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INTRODUCTION

e Hydrothermal doublets are sensitive to reservoir heterogeneity, connectivity, and uncertain-
ty in porosity—-permeability distributions.

Saudi Arabia’s Al Wajh Formation (NW Red Sea) shows strong depositional and diagenetic
variability affecting reservoir quality .

e Syn-rift siliciclastics with strong grain-size variability, clay matrix content, and early diagenetic
modification.

e Braided fluvial facies show porosity up to 23% and permeability reaching 3000 mD; nearshore
facies drop to <10% porosity and ~400 mD permeability

Previous hydrothermal studies demonstrate that well spacing and fracture connectivity
strongly impact heat extraction .

Recent UQ studies highlight the large spread in NPV, temperature, and energy output driven
by facies uncertainty and poro-thermal parameters..

Objective: Quantify how spatial heterogeneity + correlation lengths + porosity/permeability
uncertainty influence heat extraction, pressure behavior, and techno-economic metrics

RESULT

WGC 2026

FORGING GEOTHERMAL INNOVATION
JUNE 8 - 11, 2026 | CALGARY, CANADA

Omar.alobaid@kaust.edu.sa

NUMERICAL MODEL

e 1800 m x 900 m x 200 m reservoir section.
e 3D COMSOL Multiphysics model (Heat Transfer in Porous Media + Darcy Flow).
e Heterogeneity Generation, Variability in:

e Porosity (¢)

e Permeability (k)

e Correlation lengths Lx, Ly, Lz (anisotropy)

Uncertainty & Techno-Economics

e Latin hypercube sampling (500 realizations)
e Qutputs: production temperature, LCOH, NPV
e Economic assumptions: CAPEX/OPEX

Figure 1. Heterogeneity field distribution

Table 1. Parameter space

Parameter Symbol / Units Uncertainty Range
" o Mean porosity o (=) 0.08-0.25
022 022 Porosity variance o0%(9) 0.002-0.02
92 " Mean permeability k (m?) 1e-15-3e-12 m? (*1-3000 mD)
:: Correlation length (x) Lx (m) 30-200
0.14 Anisotropy ratio kH/kV (-) 2-10
- Rock thermal conductivity Ar (W/m-K) 1.5-3.0
::8 T Rock heat capacity Cp,r (kJ/m®-K) 2300 - 2450
0.06 0.06 Injection fluid temperature Tin (°C) 25-80
Figure 2. Porosity realizations for different correlation lengths Injection rate Kg/s 20-80
Well spacing m 200-700
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Figure 4. Temperature distribution over 40 years between injector and producer wells cort_2 7
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e Temperature decline rate strongly controlled by longitudinal k-connectivity. Economics cp_rock -

NPV shows larger variance than thermal energy due to market uncertainty.

Minimum injection—production spacing: 300-500 m depending on heterogeneity.

Levelized Cost of Heat (LCOH)

Optimum permeability anisotropy ratio increases lifetime.

CAPEX = Cypipp + Csurface + Cpump + Cnisc
OPEXannual = Celec + Cmaint + Clabor
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e Realizations following empirical ¢—k relationships (Costa, 2006) produce B A Spearman rho with LCOH
Smoother Connect|v|ty and Sl'ghtly hlgher long_term temperatu re. n=1(1+r)n Figure 5. SenSitiVity of LCOH over time for all different realizations
DISCUSSION CONCLUSION
e The simulations demonstrate that geological heterogeneity is a first-order control on thermal e Heterogeneity and correlation lengths strongly control thermal lifetime.
performance

The reservoir quality variability observed in Al Wajh Formation (porosity 10-25%, k = 50-3000
mD) directly explains the wide spread in simulated flow paths.

The effect of correlation length is comparable in magnitude to the effect of mean permeabil-
ity, consistent with hydrothermal studies..

UQ clearly required: deterministic models severely misrepresent performance.

Combining geological analogs, empirical ¢—k trends, and optimized UQ reduces uncertainty
In investment decisions.

The combined influence of heterogeneity, anisotropy, and correlation length suggests that
well spacing should not be fixed but instead treated as an optimization variable
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UQ reveals broad ranges for AT, Ap, and lifetime; heterogeneity cannot be ignored.

Porosity—permeability uncertainty, driven by depositional and early diagenetic variability of
the Al Wajh Formation, produces large uncertainty

Economic performance is highly sensitive to geological variability: NPV varies by >70%, and
only about one-third of realizations remain commercially viable under conservative pricing.

The integrated workflow—combining heterogeneity generation, reservoir simulation, and
techno-economic uncertainty—provides a robust decision-making framework
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