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ABSTRACT

This study investigates the influence of modeling choices related to the scale of reservoir heterogeneity on the
predicted performance of geothermal doublets in fluvial low-enthalpy geothermal reservoirs. Fourteen geo-
cellular grids were created to systematically analyze the impacts of numerical grid resolution, permeability
upscaling methodology, and modeled scales of sedimentary architecture, using MODFLOW-2005 and MT3D-
USGS to simulate groundwater flow and heat transport for well-doublet operation over a 35-year period. The
results reveal complex relationships between these choices and simulated reservoir behavior: the considered
factors have significant influence on injection pressures but only a modest effect on production temperatures
(with variations within 2 °C after 35 years across all models), likely due, at least in part, to a relative dominance
by thermal diffusion over heat advection in the considered scenarios. Simplification of geological architecture
through omission of fine-scale features may augment the hydraulic impact of larger flow barriers, such as
abandoned-channel mud plugs. The highest injection pressures were simulated on grids that embody sedimen-
tary architectural elements but lack internal facies heterogeneity. The permeability upscaling method also has an
effect: simulations on grids upscaled using harmonic averaging consistently yield the highest near-injector
pressures, followed by those based on geometric averaging and arithmetic averaging. The dynamic behavior
of grids upscaled via flow-based upscaling closely approximates that of grids upscaled using arithmetic aver-
aging, suggesting that bulk hydraulic behavior is dominated by the connectivity of high-permeability units. The
performance gap between grids following different upscaling methods decreases significantly for higher grid
resolution. Simulations of geological models that incorporate increasingly detailed geological features predict
cold-water plumes with slightly more complex shapes and tortuous fronts, as documented by values of plume
surface-to-volume ratio. The complexity of the cold-water plume shape, as measured by the surface-to-volume
ratio, is slightly higher for well doublets oriented at a high angle to the channel-belt axis, but does not in-
crease systematically with the resolution at which fine-scale features are represented.

1. Introduction

complexity often requires static grids with millions of cells, each
assigned properties via geostatistical or process-based methods (Feyen

To reliably forecast the pressure and temperature evolution of
geothermal reservoirs, it is crucial that the static models that underpin
numerical simulations incorporate geological, petrophysical and ther-
mal properties realistically (Hamm and Lopez, 2012; Vogt et al., 2013;
Wang et al., 2023; Willems et al., 2017b). Yet building geologically
robust reservoir models remains challenging. Fully resolving subsurface
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and Caers, 2006; Janssen et al., 2006). Although such fine resolution is
computationally expensive, coarser-grid models may fail to capture key
geological heterogeneities, whose impact may not be accounted for by
standard upscaling techniques (Renard and de Marsily, 1997). If grid
cell dimensions do not match with the length scales of depositional or
diagenetic features, cell-to-cell property contrasts may reflect numerical
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artifacts rather than true heterogeneity (Nordahl and Ringrose, 2008).
To facilitate the simulation of large-scale models, heterogeneous prop-
erty fields are usually upscaled. Arithmetic, harmonic and geometric
averaging approaches are variably applied depending on the architec-
ture of geological media; however, none of these may be suited to more
complex architectures, for which local flow-based techniques or multi-
scale finite-volume methods may be preferred (Renard and de Marsily,
1997; Jenny et al., 2003). Additional challenges exist in the upscaling of
petrophysical properties for multiphase or heat-transport problems,
whereby pseudo-relative-permeability functions and macro-dispersion
tensors must preserve sub-grid physics (Barker and Thibeau, 1997;
Chen et al., 2003).

Numerous studies have documented ways in which sedimentary
heterogeneity governs flow paths, breakthrough timing and sweep ef-
ficiency in both geothermal and hydrocarbon reservoirs (Lake and
Jensen, 1991; Gémez-Hernandez and Wen, 1998; Graham et al., 2015).
Heterogeneity arises from sedimentary architecture and diagenetic
products, which cause permeability and porosity to vary over orders of
magnitude (Jackson et al., 2003; Aghaei et al., 2024). Neglecting com-
plexities, such as the presence of sedimentary units that act as thief zones
leading to premature thermal breakthrough, poses risks in the intended
use of reservoir models (Ringrose and Bentley, 2016). Recent studies
based on outcrop analogs and forward-stratigraphic modeling of fluvial
successions highlight the role of point-bar and channel-belt architec-
tures in controlling geothermal well-doublet performance (Babaei and
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Nick, 2019; Major et al., 2023; Aghaei et al., 2024).

The extraction of heat from low-enthalpy geothermal reservoirs is
commonly performed employing multi-well schemes — such as doublets
(Gringarten, 1978; Mahbaz et al., 2021) or triplets (Chen and Jiang,
2015; Zinsalo et al., 2021); for these, optimal well spacing and orien-
tation dictate longevity and efficiency of operation, but their choice
depends on the specifics of reservoir architecture and heterogeneity.
Numerical studies demonstrate how the optimization of doublet design
and operation is strongly dependent on geological architecture and
heterogeneity (Daniilidis et al., 2020; Ezekiel et al., 2022; Kong et al.,
2017).

Consideration of how geological heterogeneities are represented and
upscaled in geothermal reservoir models is especially important in
clastic sedimentary aquifers. One such class of aquifers is represented by
sedimentary successions produced by meandering river systems, in
which sedimentary units are arranged in a predictable hierarchical
manner (Fig. 1; cf. Tyler and Finley, 1991; Miall, 2014). These units
include large-scale depositional elements consisting of meander-belt
channel bodies representing the principal target sand bodies in succes-
sions of this type (Gibling, 2006); these channelized units are commonly
embedded in fine-grained floodplain deposits (Ghinassi and Ielpi, 2015).
Internally, fluvial channel bodies are composed of architectural ele-
ments that typically comprise sand-prone point-bar elements compart-
mentalized by mud-prone abandoned-channel-fill elements (Donselaar
and Overeem, 2008; Colombera et al., 2017). At a smaller scale,

hierarchies of
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depositional element
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Fig. 1. Idealized models depicting the scales of sedimentary heterogeneity of meander-belt successions considered in this study.
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meander-belt architectural elements are made of lithofacies units rep-
resenting the preserved record of specific depositional and
post-depositional processes, giving rise to significant internal variability
in grain-size, continuity and connectivity of net reservoir volumes
(Bridge, 2003; Russell et al., 2019). All these scales of heterogeneity
control fluid flow in the successions of meandering rivers (cf. Montero
et al., 2024; Willis and Sech, 2019).

The aim of the present work is to determine the importance of
capturing scales of sedimentary heterogeneity in the practice of
modeling fluvial low-enthalpy geothermal reservoirs. Specific objectives
include the systematic quantification of the impacts of (i) numerical-grid
resolution, (ii) upscaling methodology, and (iii) hierarchical scales of
fluvial sedimentary architecture on the performance of geothermal
doublets in meander-belt reservoirs. This assessment seeks to deliver
practical guidelines that may be followed to make informed choices of
geocellular grid resolution and permeability upscaling strategies.
Although the numerical tools for flow simulation and upscaling are well-
established, their application to the specific challenges of low-enthalpy
geothermal reservoirs hosted in heterogeneous sedimentary aquifers
remains under-explored. The novelty of this work lies in the systematic,
structured comparison of these modeling choices.

2. Methodology

This work employed a numerical model named Point-Bar Sedimen-
tary Architecture Numerical Deduction (PB-SAND) (Yan et al., 2021,
2017), to construct vector-based representations of meander-belt fluvial
deposits. The resulting idealized architecture was voxelized into a geo-
cellular grid that captures different levels of sedimentary heterogeneity:
(i) depositional elements including a channel belt and the floodplain
deposits in which it is embedded, (ii) channel-belt components con-
sisting of barform and channel-fill architectural elements, and (iii) the
lithofacies types that make up the point-bar and channel-fill elements
(Fig. 1); these units can be selectively activated or omitted. In this
geological framework, petrophysical properties were then populated
through geostatistical methods. Starting from a highest-resolution grid,
equivalent static models of progressively coarser resolution were ob-
tained through upscaling along a specified horizontal axis, preserving
the same architectural framework at each scale. These grids were then
subsequently used as static meshes for simulating water flow and heat
transport in an idealized low-enthalpy geothermal reservoir. Fig. 2
summarizes the modeling workflow undertaken in this work.
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2.1. Reservoir modeling

A three-dimensional geocellular grid consisting of 1750 x 104 x 52
cells was built to depict a sand-prone fluvial meander-belt succession
produced by a chiefly downstream-migrating (translating) meandering
river channel. As detailed in a companion paper by Aghaei et al. (2024),
the model captures key characteristics of the facies architecture of
meander belts: fine-grained abandoned channel fills, upward-fining se-
quences, a planform grain-size trend whereby downstream point-bar
tails are finer-grained than their upstream correlative bar heads, and
mud layers that locally drape point-bar accretion surfaces (Fig. 3;
Pranter et al., 2007; Colombera et al., 2018; McGowen and Garner,
1970; Hartkamp-Bakker and Donselaar, 1993; Alsop et al., 2014).

The depositional architecture was generated with the PB-SAND for-
ward model (Yan et al., 2017, 2021). This computer program traces
time-stamped channel-centerline trajectories in vector space, calcu-
lating bank erosion and lateral-accretion geometries before any dis-
cretization in gridded format occurs, so that even very thin inclined beds
(e.g. bar-front mud drapes) are not aliased at export and are thereby
preserved as part of the model outputs. Lithological facies types are then
distributed according to rules that consider geological understanding of
the processes determining their distribution in meander-belt elements,
for example, the position of point-bar and counter-point-bar deposits
(Yan et al., 2021); these facies units are parameterized in terms of
proportions and geometries. The reference model was created using
input channel trajectories that describe meander-belt evolution associ-
ated with dominant meander-bend translation (Aghaei et al., 2024); it
covers an area of 5382 x 4784 m? and has a vertical extent of 10 m. This
thickness was chosen to capture the full preserved vertical thickness of a
single meander-belt depositional element representative of the succes-
sions of mid-sized river systems (Blum et al., 2013; Colombera et al.,
2019; Gibling, 2006). The resulting vector model was discretized into a
cartesian geocellular grid. Facies-controlled porosity and permeability
were populated with collocated sequential Gaussian co-simulation
(SGCoSim) in SGeMS 3.0. The algorithm SGCoSim (Almeida and Jour-
nel, 1994) preserves both the individual variograms of each property
and their cross-correlation. Prior distributions came from data obtained
from geological analogs (Aghaei et al., 2024). Dimensional and hierar-
chical rules (e.g., typical barform thicknesses, mud-drape spacing) were
sampled from the Fluvial Architecture Knowledge Transfer System
(FAKTS), a sedimentological database collating data from fluvial depo-
sitional systems (Colombera et al, 2012). Point-bar-scale
porosity-permeability ranges were calibrated against outcrop-derived

Step 1: Geological Input

PB-SAND Forward Model
Vector-based Meander Belt
Detail: 10m thickness, translating channel

Step 2: The Static Grid Matrix (The 3 Branches)

Base High-Res Grid
1750 x 104 x 52 cells
Detail: Facies & Petrophysical Distribution (SGCoSim)

Variable Resolution
Action: Coarsening via Arithmetic Averaging
Cases: 500x, 351x, 234x, 175x, 117x (FS)

Upscaling Strategies
Tested at: 117x and 500x resolutions
Methods: Arithmetic (AU), Harmonic (HU),
Geometric (GU), Flow-Based (FBU)

Sedimentary Hierarchy
Tested at: 117x resolution
Levels: Facies Scale (FS), Architectural Element (AE),
Depositional Element (DE), Constant Petrophysics (CP)

Step 3: Dynamic Simulation

Geothermal Doublet Simulation
Software: MODFLOW-2005 & MT3D-USGS
Setup: Injector (10°C) + Background 45 °C
Orientations: Longitudinal vs. Transverse Layouts
Duration: 35 Years

Step 4: Analysis of Outputs

Performance Metrics
Outputs: Injection Pressure, Thermal Breakthrough, Plume S/V Ratio

Fig. 2. Overview of the modeling workflow followed in this study.
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Fig. 3. Plan-view and vertical cross-sectional views of the base-case grid

considered in this study, showing facies distributions, porosity, and perme-
ability (adapted from Aghaei et al., 2024).

compilations that document intra-bar heterogeneity and its impact on
fluid flow (Willis and Sech, 2019).

2.2. Upscaling of petrophysical properties: approaches and cell sizes

To isolate the controls of (i) grid resolution, (ii) permeability
upscaling technique, and (iii) sedimentary-heterogeneity hierarchy on
geothermal doublet behavior, we generated a suite of geocellular models
from the PB-SAND base grid. The base grid (1750 x 104 x 52 cells) was
coarsened along a single specified direction (‘x’ direction, i.e., the hor-
izontal direction at higher angle with the direction of elongation of the
modeled channel-belt depositional element) by arithmetic averaging so
that six alternative grids of varying resolution were produced, respec-
tively having 500, 351, 234, 175, and 117 cells along the x direction. All
these grids have a y-direction resolution of 104 cells and a vertical

Advances in Water Resources 209 (2026) 105217

resolution of 52 cells. The base grid was intentionally coarsened along
the 'x' direction only. This was done to isolate the effect of grid resolution
and upscaling for a specific direction, noting that channel-belt hetero-
geneities are intrinsically anisotropic and considering that two alter-
native well-doublet layouts are simulated that are variably oriented
relative to the direction of channel-belt elongation.

Since all these grids incroporate facies-scale heterogeneity, they are
denoted by the ‘FS’ acronym, and are hence labelled as: 500x-FS, 351x-
FS, 234x-FS, 175x-FS, and 117x-FS (Fig. 4). These grids preserve the
general architectural characteristics of PB-SAND outputs, allowing us to
examine the impact of one-directional grid coarsening on simulated
fluid flow and heat transport.

For each of two selected grid resolutions (500 and 117 cells along x
direction), three additional grids were created by performing perme-
ability upscaling using harmonic averaging, geometric averaging, and a
flow-based approach. Arithmetic block averaging was used for upscaling
porosity values in all cases. The resulting five grids are denoted as 500x-
HU-FS,117x-HU-FS, 500x-GU-FS, 117x-GU-FS, 500x-FBU-FS and 117x-
FBU-FS depending on whether upscaling is based on harmonic aver-
aging (HU), geometric averaging (GU) or flow-based upscaling (FBU). In
the flow-based upscaling workflow, the effective permeability value for
each cell was determined by imposing a pressure drop and simulating
the resulting flow using the functionality of the upscaling module of the
Matlab Reservoir Simulation Toolbox (MRST; Lie, 2019; Lie and
Mgyner, 2021). This was repeated for each of the three cartesian axes. A
full permeability tensor was computed considering no-flow conditions
applied to the lateral boundaries. The total computing time required to
perform flow-based upscaling was up to a maximum of ca. 380 h for the
grid at 117x resolution, using a standard desktop PC with 32 GB RAM
and Intel Core i7 CPU. The standard Layer-Property Flow (LPF) package
in MODFLOW-2005 assumes that principal hydraulic conductivity axes
align with the model grid; thus, only the diagonal components of the
upscaled tensor (Kyx, Kyy, Kz;) were extracted and used for the dynamic
simulations. Disregarding the off-diagonal terms is justified by the fact
that the grid axes are oriented to align approximately with the principal
directions of depositional anisotropy.

Together with grids of the same resolutions but obtained via arith-
metic averaging, these grids enable a comparison of predicted reservoir
behavior as a function of permeability upscaling technique.

2.3. Hierarchies of sedimentary heterogeneity

To assess the impact of different hierarchical levels of sedimentary
architecture on doublet performance, additional grids were built at a
common resolution of 117 x 104 x 52; these grids differ with respect to
the domains and manner in which petrophysical properties are assigned
(Table 1, Fig. 5; see also Fig. 1). A grid denoted as 117x-AE has been
obtained by distributing petrophysical properties, via SGCoSim
(Almeida and Journel, 1994), in a simplified lithological framework in
which point-bar and abandoned-channel-fill architectural elements are
differentiated but their internal facies heterogeneity is ignored. A grid
denoted as 117x-DE has been obtained by considering a lithological
framework that is simplified even further: porosity and permeability
modeling is performed in the channel-belt domain without any form of
facies constraint. An additional grid denoted as 117x-CP has been pro-
duced by setting all channel-belt deposits as having constant values of
porosity and permeability.

2.4. Hydrogeological modeling and heat-transport simulation

The numerical workflow used in this work follows closely the one
documented in Aghaei et al. (2024). Groundwater flow is solved with
MODFLOW-2005 (Harbaugh, 2005), whereas coupled heat transport by
advection and conduction is simulated in MT3D-USGS (Bedekar et al.,
2016) through the Advection (ADV) and Dispersion (DSP) packages.
Dispersivity was set to zero because, for the facies-scale models
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Fig. 4. Schematic representation of the considered grid resolutions accompanied by selected plan-view and cross-sectional slices color-coded by hydraulic con-
ductivity (Kx, m/s), highlighting the spatial arrangement of facies types controlling petrophysics; upscaling of both porosity and permeability was performed via

arithmetic averaging for these grids.

Table 1
Summary of grids built to assess the impact of hierarchies of sedimentary het-
erogeneity on doublet performance.

Grid Grid Heterogeneity domains used for
code geostatistical modeling
Facies-scale 117x- Lithofacies units distributed in the

FS architectural elements of the meander-
belt depositional element

Architectural-Element 117x- Point-bar and channel-fill architectural
scale AE elements making up the meander-belt
depositional element
Depositional-Element 117x- Undifferentiated meander-belt
scale - Gaussian DE depositional element; Gaussian
Petrophysics distributed porosity and permeability
values
Depositional-Element 117x- Undifferentiated meander-belt
scale - Constant CP depositional element; constant porosity
Petrophysics and permeability values reflecting

depositional-element mean values

considered here, spatial variability in hydraulic conductivity already
captures mechanical dispersion at the grid scale (Ferguson, 2007;
Sommer et al., 2013). In practical real-world applications based on
standard hydrogeological modeling of aquifer models, dispersivity
would not normally be set to zero. Negligible dispersivity values may
only be appropriate for very high-resolution representations of aquifer
heterogeneity (Possemiers et al., 2015); this choice was adopted here in
all cases for consistency in order to isolate the influence of other pa-
rameters on model outputs. This ensures that the observed mixing is
primarily a function of the explicit geological architecture and numer-
ical dispersion inherent to the finite-difference method.

Saturated flow was simulated using the Layer-Property Flow (LPF)
package; regional inflow/outflow was represented with General-Head
Boundaries (GHB). A constant background temperature was set to 45
°C in line with the idealized scenarios simulated in Aghaei et al. (2024).
Operation of the well doublet was implemented with the Multi-Node
Well package (MNW2), considering injection of 10 °C water at 0.003

m?s7! and variable production at reservoir conditions. Values of thermal
conductivity and heat capacity were separately assigned for sand- and
mud-dominated facies following analog data compiled by Dalla Santa
et al. (2020). Bulk thermal diffusion is calculated cell-by-cell based on
the local porosity values.

Unlike permeability, which exhibits variation over several orders of
magnitude in the considered fluvial facies (ranging from approximately
1.00E-12 to 3.20E-05 m/s), thermal conductivity varies within a much
narrower range (approximately by a factor of 1.5 to 2 between sand and
mud). Consequently, arithmetic (volume-weighted) averaging was
applied to upscale all petrothermal properties in this work. It has been
demonstrated by Riihaak et al. (2015) that, for layered sedimentary
formations, upscaling approaches based on harmonic or geometric
averaging often reproduce fine-scale values more accurately than
arithmetic averaging, but it is also recognized that the specific upscaling
method has a relatively minor impact on the resulting temperature
distribution due to the diffusive nature of heat conduction .

Each scenario is simulated for 35 years, with hydrogeological and
thermal inputs summarized in Table 2-Appendix A.

2.5. Well-doublet layouts

Two geothermal doublet arrangements were analysed that differ in
how they align with the meander-belt axis (Fig. 6); these are indicated
as: (i) “longitudinal” layout when the producer and injector are placed
along the direction of elongation of the meander-belt (approximately
along the average river paleoflow), i.e., at high angle with the direction
of grid coarsening; (ii) “transverse” layout when the wells are oriented at
high angle with the axis of the channel belt, i.e., at low angle with the
direction of grid coarsening. Point-bar accretions surfaces, and the bar-
front mud drapes that mantle some of these surfaces, strike roughly
parallel to the transverse layout. In both cases the inter-well distance is
fixed at 1050 m. To avoid lack of well communication due to hydraulic
barriers associated with abandoned-channel mud plugs, the screened
intervals of both wells are set to penetrate the same point-bar archi-
tectural element. Hydraulic heads are specified so that the injector is
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Fig. 5. Plan-view and cross-sectional views of grids that differ in the degree with which hierarchies of sedimentary architecture are considered, color-coded by
hydraulic conductivity (Kx, m/s) highlighting the spatial arrangement of hierarchies of sedimentary heterogeneity, or lack thereof, at 117x104x52 resolution.

Well-doublet orientation

Longitudinal Transverse

(] Abstractionwell
@ Injectionwell
\ Formative-river flow

& Hydraulicgradient

Fig. 6. Map view of longitudinal and transverse well-doublet configurations used in this work with well spacing of 1050 m.

positioned down-gradient of the producer, a standard practice aiming to 2.6. Surface-to-volume ratios (S/V)
delay thermal breakthrough (Banks, 2009).
The ratio between the surface area and the volume of an object can
be considered as a measure of its tortuosity (cf. Deutsch, 1998). In the
case of injected cold-water plumes, this metric is affected by the way in
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which the plume is defined. The definition is important if the interest is
specifically on the tortuosity of flow, due to the influence of heat con-
duction on plume shape. In the current work, plumes are defined from
the 3-D temperature field at 35 years by thresholding at T* in the range
10-20 °C. For a given T*, the plume volume (V) is the sum of the native
grid-cell volumes with T < T*; the plume surface (S) is estimated as the
total area of cell faces separating plume and non-plume cells.

To evaluate the petrophysical heterogeneity of each grid, two scalar
descriptors are used: (i) the porosity coefficient of variation (CVg), a
dimensionless measure of porosity spread defined as CVg = 6/, where
o is the porosity standard deviation and p the mean porosity, such that
larger CV¢ values indicate greater porosity heterogeneity; (ii) the Dyk-
stra-Parsons coefficient (VDP), a measure of permeability heterogeneity
(Dykstra and Parsons, 1950) defined as: VDP = [log ks — log kg4.1]1/1og
ksg, where kso and kg4 are the 50th and 84.1st percentiles of the
permeability distribution, respectively, such that a higher VDP signifies
more pronounced permeability heterogeneity.

3. Results
3.1. Geocellular grids: comparison of petrophysical heterogeneity
Together, the fourteen geocellular models considered in this work

permit an analysis of the relative influence of resolution, upscaling
method, and complexity in sedimentary architecture on the predicted
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fluid flow and heat transfer of a geothermal doublet.

Fig. 7 provides a summary comparison in the form of porosity-
permeability plots charting values for all the cells of grids that differ
in terms of resolution and permeability upscaling approach (arithmetic,
harmonic and geometric averaging and flow-based upscaling). Arith-
metic upscaling largely preserves the distinct high-density clusters rep-
resenting the transition from sand-prone to mud-prone facies, with the
CVg remaining stable at 0.42 and the VDP at 0.16. The plots for grids
upscaled using HU show a marked shift in the data distribution
compared to the arithmetic baseline. This occurs because the harmonic
mean is sensitive to low values, causing a suppression of effective
permeability in heterogeneous cells and resulting in a different clus-
tering pattern. In contrast, the GU plots display an intermediate trend;
while they retain the general shape, the geometric mean tends to reduce
the influence of extreme high-permeability values compared to arith-
metic averaging. Finally, the FBU plots for the 500x resolution reveal
significant scatter, particularly in the vertical direction (kz). Unlike the
static averaging methods, flow-based upscaling captures the directional
anisotropy induced by the geological architecture, resulting in a higher
VDP (0.26 for kz) that reflects the flow barriers presented by mud drapes
and baffles.

Fig. 8 shows corresponding plots for grids that differ in terms of
degrees of considered sedimentary heterogeneity. The plot for the 117x-
FS (Facies-Scale) grid displays a continuous, curvilinear trend with high-
density clusters, representing the highest level of geological detail

234x-FS (N = 408,801)

117x-FS (N = 207,191)

0.0 0.1 . . 0.0 0.1 0.2

500x-GU-FS (N = 867,275)

117x-GU-FS (N = 212,054)

CV =0.44
VDP =0.16

0.0 0.1 0.2 03 0.0 0.1 02 0.3

10000 20000 30000 40000 50000
Number of Points

Fig. 7. Cross plots of porosity and permeability values for cells of selected grids of variable resolution and for which permeability values were upscaled using
arithmetic, harmonic and geometric averaging methods or a flow-based upscaling technique. Values of porosity CVy, and Dykstra—Parsons coefficient (VDP) for each
grid are reported. N: number of data points; kx, ky and kz: Permeability in x, y and z directions. Note that the 1750x-FS grid is shown for reference as the finest-scale
model, but was not used in the dynamic simulations due to computational limitations.



H. Aghaei et al.

s 117x-FS (N = 207,191)
10

117x-AE (N = 206,630)

Advances in Water Resources 209 (2026) 105217

117x-DE (N = 206,630) 117x-CP (N = 206,630)

T
E
z 10 -
Z
8 107"
E
()
[N 10—3
CV =042 CV=044 CV=0.37 CV=0.00
- VDP =0.16 VDP =0.13 VDP =0.13 VDP = 0.00
1000 0.1 0.2 03 0.0 0.1 0.2 03 0.0 0.1 0.2 03 0.0 0.1 02 03
Porosity Porosity Porosity Porosity
500 1000 1500 2000 2500 3000

Number of Points

Fig. 8. Cross plots of porosity and permeability values for cells of grids that consider different levels of sedimentary heterogeneity (see Table 1). The values of

porosity CV,, and Dykstra—Parsons coefficient (VDP) are reported for each grid.

examined. This "S-shaped" distribution reflects the preservation of
facies-scale heterogeneity, where distinct lithofacies units—such as
channel sands, bar-top deposits, and mud drapes—are arranged ac-
cording to realistic depositional trends. The trend effectively captures
the intrinsic cross-correlation between porosity and permeability
defined by the underlying geostatistical rules, bridging high-quality
reservoir sands with lower-quality heterolithic and muddy facies. In
contrast, the 117x-AE grid exhibits two distinct, disconnected data
clouds, indicating a bimodal distribution caused by simplifying the ge-
ology to the architectural-element scale. By treating sand-prone point
bars and mud-prone abandoned channel fills as internally homogeneous
units, this model ignores the facies that would naturally connect them.
The resulting gap between the upper and lower clouds highlights the
artificial binary classification of rock types at this scale, effectively
removing the deposits that usually bridge clean sands and mud plugs.
Moving to a lower level of detail, the 117x-DE grid presents a single,
diffuse, and broad cloud of data points. This occurs because the model
treats the entire meander belt as one undifferentiated depositional
element, populating porosity and permeability using a Gaussian distri-
bution across the domain without facies or architectural constraints.
Consequently, the petrophysical properties are "smeared" into a struc-
tureless blob, mixing high and low values randomly rather than orga-
nizing them according to specific depositional processes or boundaries.
Finally, the 117x-CP grid collapses the entire dataset into a single point
on the cross-plot. This represents the most extreme simplification, where
all spatial heterogeneity is removed by assigning a constant mean value
for porosity and permeability to every cell within the depositional
element.

3.2. Impact of grid resolution

For both longitudinal and transverse well-doublet layouts, the choice
of grid resolution has a relatively modest influence on the local
injection-well pressure and on the inter-well pressure difference (|A
Head|); also, variations in the pressure field are not seen to arise sys-
tematically as a function of cell size (Fig. 9a-b). Differences in produc-
tion temperatures (Fig. 9c-d), which reflect changes in the rate of
advance of the cold-water front through the point-bar sand body, are
also very limited, falling within ca. 1 °C at any point in time across all
grids for a given doublet layout. This is likely due, at least in part, to a
relative dominance by thermal diffusion over heat advection in the
considered scenarios. This behavior reflects a low Péclet number (Pe)—
the dimensionless ratio of advective to diffusive heat trans-
port—inherent to the chosen flow rate of 0.003 m3/s. In this low-flow
scenario, the smoothing effect of heat conduction across facies bound-
aries partially masks the impact of architectural heterogeneity on heat
propagation. Also abstraction temperatures do not vary systematically
with the grid resolution. Overall, progressive grid refinement does not
yield a monotonic trend in either injector pressure or production

temperature over 35 years; the highest injector pressures are simulated
using the 234x-FS grid for both layouts (Fig. 9e-f). A careful visual in-
spection of plume propagation in plan-view maps and cross-sections was
carried out to seek an explanation for these observations, revealing that
there appears to be no evident geological control; thus, we interpret this
behavior as a resolution-dependent numerical effect requiring targeted
sensitivity tests (advection scheme, timestep size, solver tolerances, and
alternative upscaling).

A striking result from the analysis of the effects of grid resolution is
the observation of the highest near-injector pressures in simulations run
on the intermediate-resolution 234x-FS grid (Fig. 9e¢). While monotonic
convergence is typically expected in homogeneous media, this non-
monotonic behavior highlights a critical 'discretization trap' specific to
high-contrast heterogeneities (e.g., sand vs. mud). It is possible that at
coarse resolutions (117x) numerical dispersion is dominant; the distinct
hydraulic resistance of mud drapes is 'smeared' out by the finite-
difference approximation, artificially enhancing connectivity and
lowering pressure. As resolution increases to intermediate levels (234x),
numerical dispersion may be reduced, allowing mud drapes to act as
‘sharp’ barriers. However, such a grid may not be sufficiently fine to
resolve the complex flow pathways that exist around these barriers. This
underscores the necessity of conducting targeted grid-sensitivity studies
that go beyond simple convergence checks, particularly in facies-based
models where high permeability contrasts exist.

3.3. Impact of sedimentary heterogeneity hierarchy

Across the four grids considered for evaluating the impact of the
scale at which sedimentary heterogeneity is considered (Table 1), it is
observed that the simulated near-injector pressure build-up and the well
pressure differences evolve in markedly different ways (Fig. 10a-b), but
not systematically in relation to the degree of incorporated heteroge-
neity. For example, the highest injection pressures are simulated for the
longitudinal layout on the architectural-element scale grid (117x-AE),
which may reflect the increased influence of the channel-abandonment
mud plug as a flow barrier; in turn this is shown to have had an effect on
the asymmetry of propagation of the cold-water plume in absence of
facies-scale heterogeneities (Fig. 10c-d). Variations in the rates of tem-
perature decline at the production well (Fig. 10c-d) are of very moderate
magnitude, within 1.5 °C at 35 years, but the results highlight the
notably slow rates of temperature decrease associated with grids that are
more homogeneous (117x-DE, 117x-CP), presumably in relation to the
absence of internal flow barriers or thief zones. After 35 years of simu-
lation, the relative performance of the well doublets in the grids is
consistent across the two types of well layouts (Fig. 10e-f).

3.4. Impact of permeability upscaling method

Regardless of grid resolution or well layout, consistent differences
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well doublets for six grid resolutions.

are seen across facies-scale grids for which permeability values are
assigned using different permeability-upscaling methods (Fig. 11). At
117x resolution, values of injector heads and absolute head differences
vary widely across the different simulations, with those run on AU and
FBU grids showing the lowest hydraulic heads (Fig. 11a-b). Consistently,
the temperature decline at the producer is slower for simulations run on
FBU and AU grids compared to those for GU and HU (Fig. 11c-d). At
500x resolution, the spread between upscaling methods narrows sub-
stantially. In this case, the injector pressure and absolute head differ-
ences increase from AU, through GU, to HU, in both layouts, with head
values systematically ~10-25 m higher for the longitudinal layout than
for the transverse one (Fig. 11a-b). On average, the simulations per-
formed on the 500x grid show a lower rate of plume advance compared
to those run on 117x, but this is not observed consistently across the

variably upscaled grids (Fig. 11c-d). At year 35, the influence of
permeability upscaling approach on near-injector hydraulic head and
production temperature is resolution-dependent, since the impact of
upscaling method on dynamic simulations is highest for the lower-
resolution 117x grids (Fig. 11e-f). In general, the simulations run on
the grid based on flow-based upscaling exhibit values of injector pres-
sures and production temperatures after 35 years of operation that are
best approximated by the results of simulations run on grids produced
via arithmetic averaging. Simulations run on grids upscaled using geo-
metric or harmonic averaging tend to predict higher injector pressures
and more rapid production temperature decline.
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3.5. Cold-water-plume shape

For either well layout, no systematic differences in the cold-water
plume geometry are seen across simulations run on grids that differ
with respect to resolution or permeability upscaling method. Selected
plan and cross views are shown in Fig. 12. In plan-view the planform
shape of the injected water plume is delineated by near-circular to
slightly elliptical isotherms; only subtle plume elongation and very
limited plume roughness are observed. The simulations run on the
transverse layout show a marginally more irregular plume, consistent
with slightly higher values of S/V ratio, but the differences are modest.

10

Across the four grids embodying different hierarchies of sedimentary
architectures, the simulated injected cold-water plumes are similar in
size for both well layouts (Fig. 13), but some differences are seen in the
geometry of the plume fronts and in plume skewness. The simulation on
the homogeneous case (117x-CP) shows the most regular and smooth
plume, which is approximately circular in planform. The plume in the
simulation run on 117x-DE is merely slightly more irregular. The
simulation run on 117x-AE highlights the impact of the channel-fill mud
plug on the asymmetry of the cold-water plume, whereas that run on
117x-FS displays the impact of oriented lateral-accretion packages and
associated mud drapes acting as internal flow baffles on plume
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elongation.

Fig. 14 presents the S/V values of the injected-water plumes simu-
lated for every grid. The S/V values range from 0.185 to 0.212, under-
scoring the generally modest influence of model resolution and
numerical upscaling procedure on plume geometry. In general, it is
observed that: (i) injected plumes simulated in facies-scale grids tend to
have higher S/V values than plumes in grids with simpler geological
architectures; (ii) for any grid, plumes associated with transverse well-
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doublet layouts, i.e., with wells oriented along point-bar accretion sur-
faces, have systematically higher S/V values. Across all cases, S/V cor-
relates positively with permeability heterogeneity (VDP): overall a
Pearson’s r = 0.417 is seen between the two quantities; notably, a
Pearson’s r = 0.344 is seen for longitudinal layouts and r = 0.565 for
transverse layouts, indicating a stronger association for doublets ori-
ented across accretion surfaces.
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4. Discussion

The numerical simulations of fluid flow and heat transport presented
in this study for idealized low-enthalpy geothermal reservoirs hosted in
fluvial meander-belt successions provide a systematic account of how
choices regarding the ways in which sedimentary and petrophysical
heterogeneities are represented in a reservoir model will affect the
predicted performance of a geothermal doublet. Specifically, we focused
on choices concerning the hierarchies of sedimentary architecture that
one may consider, the resolution at which the corresponding sedimen-
tary units may be rendered in a static model, and the way in which their
permeability field is upscaled at the chosen resolution.

The hierarchical nature of fluvial meander-belt deposits, conceptu-
alized in the form of lithofacies arranged into architectural elements that
are themselves components of larger-scale channel-belt depositional
elements (Fig. 1), is known to map onto scales of petrophysical hetero-
geneity that control reservoir performance (Russell et al., 2019; Willis
and Sech, 2019; Willems et al., 2017a). The results of this study
demonstrate that simplifying this hierarchy by omitting specific scales of
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heterogeneity leads to predictable changes in the simulation of both
injector pressures and thermal plume propagation.

A primary finding is the dominant role of macro-scale architecture in
controlling the hydraulic response of well doublets. The highest injec-
tion pressures are consistently observed in the architectural-element
scale model (117x-AE), which represents point bars and channel-fill
mud plugs as internally homogeneous units (Fig. 10a and c). This
outcome is likely to reflect how a simplification of the geological ar-
chitecture amplifies the impact of abandoned channel fills as barriers or
baffles to flow compartmentalizing sand-prone point-bar elements
(Colombera et al., 2017; Donselaar and Overeem, 2008) while at the
same time masking permeability characteristics associated with
point-bar fining upward trends. In facies-scale models (e.g., 117x-FS),
the point-bar elements, although internally heterogeneous, contain
interconnected pathways of higher permeability sand-prone grid-cells
representing lower-bar deposits.

Visual inspection of the plume shape (Fig. 13) and quantitative
analysis of their surface-to-volume (S/V) ratios (Fig. 14) reveal that
considering smaller-scale lithological heterogeneities leads to more
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Fig. 13. Selected plan view and corresponding cross-sections from cold-water plume at t = 35 years for four sedimentary-hierarchy representations at fixed reso-
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petrophysics (117x-CP). Maps and sections are color-coded according to horizontal hydraulic conductivity (Kx). Contour colors denote temperature (10-45 °C).

complex plume fronts overall, even though plume S/V ratios do not
increase systematically with the resolution at which the sedimentary
heterogeneities are represented. The advance of the front is locally
retarded by low-permeability mud drapes and channeled through high-
permeability sand-prone volumes; these features are characteristic of
point-bar deposits and are typically elongated in the same direction as
part of lateral-accretion packages (Bridge, 2003). Bar-front mud drapes,
even when thin and discontinuous, serve as baffles that increase the
effective path length of the injected fluid, thereby increasing the plume
surface area (Babaei and Nick, 2019; Major et al., 2023; Montero et al.,
2024). A higher surface-to-volume (S/V) ratio indicates a more complex
and tortuous plume shape, which increases the total surface area for
conductive heat exchange between the injected cold water and the
surrounding host rock. The timing of thermal breakthrough depends
critically on the orientation of elongation of the plume relative to the
position of the abstraction well. If the plume is highly elongated along a
direct path between the injector and producer, a higher S/V ratio is
expected to be related to earlier thermal breakthrough. Conversely, a
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plume that spreads away from the doublet orientation taking a tortuous
path due to geological heterogeneity will result in later thermal break-
through, increasing the efficiency of heat production.

Furthermore, the results highlight how the impact of sedimentary
heterogeneity on heat transport is contingent on the well-doublet
orientation. For the longitudinal well layout, oriented across the domi-
nant high-permeability flow paths, the injected fluid is forced to cross
multiple lower-permeability mud drapes. By contrast, the transverse
layout is arranged according to the strike direction of the accretions
surfaces and the sand-prone point-bar accretion packages they delimit:
the higher surface-to-volume (S/V) ratios for the transverse layout
(Fig. 14) reflect enhanced plume elongation. Despite this, the decline in
production temperature is faster for the longitudinal well layout
regardless of the detail with which sedimentary heterogeneities are
modeled, as near-injector pressures tend to be higher. This becomes
especially significant in cases (FS and AE grids) where asymmetric
plume propagation is enhanced by the low-permeability mud plug
acting as a flow barrier (see Fig. 13). Overall, these results corroborate
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previous studies that identified doublet orientation relative to paleoflow
as a critical design parameter in fluvial reservoirs (Willems et al.,
2017b). However, the mechanisms of meander-bend transformation—i.
e., whether a point-bar element accretes via expansion, translation,
and/or rotation of a meander—determines the geometry and orientation
of sand-prone accretion packages and associated low-permeability mud
drapes (Aghaei et al., 2024). This underscores the necessity of inte-
grating a detailed, three-dimensional understanding of sedimentary ar-
chitecture into the planning and optimization of well placement
strategies.

The pressure behavior across the different heterogeneity hierarchies
reveals that the preservation of high-permeability connectivity is as
critical as the representation of flow barriers. Both the Architectural-
Element (117x-AE) and Depositional-Element (117x-DE) models yield
significantly higher injection pressures than the Facies-Scale (117x-FS)
model (Fig. 10a). Since the DE model lacks discrete abandoned-channel
mud plugs, this pressure increase cannot be attributed solely to large-
scale compartmentalization. Instead, this behavior correlates with the
complexity of the cold-water plume, quantified by the Surface-to-
Volume (S/V) ratio (Fig. 14). The 117x-FS model exhibits the highest
S/V ratios, reflecting a complex plume geometry where flow is chan-
neled through interconnected high-permeability pathways—specifically
the coarse-grained basal sands typical of point-bar fining-upward se-
quences. These pathways act as hydraulic conduits that relieve injection
pressure. Conversely, the AE and DE models exhibit lower S/V ratios,
indicating simpler, more compact plumes. By averaging petrophysical
properties within architectural elements (AE) or distributing them sto-
chastically without facies constraints (DE), these models effectively
ignore the spatial continuity of the high-permeability streaks. Conse-
quently, the injected fluid is forced to sweep the bulk formation rather
than channeling through high-conductivity networks, resulting in a
substantial overestimation of the necessary injection pressure. The
slightly higher pressures in the AE model compared to the DE model can
then be attributed to the additional effect of the discrete mud-plug
barriers.

This points to a fundamental control of intrabody connectivity over
bulk volume. Although the AE model captures large-scale compart-
mentalization by mud plugs, its internal homogeneity—Ilike that of the
DE model—removes the discrete, high-permeability pathways formed
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by coarse-grained basal point-bar sands. In the facies-scale (FS) models,
these interconnected high-permeability streaks act as hydraulic 'short-
circuits' or thief zones, effectively relieving near-wellbore pressure. By
averaging these heterogeneities into a block mean (AE) or a Gaussian
field (DE), the continuity of these conduits is compromised. Mechanis-
tically, this forces the injected fluid to sweep the lower-permeability
bulk volume rather than channeling through high-conductivity net-
works, resulting in a substantial overestimation of injection pressure.
This aligns with the connectivity paradox described by Ringrose and
Bentley (2016), where over-simplification of internal architecture often
leads to overpessimistic flow predictions by masking high-permeability
streaks that are common in fluvial deposits.

The process of upscaling finer-scale petrophysical properties onto a
coarser grid is a necessary step in making reservoir simulation compu-
tationally tractable (Chen et al., 2003; Jenny et al., 2003). The results of
this study (e.g., Fig. 11) demonstrate that the choice of upscaling
method is not a mere mathematical convenience. Each method imposes
a bias that emphasizes certain geological features.

For both grid resolutions and well layouts, a consistent ranking of
injection pressures is seen across grids whose permeability field was
upscaled in different ways: those that use harmonic averaging (HU)
yield the highest pressures, followed by those using geometric averaging
(GU), and then those that use arithmetic averaging (AU). This can be
explained from first principles of averaging theory (Renard and de
Marsily, 1997). The harmonic mean is mathematically dominated by the
lowest values in a series, making it highly sensitive to low-permeability
layers. In a geological context, this method effectively models thin,
discontinuous mud layers as continuous, flow-perpendicular barriers,
thus maximizing the predicted flow impedance. Conversely, the arith-
metic mean is dominated by the highest values, which preserves the
lateral continuity of high-permeability streaks and tends to underesti-
mate the baffling effect of discontinuous shales. The geometric mean,
which assigns equal weight to high and low values in logarithmic space,
often provides an intermediate measure that is theoretically suited to
random, uncorrelated heterogeneity but may not adequately capture the
organized architecture of fluvial deposits. The clear separation of the
pressure curves in Fig. 11 is therefore a direct consequence of the
inherent mathematics being applied to the organized heterogeneity of
the meander-belt model.
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Crucially, the observation that the dynamic behavior of permeability
grids based on FBU closely mimics that of grids based on arithmetic
means (Fig. 11) provides a diagnostic insight into the effective flow
topology of the aquifer. It indicates that the macroscopic flow behavior
is dominated by continuous, high-permeability sand bodies acting in
parallel, rather than being throttled by transverse barriers. This suggests
that, for this specific meander-belt architecture, the 'thief zones' are
sufficiently connected to bypass the baffling effects of mud drapes, a
behavior consistent with the 'connected-sand' fraction concept of Jack-
son et al. (2003). This conclusion, which could not be reached by
examining the static methods in isolation, highlights the value of FBU as
a tool for diagnosing the primary flow controls in a complex model.
However, it is crucial to recognize that this result is scenario-dependent;
a different geological realization or well placement could easily lead to a
different outcome where FBU aligns more closely with the geometric or
even harmonic mean (Darban et al., 2020; Jenny et al., 2003). This
behavior is consistent with theoretical bounds for flow oriented parallel
to stratification (Renard and de Marsily, 1997) and indicates that the
meander-belt architecture modeled here possesses high lateral sand-
stone connectivity. In this specific setting, continuous point-bar sands
act as parallel flow conduits that bypass local baffles (Jackson et al.,
2003). In other clastic aquifers where flow is more intensely forced
across low-permeability barriers (series behavior), this relationship
would not hold.

A key observation is that the performance gap between the different
upscaling methods narrows substantially as the grid resolution is refined
from 117x to 500x (Fig. 11). This convergence is a practical demon-
stration of the Representative Elementary Volume (REV) concept (Bear,
2013; Gomez-Hernandez and Wen, 1998; Nordahl and Ringrose, 2008).
At coarse grid resolutions, the cell size is large relative to the scale of the
key geological heterogeneities (e.g., individual mud drapes). In this
regime, the upscaling method imposes its own strong bias on how this
sub-grid heterogeneity is homogenized. As the grid becomes finer, it
begins to explicitly resolve these critical features. The behavior of the
model becomes progressively more dependent on the explicitly gridded
geology and less on the averaging assumption embedded in the
upscaling scheme. Nevertheless, the system is clearly approaching a
state where the effective permeability becomes a stable property of the
medium, independent of the specific averaging method used, which is
the definition of having reached an REV for the flow problem (Feyen and
Caers, 2006; Jackson et al., 2003; Janssen et al., 2006). However,
reservoir architectures tend to present mm- to cm- scale lithological
heterogeneities that are not considered here, and whose impact should
ideally be accounted for in a flow-based upscaling workflow through a
stepwise hierarchical derivation of upscaled permeabilities; for
meander-belt successions, a hierarchical application of flow-based
upscaling has been shown to capture the multi-scale nature of sedi-
mentary heterogeneity in a realistic manner (Nordahl et al., 2014).

A striking result from the grid resolution analysis is the fact that the
highest values of near-injector pressure are observed for simulations run
on the intermediate-resolution 234x-FS grid (Fig. 9e). This is a counter-
intuitive outcome, as a monotonic convergence towards a stable solution
is typically expected with grid refinement. This phenomenon can be
explained by the interplay between the explicit resolution of physical
features and the implicit effect of numerical dispersion. Numerical
dispersion is an artifact of the finite-difference method used to solve the
flow equations; it artificially smears sharp fronts in pressure and satu-
ration over several grid cells (Bedekar et al., 2016; Harbaugh, 2005). At
very coarse resolutions, such as in the 117x-FS model, this effect is
pronounced. The smearing effectively averages out the hydraulic impact
of small-scale flow baffles like mud drapes, leading to a lower predicted
injection pressure. As the grid is refined to the 234x-FS level, numerical
dispersion is reduced. The simulation run on this grid is affected by
fine-scale baffles more sharply, increasing flow impedance. However,
the grid is not yet fine enough to accurately resolve the tortuous,
higher-permeability pathways that allow fluid to flow around these
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baffles. It is likely that it is the combination of these two facts that leads
to an overestimation of the total flow impedance, resulting in a pressure
peak. As the grid is refined further (e.g., 351x-FS and 500x-FS), the
model more accurately resolves these flow pathways, the representation
of flow tortuosity improves, and the solution converges towards lower
pressure values. This observation serves as a critical reminder of the
dangers of generalizing from a limited set of simulations and un-
derscores the absolute necessity of conducting targeted grid-sensitivity
studies that explore the interaction between grid resolution and the
specific geological context of the problem at hand (Vogt et al., 2013;
Wang et al., 2023). The non-monotonic pressure behavior observed
during grid refinement—specifically the pressure peak at the interme-
diate 234x resolution—can be explained by the competing effects of
explicit obstacle resolution versus numerical dispersion. However, the
grid is not sufficiently fine to fully resolve the narrow high-permeability
pathways around these barriers. It is only at the finest resolutions (351x,
500x) that these barrier bypass is captured, relieving the pressure.

In practice, this study demonstrates the value of geologically
consistent fine-scale models (e.g., constructed using analog-constrained
rule-based approaches) for the identification of which heterogeneities
matter most, then adopting an upscaling approach (arithmetic/har-
monic/geometric; transmissibility- or flow-based; multiscale) that
demonstrably preserves those salient features, validating against fine-
scale baselines to ensure that plume migration, thermal breakthrough,
and well performance predicted at a coarser scale are not artifacts of
over-simplification.

4.1. Broader practical implications

For the high-sinuosity meander-belt architectures considered in this
study, the collective results of this study converge on a single, unifying
principle: accurately forecasting geothermal performance in fluvial
reservoirs is fundamentally a problem of preserving hydraulic connec-
tivity across multiple geological and numerical scales. Whether the
modeling choice involves simplifying architectural hierarchies, selecting
an upscaling method, or defining grid resolution, the ultimate success of
the model hinges on its ability to represent key sedimentary and pet-
rophysical heterogeneities.

While this study focuses on the numerical and geological drivers of
reservoir behavior, the magnitude of the simulated pressure differences
has immediate practical implications for the operation of geothermal
doublets. The hydraulic head differences observed between the facies-
scale (FS) models and the simplified architectural-element (AE) mod-
els—often exceeding 100 m of head for the same flow rate—translate
directly into operational constraints. From an engineering perspective,
the high injection pressures predicted by the simplified AE and DE
models would imply a significantly higher parasitic load, as pump power
consumption scales linearly with the required pressure head (DiPippo,
2012; Banks, 2009). Overestimating this pressure during the exploration
phase could lead to pessimistic assessments of the doublet’s Net Energy
Ratio (NER) or economic viability. Conversely, reliance on models that
overestimate connectivity (and thus underestimate pressure) poses a
risk of under-sizing surface facilities. Furthermore, correctly predicting
the maximum injection pressure is critical for maintaining mechanical
integrity; if the required injection pressure approaches the formation
fracture gradient, the operator may be forced to throttle flow rates to
avoid induced fracturing, thereby reducing the total thermal output.

Finally, it is critical to distinguish between the methodological in-
sights of this study and its specific quantitative results. The general
insight—that modeling choices regarding sedimentary hierarchy and
upscaling strategy can exert a control on predicted reservoir perfor-
mance that equals or exceeds the impact of grid resolution—is broadly
relevant for the simulation of heterogeneous clastic aquifers. However,
the observed magnitude and direction of these impacts are intrinsic to
the specific connectivity patterns of high-sinuosity meander-belt archi-
tectures and the operational parameters (e.g., flow rate, well spacing)
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considered here. For example, the finding that architectural-element-
scale models yield the highest injection pressures is driven by the spe-
cific arrangement of point-bar sands and mud plugs in this depositional
setting. Consequently, these specific quantitative trends should not be
generalized to other clastic systems (e.g., successions of braided rivers or
deltaic lobes) where the connectivity of high-permeability units may
differ fundamentally. Practitioners should exclusively view these results
in the proposed sensitivity framework.

4.2. Limitations

The study is subject to limitations that define the bounds of its
applicability. Primarily, the analysis relied on a single, albeit detailed,
geological realization of a meander belt. Although this model captures
canonical features of this depositional environment (e.g., point bars,
mud plugs), it does not capture the full spectrum of fluvial heterogeneity
(e.g., braided systems, anastomosing rivers, or varying net-to-gross ra-
tios). Consequently, the quantitative results regarding pressure magni-
tudes and thermal breakthrough times should be interpreted as specific
to this architectural style, rather than being universally applicable to all
fluvial geothermal reservoirs. The analysis was based on a single, albeit
detailed, geological model. Meander-belt successions exhibit significant
variability, but the computational demands of the flow-based upscaling
workflow (up to approximately 380 h per grid) necessitated a pragmatic
approach to enable a controlled comparison of numerical schemes. The
impact of variability of facies architecture was the primary focus of a
related study (Aghaei et al., 2024). The importance of variability in
petrophysical properties across multiple stochastic realizations has not
been explicitly quantified in this study; nevertheless, such differences
are expected to have a minor impact relative to modeling choices,
because petrophysical contrasts are dominated by differences between
facies types rather than the internal variability within individual facies
units, in the modelled scenario.

A significant limitation in the applicability of the results is the
diffusion-dominated regime caused by the low flow-rate assumption,
which cannot be generalized to systems operating at higher Péclet
numbers. In geothermal operations with higher flow rates (and thus
higher Péclet numbers), advection would dominate, making geological
heterogeneity far more critical for production-temperature predictions.
At such higher rates, the role of sedimentary heterogeneity in governing
thermal breakthrough would be significantly amplified compared to the
results observed in this study.

Finally, because the study focuses on an idealized case, validation
based on history matching was not possible.

5. Conclusions

Predicting geothermal performance in fluvial reservoirs is funda-
mentally a problem of preserving hydraulic connectivity across multiple
scales. This study shows that key modeling choices—grid resolution,
upscaling methodology, and level of geological detail—have an impact
on predicted geothermal doublet behavior, particularly on injection
pressures. By contrast, the impact of all these choices on production
temperatures is relatively modest, with a total variation of less than 2 °C
over a 35-year period across all models. This limited effect is likely due
to the impact of thermal diffusion under conditions of limited flow rate,
in a scenario where potential variations in well deliverability have not
been considered. Nonetheless, within the context of the modeled
meander-belt architecture, some general implications can be derived
that can be considered when modeling low-enthalpy geothermal reser-
voirs hosted in heterogenous siliciclastic successions: (i) the impact of
omitting fine-scale facies heterogeneities is not readily predictable, since
disregarding lithological variability may amplify the hydraulic impact of
larger-scale features that may form flow barriers while simultaneously
masking vertical and horizontal trends in permeability heterogeneity;
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(ii) systematic differences in plume shape between longitudinal and
transverse well-doublet layouts underscore the importance of well
orientation and position relative to aspects of geological architecture (e.
g., flow baffles with preferential orientation); (iii) predicted well-
doublet performance metrics do not vary systematically as a function
of the resolution of the static model grids; (iv) the predicted well-doublet
performance does not converge monotonically with grid refinement due
to the decoupling of barrier resolution and connectivity resolution, a
behavior modelers should be wary of when refining grids in heteroge-
neous reservoirs; (v) upscaling methods based on cell averaging return
predicted near-injection pressures that decrease consistently from har-
monic, through geometric, to arithmetic averaging; (vi) flow-based
upscaling returns dynamic models that align closely with those run on
grids upscaled by arithmetic averaging, suggesting that for this specific
context, the bulk hydraulic behavior is dominated by the connectivity of
higher-permeability, sand-prone volumes; (vii) performance differences
between simulations of grids based on different upscaling methods
decrease with increasing grid resolution, as REVs tend to be
approximated.
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Appendix A

Table 2

Hydraulic and thermal parameters used to construct the models in this study.

Advances in Water Resources 209 (2026) 105217

Parameter

Grid

Value

Dimensions (length x width x height, m)
Grid cells (columns x rows x layers, -)

All grids

117x-FS, 117x-AE, 117x-DE, 117x-CP
117x-HU-FS, 117x-GU-FS, 117x-FBU-FS
175x-FS

5382 x 4784 x 110
117 x 104 x 52

175 x 104 x 52

234x-FS 234 x 104 x 52
351x-FS 351 x 104 x 52
500x-FS 500 x 104 x 52
500x-HU-FS, 500x-GU-FS, 500x-FBU-FS

Cell (MODFLOW layer) thickness (m) All grids 0.2

Horizontal cell size (m) 117x-FS, 117x-AE, 117x-DE, 117x-CP 46
117x-HU-FS, 117x-GU-FS, 117x-FBU-FS
175x-FS 30.75
234x-FS 23
351x-FS 15.33
500x-FS 10.76

Horizontal hydraulic conductivity, Kx (m sh,

500x-HU-FS, 500x-GU-FS, 500x-FBU-FS
117x-FS

1.00e e-12 - 3.18e-05 (5.33e-07)

min-max (average) 117x-AE 1.00e e-12 — 1.33e-04 (3.13e-07)
117x-DE 1.00e e-12 - 1.35e-04 (2.97e-07)
117x-CP 1.00e e-12 - 1.58e-06 (2.98e-07)
117x-GU-FS 1.00e e-12 - 2.80e-05 (4.28e-07)
117x-HU-FS 1.00e e-12 - 2.79e-05 (3.66e-07)
117x-FBU-FS 1.00e e-12 - 2.79e-05 (3.66e-07)
175x-FS 1.00e e-12 - 3.19e-05 (5.26e-07)
234x-FS 1.00e e-12 - 3.18e-05 (5.23e-07)
351x-FS 1.00e e-12 - 3.18e-05 (5.20e-07)
500x-FS 1.00e e-12 - 3.20e-05 (5.20e-07)
500x-GU-FS 1.00e e-12 - 3.17e-05 (4.88e-07)
500x-HU-FS 1.00e e-12 - 3.17e-05 (4.72e-07)
500x-FBU-FS 1.00e e-12 - 3.14e-05 (4.73e-07)

Horizontal hydraulic conductivity, Ky (m s %),
min-max (average)

Vertical hydraulic conductivity, Kz (m s 1)

All grids (except 117x-FBU-FS and 500x-FBU-FS)
117x-FBU-FS
500x-FBU-FS
All grids (except 117x-FBU-FS and 500x-FBU-FS)

Kx

le-12 - 2.80e-05 (5.14e-07)
le-12 - 3.14e-05 (5.15e-07)
Kx/10

117x-FBU-FS and 500x-FBU-FS Ky/10

Specific storage (m™1) All grids 1E-5

Porosity, ¢ (-), min-max (average) 117x-FS 0.01 - 0.33 (0.05)
117x-AE 0.01 - 0.32 (0.04)
117x-DE 0.01 - 0.32 (0.04)
117x-CP 0.01 - 0.13 (0.03)
117x-GU-FS 0.01 - 0.30 (0.05)
117x-HU-FS 0.01 - 0.30 (0.05)
117x-FBU-FS 0.01 - 0.33 (0.05)
175x-FS 0.01 - 0.33 (0.05)
234x-FS 0.01 - 0.33 (0.05)
351x-FS 0.01 - 0.33 (0.05)
500x-FS 0.01 - 0.33 (0.05)
500x-GU-FS 0.01 - 0.32 (0.05)
500x-HU-FS 0.01 - 0.32 (0.05)
500x-FBU-FS 0.01 - 0.33 (0.05)

Dispersivity (m) All grids 0

Water density (kg m~>) 1000

Water volumetric heat capacity (M J m~> K1) 4.18

Water thermal conductivity (W m 'K 0.607

Solid density (kg m~>) — Sand-prone/Mud-prone 2640/2200

Solid volumetric heat capacity (M J m~3 K™!) - Sand-prone/Mud-prone 2.2/2.25

Solid thermal conductivity (W m~! K1) — Sand-prone/Mud-prone 3.6/2

Bulk thermal diffusion coefficient. Db (m 2 s), min-max (average) 117x-FS 6.47e-07 — 1.53e-06 (1.00e-06)
117x-AE 6.47€e-07 — 1.59¢-06 (9.50e-07)
117x-DE 6.47e-07 — 1.59e-06 (9.49e-07)
117x-CP 7.93e-07 — 1.45e-06 (9.62e-07)
117x-GU-FS 7.75€e-07 — 1.57e-06 (1.01e-06)
117x-HU-FS 7.75e-07 — 1.57e-06 (1.01e-06)
117x-FBU-FS 6.47e-07 — 1.53e-06 (1.00e-06)
175x-FS 6.46€-07 — 1.53e-06 (1.00e-06)
234x-FS 6.46€e-07 — 1.53e-06 (1.00e-06)
351x-FS 6.47e-07 — 1.53e-06 (1.00e-06)
500x-FS 6.46€-07 — 1.53e-06 (1.00e-06)

(continued on next page)
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Table 2 (continued)
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Parameter Grid Value
500x-GU-FS 7.57e-07 — 1.57e-06 (1.00e-06)
500x-HU-FS 7.57e-07 — 1.57e-06 (1.00e-06)
500x-FBU-FS 6.46€-07 - 1.53e-06 (1.06e-06)

Thermal distribution coefficient, Kd (m~> kg) - Sand-prone/Mud-prone

Bulk density (kg m~3), min-max (average)

Sand-prone facies
Mud-prone facies
117x-FS

2.1E-4
2.6E-4
1812 — 2525 (2229)

117x-AE 1811 — 2588 (2207)
117x-DE 1812 - 2590 (2205)
117x-CP 2046 - 2430 (2218)
117x-GU-FS 2017 - 2560 (2232)
117x-HU-FS 2017 - 2560 (2232)
117x-FBU-FS 1810 - 2530 (2230)
175x-FS 1810 — 2524 (2230)
234x-FS 1810 — 2525 (2230)
351x-FS 1812 - 2525 (2230)
500x-FS 1810 - 2525 (2230)
500x-GU-FS 1988 — 2569 (2231)
500x-HU-FS 1988 - 2569 (2231)
500x-FBU-FS 1810 — 2525 (2230)

Flow rate (m®s™1) All grids 0.003

Simulation time (yr) 35

Well spacing (m) 1050

Injection temperature ( °C) 10

Background reservoir temperature ( °C) 45

Hydraulic gradient (-) 0.003

Data availability
Data will be made available on request.
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