rate.

1.6 Added value:

Next to this detailed case study of Slochteren formation in the KKP field, recommendations are
made for the translation of the site-specific results to the larger scale Slochteren play in the
Netherlands by providing a sustainable development catalog that balances between preliminary
revenue and long-term sustainable heat extraction for geothermal projects and better strategies
for sustainable geothermal field development accompanied with a new technology of
geothermal field development. In this report, a broader and profound analysis of sustainable
heat production and development terms is taken into consideration, which includes compatible
development with recharging characteristics of the aquifer as well as the effects of the
subsurface as induced seismicity and subsidence that can be an obstacle or contradict the
sustainable development concept.

12



2.Important concepts / Assumptions

2.1 Regional overview:

To have realistic boundary conditions for the Koekoekspolder dynamic model, the regional study
was the first step. The Slochteren aquifer of the KKP field is located adjacent to the eastern side
of the Texel-ljsselmeer High basement rock (TYH).

CAn!r.\l.N'bth’la’\:I Sasin Texal- Friasiand Platform H Lowsr Saxony Basin
o IJssal- '
- Gouwzes Raaite Bouncary TR : Dsien Graben  Holslcot
N Fau i

s Trough ¢ High M-M! ! ik FaultZone

Vopth (km)

Upper Narth Sea Group

Lower and Middie North See Groups
Chalk Group

Rinlend Group

Schieland and Niedersachsen Groups
Altena Group

Lower and Upper Germanic Tnas Groups
Zechstein Group

Lower and Upper Rothegend Groups
Limburg Group

Carbomiferous Lmestone Group
Devanian

Silurien

Ordovicien

o

Figure 2: shows the position of koekoekspolder subsurface area according to the regional
cross-section (Redjosentono, 2014).
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Figure 3: A) Transmissivity distribution of Rotliegend Slochteren formation, B) Temperature
pattern of Rotliegend systems in the Netherlands (Bonté, Van Wees and Verweij, 2012).

Based on the Slochteren formation distribution, the Slochteren formation disappears toward the
western side of the Koekoekspolder field. Multi-well pressure-depth plots, salinity maps, regional
fluid overpressure maps, and hydraulic-head maps are used to evaluate the present-day
pressure and fluid flow conditions in the Rotliegend reservoir (Verweij et al., 2011) to determine
which boundaries allow heat and mass flow. It’s very important to study the hydrodynamics of
the Slochteren formation on a regional scale to determine the distribution of current pressure
and fluid-flow conditions. This can provide realistic assumptions for the northern and southern
boundary conditions as in figure 4.
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Figure 4: Distribution of fluid overpressures in the upper Slochteren formation. Red square
represents the KKP field area, black arrows represent the estimated direction of the natural
aquifer flow (Simmelink & Underschultz, 2015; Verweij et al., 2011).

As shown on the map in figure 4, there are different levels and ranges of overpressure from
near-hydrostatic pressures mainly in the southern part of the Netherlands (Excess pressure < 1
MPa) and high overpressures (Excess pressure > 40 MPa) in the northern part. The pressure
gradient results in a potential general trend for aquifer flow in the Slochteren from the northeast
to the south (Verweij et al., 2011). At the western side of the Koekoekspolder field, Texel-
lisselmeer High is located where the aquifer pinches out.
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Figure 5: Thickness map of Rotliegend which illustrates parts of no thickness indicated by the
red colour due to changes in formation or lithology (Redjosentono, 2014).
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Figure 6: shows the well locations inside and outside the Koekoekspolder license area.
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2.2 Static model overview:

The facies model consists of gypsum bodies with Aeolian sandstone as background and the
facies modeling of the static model has been done by object-based modeling with input data
from logs and core (Redjosentono, 2014). The 3 drilled wells in the KKP field and different parts
of the thickness map indicated in figure 5 after applying time-depth conversion (Redjosentono,
2014) show that the thickness of the Slochteren formation increases toward the NE direction
which may emphasize that the wind direction was in the same NE direction during the
deposition of aeolian sand (Kiersnowski, 2013) which can indicate that the permeability in the
NE direction is higher than the other permeability directions.

Kamp-01-S1

‘ \ KKP-GT-01

Slochteren- 1795 m

- . Thickness: 122.5 m ‘
Depth of top 7

Slochteren:
1847 6m

Depth of top
Thickness: Slochteren:

75.4m 1857 m

Thickness:
B9.9m

Figure 7: Borehole data indicates the direction of thickness increase (north-east).

The Aeolian sandstones of the Slochteren formation were deposited under a North-East
constant wind direction (Glennie, 1982; Redjosentono, 2014). Middle Rotliegend is the best
zone because it has high porosity and permeability(Willems, Cees; Donselaar, Rick; Weltje,
2014):

1- Upper zone has low porosity and permeability

2- Middle zone has high porosity and permeability
3- Lower zone has very low porosity and permeability

The gypsum sections in the 2 wells (KKP-GT-01 and KKP-GT-02) are not present in the well
Kamp-01-S1 which favored the concept of nodular gypsum presence. The geometry of these
gypsum bodies (Gypsum nodulars or enthorlitic) are based on the seismic amplitude response
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(Redjosentono, 2014). Based on the porosity-permeability relationship, the areas with high
porosity values have higher permeability as well.

100

y= 1.86360'0789X
R?=0.028

10

Permeability [mD]

Porosity %

Figure 8: shows the porosity-permeability cross-plot based on the porosity and permeability
measurements from the Kampen core plug (TNO; Minister of Economic Affairs and Climate, no
date; Redjosentono, 2014).

The relation between porosity and permeability based on laboratory experiments is used as a
petrophysical guideline to estimate the permeability of similar reservoir units in the areas around
wells with no cores available. The following equation describes the relationship between
porosity and permeability based on a cross-plot of the average porosity and the average
permeability from different wells (Redjosentono, 2014):

(1) K =1.1978 % ¢27:093¢
The majority of faults have an orientation from NW to SE due to rifting before the Permian
period. The existing faults in the Koekoekspolder concession were subjected to the Alpine
Inversion. The direction of compression was from south and North which resulted in the inverted
blocks in the KKP area. The permeability of faults can be very low due to the intense friction that
occurred along the different faults in KKP and the high clay content in the Silverpit and Ruurlo
formations which are the confining layer of the Slochteren aquifer. Based on the well logs
interpretation of the injection well KKP-GT-02 and the production well KKP-GT-01, the static
model consists of aeolian sandstone, which represents approximately 88.12 %, and gypsum
nodules that make 11.88 % of the total reservoir volume. There might be fractures inside the
gypsum nodules of the Slochteren formation, but in this study, the gypsum volume which
accounts for 11.88 % of the Slochteren geothermal reservoir based on the well logs
interpretation is considered as impermeable bodies.

2.3 Energy content in Slochteren formation:

It's relevant to understand how the heat energy of the reservoir can be obtained and this can be
achieved by computing at the beginning the total volumetric heat capacity of the targeted aquifer
that represents all the components of the reservoir, then computing the energy of the aquifer by
multiplying the volume of the reservoir with the representative heat capacity and the difference
between reservoir and surface temperature. The energy of the reservoir varies through the
different subsurface locations of the aquifer. Firstly, the heat capacity is defined as the amount
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of heat that is needed to raise the temperature of a material unit volume (1 m®) or mass (1 kg)
by 1 kelvin with no change in phase. Thus, the specific heat capacity {c;} can be expressed in
energy per unit weight for every one-degree change in temperature (J/Kg/K), and the volumetric
heat capacity is the energy per unit volume for every one-degree change in temperature
(J/m3/K). The volumetric heat capacity {c, = p - ¢} in [J/m3/K] can be obtained by multiplying the
specific heat capacity by the density of the material in (Kg/m?®). The bulk volume heat capacity of
the Slochteren geothermal play represents the total volume heat capacity of the reservoir rock
and the occupying pore fluid. All the components of reservoir rock must be taken into
consideration in the calculation of the bulk volumetric heat capacity. The bulk volume heat
capacity c, can be calculated using the following equation (assuming full saturation of the pore
volume).

(2 e = dpscs + (1 — &) prey
¢: porosity, p; and p,: are respectively the pore filling fluid and matrix rock density [kg/m?], ¢; is
the specific heat capacity of the pore fluid, and ¢, expresses the specific heat capacity of matrix

rock [J/kg/K].

Furthermore, the bulk volumetric heat capacity is computed based on the average porosity and
the average proportion of rock components, but the porosity and lithologies vary along the
horizontal and the vertical directions of the reservoir. The following equation represents the total
bulk matrix capacity and density of the Slochteren formation.

(3) Cr = Fl * Csandstone + FZ * CGypsum

(4) Pr = F1 * Psandstone T F2 * Pgypsum
Where ¢, and p, are the total bulk matrix capacity and the total matrix bulk density, respectively,

Csandstone 1S the sandstone heat capacity and cgypsum IS the gypsum heat capacity, while
Psandstone 1S the sandstone density, and pgypsum is the gypsum density.

Based on well log interpretation, F; is the volume percentage of the sandstone matrix
component, F, represents the volume percentage of the gypsum matrix component.

The density of Gypsum is around 2360 kg/m?, while the density of sandstone is approximately
2350 kg/m?® (Arisona et al., 2018). The specific heat capacity of sandstone is around 850 J/kg/k
(Kirk and Williamson, 2012). The heat capacity of Gypsum is around 1090 J/kg/k (Evans, 2016).
The above equations can be developed for any subsurface aquifer with different fluid types or
phases as well as heterogeneous rock compaosition to be as follow.

cp = P *Xy*pricep + ¢*X2*szcf2 +F1*(1—¢)p51c51+F2*(1—¢)p52c52 ---------
\ J -

Y

Where ¢ is the porosity, X;and X, are the degrees of saturation of the first and second fluid
types or phases. ps;and pg, are the fluid densities of the first and second fluid types or phases.
cr1 and ¢f, are the specific heat capacities of the first and second types or phases of pore fluids.
F; and F, are the volume percentages of the first and second types of lithologies. pg;and ps, are
the densities of the first and second types of lithologies. c;;and cg, are the specific heat
capacities of the first and second types of lithologies. Depending on the number of lithology
types, fluid, and phase types, the number of terms related to the lithologies types, fluid types
and/or phases can increase. The accuracy of the estimated stored energy of a geothermal
reservoir depends on taking into consideration:

¢ All the conceivable types of lithologies in the reservoir as well as rock matrix and cement

mineralogy.
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¢ All the types and phases of the fluids that are present in the pore-spaces of the
geothermal reservoir.
The stored energy of a geothermal reservoir can be obtained using the following equation
(Franco and Donatini, 2017).
(%) Ep = cp*V* (Tg — Tref)
Where ¢, is the bulk volume heat capacity, V represents the volume of the reservoir, Ty is the
reservoir temperature, and T, indicates the reference temperature (surface temperature).

The average salinity of the brine water (concentration of salt) inside the Slochteren formation is
approximately 15 %. The total fraction of the reservoir that is permeable and porous in the case
of the Koekoekspolder license area is around 0.8812. The saturation of the brine water is equal
to 1. The average porosity based on the well logs is equivalent to 18.25 %. Using equation (2),

the volumetric heat capacity calculated for Slochteren formation is obtained.

2.4 Boundary conditions:

One of the main steps of this research study is to establish a thermal-hydraulic-mechanical
coupled model with realistic assumptions that are very close to the subsurface reservoir
conditions to have reliable results for temperature, pressure, and energy distribution. The
Slochteren thermal-hydraulic-mechanical coupled model has many parts of the following
Boundary conditions chart.
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Chart 2: represents the possible realistic recharge boundary conditions in a geothermal system.

Chart 2 elucidates the various types of recharge boundary conditions that can be present in a
geothermal model. Furthermore, this chart helps in defining the different possible boundary
conditions in the Koekoekspolder geothermal model and its related uncertainties. As indicated in
the chart above, realistic types of recharge boundaries conditions can be only related to heat
flow or a combination of mass and heat flow. By one or mixture of fluid types, the mass and heat
flow can be transmitted through permeable faults and/or vertical and/or lateral and/or inclined
boundaries of the aquifer based on the structure of the reservoir (The mass flow is indicated by
the green color in the arrow while the red color indicates only heat flow, a combination of red
and green color in an arrow illustrates mass and heat flow). However, some boundaries allow
only heat flow from impermeable faults boundaries and/or radioactive decaying within the
aquifer and/or pinch out boundaries at any side orientation of the aquifer and/or confining layers
boundaries by taking into consideration that the dominant heat flow direction in the vicinity of the
injection well is different than the dominant heat flow around the production well as shown in
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Chart 2. The geothermal model of the KKP field has different types of realistic boundary
conditions. As known, the Koekoekspolder extraction area is around 5.2 km?, and to determine
whether the Slochteren geothermal play is under “recharge” or “no flow” boundary conditions,
the reservoir properties as transmissivity and pressure distribution of Slochteren formation are
needed to be investigated at different scale as in figure 9.
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Figure 9: represents the different scales of investigation and the thermal boundary conditions
taken into consideration in the case of the Slochteren aquifer.

The heat influx in Slochteren formation which is under “recharge boundary condition” obtains
heat compensation through conduction and convection from the surrounding rocks (Chen, Liu
and Liao, 2019). The ideal assumptions for the boundary conditions that can be used in the
dynamic modeling of the Slochteren formation in the Koekoekspolder geothermal field for
thermal recharge are as follows:

1- The northern boundaries of the heat model permit heat and mass inflow due to the initial
north-south aquifer flow as a result of the fluid overpressures distribution pattern in the upper
Slochteren formation as indicated in the figure (4).

2- The western reservoir model boundary allows only heat inflow (no mass inflow) based on the
Slochteren distribution.

3- The southern boundaries allow heat flow and mass outflow.
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4- There is a possibility that the faults connect the Slochteren formation with the Limburg group
formations as shown in the cross-section of figure (2) permitting heat and mass inflow (gas
convection heat flow).

5- The confining layers of the Slochteren aquifer act as recharge boundary conditions which
allow heat fluxes to inflow by taking into consideration that the heat flow pattern around the
injector well is different than that near the production well as shown in the chart (2).

Those boundary conditions and assumptions are based on the regional interpretation, the
vertical and lateral extension of Slochteren aquifer at different scales and the available initial
Koekoekspolder static model as well as field data, and many of those boundary conditions are
creatively implemented into Eclipse 300 simulator as indicated in the methodology section to
create a realistic and robust model for Koekoekspolder geothermal play. Those boundary
conditions and assumptions must be well studied by sensitivity and uncertainty analysis to
monitor their impacts.

2.5 Thermal boundaries for Slochteren aquifer:
To have reliable thermal boundary conditions that describe the heat influx into the Slochteren
formation, the confining layers of the Slochteren formation and the western impermeable Texel-
lisselmeer High must be included because they have direct contact with the geothermal aquifer
block of the Koekoekspolder field. Based on the available well data from the KKP field from
NLOG, the confining layers of the Slochteren aquifer are the Silverpit formation, which consists
of a silt/claystone sequence, and the Ruurlo formation which comprises a succession of silty
claystone with a variable number of coal seams. In the Koekoekspolder geothermal field, the
average depths of Silverpit and Ruurlo formations top surfaces at KKP-GT-01 and KKP-GT-02
are around 1851 m and 1935.44 m, respectively. For every thermal boundary condition in
Eclipse 300, the direction of heat loss from the reservoir must be specified. Thus, the initial
upper thermal boundary has heat loss from the Slochteren reservoir with a bottom-up direction
while the initial lower thermal boundary has a top-down heat loss direction from the Slochteren
reservoir. The thermal conductivity of shale and siltstone varies between 0.7 and 5 W/m/K
(Chekhonin et al., 2012). The thermal conductivities that are chosen for the Silverpit and Ruurlo
formations are 3.2 W/m/K and 2.85 W/m/K, respectively. Furthermore, the thermal conductivity
of the Texel-ljsselmeer high is approximately 1.89 W/m/K (Verweij et al., 2010). The average
geothermal gradient in the Dutch subsurface is approximately 31 °C/km (0.031 °C/m) and the
surface temperature is around 10.1 °C (Bonté, Van Wees and Verweij, 2012).

(6) T = Surface temperature + Depth * Geothermal Gradient
The bottom hole temperature at the Slochteren formation is approximately 76.5 °C. The
temperature of Slochteren formation in the KKP field is higher than the temperature at the same
depth in other fields according to the average geothermal gradient which means that there might
be a connection between the Slochteren formation and deeper reservoir through faults which
allows gas migration and convection heat flow into Slochteren aquifer or/and due to the local
basement highs, salt. Also, it is possible that the geothermal gradient is approximately 35.8
°C/km in the area of the KKP field which means that the temperature at Silverpit formation is
about 76.36 °C and 79.388 °C for the Ruurlo formation by using equation (6). The heat
capacities of the Silverpit formation, Ruurlo formation and Texel-ljsselmeer high are 1009
J/kg/k, 1017.4 J/kg/k and 1021.6 J/kg/k, respectively (Verweij et al., 2010). According to the
available well log data of Kamp-01-S1 in NLOG.nl that cover the confining layers of the
Slochteren formation, the densities of the Silverpit and Ruurlo formations are sequentially equal
to 2600 kg/m? and 2400 kg/m?® with extremely low porosity. Moreover, the density that
represents Texel-ljsselmeer high is about 2700 kg/m? (Verweij, Echternach and Witmans,
2010). These high densities values with extremely low porosity and based on the fact that the
injected flow rates are equal to the produced flow rates from 2013 to 2022 indicate that the
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confining layers of the Slochteren formation and the western Texel-ljsselmeer high can be
considered impermeable formations that permit only heat flow and no mass inflow or outflow

and act as a seal for the aquifer.
| Value | 2623.4 | 2441.76 | 2758.32 |

Table 1: shows the volumetric heat capacities of different formations that represent the thermal
boundary conditions for the Slochteren formation.

The thermal properties such as the rock thermal conductivity and the rock-specific heat capacity
of the Silverpit, Ruurlo, and Texel-ljsselmeer High formations surrounding the Slochteren
aquifer are taken into consideration during modeling based on the assumption that there is a
continuous thermal recharge from the formations surrounding the Slochteren aquifer. The
property data for the formations surrounding the Slochteren aquifer requires initial temperatures.
The average initial temperature of the confining layers and the Texel-ljsselmeer high are
obtained based on equation (6). The heat losses from the rocks surrounding the geothermal
aquifer are computed numerically by Eclipse 300 simulator. The simulator assumes the outside
edges of the grid blocks on the boundaries are not at fixed temperature which might give
realistic thermal recharge. The overburden and underburden layers are not explicitly modeled.
The bottom surface of the Silverpit formation and the upper surface of the Ruurlo formation as
well as the pinching out surface of the Texel-ljsselmeer high act as thermal recharge boundaries
for the Slochteren aquifer.

2.6 Initial aquifer velocity:
Based on the available data from the Koekoekspolder field, there is no direct measurement for
the initial aquifer properties. A 2D numerical model using Phyton software is developed to
calculate the average velocity of the aquifer with the following assumptions:
- The fluid of the aquifer is considered incompressible and the buoyancy effect is not
taken into consideration.
- The pressure gradient drives the fluid motion in the Slochteren permeable aquifer with a
constant fluid density.
- The pressure at the northern boundary of the numerical model is higher than the
pressure at the southern boundary as indicated in the regional study overview which
allows mass and heat flow from north to south direction.

Viscosity of water in Average permeability Pressure at the Pressure at the
Slochteren formation northern boundary southern boundary
1*103 Pa.s 0.28d 1.96 x e’ Pa 1.94 x e’ Pa
Table 2: Input data for the 2D developed numerical model to compute the pressure and velocity
distribution.

The governing equation used in the numerical model to predict the velocity of the aquifer is
derived from the Darcy model, which describes the incompressible flow in porous media by
using the following equation for a source term equal to zero (Mansur, 2018).
k
(7 u=—-Vp

Vu=20

Where u is the velocity field, k represents the permeability, u denotes the dynamic viscosity of
the fluid, and Vp indicates the pressure gradient.
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Using this approach, the average initial velocity for the KKP field is equal to 1.3e-07 m/s, which
is around 0.01 m/day and it is used as described in the methodology section for the 3D aquifer
model.

2.7 BHP calculations:
The measured bottom hole pressures and the measured flow rates are needed to obtain a
complete history matching. Due to the lack of measured bottom hole pressure values, the
average available wellhead pressure of KKP-GT-01 and KKP-GT-02 wells in the KKP field is
used to obtain the BHP values by calculating the pressure drop over each borehole. For
simplicity, the true vertical depth is used in the calculations of bottom hole pressure. The
gravitational head, acceleration losses, and frictional losses have a direct influence on the
pressure drop (J.Jansen, 2017; Reinhard, 2019).
The pressure drop equation (J.Jansen, 2017) can be formalized as follows (Reinhard, 2019):
®) == —pg—Z folvl - pv
Where dP: the presure drop [Pa], dS: pipe length [m], p: density of water at reservoir conditions
[kg/m?3], g: gravitational acceleration [9.80665 m/s?], d: well dimater [m], f: friction factor [-], v:
velocity [m/s].

Based on the available density, gravitational acceleration, true vertical depth, and friction factor
data for different flow rates, the computation of pressure drop due to friction and gravity can be
obtained over the length of the wellbore. In the case of the production well (KKP-GT-01), the
pressure drop is generated from the bottom level of the electric submersible pump (ESP) to the
top aquifer screen depth but in the case of the injection well (KKP-GT-02), the pressure drop is
created from surface level to the top aquifer screen depth (See Appendices 1 and 2 for the wells
schematics). The term related to the acceleration losses is neglected because there is one brine
water phase that barely expands (Reinhard, 2019). Only the wellhead pressure data for the last
2 months of 2020 and the first month of 2021 were available. The reference depth which
indicates the top screen depth for the injection well (KKP-GT-02) and the production well (KKP-
GT-01) are respectively 1848 m and 1846 m. The ESP depth of the producer well (KKP-GT-01)
is equal to 413 m and the density of the produced or injected brine water is equivalent to 1.140
g/cc. The dynamic viscosity is about 0,37 cp. The inner diameter of the injection well is equal to
8,8681 inches from the surface to a depth of 1010 m, then it changes to 6,276 inches from
1010 m to 1773 m, afterwards, the inner diameter is 4,052 inches. For the production well, the
value of the inner diameter is 8,835 inches from the surface to a depth of 833 m then it changes
to 4,052 inches for the remaining depth interval.

nov- 104,63 15,07 1,6380 | 0,0192 0,0013 0,09316 224,770
2020
dec- 114,89 19,36 1,79 0,01859 0,0033 0,09316 229,532
2020
jan- 118,67 20,55 1,85 0,0186 0,0035 0,09316 232,706
2021

Table 3: Available input data and the computed BHP for the injection well KKP-GT-02.
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3.Methodology

3.1 Data analysis:

The first step was to analyze the data provided. The following graphs show the monthly
production and injection volume as well as the co-produced gas volumes that are available on
NLOG. The injected water volume is equal to that of the produced water.
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Figure 10: Monthly produced water from 2013 to 2021.
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Figure 11: Monthly co-produced gas from 2013 to 2021.

The data provided represent the monthly produced and injected volumes from 2013 to 2021
with an approximated flowing bottom hole pressure that covers only 3 months. To overcome the
lack of measured THP or BHP data in the period between January/2013 and November/2020,
the implemented solution was to find a polynomial equation that describes and relates the
injected and produced volumes with the BHP (available data) to be able to hindcast
approximately the BHP related to the addressed rates or vice versa at any time. Using Excel, a
strong positive and negative correlation are obtained between the BHP and the injected and
produced volume rates respectively.

The flow rate which is currently being produced is around 130 m®hour with an injection
temperature of 35°C and the maximum flow rate is 150 m3hour (approximately 3200 m3/day
assuming that the KKP field operates with the maximum flow rate for a total duration of 2
months per year), and the annual yield of energy is around 170000 GJ which is the same
energy used for the period between 2021 and 2024 because the third production well (KKP-GT-
03) is not yet drilled. According to the permit holder plan, the proposed flow rate for the period
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between 2024 and 2027 is 260 m3/hour (around 6240 m®/day). The permit holder will increase
the amount of energy produced to 400000 GJ per year from 2024, while the amount of gas will
remain the same. This is due to the planned addition of a heat pump to the system, which will
further cool the produced water to 20°C. After that, there will be another increment in the energy
from (400000 to 600000 GJ per year) which is related to a possible expansion of the system
with a second doublet from 2027 (Klimaat and Warmte en Ondergrond; TNO, 2019a). By
knowing that the annual yield of energy depends on the flow rate and the injection temperature,
a linear relationship between the desired energy output and its corresponding produced flow
rate, as well as its corresponding temperature, is obtained for winter and summer seasons. The
2 equations that represent this relationship are linearly optimized (By summation of the 2
equations) in the case of winter and summer seasons. The predicted flow rate that can yield
annual energy of 600000 GJ with an injection temperature of 20°C based on the linearly
optimized equation for winter season is around 11526,94361 m®/day. Moreover, the predicted
flow rate that can yield the average annual energy demand from 2024 to 2127 updated by the
permit holder in 2021 which is around 708819 GJ is approximately 14403.546 m®/day. The
predicted flow rate that can yield the average annual energy demand used for heating
greenhouses represents the flow rate used for the winter season based on the history flow rate
data. From 2021 to 2024, the average summer flow rate based on the available flow rate data
before 2021 is around 2200. The summer energy demand from 2024 to 2027 is approximately
51501 GJ which represents 12.87525 % of the total annual expected energy (400000 GJ) and
will yield a flow rate of about 5176,47 m3/day. By assuming that the summer energy yield will
represent 12.87525 % of the annual expected desired energy from 2027 to 2127 which is equal
to 708819 GJ, the expected summer energy will be around 91262.2183 GJ using linearly
optimized equation for summer season. Thus, the summer flow rate from 2027 will be around
13169,377 m®/day. The difference between the winter flow rate and the summer flow rate from
2027 is 1234.169 m®/day, and this value is divided to be subtracted from the winter flow rate to
obtain the summer flow rates.

3.2 Update static modelling:

Finding the balance between Scaling and the right representation of the reservoir properties is
considered one of the major challenges in reservoir simulation due to the heterogeneity in the
subsurface. If the upscaling (coarser resolution of the geothermal model) is implemented on the
model, the coarser cell will represent many finer cells which leads to a lack of details related to
the heterogeneity of the lithology and permeability distribution as well as the thermal properties
distribution even by the representative elementary volume technique. At coarser (upscaled)
resolution, the same representative value of any type of the input properties will be used for
multiple finer cells that might have different values. This is why there was no upscaling
implemented on the static model to have a high resolution and accurate dynamic results at a
relatively fine scale. The initial total number of grid cells was equal to 1338600 cells ( nl x nJ x
nK =194 x 150 x 46). First, the grids were adjusted because the skewed grids were preventing
the dynamic simulation. For the purpose of making adjustments for the grids, all the workflow
that was done for the static model must be repeated. Numerous grids around the faults had
severe skewness (irregular geometry and the cells were inside out) and by using the Petrel
software calculator, the grids were eliminated by a simple code as shown in Appendix 3. The
skewed grids were concentrated around the faults. After different iterations, the grid edges were
adjusted by a specific number of nodes as shown in appendix 4 because they were the second
obstacle for dynamic simulation subsequent to the skewed grids. Furthermore, the volume
percentage of gypsum that is used in the updated static model is calibrated based on the well
log gross ratio which was around 11.88%. The value of the total net to gross ratio which is used
as an input for the dynamic simulation was equal to 88.8812. By contrast, the total gypsum net
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to gross ratio represents only 1% in the initial static model volume (Redjosentono, 2014). The
input data for the upper, lower, and western thermal boundaries as shown in Appendix 5-a, 5-b,
and 5-c are obtained from the initial temperature, conductivity, and volumetric heat capacity
data of the formations that are in direct contact with Slochteren aquifer as described in section
2.5. The calculation of heat loss is done by the Numerical method in Petrel.

3.3 Geomechanical modelling:

Swift movement of subsurface layers on preexisting faults can lead to a crustal earthquake (J
Byerlee, 1978). Thus, the vertical and horizontal stresses needed to be computed to determine
the maximum injection pressure suitable for the targeted Slochteren formation safely without any
failure or induced seismicity. The density log data are plotted in relation to depth. By using the
bulk density log data, the vertical stress (ov) at the subsurface can be calculated. Subsequently,
the horizontal stress can be obtained using the vertical stress and the different stratigraphic
groups Poisson ratios. The geomechanical calculations are done for the top of Slochteren
formation and the combined basic geomechanical outputs are represented as in figure 12:
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Figure 12: Profile of vertical and horizontal stresses as well as hydrostatic pressure at the depth
of top reservoir.
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PKAM-01-51

Figure 13: shows the different faults in the KKP field (Redjosentono, 2014).

Several faults have different dip angles that range from 30 degrees to 90 degrees. Within the
same fault, different dip angles can be present. Therefore, the existent failure envelope shown
in figure 14 must pass by the origin to indicate that there is zero cohesion in the area of the
faults. This means that any injection and/or production pressure (energy exerted) on the
reservoir beyond the critical injection or production pressure tends to reactivate the existing fault
rather than create a new one. In order to determine under what conditions movement will
happen as well as determine the variation of the initial friction, the slope of the failure envelope
is obtained from the plotted shear stress experimental results for different rock types at normal
pressures up to 1000 bars as a function of normal stress for the initial friction (Byerlee, 1978a)
by drawing the best-fit line along and between the quartzite symbols. The slope of the failure
envelope in the Slochteren formation is around 0.8 due to the large amount of sandstone in the
formation. The pore pressure is subtracted from the vertical and horizontal stresses to obtain
the effective horizontal and vertical stresses that determine the position of the Mohr circle
according to the failure envelope. The center of the circle indicates the value of normal stress
(on). The maximum injection pressure is determined by examining when the Mohr circle will start
to touch the failure envelope since this is the moment that a fault can rupture, and induced
seismicity may happen. The maximum injection pressure without surpassing the failure
envelope is equal to 166 bar and the initial aquifer pressure is approximately 196 bar which
shows that the faults have been being reactivated with aseismic slip before even operating the
Koekoekspolder field and they are critically stressed. The next step considering the
geomechanical modeling of the KKP field is to describe the entire fault slip process and to
predict whether seismic or aseismic slip will happen after fault reactivation (Kang, Zhu and
Zhao, 2019a). It is important to determine the type of movement along the fault to predict if
induce seismicity will take place. The first type of movement is the stable sliding along the fault
and most likely doesn’t induce seismicity, however, the stick-slip sliding along the fault can
induce seismicity in the subsurface. The pore pressure value at the target reservoir is needed to
be able to obtain Mohr coulomb criteria and to indicate the maximum injection pressure before
hitting the failure envelope. But even after the circle of Mohr-Coulomb hits the failure envelope,
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a fault slip that doesn’t induce seismicity can occur. This fault slip movement depends on 2
factors called frictional parameters (a & b factors). Thus, the frictional parameters (a-b) perform
a critical role in the fault frictional stability (Kang, Zhu and Zhao, 2019b). The frictional
parameters (a-b) are influenced by the mineralogy, fluid pressure, sliding velocity, and
temperature (lkari, Saffer and Marone, 2007; Rutqvist et al., 2008; Scuderi and Collettini, 2016;
Kang, Zhu and Zhao, 2019b). In case of injection pressure higher than 196 bar in the KKP field
that leads to an (a-b) value > 0, the fault is velocity strengthening which means that the friction
rises with the slip velocity, and there is aseismic slip “The fault is stable” (Kang, Zhu and Zhao,
2019hb). On the contrary in the case of injection pressure higher than 196 bar in the KKP field
that leads to an (a-b) value < 0, the fault is velocity weakening which indicates unstable or
conditional stable behavior and there is a possibility of seismic slip “The fault can be unstable”
(Kang, Zhu and Zhao, 2019b). Based on the historical hindcasted bottom hole pressures from
2013 to 2021, the maximum injection pressure value was equal to 207.82 bar and there was no
induced seismicity recorded which means that there is a stable sliding (aseismic slip) that has
been occurring till a maximum injection pressure of 207.82 bar. Further studies and experiments
are needed to understand if there will be unstable slip behaviour or stable slip behaviour of
faults around the injection wells in the KKP field with higher injection pressure that range from
207.82 bar to the maximum bottom hole pressure of 252 bar allowed by SODM.

4o 27 The Mohr criteria with failure envelope of Slochteren formation
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Figure 14: shows the maximum injection pressure without surpassing the failure envelope.

The direction of the current maximum horizontal stress (Sh max) is not parallel to the orientation
of the fractures accompanied by the faults. This is why there are possibilities that the opening of
the fractures can be reduced.
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Figure 15: shows the orientation of the maximum horizontal stress indicated by the black dashed
line, and the orientation of the fractures which are parallel to the direction of the faults that are
marked by the blue dashed line (EN KLIMAAT & WARMTE EN ONDERGROND; TNO, 2019).

In addition to stress change due to declined or increased pore pressure from well operations,
the stress change can take place due to a reduction in reservoir temperature as a result of the
effect of the cold injected water which is currently around 35.4°C then it will change to 20°C in
2024. According to the Geysers field that produces steam from over 350 wells for power
production (Power Technology, 2012) and has a high-enthalpy geothermal system with natural
steam (~235°C) hosted in the fractured metagraywacke reservoir (Hulen, Jeffrey B., 1995;

Peacock et al., 2019), (Segall and Fitzgerald, 1998) found that if the cooling rate (%) is -0.3

°Clyear (a net temperature decrease of 6 °C/20 years), a stressing rate of 0.09 MPa/year will be
generated which is adequate to produce critical thermoelastic stresses. Induced earthquakes
can be generated from such a magnitude of stress changes in the critically stressed crust
(Kang, Zhu and Zhao, 2019b). Despite that the 0.3°C/year criterion may be different for
sedimentary formations as in the KKP field because the Geysers field is geologically and
operationally different than the KKP field, the geomechanical modelling showed that the KKP
field is critically stressed. Based on the predicted results of the Koekoekspolder model using the
optimal development strategy in this research study, the cooling rate for the wells “KKP-GT-01"
and “KKP-GT-03” is lower than the cooling rate that can induce seismicity because it probably
corresponds to stressing rate of 0.06 MPa/year. The KKP field has been operating under
pressure constraints with a maximum injection pressure of 252 bar that is derived from the
SodM protocol (TNO-AGE; SodM, 2013) and a minimum production pressure of 153 bar based
on the lowest bottom hole pressure value for the period between 2013 and 2021.
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3.4 History matching:

The flow rates and bottom hole pressure data from 2013 to 2021 were used in history matching.
The first step was to obtain the historical data which is the monthly produced and injected brine

water volumes as well as the hindcast and approximated BHP from 2013 to 2021 as already

explained in section 3.1. Then a suitable history strategy based on the observed production and

injection rates was generated using Petrel.

Continuous monitoring of recent
modeled and measured data such as
flow rates and bottom hole pressure
data based on the recent drilled wells

and surveys.

Choosing the optimal combination of
adjustments that shows the optimal
history matching as well as reliable
scientific validations.

aspects.

History Matching loop chart

Choosing the adjustments based on
the literature review/ common
sense/trials/advice of geologists and
reservoir engineers, etc) and after
developing an extensive technical
overview based on a scientific

background that considers the
geophysical, geological as
depositional environment, well tests,
reservoir rock and fluid properties

Each new
update of the parameters is done
after checking the results of the
previous modifications

Trying simultaneous adjustments on
the different parameters of the model
to see its impact on the output HM
result.

Chart 3: shows the steps of a scientific history matching.

In history matching, the observed production, and injection rates as well as the hindcast and
approximated bottom hole pressures for the KKP field were compared to those obtained by

forward modelling.
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Figure 16: shows an example of history mismatched water production rates model.

Due to the large discrepancy of measured values of porosity and permeability from the well
KAM-01-S1 core plug as shown in figure 8, the permeability model is modified and the porosity
distribution is not altered because the porosity values are acquired from well logs. Based on the
kampen core description and the depositional environment of the Slochteren formation aeolian
sandstone, the reservoir is considered to have the same facies which extends over large areas
with the presence of a very low porous gypsum enterolithics bodies (Redjosentono, 2014). The
initial input data for the dynamic model that simulate the history of the Slochteren aquifer
consisted of the permeability in the 3 principal directions, effective porosity, and net to gross
ratio of 0.8812. In the beginning, the historic water rates result obtained were slightly similar
from January 2013 till January 2016 but after that, the rates began to have big differences. This
is why an adjustment was needed for different input parameters to have a robust model of the
Koekoekspolder geothermal field. The permeability (in i, j, k) of the entire aquifer and/or in the
vicinity of the injector well and/or around the producer well were calibrated by different factors to
reach the model with the most accurate history matching results for both flow rates and BHP.
The gradual manual change was a systematic way of history matching to avoid overestimation
or underestimation as well as the simultaneous adjustment of input parameters. Moreover,
different parameters as shown in table 4 are updated according to the literature review of the
reservoir description such as that the vertical permeability is significantly lower than the
horizontal permeability and the relatively homogenous depositional environment of the Aeolian
sandstone which is reflected in the manual and uniform adjustments (whether an increment or a
decrement) of the reservoir heterogenous parameters in the model to reach history matching.
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Parameters

Addressed values
range

Motivation

Optimal
change

Motivation

Permeability | Manually multiplied According to the The Showed the optimal
in the vicinity | by permit holder, the skin | permeability in | history matching
of the (1.5/0.83/0.5/0.4/0.3/ | factor has positive the vicinity of results together
injection well | 0.2) values around 1.85 the injection with the other
(KKP-GT-02) (Klimaat and Warmte well KKP-GT- | optimal
en Ondergrond; TNO, | 02 is multiplied | adjustments.
2019b). by 0.83 Moreover, the Kh
computed based on
Multi-rate KKP-GT-
02 well test is
around 581.5 while
that in the vicinity of
the injection well is
approximately
477.69.
Permeability | (8/7/4/2/1.5/0.72/0.5) | According to the The Showed the optimal
in the vicinity permit holder, the skin | permeability in | history matching
of the factor has positive the vicinity of results together
production values around 0.22 the production | with the other
well (KKP- (Klimaat and Warmte well KKP-GT- | optimal
GT-01) en Ondergrond; TNO, | 01 is multiplied | adjustments.
2019b). by 0.72
Net to Gross | 0.8812 Based on the wells log | 0.8812 Based on the wells
ratio interpretation. log interpretation.

Table 4: shows most of the adjustment applied on the initial model to reach history matching.

After 21 simulation case trials of the single phase flow model, the twentieth-second simulation
case had the most accurate history matched flow rates and history matched bottom hole
pressures as shown in figures 17 and 18. This simulation had the following manual adjustment:
- The vertical heterogenous permeability distribution was equal to the horizontal
heterogenous permeability distribution multiplied by 0.25
- The entire heterogenous permeability distribution for i and j directions was multiplied by
a factor value of 3
- The permeability in the vicinity of the injection well was multiplied by a factor value of
0.83 while that of the production well is multiplied by a factor value of 0.72
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- The permeability values in the vicinity of the injection well was compared to the

measured well test hydraulic permeability (Multi-rate well test) and they showed values

that are close to each other as shown in table 4.
The adjusted permeability distribution in x, y and z direction are shown in appendices 2a, 2b
and 2c.
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Figure 17: Complete history matching between the simulated and the observed flow rates as

well as the history strategy.
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Figure 18: Accurate history matching between the simulated and the observed bottom hole
pressures.

The simulation case with the results that showed accurate history matching results for both flow

rates and BHP was chosen for the forecasting stage.
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Chart 4: shows the different stages to obtain a robust geothermal model.

3.5 Forecasting model setup:

After obtaining a robust model with high accuracy of history matching for the flow rates and
bottom hole pressure from 2013 till 2021, different forecasting models that predict the
temperature and heat energy distribution till 2121 are generated. To overcome simulation failure
and/or extensive running time of the numerous simulations cases of the next century, smaller
sectors of the original model were generated using the ACTNUM keyword in Eclipse 300, which
divides the model into active and inactive cells, by applying a code consisting of a few lines as
in Appendix 6 without affecting the properties distribution. The new sector model covered most
of the KKP field as well as the areas that the owner is interested in as shown in Figure 19 and
appendix 6-a. Thus, the inputs for the dynamic forecasting simulator consisted of the new sector
model, the thermal boundaries, and the same inputs for the history-matched model as well as
the forecasting strategy. The accuracy of temperature or energy distribution for the smaller
sector model is tested by subtracting it from the temperature or energy distribution of the bigger
model.
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Figure 19: shows the dimensions of the most accurate sector (Acthum 8) that covered the
entire 46 layers which are indicated by dark blue colour as well as the entire reservoir dimension
that is illustrated by the light blue colour and it includes the new sector and the projection of the
KKP concession with purple boundaries.

The new sector model with the same original model boundary conditions is reliable because the
result of the subtraction is approximately equal to zero. For better efficiency and reduced
running time, the most reliable sector dimensions are shown in figure 19 and Appendix 7. This
new sector model (ACTNUM 8) that was used as an input for the dynamic forecasting modeling
represents 61.48 % of the original model volume, and it was suitable for the runs with thermal
boundary conditions to achieve reliable outputs. When the thermal boundary conditions are
taken into consideration, the sector that consists of the entire 46 layers must be used as an
input for the dynamic modeling because it’s in contact with the confining layers (The lower,
upper, and western thermal boundaries). By taking into consideration the direction and velocity
of the aquifer flow, the forecasting of the temperature profile, as well as the lifetime of the
geothermal doublets, can be affected. Besides the computation of the average velocity as
indicated in section 2.6 and assuming that the northern boundary allows heat and mass flow,
the spatially constant flux, which is needed for 3D dynamic modeling, can be obtained if the
cross-sectional area at the northern boundary, the average effective porosity, and salt
concentration are known.

Average velocity Cross sectional Average effective | Salt concentration | Temperature
(m/day) area at northern porosity
boundary (m?)
0.011 1786.1721 m? 0.1783 175 kg/m3 76.4 °C

Table 5: Needed data to generate an aquifer in the Koekoekspolder geothermal model.

The following equation represents how the flux across the aquifer boundary can be obtained.

(9)

Q=v*oe,xA

Where Q is the flux with units of (m3/day), v is the Velocity with units of (m/day), ¢, represents
the average effective porosity, and A denotes the cross sectional area with units of (m?).
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Using equation (9) and the input data of table 5, the flux for the Koekoekspolder forecasting
model is as follows.
Flux at the northern boundary (m3®/day) = 0.01*0.1783* 1786.1721= 3.18 m®/day
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Figure 20: Extent of the cross sectional area at the northern boundary.

Appendix 8 and 9 represent the needed adjustments and inputs for the constant flux aquifer
model method available in the reservoir engineering aquifer tool of petrel software.
Input parameters:

Thermal parameters Values
a- Water specific heat capacity 3.5 kJ/kg.K
b- water thermal conductivity 0.66 W/m*K
c- Rock volumetric specific heat capacity 1997.5 KJ/m¥/K
d- Rock thermal conductivity 1.98 W/m*K

Table 6: shows the input thermal parameters.

The thermal parameters are updated as follow with a density of 1140 Kg/m?:

a) The specific heat capacity of water varies with temperature and salinity. The specific heat
capacity (SPECHEAT) of the brine water is around 3.5 kJ/kg.K at salinity mass percent of 15%
(Warren, 2020).

b) The remaining simulations have a water thermal conductivity (THCWATER) of around
57.024 kJ/m/day/K (Warren, 2020).

C) The remaining simulations have a rock volumetric specific heat capacity (SPECROCK)
around 1997.5 KJ/m3®/K using equation (2).

d) The remaining simulations have a rock thermal conductivity (THCROCK) around 171.06
kJ/m/day/K.
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3.6 New possible wells locations & Development strategies:

It is assumed that from 2024, the proposed production well KKP-GT-03 will produce. The

coordinates and depth of the proposed production well KKP-GT-03 according to IF Technology

is shown in the following table.

Proposed production well Coordinates at aquifer depth Depth
(KKP-GT-03) X'=193066.20 m/ Y =510361.60 m | - 1983.77 m

Table 7: Information related to the proposed production well KKP-GT-03 according to IF

technology (Dirkx and Buik, 2019).

By 2027, a new doublet will be drilled in the Koekoekspolder field. The proposed wells locations
have a distance of more than 500 m from the nearest faults. The distance between KP-GT-04
and KP-GT-05 is around 1773 m and the distance between KP-GT-04 and KP-GT-03 is around
1868.58 m. The coordinates of the new doublets at the surface can be near the first existing
doublet to have a connection between the current and new doublets (For more details See the
New technology section).

Possible second doublet Coordinates at aquifer depth Depth Covered
location Thickness
Injection well (KP-GT-04) X= 195740.61 m/ Y =510150.58 m -2020.26 m | 119.8 m
Production well (KP-GT-05) X=197142.19 m/ Y =510049.57 m -2109.86 m | 94 m

Table 8: Information related to the possible second doublet.

The planned current coordinates of KKP-GT-03 were not ideal because the position of the new
alternative hypothetical well KP-GT-BB03 can generate higher cumulative production energy
than that of KKP-GT-03 well and can help in maintaining the production of KKP-GT-01 for a
longer period to meet the future energy demand. An alternative location of the third production
well can be drilled with the coordinates indicated in Table 9.
Possible Third well location coordinates Depth Covered
Thickness
Production well (KP-GT-BB03) | X =194285.50 m/ Y =511544.1 m -1928.5m | 118.57 m
Table 9: shows the information related to the possible second production well location.

Possible Third doublet location Coordinates at aquifer depth Depth Covered
Thickness

Injection well (KP-GT-06) X= 194565.27 m/Y =508714.7 m | -2083 m 923 m

Production well (KP-GT-07) X =196885.61 m/Y =508578.2 m -2094.88m | 47.5m

Table 10: Information related to the possible third doublet.

The locations of the new doublets (KKP-GT-04 & KKP-GT-05/ KKP-GT-06 & KKP-GT-07) are
chosen based on the area with the highest temperature in the KKP concession as shown in
figure 20 for an effective energy demand fulfiiment. The coordinates at aquifer depth of the
possible second doublet location (KP-GT-04 & KP-GT-05) and the possible third doublet
location (KP-GT-06 & KP-GT-07) shown in appendix 10 and 11 can be optimized after
predicting the direction of the natural initial aquifer flow.
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Figure 21: a 3D view that shows the current and predicted wells trajectory and locations from
the tables above with temperature distribution at certain timestep generated by the initial
geothermal model in KKP field.

To choose the optimal development scenario for the 3 wells ( KKP-GT-02, KKP-GT-01, and
KKP-GT-03), the scenarios of appendix 12 were tested from 2021 to 2121 while taking into
consideration the historic field operation that extends from 2013 to 2021.

As shown in the chart below, three types of operational thermal recharge™ strategies are
investigated to stretch out the energy demand fulfillment over the next 100 years and they are
continuous shut-off, discontinuous shut-off, and low-pressure gradient. Continuous shut-off
simply means continuous operational thermal recharge™ by shutting off the wells for a certain
continuous period without any injected or produced water. On the other hand, the discontinuous
operational thermal recharge is shutting off the doublet under operational thermal recharge™ for
instance for 1 year then operating the doublet for the following year, and so on. Furthermore,
the low-pressure gradient means that the doublet operating the zones of the field which are
under operational thermal recharge™ have a small difference in bottom hole pressures (low-
pressure gradient).
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Chart 5: Sustainable and economical geothermal field development.
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The table in appendix 13 shows the scenarios related to the second group of simulation cases.
The operational thermal recharge™ periods for the simulations are chosen based on the
predicted year of non-economical heat production (non-economical bottom hole temperature) of
the wells and the energy demand fulfillment. The permit holder delivered the future yearly
desired energy till the year 2121. Based on the results of the optimal scenario from the table
shown in appendix 12, the guide rate ratio of the production wells is as follows:

- The guide rate ratio of the first production well KKP-GT-01 = 75%

- The guide rate ratio of the second planned production well KKP-GT-03 = 25%
As mentioned in chart 5 and according to the research questions, one of the goals of this
research study is to decrease the cash inflow (economical development) by starting with 1 or 2
doublets for the whole period of development and then testing if the energy supply will fulfil the
energy demand as shown in figures 22 and 23.

Energy demand and energy supply

2.50E+09
2.00E+09

1.50E+09
1.00E+09
5.00E+08

]

0.00E+00

Energy (KJ/day)

16-Jul-38
01-Apr-41
01-Dec-43
16-Aug-46
01-mei-2049
18-Jun-65
16-Jul-73
01-Apr-76
01-Dec-78
16-Aug-81
01-mei-2084
17-Jul-08
02-Apr-11
02-Dec-13
17-Aug-16
02-mei-2119

$ 01-mrt-2068

0]

01-Jan-21
16-Aug-22
16-mrt-2025
16-okt-2027
18-Jun-30
01-mrt-2033
01-Nov-35
01-Jan-52
06-Sep-54
01-Jun-57
01-Feb-60
01-okt-2062
01-Nov-70
01-Jan-87
06-Sep-89
01-Jun-92
01-Feb-95
01-okt-2097
19-Jun-00
02-mrt-2103
02-Nov-05

O

== [Extractable produced energy for the first doublet (KKP-GT-01/KKP-GT-03/KKP-GT-02) === Energy_demand (KJ/day)

Figure 22: shows the energy demand and energy rate of 1 doublet in total.
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Figure 23: shows the energy demand and energy rate of 2 doublets in total.
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Appendix 13-a shows the extractable energy with the energy demand after applying the
forecasting scenario of the continuous shut-off strategy using 3 doublets in total. It is found that
the field requires 3 doublets in total to fulfil the energy demand of the KKP field with allowing
adequate operational thermal recharge™ periods for the thermally depleted areas. In order to
fulfill the energy demand from 2024 and to have a sustainable field development that allows
adequate operational thermal recharge™, 3 doublets with the third production well “KKP-GT-03"
will be enough. By comparing the energy demand with the predicted extractable energy, the
flow rates were adjusted in winter and summer seasons till the year 2121.

The term “direct increase in doublets” means that there is no intention to connect doublets
(separated operation of doublets) which means that the injection well of the second doublet has
no relation with the production well of the first doublet. The term “indirect increase in doublets”
means that there is an intention to connect doublets in such a way that relates the production
well of the first doublet with the injection well of the second doublet or vice-versa. The indirect
increase in doublets forecasting scenario will split the injected flow rate of the well name “KKP-
GT-04" from 2050 on KKP-GT-01 & KKP-GT-05 to achieve an indirect increase in doublets by
making the distance between KKP-GT-04 and KKP-GT-05 close at the surface and far away in
the subsurface. The geothermal development strategy that allows an indirect increase in
doublets as shown in chart 5 by connecting the geothermal wells together may help in achieving
lower “Thermal fatigue™”.

The discontinuous shut-off operation for the 3 wells (KKP-GT-01, KKP-GT-02, and KKP-GT-03)
from 2036 to 2077 means that the wells that are under operational thermal recharge™ can
operate for 1 year followed by 1 year of continuous shut-off. The discontinuous operational
thermal recharge can be yearly based or monthly based. This study tests the yearly based
discontinuous shut-off. Discontinuous recharge means that every year of field operation is
followed by 1 year of operational thermal recharge™. But from 2077 to 2080 and from 2094 to
2097 as well as from 2111 to 2114, there is a continuous operational thermal recharge.

Based on the forecasted BHP and the desired flow rates, a relation between BHP and the flow
rates of the rest of the wells can be obtained. The mechanism of operational thermal recharge™
under a low pressure gradient can yield different scenarios according to the start datum of
operational thermal recharge™ and the desired flow rates during operational thermal recharge™.
The operational thermal recharge™ period of the wells KKP-GT-02, KKP-GT-01, and KKP-GT-
03 for the 3 different operational thermal recharge strategies [ continuous shut-off/
discontinuous shut-off/ low pressure gradient] are kept identical to choose the optimal
operational thermal recharge™ strategy. In the case of low pressure gradient operational thermal
recharge strategy, starting operational thermal recharge™ for KKP-GT-01/ KKP-GT-02 /KKP-GT-
03 5 years before the start date of continuous operational thermal recharge strategy will make
the difference between the injection and production BHP very small which will lead to sustaining
a very small difference for BHPs (More restrictions) of the 3 wells (KKP-GT-01/ KKP-GT-02
/IKKP-GT-03) compared to starting operational thermal recharge™ for KKP-GT-02/ KKP-GT-01
IKKP-GT-03 10 years before the start date of continuous operational thermal recharge strategy
(Fewer restrictions for pressure gradient).
The following steps are used to create the low pressure gradient development strategy which
allows operational thermal recharge™ under low pressure gradient strategy for the
Koekoekspolder field:

Starting thermal recharge from 2040 (10 years before the start date of continuous

operational thermal recharge strategy (Fewer restrictions for pressure gradient)
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The total winter and summer flow rate of the 3 wells (KKP-GT-02/ KKP-GT-01 /KKP-GT-

03) from 2040 to 2050 is distributed across the whole period from 2040 to 2077

Distribute the flow rates of each period of low pressure gradient operational thermal

recharge in a way that maintains the flow rates demand targets

Obtaining the relation between the flow rates and bottom hole pressures for all wells in

the KKP field to determine the suitable bottom hole pressures for the different wells.

Computing the new guide rate ratio and the new flow rate distribution for the different

wells using the same guide ratio distribution used in the continuous operational thermal

recharge strategy.

Minimizing the flow rate planned in the continuous operational thermal recharge strategy

from the recent flow rate distribution

Distributing the total residual flow rate of KKP-GT-04 obtained from step 6 until 2077 to

the period from 2077 to 2094

Distribute the total residual flow rate of KKP-GT-06 obtained from step 6 until 2094 to the

period from 2094 to 2110

Distribute the total residual flow rate of KKP-GT-02 obtained from step 6 to the period

between 2077 and 2094 in the period from 2110 to 2121.
In the third scenario for operational thermal recharge™ with continuous doublets shut-offs, the
planned operational thermal recharge™ period will extend from 2050 to 2077. In the case of low
pressure gradient mechanism for operational thermal recharge™, the operational thermal
recharge™ period extends from 2040 to 2077. The operational thermal recharge™ period in the
case of low pressure gradient mechanism will start 10 years before the operational thermal
recharge™ period with continuous doublets shut-offs as in the third forecasting strategy in such a
way that distributes the flow rates of the wells that will be under operational thermal recharge™
from 2040 to 2050 over the period from 2040 to 2077.

3.7 Qualitative uncertainty analysis:

The approach used in updating the static model and defining the thermal boundary conditions
and aquifer flow properties as well as dynamic modeling had a high degree of accuracy and
realism purpose despite the lack of different types of data. When the degree of realism and
accuracy increase, uncertainty will decrease as in this research study. In case there are a wide
range of uncertainties, the number of scenarios increase. From the beginning, the target of this
research study was to decrease the uncertainties. The uncertainty is related to the input values
as well as the boundary conditions of the model. There are uncertainties related to heat capacity
computation due to the inaccuracy of quantifying the gypsum volume, shale, matrix, and cement
volumes in the reservoir model which can have an impact on the accuracy of the geothermal
doublet lifetime. Moreover, there are uncertainties related to the model outputs. The
uncertainties related to the static model, dynamic model, heat model, and geomechanical model
as well as other reservoir properties are indicated in the following tables. The idea of the tables
below are derived from (Reith, 2019).
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Property Available data | Assumptions
Facies model | -Cuttings for -An ellipse has been
(Sand the wells used as object
dunes + (KKP-GT- geometry with no
Gypsum 01/KKP-GT- specific orientation
nodular 02/ KAM-01- for the gypsum
(Eneolithic) | S1) nodulars
-Well logs: (Redjosentono,
GR/RHOB/NP 2014).
HI/DT - The thicknesses of
-Seismic these gypsum
amplitude (3D | nodules are set to be
seismic cube) between 1-15 meters
- Information (Redjosentono,
on the 2014).
conceptual -The facies is object
model in the based with aeolian
literature. sandstone as
background
deposited under N-E
wind direction
- Seismic identify the
geometry of these
gypsum zones
bodies.
-The gypsum bodies
are assumed to be
impermeable.
Static model | -3D seismic -Well to seismic tie
cube was the first step

-All wells data
-Core data

-Information
on the
depositional
environment
from
literature.

used to interpret the
horizon. A guided
picking of seismic
reflectors was
established based on
the well tops
[markers]
(Redjosentono,
2014).

Degree of realism and
accuracy with used
steps

Degree of uncertainty

Moderate

Mitigation

- The extent of the gypsum
zones are not accurately
known due to the
uncertainty related to the
lateral correlation
between wells and the
uncertainty related to the
determination of facies
because of the possible
errors and inaccuracy of
the interpretation of
cuttings due to the mix of
fragments with the well-
bore-fluid as well as the
assurance of which depth
the fragments are.

- Seismic resolution

The Facies model

needs to be
updated and
calibrated
based

on the existing
wells and the
new planned
wells data of:
-KKP-GT-03
-KKP-GT-04
-KKP-GT-05
-KKP-GT-06
-KKP-GT-07

Volume uncertainty
related to seismic surveys
which have restricted
vertical and horizontal
seismic resolution, the
seismic resolution
diminish with depth.

Incorporating the

new planned
wells data of:
-KKP-GT-03
-KKP-GT-04
-KKP-GT-05
-KKP-GT-06
-KKP-GT-07
to check if it is
required to
update the
static model
or not.

Table 11: shows a qualitative uncertainty analysis of the facies and static model that is used to simulate the KKP field.
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Table 12: shows a qualitative uncertainty analysis of the N/G ratio and porosity that are used to simulate the KKP field.
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Table 13: shows a qualitative uncertainty analysis of the permeability that is used to simulate the KKP field.
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Table 14: shows a qualitative uncertainty analysis of the dynamic model that is used to simulate the KKP field.
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Table 15: shows a qualitative uncertainty analysis of the heat model and energy distribution that are used to

simulate the KKP field.

49



'$9559.1S
|e3UOZIIOY WNWIUIW
pue wnwixew ayl
UOI3BJBPISUOD U] e}
18y} uollejuasasdal
quojnod

JYOIA @€ e SulA|ddy-
'$955941S |ejuOzZII0Y

Jo apnyudew

9y} aulwialap

01 9|ge 9q 01 uolienba
yasary SuiAjdde 1o pjay
Al Ul SS343S NS Ul
93eJane 9y} aunseaw
0} S[|am pauue|d mau
93 104 (LO1X) 3saL

10 dea] papualx3 uny-
‘onjel

S,U0SSI0d 91e4nddoe ue
ulelgo 0} papaau aJe
Suol}ew.o} aA0qe 3y}
pue JI0AJ9S3J BY3 WOJ
sa|dwes 9402 2J0|N-
*S913SUaP Y|nq jo ned
paJaAoduN 15414 9Y1 JO
Ajuielssoun ayy Joamoj
03 S[|9M IX3U 3y} 10}
paJnseaw aq 03 spasau
SJIOAJI9S3 pa3asdie)
9Y3 03 92BJUNS 3Y3 WOJ}
SSIHSUSp }|nq ayl-
"SOIJBUDIS 1UDIIYIP
Suizijeas Aq 4n22o 1M
di|s 21ws1as 40 JJWsIase
pue sJojoej q g e

ay3 Aja3esndoe asow
aulWJ31ap 03 pIal}

dX)l 40} papaau aJe
sjuswWIIRdXa Jayjouy -

uonesnin

(£102
‘eWaNaH
pue
ENEIREIN
‘L10C
‘|ozey)
PI_l dX
10 |apow
|eatu
eyoswoald
ayl
J0j pasn
sdnoJ3
‘(€0 pue 1UDJBYIP
20) 355315 |eIUOZIIOY Y1
|lenba jo uondwnsse Jo soiel
9yl wouy paynsal uossiod
J0413 3|qissod ay | ayl
'SE9JE JIOAIDSAI JUIBYIP "T10-99)
Ul SUOIHPUOD JIOAIDSDI pue y¢
10 uonelsen ajqissod -dYzZ s|Iam
9y1 01 anp aunssaud Jo e1ep
uononpold wnwiuiw 4o So| Ayisuap
uolaful wnwixew ayl 9yl wouy
0} paje|aJ Ajuiepaoun panlap
S| UOI123S
"TO-19-d)) J0 Jaddn
uoI399s Jaddn pajanodun
91 40} SUOIILJ0]| J3Y310 w
JO elep paulqwod 3y} SEBVSBT
0} paie|aJ Ajuiepusoun orw
‘lenba | GGOT WoJy
*J0JJ3 [BIUSWINIISU] 2Je (0 pue | TO-19-dM)
03 anp eiep Ajsuap 20) s9559J3S Jo elep
3|ng painseaw ay3 |eruoziioy Alisuap |opow |e
0} paie|aJ Ajuiepusoun om1 a3yl jIng | -dlueydswWoan
91eJ3pOoIAl 21e19pONl
sdajs
pasn yum Aseandoe eyep
Auienaoun jo 9a48aqg pue wsijeau jo 9a18aqg suonndwnssy a|qejieay Ayadoud

Table 16: shows a qualitative uncertainty analysis of the geomechanical model used for the KKP field.
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3.8 Sensitivity analysis:

The efficiency of the simulator is related to the sensitivity of the model towards different
parameters like temperature, pressure, flow rate, and the velocity of the flow. When the different
properties such as thermal boundary conditions and initial aquifer flux are taken into account, a
delay in the progression of the cold front is noticed. This reflects the importance of taking the
thermal boundaries around the reservoir. The thermal properties distributions are sensitive to
the following parameters:

a- Injection temperature:
The sensitivity of the model toward different injection temperatures is based on the optimal
guide rate ratios suitable for the first 2 wells (KKP-GT-01 & KKP-GT-03) [ The guide flow rate
ratio of the first production well (KKP-GT-01) and the second production well (KKP-GT-03) from
the total injected flow rate in KKP-GT-02 well are 25 % & 75% respectively].
There is no change in the flow rates of the 3 wells (KKP-GT-02, KKP-GT-01, and KKP-GT-03)
from 2013 to 2121 for the simulation cases with an injection temperature of 20°C, 25°C and
35°C. The energy production rate of KKP-GT-01 is almost similar in the simulation cases with
an injection temperature of 20°C, 25°C, and 35°C. The energy production rate of KKP-GT-03 on
the longer term in case of an injection temperature of 35°C is higher than the simulation case
with an injection temperature of 25°C and 20°C due to the cooling rate around the KKP-GT-03
well. The cooling rate in the vicinity of the production well (KKP-GT-03) changes with different
injection temperatures. There is no change in the bottom hole pressures of the 3 wells (KKP-
GT-02, KKP-GT-01, and KKP-GT-03) from 2013 to 2121 for the simulation cases with an
injection temperature of 20°C, 25°C, and 35°C. The following results of the updated input
thermal properties simulation case show the lifetime of the production well KKP-GT-03 related
to different injection temperatures from 2024 with a discontinuous shut-off development strategy
and the optimal guide rate ratio distribution.
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Injection
temperature

20°C from 2024

25°C from 2024

30°C from 2024

Arrival of
cold front at
KKP-GT-03
(Predicted
year of non-
economical
heat [55°C]
production
for KKP-GT-
03)

2035

2040

2047

operation
Interval from
2024 KKP-
GT-03

Visualization
in 3D

11 years

Description

The lifetime of the third well *KKP-GT-03 i

16 years

s sensitive to the injection temperature of “KKP-GT-02”. By

23 years

increasing the temperature of the injected water from 20°C to 25°C, the operation interval of the third
production well “KKP-GT-03” will increase by 5 years, and in case of rising the temperature of the injected
water from 20°C to 30°C, the operation interval of the third production well “KKP-GT-03" will increase by

12 years. In this regard, the injection temperature is directly proportioning to the lifetime of the doublet.

Table 17: shows the sensitivity of the updated model towards different injection temperatures in
terms of the arrival of the cold front according to the second production well “/KKP-GT-03".

For the KKP-GT-01 production well of the updated input thermal properties simulation case, the
field will be operated in such a way that avoids non-economical water temperature production
before 2121.

b- Injection pressure:
The results that are shown in the following table are obtained at an injection temperature of
20°C from 2024 at a guide flow rate ratio of 75% for KKP-GT-01 and 25% for KKP-GT-03.
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Injection Maximum injection pressure (252 bar) Maximum injection pressure (252 bar) + 10
pressure at injection temperature of 20°C bar (262 bar) at injection temperature of
20°C
Flow rate 5
[m3/day] ]
o ] ; 3
SRER i | £
I ‘
Energy
production

rate [KJ/day]

T PR
I ‘ I ——
‘H i

| |i\‘ri“1“ih‘[W

Energy production rate [kJ/d]

Date

Energy production rate [ki/d)

Date

Bottom hole
pressure 3
gar) | 1, TR | el T
é-: Vet r TV Husbbahiestiad § T
8 i
g s fe
H i
- orn e on " o e . o
—— KKP-GT01  —— KKP-GT-02 KP-GT03 | TKKPGTO
Description | The flow rate of the injection well “KKP-GT-02" in case of an injection pressure equal to 262

bar for “KKP-GT-02” will reach the targeted flow rate of 6240 m3/day earlier than that in case
of an injection pressure equal to 252 bar. There are no changes in the flow rates of the
production well “KKP-GT-01" in both cases of injection pressures. In the case of an injection
pressure equal to 262 bar, the flow rate and the energy production rate of the second
production well “KKP-GT-03” will be higher than the flow rate and the energy production rate
of the second production well “KKP-GT-03” in the case of an injection pressure equal to 252
bar in the period between 2024 and 2027. The energy production rate of the production well
“KKP-GT-01” will remain the same in both cases of injection pressures.

Table 18: shows the sensitivity of the initial model towards different injection pressures of the first
injection well “/KKP-GT-02” in terms of the flow rate, energy production, and bottom hole pressure.

c- Thermal boundary conditions:

The results of the model with and without the thermal boundary conditions (confining layers and
western boundary condition) are obtained at an injection temperature of 20°C from 2024 at a
guide flow rate ratio of 75% for KKP-GT-01 and 25% for KKP-GT-03. The field energy
production rate of the model with thermal boundaries conditions (confining layers and western
boundary condition) is higher than the field energy production rate of the model without thermal
boundaries conditions due to higher predicted and simulated bottom hole temperature in case of
the model with thermal boundaries conditions than that of the model without thermal boundaries
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conditions. Based on a continuous extraction of energy without any period dedicated

for operational thermal recharge and without the initial velocity of the aquifer, the table which is
indicated in Appendix 14 shows a comparison between the temperatures distribution in 2113 for
the model with (confining layers and western thermal boundaries conditions) and the model
without any thermal boundaries conditions, the lifetime of the first production well “KKP-GT-01"
of the model with thermal boundaries conditions is longer with around 6 years than the model
without thermal boundaries conditions. During the process of heat extraction, the forecasted
reservoir temperature under the “recharge boundary condition” is slightly higher than that under
the “no flow boundary condition”.

d- Initial velocity of the aquifer (with and without)

The KKP model which takes the initial velocity and direction of the aquifer is simulated
from 2013 to 2121 by the constant flux aquifer method which is available in Petrel
software. The effect of the initial velocity of the aquifer is studied on the following 2
properties (Comparison between the development of KKP field with and without the
initial velocity of the aquifer according to):

Production Temperature:

Based on the temperature output results of the 2 wells (KKP-GT-01 and KKP-
GT-07), the production temperature of KKP-GT-01 for several time steps is
higher in the case of the model with an initial velocity effect of (0.0015 Celsius)
than the production temperature of KKP-GT-01 in case of the model without
initial velocity effect. The difference in the output temperature in the case of KKP-
GT-07 is 0.013.

Doublet lifetime:

Wells Doublet lifetime of the model without Doublet lifetime of the model with initial
names initial velocity effect (constant flux aquifer velocity effect (constant flux aquifer
model) model)

(KKP-GT- On 02/09/2039 (at 14:50:00) On 04/09/2039 (at 21:30:00)

01) Temperature = 78.535 Celsius Temperature = 78.535 Celsius
(2 days, 6 hours extra lifetime)
(KKP-GT- On 10/07/2042 (at 00:30:47) On 08/07/2042 (at 14:44:16)
03) Temperature = 60 Celsius Temperature = 60 Celsius
(1 day, 9 hours extra lifetime)

Description | The doublet lifetime of the model without the initial velocity effect is lower than the doublet
lifetime of the model with the initial velocity. However, in the case of the KKP-GT-03 well,
the doublet lifetime of the model without initial velocity effect is higher than the doublet
lifetime of the model with the initial velocity due to the well location. The difference is small
because the initial velocity of the natural aquifer flow is 3.18 m3/day.

Table 19: shows the sensitivity of the doublet lifetime towards the updated model with and
without initial velocity of the aquifer in terms of bottom hole temperature value at a certain

time according to the first and second production wells.
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4. Results & Discussion

4.1 Production quide rate and temperature distribution:

Results that show the production energy of the first doublet (KKP-GT-02 & KKP-GT-01) as well
as the third planned well (KKP-GT-03) under the field pressure constraints and variety of
injection temperature are shown in table 18. A detailed comparison between these simulations
is mentioned in the sensitivity analysis section. Amongst the numerous scenarios in appendix
12 with an injection temperature of 20°C from 2024, the following results show the different
production guide rate ratio effect on the arrival of the cold front to the first production well
“KKP-GT-01".
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Table 20: The effect of different production guide rate ratios on the arrival of the cold front

‘KKP-GT-01" with an injection temperature of 20°C from

to the second production well

2024 to 2121.
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As shown in table 20, the advantage of the location of the second production well KKP-GT-03 is
that it retards the cold front propagation from arriving at the first production well KKP-GT-01.
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Figure 24: shows a cross sectional view of the updated temperature model along the j direction

in the beginning of 2029 with the displayed wells (KKP-GT-02, KKP-GT-01, KKP-GT-03, KKP-

GT-04 and KKP-GT-05) as well as a closer view of the cold front shape in January indicated by
the white dashed line.
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As shown in figure 24, the cold front is not a vertical straight line that propagates through the
aquifer. It is irregular front propagation due to the heterogeneity of the reservoir properties and
structure. The propagation of the reinjected cold water along the good quality sand with better
porosity and permeability areas of reservoir is faster than the other parts of the reservoir. Based
on the analysis of the results generated from the thermal model, a relation between the non-
economical bottom hole temperature and the rock cold front temperature can be generated. At
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the beginning of the year 2029, the bottom hole temperature of the second production well
(KKP-GT-03) will be around 71.844°C and the average temperature of the aquifer in the vicinity
of the third production well will be around 72.45125°C as shown in appendix 15. The cold front
temperature of the aquifer is approximately 55.464878°C and it is determined based on the non-
economical temperature defined by the owner of the field which is around 55°C. The cold front
propagation is determined based on the non-economical temperature (The range of non-
economical temperature extends from 60°C to 55°C). The initial model with a guide rate ratio of
25% for the third production well KKP-GT-03, and a 75% of production guide rate ratio for KKP-
GT-01 production well has the longest operational interval for the second and the first
production well (Interval before reaching the non economical temperature) from 2024.
Therefore, this production guide rate ratio is considered the optimal guide rate ratio. The shape
of cold front propagation from 2024 to 2121 in the case of the second production well “KKP-GT-
03” placed between KKP-GT-02 and KKP-GT-01 is different than that of the first production well
with 100% production guide rate which exhibits the presence of a second production well
between the first injection well KKP-GT-02 and the first production well “KKP-GT-01". The
lifetime of the different doublets sets increased when the thermal properties were updated and
corrected. For instance in the case of a guide rate ratio of 25% for the third production well KKP-
GT-03 and 75% of production guide rate ratio for KKP-GT-01 production well, the arrival of the
cold front at KKP-GT-03 is expected to be at the year 2036 instead of 2028. The following figure
shows the flow rate and bottom hole pressure for the optimal guide rate of the first and second
production wells “KKP-GT-01" and “KKP-GT-03".
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Figure 25: shows the flow rate of the optimal guide rate ratio of the first and second production
wells “KKP-GT-01” and “KKP-GT-03".

In figure 25, there is a small difference between the injected brine water volume of the KKP-GT-
02 well and the production well KKP-GT-01 from the beginning of 2023 due to the pressure
constraints of a minimum bottom hole pressure equal to 153 bar. If the BHP constraint of the
production well “KKP-GT-01" will decrease, the small difference between the injected brine
water volume of the KKP-GT-02 well and the production well KKP-GT-01 will decrease. The
presence of the very small offset simulated between the injected and produced flow rates is due
to the pressure constraints of the Koekeokspolder field. For instance, the results shown in
appendix 16 for the period between 2021 to 2045 are with a lower production bottom hole
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pressure around 140 bar while the other runs have a minimum production pressure of 153 bar.
The simulated results is more reliable than the direct manual computation of the targeted
extractable energy because the produced bottom hole temperature and flow rates may not
reach the target in certain periods of the KKP field development due to the field constraints for
example.
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Figure 26: represents the energy distribution of the initial model in the month of January 2021.

As shown in the figure above, the simulated stored energy distribution has a wide range of
variations due to the following factors:

- The temperature variation related to the depth of each location (Structure of the reservoir).

- The heterogeneity in the aquifer that is resulted from the gypsum and sandstone deposits as
well as the water content dissimilarity within the aquifer as a result of permeability distribution.
The southern-eastern part of the aquifer has the highest energy values of the aquifer as shown
in figure 26 and it has a low thickness as indicated in figure 5.

4.2 Direct & Indirect increase in doublets:

The following results are related to the geothermal continuous shut-off development strategy
with the direct and indirect increase in doublets using the optimal forecasting strategy within the
first doublet for the updated model. Based on the output bottom hole temperature of the
production wells (KKP-GT-01/KKP-GT-03/KKP-GT-05/KKP-GT-07), the indirect increase in
doublets with continuous recharge strategy has a higher simulated bottom hole temperature
than the direct increase in doublets (separated doublets operation).
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Figure 27: shows the cumulative energy for the direct and indirect increase of the continuous
recharge strategy.

In addition, the indirect increase in doublets will slightly increase the output energy as seen in
figure 27 but it is not taken into consideration for the optimal scenario because it is a new
technology, and further drilling engineering studies are required to determine if it can be
possible to have in the reality the well heads of the KKP field wells close to each other at the
surface or to inject the excessive volume of produced water at KKP-GT-01 in KKP-GT-02 with
predicting what will happen in the field in term of pressure distribution and subsidence. Based
on the analysis of the pressure distribution results, the pressure around KKP-GT-05 and
between the injection well KKP-GT-04 and KKP-GT-01 in case of indirect increase in doublet is
lower than that in case of the direct increase in doublet with a minimum pressure that doesn’t
subceed the minimal allowed production pressure of 153 bar.

4.3 Unconventional geothermal field development:

The results of different types of development strategies (Continuous shut-off/ Discontinuous
shut-off and low-pressure gradient) using the updated model that takes into account the thermal
recharge are obtained for each production well to find the optimal scenario for the whole
Koekoekspolder field. The following results are obtained using an injection temperature of 20°C
from 2024.
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Figure 28: shows the cumulative extractable energy of the KKP field for the continuous,
discontinuous, and low-pressure gradient geothermal operation.

In Figure 28, most of the changes in the slopes of the cumulative extractable energy for the
different operational thermal recharge development strategies are due to the operational timing
of the new doublets [(Injection well KKP-GT-04 & Production well KKP-GT-05) starting from
2027 and the third doublet starting in 2036 in the case of discontinuous shut development
strategy and from 2050 in the case of continuous shut-off and low-pressure gradient
development strategies which have higher enthalpy than the first doublet (Higher extraction
water temperature) as well as a shift in operational parameters such as flow rates, doublets
periods (assigned operational thermal recharge periods) which is reflected in different
cumulative extractable energy pattern.

The discontinuous shut-off yields the largest cumulative extractable energy among the other
operational strategies, the discontinuous shut-off operation is a powerful strategy that can
overcome the high cooling rate expected for the KKP field due to the lower injection temperature
of 20°C planned by the owner to increase the extractable energy production. Moreover, the
discontinuous-shut off allows sustainable optimization with very low thermal depletion. A high
cooling rate in the aquifer and especially around the faults of the KKP field can generate
induced earthquakes which can be a major obstacle to the sustainable development of the KKP
field [The discontinuous shut-off will provide a continuous fulfillment of energy demand (only
certain doublets will be on and off for particular periods and this strategy is better than having an
induced earthquake which can threat the continuation of the project and a big loss in
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investment)]. Also further studies are required to check if the discontinuous shut-off for doublets
can extend the ESP replacement costs which can provide additional incentives. Thus, the KKP
updated model is tested using the optimal discontinuous shut-off with an injection temperature
equal to 20°C, 25°C, and 30°C from 2024 to 2121 to analyze the predicted cooling rate and
extractable energy scenarios at 3 different locations. The cooling rate in the case of continuous
injection temperature of 20°C is around 0.58777 °Cl/year. In the case of continuous injection
temperature of 25°C, the cooling rate is approximately 0.278667 °Cl/year. The cooling rate is
around 0.277 °Clyear in the case of continuous injection temperature of 30°C. As illustrated in
table 21, the discontinuous shut-off operation has a significant role in overcoming the high
cooling rate using an injection temperature of around 20°C from the year 2036. The location
near the KKP3 fault with the coordinates (X=193116.67 m/ Y= 510539.44 m) is used to test the
cooling rate generated by the different geothermal operational strategies involved in this
research study such as the discontinuous shut-off, low-pressure gradient, and continuous shut-
off operation.

Year Aquifer temperature at the location with the coordinates (X= 193116.67 m/
Y=510539.44 m) in the case of different geothermal operational strategies:
Discontinuous-shut off Continuous-shut off | Low pressure gradient
operation for operational for operational for operational thermal
thermal recharge™ thermal recharge™ recharge™
Aquifer Cooling Aquifer Cooling Aquifer Cooling
temperature rate per | temperature | rate per | temperature | rate per
°C year °C year °C year
°Clyear °Clyear °Clyear
2036 75.60 75.60 75.60
2037 75.45 0.15 75.27 0.33 75.27 0.33
2038 75.16 0.29 74.89 0.38 74.89 0.38
2039 75.12 0.04 74.65 0.24 74.65 0.24
2040 74.85 0.27 74.19 0.46 74.19 0.46
2041 74.67 0.18 73.67 0.52 73.78 0.41
2042 74.24 0.43 72.86 0.81 73.02 0.76
Average 0.226666 0.456666 0.43
cooling
rate
°Clyear

Table 21: shows the predicted temperature and cooling rate at a location near the KKP3 fault
with the coordinates (x= 193116.67 m/ y= 510539.44 m) in the updated 3D thermal model.

In table 21, the discontinuous shut-off operation for the geothermal doublets in the KKP field
showed the lowest (< 0.3°Cl/year) average cooling rate among the other geothermal field
development strategies with an injection temperature of 20°C from the year 2036. Based on the
cooling rate values shown in table 21, the continuous-shut off and low-pressure gradient for
operational thermal recharge™ from the year 2036 will generate almost the double value of the
cooling rate generated by the discontinuous shut-off operation. The cooling rate varies from one
place to another and it is very difficult and uncertain to represent one value of the cooling rate
for the whole field because the cooling rate within the 5.2 km? area of the KKP field has a wide
discrepancy. This is why a cooling rate distribution was generated based on the simulated
temperature distribution of the updated Koekoekspolder thermal model as shown in the
following figures.
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Figure 29: shows the average historical cooling rate per year from 2013 to 2021.

The average historical cooling rate distribution from 2013 to 2021 of the updated thermal model
shown in figure 29 was obtained by subtracting the temperature distribution in 2021 from the
temperature distribution in 2013 and then dividing it by the number of years between 2013 and
2021 to obtain the average historical cooling rate per year. From 2013 to 2021, no induced
seismicity was recorded in the KKP field. Furthermore and with the same concept of computing
the average historical cooling rate distribution, the predicted cooling rate distribution from 2024
to 2035 in the case of injection temperature scenario equal to (20°C, 25°C, and 30°C) was
computed. The average cooling rate as a result of an injection temperature of 20°C, 25°C, and
30°C is obtained by subtracting the temperature distribution in 2036 from the temperature
distribution in 2024 and then dividing the output by 11 to obtain the average cooling rate per
year. Afterward, the difference between the predicted average cooling rate distribution for each
injection temperature scenario and the average historical cooling rate per year distribution is
obtained to have a general idea about which injection temperature can be used from 2024 to
2036 without major disturbance of the geothermal system.
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Figure 30: shows the average cooling rate per year distribution of the updated thermal model
with an injection temperature of 20°C from 2024 to 2035.
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Figure 31: shows the difference between the average cooling rate per year distribution with an
injection temperature of 20°C from 2024 to 2035 and the average historical cooling rate per
year.
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Figure 32: shows the average cooling rate per year distribution of the updated thermal model
generated by the discontinuous shut-off operation for doublets using an injection temperature of
20°C from 2036 to 2042.

The average cooling rate distribution per year for discontinuous shut-off operation is obtained by
subtracting the temperature distribution in 2042 from the temperature distribution in 2036 then
the output value of subtraction is divided by the number of the years between them.
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Figure 33: shows the difference between the average cooling rate per year distribution of the
updated thermal model generated by the discontinuous shut-off operation for doublets using an
injection temperature of 20°C from 2036 to 2042 and the average historical cooling rate per
year.
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The cooling rates vary based on the reservoir properties, thermal recharge boundary conditions
around the geothermal aquifer as well as the operational parameters such as injection flow rates
and injection temperatures. The cooling rate decreases as the distance from the injection well
increases. The decrease in the cooling rate is not homogeneous because of the reservoir
thermal properties as well as the effect of the recharge thermal boundaries which can generate
the negative value of cooling rate in Slochteren aquifer as indicated in figure 32. There are a few
cooling rates with negative values due to the increase in temperature because the
Koekoekspolder reservoir is under realistic recharge thermal boundary conditions from the
confining layers and the western thermal boundary. The historical cooling rate distribution can
be used as a reference in case the minimum cooling rate cannot be determined especially for a
field with 5.2 km? and by knowing that the cooling rate has a wide variation. Despite using the
yearly discontinuous shut-off, one of the doublets which are not under operational thermal
recharge™ can generate a high cooling rate which can be solved by a creative solution such as
the Jafer matrix for discontinuous shut-off operation. As shown in figures 29 and 32, the
discontinuous shut-off operation for the first doublet showed a powerful technique to overcome
a high cooling rate because the average cooling rate per year for the discontinuous shut-off
operation is lower than the historical cooling rate per year. It is recommended that the field will
operate with an injection temperature of 30°C instead of 20°C from 2024 to 2036 until the
discontinuous shut-off operation will start. If any seismicity will be recorded then the owner must
sustain the current injection temperature of 35.4 °C until the discontinuous shut-off will take
place in the field. The discontinuous shut-off operation for this research study is based on one
year of operation followed by one year of continuous shut off which overcomes the cooling rate
caused by the 2 doublets but for the other third doublet, there is a chance to have a high cooling
rate, this why a creative concept is introduced called “Jafer matrix for discontinuous shut off to
overcome high cooling rate with the least number of doublets” because as already mentioned in
chart 2, the target from the beginning is to reduce the amount of cash inflow and reaching a
sustainable development of the Koekoekspolder field. The field can be operated by an injection
temperature of 30°C in the third doublet with continuous operation and discontinuous shut-off for
the first and second doublets with an injection temperature of 20°C or to sustain the injection
temperature of 20°C by applying the concept of “Jafer matrix for discontinuous shut off to
overcome high cooling rate with the least number of doublets” which ensure a high profit and
safe sustainable development of the field.
The “Jafer matrix for discontinuous shut-off operation to overcome high cooling rate with the
least number of doublets” can be structured based on the cooling rate constraints of any
geothermal system. Shutting off the doublet can be represented by a zero value (0) while
opening the doublet is represented by one value (1) [Binary numbers]. The switch between
opening the doublets for operation and shutting the doublets for operational thermal recharge™
must be done carefully in such a way that fulfills the energy demand. In the case of the
Koekeokspolder field, it is required to operate 2 doublets in total from 2036 to 2121 to fulfill the
upcoming desired energy demand. The shorter the period to switch between opening the
doublet for operation and shutting off the doublet for operational thermal recharge™
(discontinuous duration), the better, safer, and more sustainable the development of the
geothermal field will be. The tables below are structured based on 2 types of constraints:

- The first type >>>>>>>>>> Economical constraint which is operating at least 2 doublets

in total from 2036 to 2121 to fulfill the upcoming desired energy demand
- Second type >>>>>>>>> Cooling rate constraint for safety which is not exceeding a
period of 1 year for opening each doublet for continuous operation
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Period (Year) Second doublet (KKP-GT- | Third doublet (KKP-GT-
04/KKP-GT-05) 04/KKP-GT-05)
2036 Shut-off (For operational | Open (For operation) [1] Open (For operation) [1]
thermal recharge™)
[0]
2037 Open (For operation) [1] Shut-off (For operational
thermal recharge™)
[0]

2038
2039
2040
Table 22: shows the planned switch between opening the doublets for operation and shutting
the doublets for operational thermal recharge™ in the case of the KKP field development with a
prerequisite of one year period to switch between opening and shutting-off for each doublet
(discontinuous duration) and the cooling rate constraint of not exceeding a period of 1 year for
opening the doublets in term of continuous operation.

The red color in table 22 indicates that there is a risk of a high cooling rate (A possible safety
issue). In table 22, the KKP field followed a prerequisite of one year to switch between opening
and shutting-off for each doublet. The green color in table 22 indicates the first doublet which is
under operational thermal recharge™. It is recommended that any doublet under the
discontinuous operational thermal recharge has a lower flow rate than the other 2 doublets. The
same recommendation can be repeated for the other doublets when they are under operational
thermal recharge™. The discontinuous operational thermal recharge for the first doublet set will
start from 2036 to 2077 and the discontinuous operational thermal recharge for the second
doublet will start from 2077 to 2094. Furthermore, the discontinuous operational thermal
recharge for the third doublet will start from 2094 to 2111 which will be followed by the
discontinuous operational thermal recharge for the first set of doublet again. The doublet under
operational thermal recharge must have the biggest number of shut-off periods.

The planned switch between opening the doublets for operation and shutting the doublets for
operational thermal recharge is tested with a prerequisite of 6, 4 and 3 months to switch
between opening and shutting-off for each doublet. A possible safety issue can take place in the
KKP field with a prerequisite of 6 and 4 months to switch between opening and shutting-off for
each doublet. The table below shows the planned switch between opening the doublets for
operation and shutting the doublets for operational thermal recharge™ with a prerequisite of 3
months to switch between opening and shutting-off for each doublet. The following Jafer matrix
prohibits the KKP field to have 5 successive periods of continuous operation (open doublet) due
to the second type constraint which is related to safety.
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Period (From the start

datum to the end datum)

From 1-January- 2036 to
31 March-2036

Open (For operation) [1]

Second doublet (KKP-GT-
04/KKP-GT-05)

Third doublet (KKP-GT-
04/KKP-GT-05)

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

From 1-April-2036 to 30-
June-2036

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

From 1-July-2036 to 30-
September-2036

Open (For operation) [1]

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

From 1-October-2036 to
31-December-2036

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

Open (For operation) [1]

From 1-January- 2037 to
31 March-2037

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

Open (For operation) [1]

From 1-April-2037 to 30-
June-2037

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

Open (For operation) [1]

From 1-July-2037 to 30-
September-2037

Shut-off (For operational
thermal recharge™) [0]

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

From 1-October-2037 to
31-December-2037

Open (For operation) [1]

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

From 1-January- 2038 to
31 March-2038

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

From 1-April-2038 to 30-
June-2038

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

Open (For operation) [1]

From 1-July-2038 to 30-
September-2038

Open (For operation) [1]

Open (For operation) [1]

Shut-off (For operational
thermal recharge™) [0]

From 1-October-2038 to
31-December-2038

Shut-off (For operational
thermal recharge™?) [0]

Open (For operation) [1]

Open (For operation) [1]

Table 23: shows the planned switch between opening the doublets for operation and shutting

the doublets for operational thermal recharge in the case of the KKP field development with a

prerequisite period of 3 months to be able to switch between opening and shutting-off for each

doublet (discontinuous duration) and the cooling rate constraint of not exceeding a period of 1
year for opening the doublets in term of continuous operation.

Besides knowing that the discontinuous shut-off is the optimal strategy in terms of energy
output, it is also necessary for obtaining a lower cooling rate than the continuous and low-
pressure gradient strategies. The discontinuous shut-off can start as soon as the 3 doublets can
exist in the Koekoekspolder geothermal field but in this research study and according to the plan
provided by the owner to drill an extra doublet from 2027, it is assumed that the discontinuous
shut-off will start from 2036. As depicted in table 23, we can overcome the high cooling rate
problem by discontinuous shut off based on months (a period of 3 months to be able to switch
between opening and shutting-off ) and not yearly basis if we need to stick with the plan of an
injection temperature of 20°C from 2036.
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4.4 Energy demand fulfiiment using the discontinuous shut-off

operation:

Before the start of the discontinuous shut-off in 2036 and by upholding the bottom hole pressure
constraints, the energy demand can be fulfilled from 2027 either by increasing the flow rate with

a higher injection temperature to avoid a high cooling rate or to decrease the injection
temperature with relatively low flow rates but with a risk of high cooling rate, especially before
the counter cooling rate effect of discontinuous shut-off operation of the doublets. The
generated extractable energy of the updated thermal model is affected by the injection
temperature. The updated development strategy is tested by an injection temperature of 20°C,

25°C, and 30°C to analyse the energy supply according to the energy demand.
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Figure 34: shows the predicted extractable production energy and the energy demand from

2020 to 2121 after applying the optimal discontinuous forecasting scenario for the development
strategy using an injection of 30°C from 2024 to 2036 then an injection around 20°C from 2036

to 2121.

45 Well placement and stored energy distribution:

The extractable energy supply results from 2021 to 2121 in figure 34 are based on the initial
planned doublets locations and the current locations of the first set of doublets (First set of

doublet: KKP-GT-01/ KKP-GT-02/ KKP-GT-03, Second doublet: KKP-GT-04/ KKP-GT-05, Third
doublet: KKP-GT-06/ KKP-GT-07) as shown in figure 35.
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Figure 35: shows the temperature distribution on the 1% of June 2040 of the updated thermal
model with the initial planned doublets locations and the current locations of the first set of
doublets as well as the planned wells trajectories.

The temperature in the south-western part of the model is lower than the rest of the model
because this part of the model is considered the hanging wall of the main fault SE-NW. This

south-western part of the Slochteren aquifer is at a lower depth than the rest of the reservoir
which means a lower temperature area that ranges on average from 60°C to 72°C.
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Figure 36: shows a top view theoretical sketch to emphasize how the operator can take
advantage of the initial aquifer flow in the geothermal field.

Based on the concept illustrated by the sketch above in figure 36, alternative locations of KKP-
GT-04, KKP-GT-05, and KKP-GT-06 are introduced to take advantage of the possible natural
aquifer flow in the aquifer as shown in figure 36. When both the direction and velocity of the
aquifer natural flux are taken into consideration, it is more efficient to put the injector toward the
southern direction and the producer toward the northern direction to increase the lateral
distance between them, to benefit from the natural aquifer velocity and direction. The natural
aquifer flow in the KKP field is considered low flow because it has a small velocity.

After the year 2121, there will be recoverable energy areas, especially in the northern area
which can be consumed. Based on the temperature distribution on 1%t January 2121 especially
around KKP-GT-04 and KKP-GT-05 as illustrated in figure 37, the effect of the initial aquifer
velocity on the geometry of cold front propagation is more dominant around the production wells
areas. This is why the shape of the cold front propagation and energy pattern around the
production wells is different than near the injection wells.
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Figure 37: shows the temperature distribution of the updated thermal model on 1% January
2121 in the koekoekspolder concession boundaries indicated by the purple square.

As seen in figure 37 on 1% January 2121, the temperature distribution only at the south-eastern
part outside the KKP field boundaries will be affected by the optimal geothermal development
strategy suitable for the KKP field using the initial locations of the injection well KKP-GT-06 and
the production well KKP-GT-07. The locations of the planned injection wells in the KKP field are
chosen carefully to avoid significant depletion of another possible geothermal field next to the
KKP field, the alternative location of KKP-GT-06 and KKP-GT-07 can be chosen as in the
following table to avoid any thermal depletion of areas outside the KKP field concession area.
The horizontal distance of the affected area outside the KKP concession is equal to 620.058 m,
this is why the wells must be shifted with preserving the same distance of 2103.34 m between
the injection and production wells.

Alternative possible Third doublet Coordinates at aquifer depth Depth Covered
location Thickness

Injection well (KP-GT-J6) X= 194300.52 m/ Y =508806.91 m | 2136.81m |71.1m

Production well (KP-GT-J7) X'=196283.35m/ Y =508878.82 m | 2099.47 m | 52.98 m

Table 24: Information related to the possible third doublet.
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Figure 38: shows the difference between the simulated extractable cumulative energy of the
model with natural aquifer flow and the model without natural aquifer flow.

The current location of the second production well “KKP-GT-03" which has been drilled since
28/05/2022 based on 2D seismic data could have an alternative better location for KKP-GT-03
as shown in table 9. Therefore, the realistic 3D geothermal reservoir modeling derived from
seismic data is very crucial in optimizing the koekoekspolder field.

For instance, the planned current coordinates of the KKP-GT-03 were not the ideal location and
instead of KKP-GT-03 location, an alternative location could be chosen such as the location of
the hypothetical production well “KKP-GT-BB3” based on the results of forecasting scenarios.
Moreover, the position of the new doublet can help in maintaining the production of an
economical bottom hole temperature in “KKP-GT-BB3” for a longer period. A slight increment in
the cumulative production energy is noticed over the long term in the case the initial velocity of
the natural aquifer flow is taken into account. If the hypothetical and alternative second
production well “KKP-GT-BB3” is chosen instead of the current second production well “KKP-
GT-03", the net present value will increase especially because of the depth of “KKP-GT-BB3” is
lower than the depth of “KKP-GT-03" (Which means lower drilling costs). Therefore, it is
significant to optimize the locations of the geothermal wells based on a 3D geothermal model to
choose the best locations for the new wells.
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5.Sustainability & Optimization

5.1 Direct & Indirect factors on geothermal sustainability:
The intake temperature at the bottom of the producer well is equal to 76.4 °C while the
temperature at the surface before reaching the separator is equal to 74.3 °C which means that
there is 2.1°C heat loss. Minimizing the heat loss in the injector and the producer wells can have
a direct effect on the sustainability of heat extraction. According to the permit holder of the
Koekoekspolder field, the minimal economical temperature is equal to 55°C. Therefore, planning
either well-studied discontinuous shut-offs for the wells before reaching a non-economical
produced water temperature or a continuous shut-off of the doublet after a non-economical
produced water temperature or a predicted severe depletion due to cold fronts intersection can
help in adequate operational thermal recharge™. The discontinuous shut-off for the wells might
be better than the continuous shut-off in terms of maintenance of the doublet because the
duration for non-operation will be repeatedly reduced but the continuous shut off might be better
than the other shut-off method for short-term revenue and easier in term of field operation.
Taking advantage of the natural aquifer properties like the initial aquifer velocity and direction as
well as the highest heat anomalies spots of the aquifer can contribute to sustainable field
development. In addition, choosing the best optimal locations for the new wells is very crucial in
terms of sustainable field development. And to find an optimal sustainable strategy to develop
any geothermal field, the doublets must be linked together in a certain way that allows
systematic recharge without a contradiction to maintain the desired and predicted target
ongoing with the lowest amount of investment as indicated in chart 5.

5.2 Ranking of different optimized scenarios:

Based on the forecasting results of the model, crucial decisions should be taken to operate the
KKP field and to tackle the expected problems to get the maximum output energy of the
subsurface by choosing the best realistic and optimal scenario. In order to choose the optimal
development scenario for the entire field, the optimal operational scenario between the first 2
wells and the third production well (KKP-GT-03) must be first obtained then the optimal
operational scenario between the current and the possible new doublets is to be achieved. The
current production well KKP-GT-03 will have an economical heat production period lower than
that of the first production well “KKP-GT-01". On the other hand, this non-economical period of
operation for heat production in KKP-GT-03 can indirectly contribute to the retardation of the
arrival of the cold front to the first production well KKP-GT-01. In the case of KKP-GT-03
presence, the optimal operational scenario for the first 3 wells is achieved by the simulation
case which distributes the flow among the producers with a 25% for KKP-GT-03 and 75% for
KKP-GT-01. The 2 parameters that are chosen to determine what is the optimal forecasting
operational thermal recharge strategy are the lifetime of the doublet in terms of economical
output temperature and the extractable energy as well as the cooling rate of the wells. Among
the different unconventional thermal development approaches such as the continuous shut-off
operation and the low-pressure gradient operation, the discontinuous shut-off strategy for
doublet operation showed the optimal way to develop the field as shown in table 25.
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Geothermal development

Profit ranking

Safety ranking

strategy types

Continuous shut-off Moderate in term of profit Lowest (worst) in term of

operation safety
(Highest cooling rate per

year)
Discontinuous shut-off Highest (best) in term of Highest (Best) in term of

operation profit safety

(Lowest average cooling rate
per year)

Low pressure gradient

Lowest in term of profit

Moderate (Almost lowest) in
term of safety because it
generates as well high
average cooling rate per
year.

Table 25: shows the ranking between the different types of geothermal development
strategies tested in this research study.

5.3 Optimal field operation:

The Optimal strategy with an injection temperature of 30°C from 2024 to 2035 and an injection
temperature of 20°C using the discontinuous shut-off from 2036 to 2121 needs a few

adjustments as follows:

- 1) the total injected flow rate from 2027 to 2030 needs to be decreased by 500 m?/day.
Whenever higher extractable energy than the energy demand is predicted, the permit
holder can decrease the flow rate to preserve the energy for later unexpected energy

demand anomalies.

- 2) an alternative location of KKP-GT-06 and KKP-GT-07 as mentioned in table 24 can
be chosen to avoid any depletion of areas outside the Koekoekspolder field.

- 3) The “Jafer matrix for discontinuous shut-off operation to overcome high cooling rate
with the least number of doublets” concept as shown in table 23 needs to be applied to
the optimal development strategy in this research study from 2036 to 2121.

- 4) The concept of the optimal development strategy is flexible. For instance, if the owner
of the field wants to fulfill the energy demand before 2027 then he can start earlier than
2027 drilling the other 2 doublets.
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6.Effects of subsurface geothermal engineering

Effective, secured, and sustainable heat production requires the operator to avoid any major
risks such as induced or triggered earthquakes resulting from reaching and exceeding the
critical injection pressure or from the thermo-elastic stresses that reactivate major faults. In this
section, the possible causes and risks that can induce seismicity in the KKP geothermal field
are reviewed and assessed to reach a truly sustainable production by avoiding these causes to
ensure safety for surface facilities and buildings around the KKP field geothermal site. There are
different risks that needed to be studied in the case of the Koekoekspolder geothermal field
which can be summarized by the following chart.
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Chart 6: represents the possible technical risks and their causes.

There are expectations from the operator to reduce risks by following all possible measures to
meet project goals. Therefore, there are several measures the owner of the field must take into
consideration to avoid the technical risks shown in chart 6 and they are:

1- Avoid injection of brine water into the Slochteren aquifer with temperatures less than 30°C
until operating the doublets with discontinuous shut-off to overcome the high cooling rate
as a result of an injection temperature equal to 20°C.

2- Operating the field with Bottom hole pressures that don’t exceed a maximum injection
pressure of 252 bar according to SodM and a minimum production pressure of 153 bar.

3- Seismic monitoring regularly and especially when there is a shift in operational parameters
like the flow rates and bottom hole pressures to prevent any escalation of possible threats.
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4- Regular monitoring of the chemical composition of the produced water at the current and
future production wells as well as comparing the currently produced water chemical
composition with the initial water composition at the well name “KKP-GT-01" to understand
if chemical dissolution of gypsum bodies is taking place or not.

5- Reducing the filling duration™ of the produced brine water.

6- Using the coordinates and well designs as in this research study and/or designing wells
trajectory that don’t interfere with the faults plan in the Koekoekspolder field.

7- Itis recommended to change the location of the third production well “KKP-GT-03” not only
because it is not feasible by comparing it to other development scenarios in this research
study but also because the location of the planned well “KKP-GT-03" at the reservoir level
is very close to the fault KKP 1 as shown in the figure below.{Distance between the third
production well “KKP-GT-03” and the nearest fault KKP 1 is around 108.883 meters}.

7. Feasibility study

To conduct a reliable economical model, all expenditures and revenues after applying
depreciation value and discount rate from 2013 to 2121 must be taken into consideration. This
feasibility study assumes that there are no Abandonment Expenditures (AbEX) to achieve
sustainable operation of the KKP field. This feasibility study is based on the optimal
development strategy for the KKP field so far. The steps used to create an economical model
from 2013 to 2121 are (Van Wees et al., 2012; Daniilidis, Nick and Bruhn, 2020; Zaal, 2020) :

a- Predicting the reliable revenues

b- Computing the capital expenditures (Capex)

c- Calculating operational expenditures (Opex)

d- Obtaining the pure profit in terms of net to present value

7.1 Predicting the reliable revenues:

The energy injection cumulative is subtracted from the energy production cumulative to obtain
the cumulative extractable energy production. Based on the extractable cumulative energy rate
of the optimal scenario, the revenue can be obtained from 2013 to 2121. The heat energy price
in the Netherlands according to the Authority for Consumers and Markets (ACM) for 2022 is
equal to 53.95 euro inclusive tax for every 1 GJ (Eneco, no date).
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Figure 39: shows the cumulative revenue based on the current heat prices.
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In the Netherlands, when the prices of gas and electricity increase, the heat prices escalate
(Eneco, no date). This is why it is very difficult to predict what will be the heat prices in the
future. It is predicted that the prices of electricity and heat according to high prices scenarios will
remain more or less high till the end of 2030 after which they will decline due to the growing
availability of renewable energy (Afman, Maarten Hers, Sebastiaan Scholten, 2017). A clever
idea that determines the relation between the electricity price and the heating price can be
implemented in case of a lack of forecasting scenarios of heat prices. The electricity price is
equivalent to 0.247 euros for every 0.0036 GJ (GlobalPetrolPrices, 2022), or 68.611 euros for
every 1 GJ. The relation between the heating price and electricity price is as follows.
(10) HP = 0.786317 * EP
Where HP is the Heat price, 0.786317 is a constant derived from the relation between the
current heat and electricity prices, and EP denotes the Electricity price.
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Figure 40: shows the cumulative revenue based on different scenarios for the average heat
prices.

The revenue of the KKP field according to the optimal geothermal development strategy is
based on 3 scenarios for the average heat price due to the wide range of uncertainty related to
the predicted heat prices from 2023 to 2121. As shown in figure 40, there is a steep decline
(Kink) in the revenue of the low case scenario due to the heat price projections assumption for
every 1 GJ that will decrease from 53.95 euros to 37 euros in the case of Mid case scenario
(31.41% decrease in heat prices) and from 53.95 euros to 25 euros in case of Low case
scenario (46.3392% decrease in heat prices) as well as from 53.95 euros to 45 euros in case of
High case scenario (16.589% decrease in heat price) in the period from 2031 to 2121.

7.2 Computing the capital expenditures:

The capital expenditures (Capex) costs include the well costs as well as other installation costs
such as construction, site preparation, and equipment like pumps (ThermoGIS, no date). Also,
the capital costs include research and exploratory phase costs that vary in total between €
135000 to € 460000 (van den Boschh, Flipse and Vorage, 2013; Zaal, 2020). It is assumed that
the capital costs related to the research and exploratory phase are around € 460000. The
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drilling costs of the new planned wells (KKP-GT-03 / KKP-GT-04 /KKP-GT-05 /KKP-GT-06
/IKKP-GT-07) can be computed using the following relation (ThermoGIS, no date).

(11) Caritling = 375000 + 1150MD + 0.3MD?
The following table shows the drilling costs of each well and the total drilling costs that are
required for the Koekoekspolder field.

Well name Measured depth (meters) Well CAPEX( x 10°)[M€]
KKP-GT-01 2258 4.5012692
KKP-GT-02 2205.30 4.370099427
KKP-GT-03 1932.53 3.71781116
KKP-GT-04 2126.23 4.176420704
KKP-GT-05 2210.81 4.383735757
KKP-GT-06 2227.42 4.424952957
KKP-GT-07 2221.91 4.411261714

Total 29.98555092

Table 26: shows the drilling costs of each well and the total drilling costs of the configuration of
the primitive wells.

The drilling costs that are required for the KKP field with an alternative positions for wells is
more expensive than the drilling costs of the primitive wells. The other capital costs include
drilling location and surface facilities costs such as pumps and ESP. The drilling location costs
are the costs related to the placement of production facilities and buildings and these costs as
well as preparation, installation and drilling on the particular location (Zaal, 2020). The total
drilling location costs range from € 150000 to € 300000 (van den Boschh, Flipse and Vorage,
2013). An average value of € 225000 is chosen for the 7 predicted drilling locations. For the
geothermal wells in the Netherlands, an average ESP lifetime of about 5 years is predicted (Van
't Spijker and Ungemach, 2016). The initial costs of the Electrosubmersible pump are taken into
account while the replacement costs are included in the operational expenditures. Based on the
estimated costs of ESP (van Dongen, 2019; Zaal, 2020), the estimated costs for the ESP of the
future production wells (KKP-GT-05 and KKP-GT-07) are assumed to have a high capacity
which means that the estimated cost for each ESP is equal to 1200 k€ while the ESP for KKP-
GT-01 is assumed to be 1000 k€ and 800 k€ for KKP-GT-03 production well. The surface
facilities consist of an injection pump, circulation pump, screens, and filter as well as a heat
exchanger (Zaal, 2020). The costs of surface facilities are between € 500000 as the minimum
and € 1500000 as the maximum amount (van den Boschh, Flipse and Vorage, 2013). The value
of surface facilities is considered to be € 1500000 for each doublet.

Capital Iltem Capital costs Number of items Total costs
Drilling location € 225000 7 € 1575000
ESP for KKP-GT-01 1000 k€ 1 € 1000000
ESP for KKP-GT-03 800 k€ 1 € 800000
ESPs for KKP-GT-05 1200 k€ each 2 € 2400000

and KKP-GT-07
production wells
Surface facilities for € 1500000 3 € 4500000
every doublet

Table 27: shows the other capital expenditures costs.
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7.3 Calculating Operational expenditures:

The operational expenditure can be divided into Fixed operational expenditures and variable
operational expenditures. The fixed Operational costs include maintenance costs (For
example repairing cost of the geothermal wells and pump replacement every number of years),
workover costs (company consultancy is included), insurance, price of renting facilities, staff
payment, and insurance costs (Zaal, 2020). One of the main ESP Opex costs is the ESP
replacement costs that varies between 35 k€ and 60 k€ per year (Van 't Spijker and Ungemach,
2016). The Opex costs are estimated and assumed to be around 5 % of Capex costs (Zaal,
2020). The electricity price in the Netherlands in 2022 for business purposes is equal to 0.247
euros for every 1 KWh [ (GlobalPetrolPrices, 2022). The variable Opex costs include the
electrical energy needed for the ESP and injection pump (Zaal, 2020). By assuming that the
total consumed power of the ESP pump is around 605 KW (Van 't Spijker and Ungemach, 2016)
which is around 5.2272e’ KJ/day and 19079.28 GJ per year for every ESP pump. The ESP
pump during operational thermal recharge™ periods will work only for certain wells and the other
wells will be shut. Furthermore, the electrical energy required for the operations of the injection
pumps is obtained from knowing the pump power calculated using the following equation (Van 't

Spijker and Ungemach, 2016; Zaal, 2020).

AP
(12)  Ppymp = 22

Where By,mp,: Power needed for the pump (W), 4 P : pressure difference between ESP,

and injector (Pa), Q : volume flow rate (m®/s) and n : pump efficiency (an overall pump
efficiency is considered to be around 65% as a starting point (Van 't Spijker and Ungemach,
2016; Zaal, 2020))

The following steps are used to compute the variable Capex related to the required electrical
energy of each injection pump from 2013 to 2121:

- Distributing the flow rates in (m®/day) predicted from the optimal geothermal
development strategy of each injection well (KKP-GT-02 / KKP-GT-04 / KKP-GT-06)
from 2013 to 2121 by taking into consideration that there are discontinuous shut-off
planned for the injection wells over the whole development period.

- Multiplying the summer and winter flow rates of each year from 2013 to 2121 by 273
and 92 days to obtain the flow rates in (m3/year).

- Converting the flow rates of each year from (m3/year) to (kg/s).

V- Calculating the average predicted pressure difference between the wellhead above
ESP and the injection well based on the relationship between THP and flow rates.
V- Computing approximately the yearly required power in watts for each injection pump

and ESP pump then computing the costs of the required electrical energy from 2013

to 2121 based on the estimated heat price obtained from equation (10).
By using equation (10) and based on the mid-case scenario of estimated heat prices indicated
in section 7.1, the electricity price of the mid-case scenario is around 40 euros from 2013 to
2020 and 53.95 euros from 2021 to 2030 then 37 euros from 2031 to 2121. The estimated
tubing head pressure of each injection well is obtained based on applying several iterations of
the suitable Tubing head pressure value that generate the available simulated and predicted
BHP with taking into consideration the corresponding flow rates and the pressure drop relation
shown in equation (8) as well as the density and viscosity of the brine water. The relation
between measured tubing head pressures and calculated bottom hole pressure is used to
compute the rest of the tubing head pressures based on the available estimated bottom hole
pressures. The same procedures are applied on the other injection wells “KKP-GT-04" and
“KKP-GT-06". The estimated ESP pressure of each production well is obtained based on
applying several iterations of the suitable ESP difference in pressure value that generates the
available simulated and predicted BHP with taking into consideration the corresponding flow
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rates and the pressure drop relation shown in equation (8) as well as ESP depth, density, and
viscosity of the brine water. The ESP pressure is computed based on the flow rate assuming
that the wellhead pressure is equal to 2.30 and the ESP depth is around 413 with no constraints
on the difference in ESP pressures for all production wells. The ESP pressure is computed
based on the tubing head pressure relationship with flow rate. This relationship is applied to
obtain the tubing head pressure of the other wells due to the same well diameter and ESP
depth. After computing the estimated required electrical power for the KKP field injection and
ESP pumps, the costs of the required electrical energy for the KKP field injection and ESP
pumps can be obtained based on the mid-case scenario for energy prices.

Costs of variable total opex
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Figure 41: shows the total variable operational expenditures estimated for the KKP field based
on the mid-heat price scenario.

In figure 41, the cost of total variable operational expenditures is related to the electricity price.
This is why the highest values of total variable Opex are in the period between 2021 and 2030
because of the electricity price variation.

7.4 Obtaining the pure profit in term of net to present value:

The subsidy can be valid for 15 years. The reference heat price expected is around 0.051 euro
for every 1 KWh, and any heat price below this value for 15 years will be recompensated and
covered by the SDE*™ amount for geothermal energy (ThermoGIS, no date). The subsidy can be
included for 15 years in case of extremely low case scenario for heat prices with a reference
heat price of 10.6111 euro for every 1 GJ based on a subsidy of € 0.0380/ KWh (RVO, 2020).
However, the average heat price of the low case scenario is around 25 euros from 2031 to 2121
which is predicted to be above the reference heat price of 10.6111 euro for every 1 GJ.
Therefore, the subsidy is not taken into consideration in the very low case scenario. The
depreciation value indicates how much an asset value has been utilized over a certain period
(TUOVILA, 2022). The discount rate represents the interest rate utilized in Discounted Cash
Flow (DCF) analysis to decide the present value of future cash flows (MAJASKI, 2022). The
cash flow can be calculated simply by subtracting all expenditures from the revenue plus
subsidy in case of heat prices are less than the reference heat price. The cash flow in this
research study is calculated without taking the depreciation value into account. The cash flow
and both fixed and operational expenditure are represented in a cumulative pattern to be able to
subtract the cumulative expenditure from the cumulative revenue. First, the capital expenditures
and the total variable opex are converted to a cumulative pattern then the fixed opex is
computed based on the cumulative capex from 2013 to 2121.

The discounted Cash Flow (DCF) can be calculated using the following equation (Zaal, 2020):
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(13) DCF_cumulative = ?:0%
Where C,: cashflow generated at time t (Euro), r : Yearly discount rate [-], ¢ : Duration of
time (total number of years = 108) from the start of the project, n: number of years, r and t must
have the same basis (either monthly or yearly basis).

The inflation rate is assumed to be equal to 2% from 2028 to 2030, then 1.12 % from 2031 to
2121 due to the rise in the infeed of renewable energy from 2031 (Afman, Maarten Hers,
Sebastiaan Scholten, 2017). From 01/05/2004 to 31/12/2006, the discount rate in the
Netherlands was varying between 3.70 % to 4.43 % (European Commission, no date).

Period Discount rates Motivations
From 2013 to 2030 | Assumed to be 4 % | By knowing that the social discount rate of the
European commission is 4 % (Farmer and Russi,
From 2031 to 2050 | Assumed to be .
4.5% 2018), and based on (Energy Education, 2019).

From 2051 to 2121 | Assumed to be 4.7 | Furthermore, the discount rate is assumed to be
% around 4.7% from 2051 to 2121 due to the
expected increase in renewables energy supply
which will probably lead to lower energy prices
and probably a lower inflation rate (Afman,
Maarten Hers, Sebastiaan Scholten, 2017).
Table 28: shows the discount rates assumed for the KKP field and their motivations.
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Figure 42: shows the mid-case scenario cumulative discounted cash flow estimated for the
KKP field from 2013 to 2121.

In figure 42, the discounted cash flow will probably have a steep increase from 2027 to 2052

due to the high heat price in this period as previously indicated then the discounted cash flow

will probably have a lower discounted cash flow pattern. The peak value of the cumulative

discounted cash flow is in the year 2121. Thereafter, the cumulative net present value

(NPV_cumulative) can be generated by subtracting the cumulative Capex and Opex from the

cumulative discounted Cash Flow (DCF_cumulative) (Zaal, 2020) as shown in equation 14.
(14) NPV ymutative = DCFeymutative — INVestment costs
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The investment costs include all current and estimated expenditures.

NPV for different scenarios of heat and electricity prices
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Figure 43: shows the cumulative net present value from 2013 to 2121 for different scenarios of
heat and electricity prices.

According to the NPV results of the mid-case scenario as shown in figure 43, it is profitable and
worth to developing the field according to the assigned optimal development strategy. Based on
the sustainable optimization conducted in this research study on the KKP field , there is no
contradiction between sustainable development of KKP field and long term revenue. The
cumulative net to present value is predicted to be positive which means profitable from January
2018 to January 2121. However, the net to present value has a steep decrease from the
beginning of 2079 to 2121 due to several reasons as:

1- Expected heat price decrease

2- Cumulative electricity purchase price
The owner of the field cannot control the first reason (Expected heat price decrease). But the
owner of the field can control the second reason (Electricity purchase price) in terms of buying
renewable sources of electricity such as solar panels which can contribute to decreasing the
total variable opex costs. Thus, a higher net to present value can be achieved. According to the
addressed assumptions in this study, the owner of the field might choose to stop the project in
the year 2079 because the net-to-present value will probably start declining which means that if
the project is continued the commercial entity will lose money. However, financial incentives, not
accounted for in the addressed assumptions, might make the process profitable for the whole
period. The period between 2013 to 2018 has a negative NPV because of the initial capital and
operational expenditures. The NPV value for the simulation cases with natural aquifer flow is
slightly higher than the NPV without natural aquifer flow due to the expected higher cumulative
discounted cash flow as a result of the difference between their cumulative extractable energy.
The mid scenario is used to compare the old wells distribution and the distribution of the
alternative wells with a lateral distance that takes advantage of natural aquifer flow direction and
velocity. The simulation case with natural aquifer flow and old wells distribution shows higher
field cumulative energy than the simulation case with natural aquifer flow and the distribution of
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the alternative doublets. In addition, the capital expenditures of the old wells locations are lower
than the capital expenditures of the alternative wells locations. As shown in figure 44, the
discontinuous shut-off development strategy shows a significant higher net to present value
than the continuous shut-off strategy.

Comparison between the NPV of the continuous and discontinuous shut-off
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Figure 44: shows the cumulative net present value from 2013 to 2121 of the continuous and
discontinuous shut-off development strategy using 3 doublets in total and the second production
well “KKP-GT-03”.

The owner of the field can change any economical input or assumption in case there is an
update in expenditures, revenues, and subsidy conditions or the interest of the bank if there is a
debt to predict the net present value in the future. The NPV can be very promising if the
expected discount rates will be lower than the assumed discount rates. The capital expenditures
related to the gas separation and burning equipment are not taken into account for this
economical model. The Net to present value is expected to be higher because the owner of the
field uses the CO2 volume that is produced from burning the diluted gas in agriculture and the
output gas volume is burned to produce extra heat energy as well as the depreciation value of
capex that can be added on the revenue is not taken in consideration .

8.Conclusion

The static, dynamic, and thermal models of the KKP field are history matched with high
accuracy based on the measured and approximated data to create a robust model that can
generate a reliable prediction from 2022 to 2121. The aquifer that is under recharge from
different boundary conditions has big potential for heat extraction, and this research study
emphasizes the importance and benefits of considering reservoir boundary conditions. The
Slochteren geothermal model takes into consideration different boundary conditions such as the
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thermal effect of the confining layers and the pinch-out surface like the western thermal
boundary as well as the natural aquifer flow velocity and direction. The initial energy content of
the aquifer as well as the available energy distribution of the Slochteren aquifer into the KKP
field from 2013 to 2121 are obtained using the continuous, discontinuous, and low-pressure
gradient geothermal development strategies.

This research study shows that a sustainable and economical heat extraction for the KKP field
which can meet the energy demand is possible. The optimal discontinuous shut-off operation
from 2036 to 2121 generates a heat supply that fulfills the heat demand and offers a chance to
overcome any risk as a result of the high cooling rate. Based on the study related to the effects
of geothermal engineering on the subsurface, feasibility study, and the results of the different
geothermal development strategies applied to the robust Koekeokspolder model, the long-term
discontinuous shut-off operation of the doublets showed an optimal, economical and sustainable
development strategy of the Koekoekspolder geothermal field. The KKP field can be sustainably
developed using 3 doublets and the second production well of the first doublet “KKP-GT-03"
based on the optimization of the number and type of wells as well as the rate and timing at
which the heat is extracted, combined with the alignment between subsurface heat extraction
and local heat demand. Thus, sustainable situations where heat extraction and thermal
recharge of the koekoekspolder reservoir are in balance from 2021 to 2121. The workflow used
in this research study to answer the research questions and to tackle the complexity of the KKP
field as well as overcome different technical challenges related to this study can be
implemented in other geothermal fields.

9.Recommendation

1- As mentioned in section 2.2, the permeability in the NE direction can be higher than in the
other permeability direction due to the wind direction during deposition, this is why laboratory
studies are needed to prove if this assumption can be considered valid in the reservoir
modelling. A new method as taking the resultant of the permeability distribution in the x and y
directions {Permeability in NE direction = (Permeability in x direction * cos(45)) + (Permeability
in y direction * cos(45))} can be alternative for permeability prediction in the NE direction.
2-A detailed study of the connectivity of the faults zones is needed especially the major faults
that connect the Slochteren formation with deeper aquifers due to high reservoir temperature.
As well as the hitherto continuous extraction of gas dissolved in the Slochteren aquifer. There is
a continuous supply of gas coproduced which is dissolved in the brine water. There are
possibilities that the hot gas from the Limburg group migrates through the faults toward
Slochteren formation to dissolve in the targeted aquifer and release heat, this is why there
should be a comparison between the composition of the Slochteren aquifer and the composition
of gas of the Limburg group. The following links show the gas composition map of the Upper
Rotliegend group and the Limburg group according to NLOG:

A- https://www.nlog.nl/sites/default/files/gascompro_ce.pdf

B- https://www.nlog.nl/sites/default/files/gascompdc_ce.pdf
The second reason is the composition of gas according to the available NLOG data
(https:/lwww.nlog.nl/sites/default/files/gascompdc_ce.pdf), methane and nitrogen take up a big
proportion of the total gas composition in the Limburg group in areas near the KKP field which is
similar to the gas composition of Slochteren formation in Koekoekspolder field. Moreover, there
is a chromatograph analysis of a gas sample in appendix 17.
3- Further studies are needed for the classification of faults that allow migration of gas from the
Limburg group based on displacement and horizontal connection (shale smear thickness
computation) to be able to understand the flow across faults that are hydraulically connected
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and faults that are not hydraulically connected. A relation between displacement and
connectivity of the different faulted blocks can be created with the following assumptions:

- When there is a small fault displacement (< the thickness of Slochteren reservoir), the
fault most probably will have a good permeability due to the same formation horizontal
connection (sandstone connection).

- When there is a big fault displacement (> the thickness of Slochteren reservoir), the
major faults will have a very low permeability [no hydraulic connection] because there is
(big displacement) and there is no connection with the same sandstone body.

The horizontal permeability across the faults that are not hydraulically connected with the
reservoir can be very low while the vertical permeability across the fault can be higher than the
horizontal permeability which allows gas inflow from lower layers. (An outcrop with the same
reservoir properties could be used as a reference to understand extensively the flow across
these faults). The faults that are hydraulically connected probably have a horizontal permeability
higher than the vertical permeability because the hanging wall and the foot-wall reservoir
section are horizontally more or less connected.

4- More experiments are needed to be conducted to test the cooling rate effect on the stability of
the geothermal reservoir to quantitively determine the maximum cooling rate allowed in the KKP
field to determine the maximum cooling rate required for the KKP field not based on just
assumptions. The cooling rate can vary from one place to another, it is recommended as well to
obtain a representative element value for the cooling rate distribution. If the experiments results
showed that 20°C as an injection temperature won’t cause any subsurface problems then the
optimal development strategy with an injection temperature of 20°C can be used from 2024 to
2121 without the concept of the “Jafer matrix for discontinuous shut-off operation to overcome
high cooling rate with the least number of doublets” but in case of 20°C as an injection
temperature will cause subsurface problems as expected and backed up in this research study
then the development strategy with the concept of “Jafer matrix for discontinuous shut-off
operation to overcome high cooling rate with the least number of doublets” shown in table 24 is
recommended to be used instead. The flow rate for doublet in the period under operational
thermal recharge™ can be lower than the flow rates of another doublet to ensure ultimate
economical development using the concept of “Jafer matrix for discontinuous shut-off operation
to overcome high cooling rate with the least number of doublets”.

5- Based on the rate and state friction law, it is a remarkable truth that extra physical or
chemical impacts of fluids may lead to the weakening of materials in fault zones (Kang, Zhu and
Zhao, 2019b). This is why further studies and experiments are needed to understand if there will
be unstable slip behaviour or stable slip behaviour of faults around the injections wells in the
KKP field with higher injection pressure that range from 207.82 bar to the maximum bottom hole
pressure of 252 bar allowed by SODM with a detailed study on the effect of fluid pressure on the
frictional parameters (a-b) related to the fault composition and conditions in Koekoekspolder
field. (In case of encountering difficulties related to the experiments then several scenarios can
be studied by checking the type of clay minerals along the major faults by obtaining the cuttings
description of the Silverpit formation which is the seal of Koekoekspolder reservoir.

6- For a more accurate distribution of permeability, the fractures in the fault zone area must be
taken into consideration because they might affect the flow pattern near the major faults. It is
expected to find many minor fractures in the fault zones area ( A region that ranges from several
meters to kilometers with minor faults and fractures that could be present below the seismic
resolution)

7- Further studies are needed to be conducted on the fluid interaction with the reservoir rock in
the vicinity of the injection well to be able to model if the dissolution of gypsum is going to take
place or not, especially in the area around the injector where the temperature is decreased
because the temperature affects the dissolution. Moreover, Further studies might be useful to
check if there are other or optimal solutions rather than the one provided in this study to tackle
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any predicted dissolution or precipitation due to changes in reservoir conditions, especially
around the operating wells.

8- Before the discontinuous shut-off operation will start, it is recommended to gradually
decrease the injection temperature from 35.4 to 30. The sudden change in injection temperature
and the gradual change in injection temperature effect can be further studied.

9- The technical challenges or expected problems related to the operational equipment using
the discontinuous shut-off operation or other unconventional thermal development approaches
need to be well studied.

10- Another approach to develop the field that meet the same energy demand would be to drill
fewer doublets at the start and produce them at high rate and when the non economical cold
water breaks through in a doublet, more doublets can be drilled over the 100 years. This
approach can delay the expenditures costs with minor or no change to income.

11- If the owner of the field wants to increase the extractable energy for any reason in the future
or to supply other greenhouses, it is recommended to drill the extra wells in the north-eastern
part of the KKP field.

12- The materials used for the wells should be carefully chosen for the new planned wells to
minimize corrosion and to attain sustainable production without major obstacles such as leaking
and other unexpected problems.

13- Continuous history matching is very important to update the subsurface aquifer model. In
addition, applying quantitative uncertainty analysis via tornado charts and not only depending on
the qualitative uncertainty analysis.

14- The short and long-term impact of cyclic injection pressure on the geothermal reservoir
needs to be studied and experimented due to the cyclic reinjection after shutting the doublet for
a certain period (discontinuous shut-off). In addition, checking if the gradual increase of injection
pressure to reach the desired injection pressure can represent an effective solution.

10.New technology

1) Indirect increase in doublets either by:

a- *The coordinates of the new doublets at the surface can be near the first existing
doublet to have a relation and connection between doublets.

b-*Injecting the excessive volume of produced water at KKP-GT-01 in KKP-GT-02
with predicting what will happen in the field in terms of pressure distribution and
subsidence.

1)) Discontinuous shut-off of doublets for geothermal operation: Powerful technique that
yields the largest amount of cumulative energy./ *Creative technology that can
overcome high cooling rates. Therefore, the discontinuous shut-off can decrease the
restrictions on the injection temperature which in turn increases the profit of the
owner of the field. / *The maintenance of the injector well under operational thermal
recharge™ can be done by a periodic flush to avoid any decrease in the injectivity
index as a result of geochemical problems related to the precipitation and clogging of
permeability near the injector well. The fluid temperature must be above 40 degrees
to allow the dissolution of the precipitated gypsum in the pore spaces.

1)} Using the low pressure gradient concept for operational thermal recharge™ (lower
injection pressure and higher production pressure for operational thermal

recharge™).

V) Incorporating the boundaries of the sides layers, where pinch-outs take place can
have an important role in thermal recharge because they can act as western,
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eastern, southern, or northern recharge boundaries as well as the confining layers of
the geothermal aquifer. It was very important to find the areas with zeros thickness
where pinch out takes place to introduce new terms in thermal boundaries like
“thermal boundaries at the sides of the aquifer”.

V) Generating a historical cooling rate distribution in the geothermal aquifer to use it as
a reference to compare it with the predicted and simulated cooling rates in the future.
VI) How to incorporate the idea of the possible natural aquifer flow direction and velocity

in the geothermal aquifer model.

VIl)  Applying the oversaturation concept for a certain component in the fluid on the
injected brine water to avoid dissolution of rock component such as gypsum which
can lead to subsidence and/or other undepicted risks.

VIII) A creative concept is introduced called “Jafer matrix for discontinuous shut off to
overcome high cooling rate with the least number of doublets” as illustrated in table

54 because as already mentioned in chart 2, the target from the beginning is to
reduce the amount of cash inflow and reaching a sustainable development of the
Koekoekspolder field.

IX) Jafer Periodic counter cooling rate effect [This concept simply means injecting and
producing with the same production temperature (For instance injecting with the
current production temperature of 75.4°C] [It is a new concept that needs to be

studied to resist the high cooling rate around the injection wells], [The operator of the

field can do that at least few days in a year. It is for sure hon-economical but it can
increase sustainability in the long term.

X) Based on this study, there can be an extra second type of history matching in the
Koekoekspolder geothermal field: - First known type of history matching: requires
identic simulated and measured flow rates as well as bottom hole pressures.

- Second type of history matching: requires the same historical extractable energy

as well as estimated and measured timing and temperature of the produced water for

the 2 production wells ( KKP-GT-01 & KKP-GT-03) after the year the second
production well starts operation.
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12.Appendices

Nr.ltem Description Depth reference = GL
ORT-GL = 285
GLTBF = 1.68
Wellhead manutacturer. UZTEL (Romenia)
Too 5 1 3¢ X
13 /8" 5K Wellhead Top hanger thread = 4° F
Hottom Hanger thresd 5" XS
DSAF (117 5k x 13 8/8" 5K)|
8 5/8" x 117 5K weld-on CHH Depth Depih Hoe D Pipe OD Callar Fipe D Pipe ID
oD
mm in in in in in
hd__ah Drift
1 |9 58" 40 ppf LBO Polseal 46 46 12250 0628 10650 8835 8673
2 |14 conductar shoe 100 100 14,000 weld
& /8" 24ppf K55 BTC injection tubing 1065 6625 7380 5821 5796
ToL 1010 1081
3 |a 578" 47 ppf LBO Polseal 1083 1113 1225 0625 10650 8681 E525
Doubie slips liner hanger + packer wrs 2010
4 |77 26 ppf K55 BTC - h 1816 2067 85 7000 7657 &276 6151
4 /2" blank pipes 10,5 ppf K55 BTC| 4500 5000 4082 3927
Top screens 1848 2106
5 |5 wire wrapped screen (300 micran) 1013 2192 6125 5000 MA 4082 3027
an 4 1/2° basepipe
1 blank + Bulinose| 1019 2190
™ 121 2202

Nr.[ltem Description KKP GT-01 Depth Reference = RT
20180704 ORT-GL =285
GL-TBF = 0,91/ GL - Tie-down bolts =1,02m
Tree 5 118" 3K > X Wellhead manufacturer: UZTEL {Romenia)
13 58" 5K Wellhead Top hanger thread = 4° IF
EBottom Hanger thread 5' LS
DSAF (11" 5k x 13 58" 5K)|
8 5/8" x 11" 5K weld-on CHH Depth Depth HoleID Pipe OD Collar Pipe ID Pipe ID
oD
m m in in in in in
el ah Drift
1 [135/8° 54.5 ppl K56 conductor J L 100 100 13625 weld
6 578" 262 P10 PTB-007 SC tubing 6625 7016 5791 5000
Centrilift ESP - Pump infake @ 413
Sensor deplh 434
Bulinase depth 435  bottom of buftnose
TOP PBR of 7 58"scab liner hanger Top of PBR
Scab Liner: 7 /8" hanger Top packer element
2 |858° 40 ppf LBD Polsesl 515 516 12250 0628 10650 8835 8679
Scab liner 7 &/8" 26.4 LBO special clearance
Palseal
Scab Liner : 7 /87 x 55" Cross Ovar 1038
7" Liner Hanger 1005 1041°
3 |6 5/8" 43, 5ppf LBO Polsesl 1088 1117 1225 0625 10850 8785 8500
1214 120
Seab lin
Top Expansion atmid 029

Toy

Hold down sub + 6.6° seab liner bottom 1785
Double slips liner hangar + packe 1786
4 (T 26 ppf K58 BTC - 1823 85 7000 7657 6278 8151
4 172" blank pipes 10,5 ppf K55 BTC| 4500 5000 4082 36027
Chemical Injection nozzle 4 238
Top screens| 1845 2141

2" weightbar - 100m V8" capillary ¢
5 |5" wire wrapped screen (300 micron) on 4 1/2° base 1835 2244 B 5000 NA 4082 327
pipe BTG Bottom of sereens

1 biank + Bullnose| 1943 2253
wl 1847 2258

* Adjusted depth based on EOWR. Scabliner tag & Caliper log obsenations 2017
** Depth does not comespond with Scab tally, however calliper log readings confim clear tog of Scab PER. Therefore depth likely 10 be adjusted
1o 2044.9mAH for top of Holddown sub

Appendix 1: KKP-GT-02 Injection well
schematic (Well Engineering Partners, no
date).

Appendix 2: KKP-GT-01 production well
schematic (Aardwarmtecluster 1 KKP BV, no
date).
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Appendix 2b: Adjusted permeability distribution in the Y direction.
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Appendix 2c: Adjusted permeability distribution in the Z direction.

fm Property calculator for ‘Copy of 3D grid _... O X
Facies_total=(facies_Gypsum_dunes+Facies_sand) A
Facies_total=Facies_sand Show
Facies_total=if(facies_Gypsum_dunes=1 faces_Gypsum_dunes (@) Histo
Facies_total_ent=if(Facies_nodular=1 Facies_nodular Faces_sz = Y
Facies_total_ent=if(Facies_nodular=1Facies_nodular Facies_sz _) Result
Perm_PHIE_ent=1.1987"Exp(27 093*Porosity_ent) E
Perm_PHIE_ent=11987"Exp(27.093*Porosity_ent U [e=
Adust Gnd=if(Cel_inside _out=0.U.Cell_inside_oul bl {17
To_Adjust_Gnd=if(Cell_inside_out=0,U,Cell_inside_out)
[] From fie
Select vanable Attach new to template: M General
-
-(; facies_Gypsum dunes [U] A Fiter tem plalos: [Em e
Ky PHIE [U]
K" Perm_PHIE [U] % v Geometry
1 Perm_PHIE2 E ?‘
k. = ENTER
K" PERMFinal ) Rad
= Facies_nodular [U] ®) Deg C <
Q, Porosity_nodular [U]
3 ) Grad I S
q:'.', Porosity_gypsum dunes [U] N
:-} :r':'p Round Sqrt 74 8 9 Or And >
Sin Abs Int 4 S || 6 = / >=
Cos Exp Ln 1 2 3 - ( <>
Tan Pow Log 0 U . + ) =

&y pillar gridding with 'KKP/Fault model' X

Settings More Geometry Expert Faults Legend Hints

10

o

Rotation angle

i (®) Automatic (by faults and trends)
@‘“mﬂ (O User specified: ¢ degrees

Gnid line layout

[“] Smooth lines between key pillars

() Linear grid lines (for many orthogonal faults / simulation)
(®) Smooth grid lines

Interpolation across faults

") Continuous (O Smooth

,
(®) Barrier (® Linear
4

Grid edge settings

E8 Expand grids beyond boundary by: |6 nodes
Lock edge of expanded grids by 2 node:

For error detection

QO[] Use boundary

v Apply v OK * Cancel

Appendix 3: represents the simple code
used to neglect the skewed grids.

Appendix 4: illustrates the values of nodes
used to adjust the grid edge settings. According
to Petrel software, there is a complete freedom
for the edges once the value of grids expansion

beyond boundary is set to zero.

94



| ¥ Thermal boundary condition with KKP/G_3D grid_Redjo_2 (Velodty mod... X

Tha

oundary condilion

Craate new
/(@) Editevisting: | 5} Upper Themal boundary
Connechons | Propares
Area of intenast
=) 7 Polygons 4
E=

Dwachon

Top down
J Eotlom up
[] Gnd edges
[] Fauit edges

AZIMATH N
Wietical eofont

[+ Tophmit Surfacn

Bxasa bmit
Fillesr
] Appay to wser fitar ondy =

+ Rpply & 0K XX Cancel

%3 Thermal boundary condition with "KKP/G_3D grid_Redjo_2 (Velodty mod.
Thesmal bCulII].TI}fm'!CIDUI'
Craale new:
# (®) Edit awstng |7 Upper Thamal boundaey

Connections | Properties

Initial fesmperabune: 5.5 degic .

Conductty 27648 klmdK) =

Vislumetric haal acity Hixia kMm3K) -

Tampesature-dapendant part 2234 kM3 KZ) - J

Caakcailabion mthod for kass: | Mumancal ~

Mirsmum temperature diference degC B
 hpply o OK X Cancal

Y

boundary.

Appendix 5-a: represents the input data and adjustments applied for the upper thermal

(=]

Thermal boundary condition with *KKP/G_3D grid_Redjo_2 (Melocity mod... X
Thermal boundary condiion
() Create niw

/ (®) Editewsting. |§3 Lower Thermal boundary -
Connections | Properiies

Auea of interest

=P 7 Polygons4
B

Directon

[] Top down
[ Bottom up
|| Gid adges
[ ] Fault edges

Azimuth inc:
Vertical extent

| 5

[ Tophmit & = @ sutacerosLT

] Base Wit | Surlace ~ | = | @ sudacerOSLT
Filter

(] Appty to usar fiter only. =

' Apply & OK A Cancel

§3 Thermal boundary condition with 'KKP/G_3D grid_Redjo_2 (Velodty med... ¢

Thesrnal boundary condition

_) Create new
»

Connections | Properties

Initial bemperature: 79358 degC -

Conductity 285 kdifmdK) =

Valumetric heal capacity 244176 kl{m3 Ky -

Temperatwe-dependent part 244176 kJim3 K2 ~

Calculation rethad for heat loss: | Numencal i

Miramism temperature difference deq -
" Apply o 0K X Cancal

®) Editexisting: | 7=} Lowar Thermal boundary ~

boundary.

Appendix 5-b: represents the input data and adjustments applied for the lower thermal
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2 Thermal boundary condition with "KKP/G_3D grid_Redjo_2 (Velodty mod.. X
Thermal boundary condition
_) Greaales naw.

/ (®) Edit eisting | 5= Westam themmal boundary >

Connections | Properties
Aaoa of inlanes!

= | % poygons 9
Ea

Direction
[+ Tap down
[+ Boltom up

&
1 &
|2 Garid edges @
L

Faull edges

Azimuthine: 4%
Wertical exdent

[ Toplimit. | Fixed dapth w 1705 m
[+] Base bmit: | Fixed depih . 1879 51 m -

Fifler
Apply to user fites only =

+ Apply & 0K X Canoel

¥ Thermal boundary condition with 'KKP/G_3D grid_Redjo_2 (Velocity med... X
Thiasrreal boundary condibon
Craata new

# (@ Edit easting: | T Westam themmal boundary

GConnechions | Propemes

Initial temperature 764 daqgt

Conductwity. 163 206 klimdK) =
Vohametng heat capacity. 275832 EJ{m3K) =
Temperature-dependent part 2758.32 klifm3 K2) -

Caleutation melhod for heal loss | Numarical

Mirarnum tamparature differance: degG

 Apply « 0K A Cancal

Appendix 5-c: shows the input data and adjustments applied for the western thermal boundary.

@ Property calculator for 'G_3D grid_Redjo_2 (Velocity ... O X
LAST_HISTORY_STARTEGY_THICKNESS\TEMP\Copy_of TEMP_01_01_2 A

= >
ACTNUM_7=If( 1<=40 Or I>=175,0 , ACTNUM_7)
ACTNUM_7=If( J<=30 Or J>=150,0, ACTNUM_7)
ACTNUM8=1

ACTNUM_7=If( J<=30 Or J>=150,0 , ACTNUM_7)
ACTNUMB=If( ACTNUM_7>0,1 , 0)

ACTNUM8=1

ACTNUM_7=If( 1<=40 Or 1>=175,0 , ACTNUM_7)
ACTNUM8=If( ACTNUM_7>0,1 , 0!

Show
(®) History
(O Result

U Em

+ 4

[] From file:

Select variable: Attach new to template: \ M General v
s Layers “ | Fiter templates:
B8 facies_gypsum dunes [U] T
@, PHIE U] =1 ¥  Geometry

1 Perm_PHIE [U
K Paim.PHIER] ENTER
= Facies_nodular [U] (O Rad
‘IZ" Porosity_nodular [U] Deg C <

@, Porosity_gypsum dunes [U] Yl Oarad I -
< > .

] Hyp
[]inv

8
Sin Abs Int 4 5 6 - / >=
2

¥ Functions

Round Sqrt T/

Cos Exp Ln 1

Tan Pow Log 0 U . + ) -

Appendix 6: represents the code used to define
the extension of the smaller active sector.

2000m J

Appendix 6-a: shows the areas with colour
coding where the owner of the field is interested to
know their future energy distribution.
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Appendix 7: shows the new smaller sector model that takes into consideration the upper
and lower thermal boundaries as well as western thermal boundary due to pinching out.

i Make aquifer with 'KKP/G_3D grid_Redjo_2 (Velacity model 2)'
Make aquifer | Hints

2 (O Create new:

/@ Edi existing |L£17 Aguifer_Jafer

Aquifer model mnstant flux

ﬁ Make aquifer with 'KKP/G_3D grid_Redjo_2 (Velocity model 2)'

Make aquifer | Hints

1 (® Create new: |Aqu|fer_Jaier

A (O Edi existing: Aquifer 4

Aguifer model: |C<m3tantﬂux V‘
| Connections | Properties Connections | Properties
Area of interest ® Spatially constart flux ® Total area flux
% Palygons 4 () Spatially variable flux () Unit area flux
Ex Initial | Time | Fegions
Floe: [3.18474 | smag -
Number of bins: 3
Direction Salt concentration: [175 | karem3 -
Top down @ N Temperature: [764 | deac -
Bottom up @ Pressure: ‘155 | bar -
(Fa:jhe:dg;:s g [1 Fuid mode: =
Azimuthine: |45 ~
W E
S
Wertical extent
Top limit: = |[§ zez kT
Base limit: = @ SurfaceROSLT
Filter
[ Apply to userfiter only I::>
Miscellaneous
Connection option: Flow face V‘
« Apply « OK 7% Cancel & Apply o 0K X Cancel

Appendix 8: shows the needed adjustments
for the connections of the aquifer.

Appendix 9: shows the input data for the
properties of the constant flux aquifer model.
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Alternative possible second doublet location Coordinates at aquifer depth Depth Covered Thickness
Injection well (KP-GT-BB4) X= 195748.87 m/Y =510035.94 m | -2038.01 m 114.89 m
Production well (KP-GT- BB5) X =197135.99 m/Y =510154.40 m -2082.24m | 80m

Appendix 10: Information related to the possible second doublet.

Alternative possible Third doublet location Coordinates at aquifer depth Depth Covered Thickness
Injection well (KP-GT-BB6) X= 194601.35 m/Y =508593.93 m | -2179.85m | 56.63 m
Production well (KP-GT-07) X =196885.61 m/Y =508578.19 m | -2094.88 m 47.4741 m

Appendix 11: Information related to the possible third doublet.

HitH Injection Number of Injection Distribution of flow amongst the production wells
temperature (°C) wells pressure
1 35 3 max Distribution based on the Kh of both producers
(Base case)

2 35 2 max n.a.

3 35 3 max 25% - 75%

4 35 3 max 50% - 50%

5 35 3 max 75% - 25%

6 25 3 max Distribution based on the Kh of both producers
7 25 2 max n.a.

8 25 3 max 25% - 75%

9 25 3 max 50% - 50%

10 25 3 max 75% - 25%

11 20 3 max Distribution based on the Kh of both producers
12 20 2 max n.a.

13 20 3 max 25% - 75%

14 20 3 max 50% - 50%

15 20 3 max 75% - 25%

16 35 3 max+10 bar Distribution based on the Kh of both producers
17 35 2 max+10 bar n.a.

18 35 3 max+10 bar 25% - 75%

19 35 3 max+10 bar 50% - 50%

20 35 3 max+10 bar 75% - 25%

21 25 3 max+10 bar Distribution based on the Kh of both producers
22 25 2 max+10 bar n.a.

23 25 3 max+10 bar 25% - 75%

24 25 3 max+10 bar 50% - 50%

25 25 3 max+10 bar 75% - 25%

26 20 3 max+10 bar Distribution based on the Kh of both producers
27 20 2 max+10 bar n.a.

28 20 3 max+10 bar 25% - 75%

29 20 3 max+10 bar 50% - 50%

30 20 3 max+10 bar 75% - 25%

Appendix 12: shows the planned simulation cases scenarios.
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Simulation case Forecasting strategy for operational thermal Properties
number recharge™
31 Continuous shut offs Without natural aquifer velocity and direction
32 Continuous shut offs Without natural aquifer velocity and direction
but with updated flow rates (The flow rates were
updated to fulfill the energy demand)
33 Continuous shut offs With constant flux aquifer velocity method in
Petrel
34 Continuous shut offs With numerical aquifer velocity method in Petrel
35 Continuous shut offs Without initial velocities but with indirect
increase in doublets
36 Discontinuous shut offs Without natural aquifer velocity and direction
37 Low pressure gradient Without natural aquifer velocity and direction
38 Optimal forecasting strategy for the whole field with natural constant flux aquifer velocity but
with lateral distant doublets and KKP-GT-03 in
the same position
39 Optimal forecasting strategy for the whole field with natural constant flux aquifer velocity but
with lateral distant doublets and alternative
position of KKP-GT-03
40 Optimal forecasting strategy for the whole field Without natural aquifer velocity but with
alternative position of all wells and KKP-GT-03 in
the same position
41 Optimal forecasting strategy for the whole field Without natural aquifer velocity but with
alternative position of all wells and KKP-GT-03 in
an alternative position

Appendix 13: shows the second group of updated and planned simulation cases.
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Appendix 13-a: shows the extractable energy with the energy demand after applying the
updated forecasting scenario for the continuous shut-off development strategy.
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Appendix 14: Table which shows the top and cross-sectional views of the temperature
distribution for the model with (confining layers and western thermal boundaries conditions) and
the model without any thermal boundaries conditions in the year 2113.

Aquifer depth (m) Temperature (°C)

-1836.96 74.24

-1843.24 73.30

-1849.52 71.35

-1855.8 68.55

-1862.31 70.71

-1868.11 71.32

-1874.64 74.29

-1886.92 75.85 |
Average temperature 72.45125

Appendix 15: Information about the predicted temperature in the vicinity of the second
production well “KKP-GT-03” for several depths as well as the average temperature.
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Symbol legend
KKP-GT-02 Water iniection rate KP-GT-03 Water production rate KKP-GT-02 Bottom hole pressure
KKP-GT-01 Water production rate KKP-GT-01 Bottom hole pressure

Appendix 16: shows the injection flow rate of KKP-GT02 and the production flow rate of the
production wells KKP-GT-01 and KKP-GT-03 and their bottom hole pressure profile from 2021
to 2045 using a 140 bar as a minimum bottom hole production pressure constraint.
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Appendix 17: shows a chromatogram Flashed gas sample (Well Engineering Partners, no
date).
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