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Objectives and aims

 Apply optimization workflow from GEOTHERMICA-RESULT to 4 case studies in the Netherlands
» Diverse set of case studies: varying locations, development status and overall context
« Enhance understanding of effectiveness of different well design solutions in different reservoir

conditions, for geothermal systems both in planning and operational phases

« Disseminate lessons learned to the Dutch geothermal sector

— Help geothermal operators to select the best well configuration
— Aid geothermal sector in considering a broader range of well concepts during concept select stage

— Establish an advanced well design workflow to enhance achievable flow rates, at limited additional

costs, thereby enabling positive business cases at acceptable risk levels
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Project structure

Task 2.1 - Data collection and review

Task 2.2 - Modelling well concept scenarios and business case for selected cases
« Optimization results (4 case studies)

« Drilling risk assessment matrix
Task 2.3 - Research on drilling mud options

Task 2.4 - Reporting and white paper

2024 2025 2026 2027 2028
WP (03 |04 (01 |02 |Q3 |04 |01 (02 |03 (04 |Q1 |Q2 (O3 |a4 (A1 |02 |33 |04 |Ql |Deliverable
21 Dynamic simulation models for case studies
2,2 Optimization modelling results for each case study and drilling risk assessment matrix
2.3 report on drilling mud research
24 Summary Report and white paper
Major focus Minor focus Go no go -Deliuera ble
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Starting point and knowledge gaps

- Starting point - optimization workflow from GEOTHERMICA-RESULT project:

» Optimize well locations and trajectories for sub-vertical, sub-horizontal and multi-lateral wells

Optimize in the presence of subsurface uncertainties (geological properties, reservoir quality)

Impose maximum allowed curvature (dogleg severity) constraints

Demonstrated in a single case study in the Netherlands

Built upon the TNO’s open-source optimization technology EVEREST

- Knowledge gaps:

* In practice, more drilling constraints are typically imposed
 Detailed well design requires insight into wellbore stability and drilling risk considerations
« Different decision-making contexts involve more than just optimization of well locations and well design

 Publicly available tools and expertise, but not yet widely known and adopted by the sector
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Fully open-source workflow

« Refined well shape constraints:

“OPM

Wl OPEN POROUS MEDIA

Simulate all model : o :
" . : : Calculate objectives :
Initial well realizations with : : . Y .
: ) F « Maximum allowed inclination
trajectories current best well . Calculat P :
. . : alculate constraints s . .
trajectories : : « Maximum allowed build rate

E\’E R EST « Maximum allowed turn rate

« Maximum allowed dogleg severity

« Maximum allowed well length

* Maximum allowed step-out / TVD ratio
« Directional Difficulty Index (DDI)

Converged « Minimum kick-off depth (producers # injectors)

N Calculate next

update step

Generate next

well trajectories

Feasible? « Other constraints:

« Fault stability: shear capacity utilization (SCU)

« Maximum allowed distance to fault
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Case studies

Koekoekspolder Luttelgeest Amsterdam Almere

=
KP-GT-01

:::::::::

Lo
« Existing triplet (12-year production) « Existing triplet in operation * Green field development * Truly green field development
* New doublet planned * Problematic injection well LTG-GT-06 * First doublet planned for a selected « Early stage: all decisions are open
« What is the best placement for » What are the most cost-effective surface drilling location « Limited available data: mostly
KKP-GT-04 and KKP-GT-05? intervention to boost production? * Limited available data: fair degree of conceptual model scenarios available
uncertainty (reservoir structure, facies » What is the best well placement,
assumptions, compartmentalization) surface drilling location, number of
* What is the best well placement? wells, play opener doublet?
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Results: Koekoekspolder

« Ensemble of 100 model realizations considered

Optimization results:

« NPV (average over ensemble) increases ~5%

« All drilling constraints and fault stability constraints are satisfied 33"
» Both wells (KKP-GT-04 and KKP-GT-05) become shorter, and therefore cheaper =32
and less complex (in terms of DDI indicator) =3
« KKP-GT-05 (injector) moves closer to one of the faults but without destabilizing it %3'0 Optimal
z29{
» Increased injectivity for KKP-GT-05 in optimal solution > better pressure support s '”_'t'a'////—/
and higher rates in one of the existing producers (KKP-GT-03) :
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(a) provided (f) 3injectors

Results: Luttelgeest

* 6 scenarios considered:
« Original scenario, interventions in LTG-GT-06 ( , fractures, side-track)
and new injector (LTG-GT-12 replacing LTG-GT-6 and using 3 injectors)

» Fishbones and side-track expected to help (+17.5% in production rates),
but main benefit is in adding a new injector (+85% in production rates)

« Cost-effectiveness analysis requires cost information (not available for all scenarios)

» Re-evaluated scenarios with revised well pressures: same conclusions
* Increased drawdown in LTG-GT-04 (+10 bar), increased injection pressures (+5 and +10 bar for GT-05 and GT-06)
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Scenario 1 Scenario 2

Top view

Results: Amsterdam

« Ensemble of 90 model realizations considered

Optimization results:
« Noticeable increase in NPV (+4 million EUR) on average over ensemble

« All drilling constraints and fault stability constraints are satisfied

INJ-01 moves away from fault FAULTI_6 with sufficient distance from FAULT5

1leb 0O
o
.

Both wells become shorter, and therefore cheaper.
PRD-01 becomes more complex (higher DDI) due to stronger directional change
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Increased rates achieved in optimal solution with no impact on thermal breakthrough
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Results: Almere .
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Oostvaardersgijk

Alternative | =

« 2 fault block compartments:

« Deep and shallow 23 W D\ EE

Cell Results:
DEPTH

Cell Results:
TEMP

- Higher temperatures in deep compartment

113.0

100.0
90.0
80.0
700
60.0
50.0
400
300

« Little information available (distant analog wells):

« High uncertainty on flow properties (permeability)

* 3 scenarios considered: low (43 mD), high (75 mD), upside (94
mD)

» Mostly conceptual models, without detailed complexities |
ow

4 surface drilling locations considered:
« Brikweg, Sportveld, Alternative and Oostvaardersdijk

« Different costs associated with heat transport infrastructureh. h
1g

« Which surface drilling location?
How many doublets?
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Field expansion potential (2 or 3 doublets)

Results: Almere

35,00 | Afternative +.. Oostvaarder...
Single-doublet development = 30,00 o
25,00 Oostvaar...
1500 . Brikwes... = ® e
1300 Alternative...1 grikweg Oostvaarders... = 20,00 Alternative +... & e
’ “a@g\;?/aard.ers‘ % 15,00 Oostvaarde...
11,00 high & 10,00 Oostvaarder... 8
— ) ... @ Oostvaarders...
2 g OOAIternatlve..IOGrmeab"’ 5,00 Alternative +
= t .
= : Ocdtvaardersdi... 0,00
Brikweg...
g 7,00 » © @ ® — Oostvaardersd.. 0,00E+00 5,00E+07 1,00E+08
5,00 .
2 Alternativ... Oostvaardersdijk... CAPEX [EUR]
3,00 40,00
2,00E+07 2,50E+07 3,00E+07 3500 | oostvaarder.. ,
’ Alternative...
CAPEX [EUR] 30,00 /)
,00 og ©  Oostvaarder..
« Drilling first doublet from Oostvaardersdjik location is more expensive, but... 200 ° Oostvaarde...
: : ' Oostvaard.,” @ ®
« It allows for expansion of the geothermal project g,og
. : . : Alternative +... @ e
 Possible to drill both compartments from single location (lower CAPEX) f0,00
. Oostvaarde... _
« Enables access to deeper part of deep fault block (higher temperatures) 5,00 Oostvaarder... Alternative...
« Enables access to portion of deep fault block which could feet 2 doublets 0,00
2,80 3,80 48 5,80
" LCOE [kWh]O . ®
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Dissemination: tutorial and workshop

 Tutorial case:
« Realistic fictional reservoir simulation model was created
* lllustrative example on how to use EVEREST for geothermal well
trajectory optimization
« Applies same workflow used to perform GEO4ALL-WP2 case
studies
» To be released: publicly available on TNO's Github soon

» Upcoming hands-on workshop:
Several participants from GEO4ALL community

Also a few external participants Temperature distribution
Full-day workshop at Energy Cave (Rijswijk) on September 28t

To be covered:

» Fundamentals of optimization methods
* Introduction to EVEREST tool
+ Practical exercise (based on tutorial example)

Registration is already closed ®
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Drilling risk matrix

WellPerform

WellPerform has prepared a generic Geothermal Wells Drilling Risk Matrix

+ Objective: provide geothermal operators with practical example of how drilling risks can be identified, assessed, ranked,
prevented and mitigated using a transparent methodology

« Excel sheet with qualitative risk assessment approach based on likelihood and impact ranking scales

« Accompanying report describing the methodology and intended use of the risk matrix

« End-users may adapt structure, ranking criteria, terminology, risk categories and mitigation approach to align with their own
internal risk management system, corporate risk matrix, regulatory requirements and project decision-gate process

» Note: any risk ranking exercise includes a degree of subjectivity. The rankings reflect the judgment of the assessment team
based on the information available at the time of preparation. A generic risk matrix should therefore be treated as an
indicative starting point, not as a definitive ranking for any specific project

+ Real wells: risk ranking should be reviewed and updated by the well-specific project team using the latest subsurface
interpretation, offset well evidence, planned well design, execution strategy and available mitigation measures
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Well:

Drilling risk matrix

Geothermal Well Drilling Risk Register

Geothermal

Risk Register Own Akram Miriyew
Anal

Step 1. ldentify and categorize the Risk Event

ed Offset Wells BLT-01, ADK-GT-01/02, KKP-GT-01

Step 2. Assess Rizk

W3P-01, ERM-01, ALE-01, HEK-GT-01-52

Last Updated:

Step 3. Identify Risk Management Measures

23 Jun 2026

Step 4. Assess Net

Ranking Ranking
v O BaiDie
" HNet Assessment
pk Risk Event Consequence Category Risk Type ! Solution Owner |Ljkelihood of Observed on Specific Offset Wells™ Fo_rmauon g Prevention ! Mitigations . HE_Sid“al Residual
No Impact Lithology Likelihood of
Deccurrence 0. Impact
CcCurrence
1. BLT-01- Observed losses during drilling 5.5" section - partial success
achieved multiple LCM pill placement. Eventually losses stopped. Fun &
cement 7" liner withaut any losses.
2. A0OK-GT-01: Dunamic losses at 230mwere recordedin arate of 10 | 1. Z2echstein Upper
m'th decreased to & m*h dynamic Claystone and 24
lazses at 270 m after pumping Lem. Between 225m-275m total losses
wasrecorded, intotal 55 m? was lost. In 24" section lasses [dunamic] ca.
88 m® Static losses 20 515 m 0.3 mh was reported when top of marl of
Oasterhout formation was drilled. - Marth Sea formation is naturaly mare LEM strategy ready.
- Urizble ta drill 2kead 2nd lar . permeable. If the rock farmations have high parasit (2.9., sandstane or Optimized filter cake,
1| Lesses while diling Urizble ta trip dus to heaw lasses All Types of Wellz DOperations 5|t fractured rack). driling fluid (mud] =an e asily flaw into these parous 2. NuoT Mud weight management [differential 40
zones, causing mud lazs. Ma detsiled infarmation were mentioned in the sticking]
reports about the cause of the lazzes.
3. AOK-GT-02: Mud losses were reported betw een depth: of 140m and
280m, with dunamic losses ranging from 15 ta 25 milh. At 235m, static
laszes were recorded at 200 Mh, leading to a tatal of B5m’ of laszes per |3 MUCT
day. By the end of the day, the cumulative mud losses amaunted ba
Z50m*. However, after reaching 2 depth of 280m, ne further mud lasses
were ohzerved -The cause of the lazze s are possibly by high permeables
unconzolidated sediments of Upper Marth sea.
Issues while sliding with moter Deviation from plan, Loss of ) ) ) sln Erisure e hle Cclfar.'ing by ad?qulate mgd p"-‘.'pertlies'.T'ai”Ed 1le
(oriented driling) steerabiliy Highly-deviated Operations Eelsr?mne, | ptlmlsel tra|ectc&yCus|ng. atest directional trajectary,
I I , t
RISTEH U1 ToT TBMEOn ZoMes: — e
Do not exceed arecommended level dogleg ™3 degi30m
" Lo High torque and drag levels dogleg unless consequences thoroughly analyzed.
;‘f"l‘ew esllbore toruasity. high local further dawn the hale, lzsues Highly-deviated Flanning d4/E ‘w'azh and ream high doglegs carefully, Z|F
geg placing the ESF, Trained personnel. Optimized trajectary, Continuously contral
SUrvel,
Prea
L " . . " In case of restrictions adjust parameters
- . . 1 EKP-GT-01: While driling 12 114" BHA trip w as required to establish ; .
addltlonal BH# tips, los= OF. na required build rate. Mew BHA drilled to section TO. T HLLFE while reaming,
Poer Directional contrel inabilin to time. Reduced ROP to achieve Low RPM and low flow,
4| follow directional plan for BHA o required stesring capal?llltles Highly-devizted Operations 50 2 %WSP-01: \While drilling the 12 114" section some deviation problems Pn.'qld re-aming dottn, 4/E
N " Paar hale quality and high well . N ! Trained personnel,
formation related issues P At were encountered in the Jurassic shales which slowed down L "
tartuosity if the wrang directions ! N p - Olptimised trajectory,
are ot corrected on time penetration rates considerably.—Mo details on cause of deviation 2 ATAL Continususly sontrol surve
' problems were reparted. They may be inflicted by layering of shales. : o s
QT equipment
AOK-GT-01: The geolagical repart and mud lagging indicated that the Carry out geomechanical study for the specific well. Analyze offzet
Viieland claystane appeared unstable while diilling with 2 1.5305.9. mud wells’ cuttings repart, lozzes and FITs to select suitable [Miw's.
_ N Tight hole, Loss of hole, Furning _ weight (M), P.fter_ increazing the mud weightta 1.35 2.9, fewer ) KEMME ! lieland I'\"Ionl_tor returnz and adjust mud weight az
5| Hale instability lzsues N All Tupes of Wells Planning 5|C overpulls and cavings were obzerved. -t w az observed that the Vieland . required, 4|E
casing to battom . - . : Claystone Farmation .
clayztone was unstable with an insufficient mud weight of 130 5.0, and Enzure proper hole cleaning and mud
zhow ed improved stabilivy when the mud weight was increased to 135 inhibition,
=0 Fieam as and when required
Manitar string up and down weights carefully, special care when
Pack offz around BHA while drilling Stuck pipe, Loss of circulation, All Tumes of Wells Plannin sl picking up. Monitar trends i.e. . tarque, ECO, SPP, 4G
shoetrack or connection Laoss of equipment G 9 cuttings, Ensure comect mud parameters and
inhibition
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Drilling risk matrix

Geothermal Wells Risk Matrix - GEO4ALL - Net Assessment

Net Assessment Likelihood |

¥ Key Risk Short Title

1| Losses while drilling

Issue s while sliding with mator [oriented drilling)

High wellbore tartuosity, high local doglegs

Poor Directional control , inability ko follow directional plan for BHA or formation related issues

Hole instability lssues

Loszes during cement job

Shock & Yibrations “While Drilling

2
3
4
5
&| Pack offs around BHA while drilling shoetrack or connection
7
2
£l

Previous section not TD'ed according to plan, shallow set previous casing

10| Kick, while drilling ¢ w'ell Control

1| Leaking liner top packer

12| Total losses [ie no retuns)
13| Insufficient FIT

14| Mot able to run casing or liner to bottom
15| Differential Stuck. Pipe
16| Shallow gas

17| Unable bo circulate through shoe

12| Well proposal does not describe in detail the potential geothermal well objectives

19| Well control due to PPFG uncertainty and limited data from off-set wells

Net Assessment 20| Incorrect geological identification of shoedepth

Impact

21| Top of cement not achieved as per planned
22| Down hole LwD # MWD tool Failure

23| wireline lagging Failured stuck tool

24| Stuck, cazing

26| Core barrel stuck. { jamming

26| Reservoir damage due to inappropriate drilling fluids

27| Junction Integrity Risk.
F 28| Well Control Risk [Multilateral]

29| Task-Ferformance Risk
30| Fluid Management Risk

17 |18 | 33 26 6 [ H 31| Operational Time Risk

32| Tight zpot in OH either due to chemical or mechanical borehale instabilitg

G 33| Bitrelated issues : Bit balling, bit wear

u
&
ololo|lo|la|la|o
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Summary

Main findings:

« Optimization methodology is shown to be applicable and valuable to support field development decisions in various contexts

 Integrating reservoir performance, economics and drilling constraints is key
« Open-source optimization and simulation tools enable transparent and flexible evaluation of field development options

Main hurdles for adoption of optimization workflows are not technological / methodological:

« Knowledge, data and expertise seems to be very fragmented / scattered in the Dutch geothermal sector

* Integrated optimization studies are multi-disciplinary: challenging for small teams and when not all required expertise is available in-house
 Data curation and building subsurface models need improved best-practices

+ Uncertainties are acknowledged but not captured within models built to assess feasibility (particularly in early-phase stage)

Next steps:
+ Deliver final report (currently under internal review at TNO)
« Prepare a white paper / application-oriented scientific paper documenting main outcomes - first draft in Q4-2026

Recommendations for future work:

« Explore more detailed approaches for wellbore stability and drilling risk indicators (e.g., mud weight window index, torque and drag
models)

« More advanced subsurface characterization workflows to enable early-phase optimization opportunities
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Thank you! Questions?

WP2 team:

« TNO: Eduardo Barros (lead scientist), Stawomir Szklarz (optimization expert),
Negar Khoshnevis Gargar (reservoir engineer), Jens Wollenweber (PM)

TEAM Q WORK -

3

e Geothermie NL: Floris Post (Hannes Groot)

« WellPerform: Akram Miriyev, Niels Frinks

» HVC: Charlotte de Wijkerslooth, Cees Willems

* Gem. Amsterdam: Esmée Waardenburg

« Gem. Almere: Sabrine Strijbos

« Vattenfall: Ivo Vos

« Aardwarmte Combinatie Luttelgeest (ACL): Gerard Fuite
* IF Technology: Nick Buik

* Greenhousegeopower (Aardwarmtecluster): Radboud Vorage

» EBN: Felix Bexkens, Nora Heijnen designed by @ freeplk.com

« Canopus Drilling Solutions: Pieter van Nieuwkoop (Jeanet Schouten)
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2.3 Preliminary Mud

Publiek energiebedrijf
van en voor Nederland




Background o

“The different well concepts have implications for operational parameters. An important aspect is the drilling fluid
and the ability to remove cuttings. The focus will lie on performance (both overburden and reservoir section),
improvement in the circularity of the drilling fluid and cost reduction options for both fluids and cuttings. This is
supplemented with a GAP analysis of what type of innovation is needed to successfully develop this further.”

« T2.3 was approved without funding and scope was quite broad

« Not aresult, suggestion for future research and/or workflow for operators

Waste handling cost (OBM and oil contaminated cuttings) is rising

-  HPWBM has matured over the last decade, but how to introduce in a controlled manner

« Sidetracks and drilling issues are probably more expensive than waste handling

Geo L‘i’all

innovatieprogramma



Three ways to change from OBM to HPWBM

2. Just do it

Switch and see what happens.
Fast, but higher level of risk.

Expect the unexpected.

20



The proposed methodology at a glance

1 Problem Diagnosis
Measures: Drilling performance in the broadest possible sense; based on in-house drilling data, cross-checked against industry datasets
Why: Fully understand current drilling performance, before touching your mud system

2 (Overburden) Formation Characterization
Measures: XRD for clay mineral suite, CEC for reactivity, SEM for microstructure/microfractures; on overburden core where available
Why: Overburden (reactivity) is often undocumented, what rocks does a mudsystem interact with

3 Technology & Market Review
Measures: Scored comparison on performance, circularity (biodegradability, waste class) and cost (fluid, disposal, logistics)
Why: Narrows a broad market to only the candidates worth the expense of lab testing

4 Laboratory Validation (vs OBM reference)
Measures: Linear swell, hot-roll recovery, accretion, HPHT filtration, lubricity, rheological stability, contamination tolerance; core or cuttings
Why: Performance is a threshold, not tradeable: must match or beat OBM before circularity or cost count

5 Gap Analysis & Documentation = Implementation
Measures: OBM benchmark carried through on performance, circularity and cost; every gap marked closeable or blocker
Why: Consolidates Parts 1—4 into an evidence base that supports an actual decision to switch mud system



Thoughts?

- Do you already use HPWBM?<e What is your experience?
- Would you consider switching?

- Industry wide or individually?

- Could Dutch laboratories do this kind of testing?

- Would you be willing to acquire core for this purpose?¢
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