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ABSTRACT

Fracture-controlled geothermal reservoirs pose significant challenges for numerical simulation and production optimization due to their
strong structural heterogeneity and anisotropy. In recent work, we introduced a computational framework that enables efficient
optimization of geothermal well configurations in three-dimensional discrete fracture network (DFN) reservoirs without repeated
remeshing. In this contribution, we present our most recent methodological advances and numerical results. In particular, we introduce an
additional approach for the treatment of well-fracture intersections, aiming at improving robustness and accuracy when production wells
intersect fractures under varying inclination and azimuth angles. Furthermore, we report additional verification and validation tests of the
proposed framework using generic fracture-controlled reservoir models. These tests focus on the optimization of production well
orientation and investigate the influence of well inclination and azimuth on fracture connectivity, pressure response, and thermal
performance. The results demonstrate the capability of the framework to reliably capture the impact of well—fracture geometry on reservoir
behavior and to identify optimal well placements in simplified but still complex fractured systems. The presented developments represent
a further step toward computationally efficient and physically consistent optimization workflows for geothermal reservoir engineering.

1. INTRODUCTION

Fracture-controlled geothermal reservoirs represent one of the most challenging classes of subsurface systems with respect to exploration,
characterization, numerical modeling, simulation, and long-term performance forecasting (e.g., Bratton et al. (2006); Vidal & Genter
(2018); Patterson et al. (2020)). Their complexity arises from the strong heterogeneity and anisotropy imposed by fracture networks that
dominate fluid flow and heat transport, often decoupling hydraulic behavior from matrix properties. Accurately predicting reservoir
performance, therefore, requires an integrated understanding of geological structure, fracture topology, thermo-hydraulic processes, and
their scale-dependent interactions (e.g., Narr et al. (2006)). These challenges are encountered worldwide in both sedimentary and
crystalline geothermal systems and are particularly prominent, for instance, in structurally complex geothermal reservoirs of Europe.
Representative examples include the Upper Jurassic carbonate reservoirs of the Greater Munich Region, where productivity is largely
controlled in some sectors of the reservoir by fault and fracture zones and in other sectors by matrix permeability, as well as fault damage
zones within the Middle Buntsandstein formation in the Upper Rhine Graben, where deformation-related fracture corridors govern
permeability enhancement and geothermal potential (e.g., Dussel et al. (2016); Krumbholz et al. (2024); Frey et al. (2022); Bauer et al.
(2015)).

To capture the impact of fractures on reservoir behavior, a variety of modeling approaches have been developed over the past decades.
Simplified continuum representations, such as the Equivalent Porous Medium (EPM) approach, assume that fracture effects can be
upscaled into effective anisotropic permeability tensors, while Dual Porosity Models (DPM) and Dual Porosity Dual Permeability Models
(DPDPM) explicitly distinguish between fracture and matrix continua while still relying on volumetric averaging assumptions (Warren
& Root (1963); Barenblatt et al. (1960); Gringarten (1982)). More advanced formulations, such as the Embedded Discrete Fracture Model
(EDFM), allow fractures to be represented explicitly within a non-conforming matrix grid, significantly reducing meshing complexity
compared to fully resolved approaches (Sepehrnoori et al. (2021); Moinfar et al. (2014)). However, for highly heterogeneous and
anisotropic fracture-controlled reservoirs, the thermo-hydraulic behavior can only be accurately captured when the geometry, connectivity,
and hydraulic properties of individual fractures are explicitly resolved (e.g., Long & Witherspoon (1985)). In this context, Discrete
Fracture Network (DFN) models provide the highest level of physical fidelity by representing fractures as explicit lower-dimensional
objects embedded in the rock matrix, enabling realistic simulation of flow and heat transport along complex fracture pathways (e.g., Wang
et al. (2021); Berre et al. (2019)). Recent studies have demonstrated that DFN-based simulations are essential to reproduce observed
production behavior in fractured geothermal reservoirs, particularly under transient thermal loading conditions (e.g., Fadel et al. (2023)).

Beyond accurate forward modeling, the sustainable exploitation of geothermal energy from fracture-controlled reservoirs critically
depends on optimal reservoir development strategies (e.g., Salimzadeh et al. (2019); Schulte et al. (2010)). Well placement, spacing,
orientation, and operational controls strongly influence thermal breakthrough, reservoir longevity, and overall energy recovery (e.g., Gan
& Elsworth (2016)). Optimization of geothermal production, therefore, represents a key research focus, especially in fractured systems
where small changes in well positions can result in orders-of-magnitude differences in productivity due to fracture connectivity effects
(Glaas et al. (2021); Cao & Sharma (2024); Bodvarsson & Tsang (1982)). In this context, optimization workflows must account for
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complex three-dimensional permeability structures, thermo-hydraulic coupling, and long-term sustainability constraints, while remaining
computationally feasible.

However, identifying optimal multi-well layouts in three-dimensional, fracture-controlled reservoirs poses severe computational
challenges. Traditional numerical approaches often rely on repeated remeshing when sweeping well positions or orientations through the
reservoir domain, resulting in prohibitively expensive simulation workflows. To circumvent this bottleneck, the development of efficient
computational frameworks that combine advanced numerical methods with optimization algorithms from computer science has become
essential. Partl and Meneses Rioseco (2025a) and Partl and Meneses Rioseco (2025b) proposed a novel computational framework that
integrates non-matching discretization techniques, immersed boundary methods, and flux correction strategies with optimization
algorithms to efficiently determine optimal multi-well configurations in three-dimensional fractured reservoirs. This approach enables
evaluation of alternative well layouts within acceptable computational time, without repeated remeshing, thereby significantly reducing
computational cost while preserving physical accuracy.

The development of such computational frameworks remains an ongoing effort. In this work, we present recent methodological advances
with a particular focus on fracture—well intersections and the resulting flow and heat-transfer calculations. In addition, we provide further
validation and verification of the numerical framework using benchmark and synthetic test cases. Special emphasis is placed on the
practically relevant question of identifying the optimal inclination and azimuth of geothermal wells intersecting fracture-controlled
reservoirs. In such systems, well orientation plays a decisive role in maximizing fracture intersections, enhancing effective well-reservoir
connectivity, and ultimately increasing sustainable geothermal energy extraction. We present our most recent progress toward addressing
these challenges and discuss implications for the optimization of geothermal reservoir performance.

2. MATHEMATICAL MODEL

Our mathematical model is based on those by Blank et al. (2021) and Zinsalo et al. (2020). It was already introduced by Partl and Meneses
Rioseco (2025a), where it is described in more detail, and tested further by Partl and Meneses Rioseco (2025b).

We model the reservoir as a domain 2 c R3consisting of 3D porous layers, £2;,, porous fractures, Dpr(wWhere Qf. € 04;4), and wells.
The fractures are modeled as 2D manifolds with polygonal boundaries, and the wells are considered thin cylinders. As the radii of these
cylinders are at least four orders of magnitude smaller than the dimensions of (2;,, we include the wells into the model via the immersed
boundary method (Peskin (2002) and Blank et al. (2021)). That is, we assume that the wells are not present in the domain, and we
compensate for their absence by including special line mass and energy sources/sinks in the respective locations.

The reservoir is assumed to be non-deformable and fully saturated with a single-phase incompressible Newtonian fluid that is in local
thermal equilibrium with the surrounding rock, where the rock is considered isotropic and heterogeneous. The aforementioned fluid is our
model for water.

In the following sections, we use the subscripts /a, fi, r, and w to distinguish between the objects associated with the layers, fractures,
porous rock, and wells, respectively, whenever there may be confusion. The objects related to the fluid do not have any subscripts. The
vectors and matrices are printed in boldface. The x, y, and z-component of a vector v are indicated by a regular font and the corresponding
subscript, i.e., v = (Vx, Uy , V;).

2.1 Balance Equations

The fluid flow and heat transport in the reservoir are modeled by solving the corresponding balance equations for mass and energy while
expressing the momentum balance via the Darcy law. In £2,,, the equations are the following:

2
&roe TV (PV) = Suw M
1
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In Equation (1), &, [-] denotes the porosity, p [kg:m™] is the fluid density, t [s] represents the time, v [m/s] is the fluid velocity, and Sy,
[kg'm3-s'] is the sum of the mass sinks/sources due to the wells.

In Equation (2), u [Pa-s] stands for the dynamic viscosity of the fluid, and k [m?] is the permeability tensor of the rock, where it holds
k = k - I for a scalar function k [m?] and the identity tensor I. The symbol p [Pa] is the fluid pressure, and g [m/s?] denotes the gravitational
acceleration vector.

In Equation (3), ¢, [Jkg'"K"'] stands for the specific heat at constant pressure of the fluid, T [K] represents the common thermodynamical
temperature of the fluid and rock, and Sg), [J'm-s7'] is the sum of the energy sinks/sources due to the wells. The subscript eff denotes the
following combinations of the properties of the fluid and rock:

Aerr = (L= &) + &4, (pcplerr = (1 — & )prer + &pCp
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In the above formulas, p, [kg'm™] is the density of the rock, ¢, [J-)kg!-K'!] stands for the specific heat of the rock, and A [W-m™-K"']
represents the thermal conductivity coefficient.

In ¢, we use the following system of equations:

a - —
dpy & 0+ dpr Ve r (00) = Suw + (00D iz - 0¥ + (pV)i* n &
V= _%k(VtP —pgr) (5)
aT - —
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for g = —A¢5fVT.

In Equations (4)-(6), df, [m] denotes the fracture aperture, which we consider piecewise constant, and the operator V; is the

divergence/gradient in the direction tangential to the corresponding fracture. For a scalar-valued function f and a vector-valued function
f, it holds

Vef =Vf—-(Vf - n*) - nt
Vef =(U—-n"® n*): Vf

The symbol nt denotes the unit outward normals to the fracture, where n* + n~ = 0, and the terms (pv);—; - nt and q;—; - n* in Equations
(4) and (6) are the fluxes entering or leaving {2, through 0.2,,. In Equation (5), we have g: = g — (g * nt) - n*. Note that the units of
the sinks/sources Sy, and Sgy, in Equations (4) and (6) are kgrm2-s”! and J-m2-s’, although they are denoted by the same symbols as the
sinks/sources in Equations (1) and (3).

As for intersections of fractures, we consider only DFNs in which every intersection of N fractures is a line segment. Using the symbol
nj; to denote the unit outward normal corresponding to the side s € {+, —} of such an intersection inside the i-th fracture, we prescribe

deri(pv)fr -n3; = 0
(efToN} se(F)

dfr,iq]S‘r "My =0
ie{1,.,N} se{+,-}

We assume that p and T are continuous at the interface between the layers and the fractures, i.e., plalfrfr = pyr and Tla|ﬂTr = Tr. This

assumption together with the terms (pv)?—'a - nt and q;—; - n* in Equations (4) and (6) assure the transfer of information between 0fy and
.Qla.

As for the boundary conditions, we prescribe the Dirichlet boundary conditions for p and T and pv - n = q; and q - n = qg. We consider
qu = 0 and gg = 0 on the whole of 002¢,.

We solve the balance equations on the time interval [tin;, tfin], Where the primary variables are p and T. The corresponding initial
conditions will be denoted by p;,; and T;;,;. As for the parameters of the porous layers and fractures, we consider them constant in £;,
and ()¢, in this paper. We also consider the fluid properties constant in this paper.

2.2 Sinks and Sources Due to Wells

This section described how the wells are incorporated into the above balance equations. Each well w is cylindrical, and it is characterized
by its type (an injection well acting as a source or a production well acting as a sink), position and orientation in space, height H,, [m],
radius 7, [m], pump efficiency &, [-], and flow rate Q,, [m*/s]. The injection well has a positive flow rate, and the production well has a
negative flow rate. The fluid inside the well is characterized by its density p,, [kg:m™], temperature T,, [K], and specific heat capacity at
constant pressure ¢y, [Jkg'-K'].

Given non-empty sets of injection and production wells Wiy, ; and Wy, respectively, the sinks/sources due to wells in Equations (1), (3),
(4), and (6) are defined as follows:

Suw = Z PwCwOy

WEWinjUWpro

Sgw = Cpen Z PwCpw Cw(Ty — T)Sy

WEWinjUWpro
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In the above formulas, &,, [m?] represents the Dirac delta function, and the terms C,, (where the physical unit is m%/s in 2;, and m%/s in
£)¢,) depend only on the shape of the well w, its flow rate Q,, and the structure of the surrounding fractured porous medium. Through
Sgw, we prescribe T := T, in the well location via a penalty method, where Cp¢;, [-] is a positive penalty parameter.

2.3 Optimization

For a given reservoir, time interval [t;n;, tfin], and given sets of wells W;y,; and W, with variable positions inside the reservoir, we
define the power P [W] of the geothermal facility as follows:

trin
b= tfinl_tini ftifu’ (EpTo (t) - Epu‘mp (t))dt (7)
Epro (t) - ZWEWPTO (PCPT) | W(t) ' |Qw| - ZwEWinj pwcp.wTwa (8)
[Qwl
Epump ® = ZwewinjUWpro ew |A 4 | W(t)l o

In these formulas, Ey,, [J/s] is the difference between the energy pumped out of and into the fractured rock through the wells, and Epymp

[J/s] stands for the energy needed for the operation of the pumps. The parameter ¢, [-] is the pump efficiency, and A p | w [Pa] is the
average of p — p;y,; over the well.

We consider the optimal placement of these wells to be the one maximizing P over all admissible positions.

3. NUMERICAL SOLUTION

In this section, we briefly summarize how we solve the balance equations and optimization problem numerically. Our procedures are
described in detail by Partl and Meneses Rioseco (2025a).

The sinks/sources due to wells are approximated using the non-matching approach (see Peskin (2002) and Blank et al. (2021)) with an
artificial extension of the well, w,, with an artificial well radius of 7, [m] (7;,, > 7,,) to avoid the necessity of re-meshing the reservoir
when changing the positions of the wells. We assume that a well intersects a fracture if the line segment connecting the centers of the well
bases intersects this fracture.

We consider the following two approximations of the delta function &, for a well-fracture intersection:

i) The approximation used by Partl and Meneses Rioseco (2025a) and Partl and Meneses Rioseco (2025b). That is,

n (IIX-CQIIO

Io(x
Ls,1La,2(7T2_4') LgiLes > o)

O(x) =cos(mx)+1forx <1,0(x)=0forx>1

_ L§,2|’C1|2 + L§,1|3‘2|2
llxllo =

8y (x) =

LqL,

In the above definitions, we assume that the intersection of the plane in which the fracture lies and the well has a boundary in the form of
an ellipse with the semi-major and semi-minor axes L, ; and L, [m], and a center C. The mapping I: Q27 — {0,1} [-] is the indicator
function of the interior and boundary of this ellipse, 8 represents a cut-off function, and || - || is a norm related to the ellipse, where x;
is the i-th component of the point x expressed in the coordinate system given by C and unit vectors pointing in the directions of the
major and minor axes.

ii) The approximation 8, = Ig/Ag, where Ig: f,. — {0,1} [-] is the indicator function of the intersection, and Ag [m?] stands for the
area of the intersection of the artificial extension of the well and the fracture.

The reason why we test the latter approximation of §,, is that the first approximation introduces additional numerical error in cases where
the ellipse does not lie fully inside the fracture.

Since each evaluation of the power P requires solving the balance equations on [t;p;, tfin], our primary aim was to devise a numerical
scheme that could be implemented as a fast numerical solver. Therefore, we discretize the balance equations in time via a semi-implicit
time-stepping scheme to avoid the solution of systems of nonlinear equations at each time step. The spatial discretization is based on the
finite element method, employing P elements both for p and T, and stabilizing the scheme using the algebraic flux correction with the
Zalesak limiter (see Barrenechea et al. (2024) and Jha et al.(2023)). The resulting system of linear algebraic equations is solved via
BiCGSTAB with the Jacobi preconditioning.

When evaluating the power P, the integral in Equation (7) is approximated using the trapezoidal rule, and the terms in Equations (8) and
(9) evaluated at wells are approximated as weighted averages over the lateral surface of the well w. The optimization problem of
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maximizing P is solved numerically employing the gradient-free global optimization algorithm AGS from the library NLopt by Johnson
(2007).

As for the spatial meshes, we generate them using Gmsh and TetGen (see Geuzaine and Remacle (2009) and Si (2015)). Our numerical
solver is implemented based on the library deal.Il described by Africa et al. (2024).

4. OPTIMIZATION TEST

In this section, we describe two optimization tests that we performed using our numerical solver. The only difference between the tests is
that in the first test, we use approximation i to approximate the delta function §,,,, and in the second test, we employ approximation ii. The
test scenario is non-trivial but simplified enough for us to assess the plausibility of the results. To facilitate this assessment, we also use
realistic values of physical parameters. The computer model of the DFN was created using the package Frackit by Glaser et al. (2020).

Unless otherwise stated, all physical quantities mentioned during our presentation are in the SI units, which corresponds to the units given
in Sections 2 and 3.

4.1 Test Scenario

We consider Q;, = [—1200,1400] x [-1225,1225] x [-4250,—3900] and 2, depicted in Figure 1. That is, (27, consists of 12 square
fractures with an edge length of 200 m, 11 of them being aligned in a stairs-like structure referred to as stairs. All fractures lie in the x-y-

plane, and each of their edges is parallel either to the x-axis or to the y-axis. The barycenters of the fractures are [—100,—125 +
25i,—4050 + 10i] fori =0,...,10, and [300, 0, —4001].

There are one injection well and one production well inside the reservoir. The injection well is vertical with its barycenter at
[300,0,—4001] and a height H,, of 20 m. As for the production well, it has a height H,, of 280 m, the center of its upper base is at
[~100,y,~3945] for y € [~212.5,212.5], and its direction is (0, sin 6, cos §) for 6 € [=-, %], That is, the position and inclination of

the production well can vary, the variables y and 8 being our optimization parameters.

The values of the constant parameters introduced in Sections 2 and 3 are listed in Table 1. The initial condition for p and T are the
following:

Pini(x,y,2) = 101325 + pg,z
Tini(x,y,2) = 283.16 — 0.03 - z

On the lateral boundaries of d£2;,, we prescribe the Dirichlet boundary conditions for p and T that equal the initial conditions. On the rest
of 002, and on 84y, we prescribe gy = 0 and qg = 0. The operation of the wells in the reservoir is simulated for t;;,; = 0's, and t;, =

60-60-24-365-50s = 50 years.

Table 1: Values of constant parameters introduced in Sections 2 and 3. The values of the fractured rock parameters
correspond to the real ones, see, e.g., Frey et al. (2022), Narr et al. (2006), and Vidal et al. (2018). The fluid parameter
values correspond to those of water at a temperature of 403.16 K, see Kretzschmar and Wagner (2014).

Parameter Value Unit Parameter Value Unit Parameter Value Unit

Erla 0.1 - or 2730.0 kg'm Qw +0.005 m’-s’!
Er fr 0.03 - cr 2230.0 Jkg'K! Ty 333.16 K

P 954.20 kg'm Cp 4169.7 J'kg'K-! Cpw 4169.7 JkgK!

u 2.23-10* Pa's A, 4.07 W-m K- Ty 0.07 m
ki 3.0-10°16 m? 2 0.71 Wem K Cpen 103 -
kpy 2.083-10° m? dyr 2.0-10* m Ew 0.6 -

9z -9.81 m-s Pw 954.20 kgm Tew 7.0 m
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Figure 1: (2, and (), used in the tests. There are 11 square fractures aligned in a stairs-like structure and one single
fracture. The gray cylinder inside the single fracture indicates the position of the injection well.

The mesh covering {2, consists of 3,157,002 tetrahedra, where the lengths of their edges are in [1.4,196.7 ]. The mesh covering {2f,
consists of 229,229 triangles, where each triangle is a face of two tetrahedra, and each fracture is covered with triangles of approximately
the same size. The edge lengths of the triangles are in [1.4,3.9]. The time step for the approximation of the integral in Equation (7) and
for the solution of the balance equations is (tﬁn - tl-m-) /50 = 1 year.

Ap [MPa]
5.0

4.5

Figure 2: Positions of the production well tested during the optimization with approximation i of §,,. Each well is represented by
the line segment connecting the centers of its bases. The colors correspond to the sum of the pressure differences

W oWy |AD | ()| denoted by A p.
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4.2 Expected Results

Our test scenario is similar to those of the tests reported by Partl and Meneses Rioseco (2025a) and by Partl and Meneses Rioseco (2025b).
However, varying the horizontal position and inclination of the production well means that the corresponding well-fracture intersections
can be of various shapes, which adds a new level of complexity to the optimization problem. One intersection can be better than two
intersections, for example.

Due to the similarity to the aforementioned tests, we expect the sum of pressure differences, Zwewinjuwpm |A D | W(t)|, in Equation (9)

to be a decreasing function of the number of fractures intersected by the production well if all corresponding intersections are of the same
shape. We also expect this pressure difference to be minimum for a production well intersecting all 11 fractures forming the stairs.
However, since the stairs are located 50 m below the top boundary of Q;, but 200 m above the bottom boundary of {;,, we expect the
well-fracture intersections located deeper in (2;, to lead to slightly lower pressure difference because there is more space from which the
fluid can be pumped out around these intersections.

Due to the aforementioned similarity, we also expect the power P to be maximal for a production well intersecting only several of the
lowermost fractures because the production temperature should be an increasing function of the average depth at which the well-fracture
intersections are located.

4.3 Results
Figures 2-5 depict the results after 1500 optimization steps.

Figures 2 and 3 show the tested positions of the production well and indicate the corresponding sums of pressure differences,
Zwewin,-uwpm |A p | W(t)|. We can see that the results for approximation ii match our expectations. In case of approximation i, however,

we can see that the whitish wells are located along the left-hand edges of the stairs. That is, the very least sums of pressure differences
were attained for wells that intersected the edges of the fractures, which represents the situation in which approximation i creates additional
numerical error. Both figures indicate that the optimization algorithm searched approximately the whole parametric space without being
trapped in one of its parts, which we consider favorable for the optimization.

Figures 4 and 5 show the wells for which the least sum of pressure differences, Zwewwuwpm |A p | w() |, and the highest power P were

attained. The results for approximation ii meet our expectations: The sum of the pressure differences is the lowest for wells intersecting
all 11 fractures, which are all the green wells except for the leftmost one. The leftmost one intersects only 10 fractures, and the
corresponding sum of pressure differences is the highest of all green wells. The power P is the highest for the wells intersecting only 1 or
2 lowermost fractures, the best well intersecting only the lowermost fracture.

Figure 3: Positions of the production well tested during the optimization with approximation ii of &,,. Each well is
represented by the line segment connecting the centers of its bases. The colors correspond to the sum of the pressure

differences, Zwewm,-uwpm |A p | w(®) |, denoted by A p.

The results for approximation i seem to be affected by the above additional numerical error. As for the sum of pressure differences, we
can see that only half of the orange wells displayed in Figure 4 intersect all 11 fractures. The other half of the orange wells intersect several
fractures near their edges. The power P is the highest for wells intersecting several of the lowermost fractures, which meets our
expectations, where the best well intersects 3 lowermost fractures. However, all of the displayed orange wells intersect some of the
fractures near their edges, which could affect the results. The rightmost orange well intersecting 5 lowermost fractures probably belongs
in the group of the very best wells only because of the aforementioned error.
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Note that for each approximation of §,,, the optimum number of intersected lowermost fractures may be different because these
approximations yield slightly different pressure and temperature distributions. Therefore, we generally do not consider differences in the
number of lowermost fractures intersected by the best wells to be incorrect. Also note that the values of the power P are low because the
well flow rate Q,, is merely 0.005 m3-s™!.

5. CONCLUSIONS

In this contribution, we presented recent developments and numerical results obtained with a computational framework for the
optimization of geothermal well configurations in fracture-controlled reservoirs. The framework combines discrete fracture network
modeling with non-matching discretization and immersed boundary techniques, enabling efficient evaluation of different well placements
without repeated remeshing. The focus of this work was placed on the numerical treatment of well—fracture intersections and on the
influence of production well inclination and azimuth on reservoir performance.

Two alternative approaches for modeling well-fracture intersections were investigated and assessed within an optimization setting. The
results demonstrate that the choice of the intersection treatment has a significant impact on the pressure response, thermal performance,
and robustness of the optimization outcome. In particular, approximation i of well—fracture intersections was found to reduce numerical
artifacts associated with edge intersections and to yield results that are more consistent with physical expectations for fracture-controlled
flow and heat transport.

The conducted optimization tests confirm that production well orientation strongly affects both hydraulic connectivity and thermal power
output in fractured reservoirs. While intersecting a larger number of fractures generally reduces pressure losses, the optimal thermal
performance is achieved for well positions intersecting a limited number of deeper fractures, highlighting the trade-off between hydraulic
efficiency and thermal depletion. These findings emphasize the importance of explicitly accounting for fracture geometry and well—
fracture interaction when optimizing well positions in fractured geothermal systems.

Overall, the presented results provide further verification and validation of the proposed computational framework and demonstrate its
capability to reliably capture the effects of well orientation and well—fracture geometry in complex fractured reservoirs. The developed
methodology represents a step toward computationally efficient and physically consistent optimization workflows and provides a basis
for future studies addressing more complex fracture networks, multi-well configurations, and application-oriented geothermal reservoir
scenarios.
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Figure 4: Positions of the production well with the lowest sums of pressure differences, A p = Zwewm U Wpro |A p | w(®) |,

during the tests with approximation i (orange) and ii (green) of §,,. Each well is represented by the line segment connecting
the centers of its bases. The orange wells are those for which we have A p € [3.3,3.55] in MPa. The green wells are all
wells for which it holds A p € [3.56,3.58] in MPa. In both cases, the lower bound of the interval is the minimum A p.
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Figure 5: Positions of the production well that yielded the highest power P during the tests with the approximation i
(orange) and ii (green) of §,,. Each well is represented by the line segment connecting the centers of its bases. The orange
wells are those for which we have P € [1.32,1.325] in MW. The best of these wells, which intersects three lowermost
fractures, is in red. The green wells are all wells for which it holds P € [1.32,1.321] in MW, the optimum well being in
black. The optimum well intersects only the lowermost fracture.
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