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Diversifying & Energy Security
Decarbonising the Energy mix for a low carbon future with a focus on 

renewables and security of supply

Geothermal

Government Policies 
Move towards tax credits and subsidies, regulatory mandates e.g. 

Renewable Portfolio Standards (RPS)

Rising Energy Prices 
Spike in fossil fuels makes geothermal more competitive; notability 

with long-term stability costs and dual use in electricity and 

heating. Europe consumes half of its energy for heating and 

cooling

Growing interest in Associated Mining
Increasingly relevant commerciality; especially Lithium

Technology Advancements
Closed loop systems that reduce water losses and environmental 

impact & enhanced drilling and stimulation techniques unlocking 

new areas, including superhot rocks (>400°C)



Geothermal Risks

• Subsurface Uncertainty
• Reservoir quality (heterogeneity)

• Drilling challenges and circulation losses

• High Upfront Costs
• 40-50% of project costs in Exploration and 

Drilling (CAPEX)

• Tighter Margins with high appraisal commercial 
risk

• Location dependent & Proximity to 
habitation

• Market Volatility
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Objectives 

• Optimize development of a Geothermal 
development

• SPE Forge synthetic dataset

• Fully integrated uncertainty workflow 
accounting for subsurface uncertainty

• Test three common development strategies

• Link with on-the-fly project economics

• Identify project enablers or inhibitors at 
each stage of project development under 
prevailing market conditions  



Objectives 

Fully Integrated Ensemble
Identify and optimize key 

uncertainties

Optimize under 
uncertainty with three 
common development 

strategies

Integrate production 
potential with economics  

Optimise the development of an idealised Geothermal development 

under uncertainty under prevailing market conditions



Geological Setting

• Multi-story sandstone channel system 
interbedded with sandy siltstones

• High uncertainty on channel continuity and 
connectivity

• High vertical and horizontal heterogeneities



Model Overview

• Northern African Geothermal field of ≈ 5 bln sm3

• Single major fault

• Developed by 4 wells

• Depth ~2500m

• Initial Reservoir Temperature 160ºC and pressure 

of 260 bar at reservoir depth

• Limited information available



Fault Model Overview

• Two injector wells crossing large fault with NW-
SE orientation 

• Intense fracturing subparallel to the fault plane 

• Impact on horizontal and vertical perm? 

• 8 degrees temperature anomaly associated to 
the fault was detected

• Decreased with distance to the fault increased

• Indicative of a fluid pathway for deeper (hot) 
groundwater.



Three Development Strategies

2 Standard  
Duplets

2 Vertical Wells –
Closed Loop

2 Proximal 
Deviated Well Pair 

Inverse Voidage Replacement
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Integrated Uncertainty Workflows

• Integrated workflow to automatically 
generate geological and dynamic 
properties

• Launch sensitivity analysis to identify 
key variables and underlying drivers

• Consider optimized scenarios under 
uncertainty



Integrated Uncertainty Workflows
Calculation Variable

Fault distance 

Temperature anomaly

Facies controlled 

porosity and perm

Fault controlled 

dynamic perm for 

simulation 

Thermal calculations 

Development scenario

Aquifer boundary 

conditions

Rock properties

Temperature 

anomaly

Fault impact

Development 

strategy

Fault 

transmissibility

Geological 

heterogeneity 

and uncertainty



A New Approach for Geothermal Reservoirs

n

Parallelization

Analysis of impactful variables

Cluster analysis to 

maintain ensemble 

variability

Forecast optimisation under 

uncertainty

Project economics 



Uncertainty Analysis: 2 Producers & 2 Injectors

• Wide response of 
production & injection 
rates based on geological 
uncertainties



Uncertainty Analysis: Tornado



Uncertainty Analysis: Tornado



Model selection with unsupervised machine learning 

• Dimension reduction with 
MDS or PCA

• K-means clustering

• 4 representative models



Uncertainty Analysis: 2 Producers & Injectors

• Maintain spread of 
production & injection 
response with only a 
subset of geological 
models

• Take subset of models 
forward for production 
optimization under 
uncertainty



Forecast Optimization under Uncertainty

• Objective:
• Maximize Energy 

• Control Variables:
• Production rates

• Injection rates 

• Temperature of the injected water

• Optimizer: 
• Differential Evolution



Forecast Optimization under Uncertainty

• Objective:
• Maximize Energy 

• Control Variables:
• Production rates

• Injection rates 

• Temperature of the injected water

• Optimizer: 
• Differential Evolution

• Increasing initial water production not 
always influences energy production 
due to geological reservoir constrains



NPV Calculation

2 vertical wells (closed loop)

4 horizontal wells (doublets)

Cost of heating up water

Facility cost based on water capacity

Simplified Optimization on NPV 



NPV Optimization

Proximal Doublet Closed Loop



Next Steps…

• Integration with Surface Network

• Fully integrated 

geothermal reservoir model

FULLY IMPLICIT
RESERVOIR – GEOMECHANICS

UNIFIED PVT 
PROJECT

UNIFIED WELL 
PROJECT

FULLY IMPLICIT 
SURFACE NETWORK -

RESERVOIR

Temperature profile along 
well specified and used to 

create VFP curves

Geomechanics 
implemented with Black 
Oil temperature option



Geothermal Roadmap

• Thermal demand and (geothermal) district 
heating potential (2050)

• Current trend for local solutions 
highlighting need for improved accuracy, 
forecasting and risk mitigation

Pan-European Thermal Atlas

Heatroadmap.eu



Conclusions
• Novel approach to explore subsurface 

uncertainties Benchmark uncertainty 
across all technical disciplines

• Workflow-based optimizing on NPV

• Promotes greater understanding of the 
system

• Assess the impact of development 
options with time saving potential

• Updatable over asset life-cycle

• Informed decision making
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