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Abstract—Transmission line routing plays a crucial role in the
planning and development of electricity transmission infrastruc-
ture. Traditional approaches to route selection often concentrate
on single routes, potentially overlooking optimal solutions and
not fully capturing the complexities and trade-offs inherent in
the process. In this paper, we propose a novel methodology
for generating optimal alternatives of transmission line routes,
designed to provide realistic options for decision-makers in
real-life transmission planning studies. Our approach integrates
advanced optimization techniques with geographic information
systems (GIS) and multi-criteria decision analysis (MCDA) to
systematically explore and evaluate route alternatives based
on technical, environmental, social, and economic criteria. By
generating a diverse set of realistic routes, the methodology
enables decision-makers to make informed choices that balance
competing objectives and the interests of stakeholders. Through
a case study in Chile, we demonstrate the ability of the proposed
methodology to produce route alternatives that meet technical
requirements while minimizing socio-environmental impacts. By
offering a comprehensive set of options, this methodology sup-
ports stakeholders in selecting routes that fulfill infrastructure
needs while addressing societal and environmental concerns.

Index Terms—transmission line, routing, GIS, optimal routes,
socio-environmental criteria, technical criteria

1 Introduction
1.1 Motivation

The global transition toward decarbonization necessitates the
extensive deployment of renewable energy sources, which are
often located far from consumption centers [1], [2]. Conse-
quently, achieving this goal requires the expansion of transmis-
sion network infrastructure to bridge these geographical gaps
[1]. Transmission lines inherently interact with the territory
they traverse, creating socio-environmental impacts and influ-
encing a broad spectrum of stakeholders [3]. This interaction
often generates tension between the societal benefits of clean
energy integration and the localized disruptions caused by new
infrastructure development [4].

Conflicting objectives are a significant source of delays in
transmission projects worldwide, stemming from opposition
by affected communities and other stakeholders [5], [6].
For instance, in Germany, resistance from local communities
has delayed the construction of high-voltage direct current

(HVDC) lines crucial for connecting wind-rich northern re-
gions with the energy-intensive south [7]. Similarly, in Chile,
the Cardones-Polpaico transmission project faced substantial
delays due to opposition from indigenous communities and
environmental groups, resulting in costly project postpone-
ments [8]. These cases highlight the critical need to reconcile
technical and socio-environmental considerations to ensure
timely project execution [4].

To address these challenges, the planning and routing of
transmission lines must account for both technical and non-
technical criteria [2]. Technical considerations include terrain
characteristics, construction feasibility, and system reliability
[1], [9], while non-technical factors encompass environmental
preservation, societal acceptance, and economic costs [3],
[10]. Integrating these diverse criteria into a decision-making
framework is essential for identifying optimal transmission
line routes that minimize impacts while balancing the needs of
all stakeholders [4]. This holistic approach not only enhances
project feasibility but also facilitates stakeholder engagement,
fostering smoother project development in complex socio-
environmental contexts [2], [3].

1.2 Literature review

Several methods and mathematical models have been devel-
oped to address the complexities of transmission line routing,
aiming to identify optimal solutions for transmission planning
challenges. Advanced siting and routing methodologies, such
as EPRI-GTC [11], ERPA [12], OPTIPOL [13], and The
Holford Rules [14], provide tools for minimizing land-use
conflicts and addressing societal concerns. These approaches
leverage Geographic Information Systems (GIS) to evaluate
key factors such as terrain costs, slopes, obstacles, infras-
tructure, and maintenance requirements. By systematically
integrating this data, these methods offer a structured way to
tackle the challenges of route optimization [4], [15].

An important focus of routing methodologies is the avoidance
of costly terrains, obstacles, and other constraints [15]. For
instance, Monteiro et al. [15] introduced the concept of Global
Potential Observation Hours (GPOH)—a metric representing
the daily visibility of transmission towers—as a cost factor to
minimize visual impacts. Beyond visibility, other works have
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incorporated factors such as slope, landslides, road crossings,
ice zones, proximity to national parks, archaeological sites,
residential areas, forests, and river crossings to ensure com-
prehensive route evaluations [16], [17].

Innovative approaches have also explored the integration of
specialized tools to refine routing decisions. For example, Li
et al. [18] employed the Lightning Location System (LLS) to
reduce lightning strike exposure and enhance system protec-
tion, while [19] combined multiple criteria—cost, visibility,
population density, and ecosystem naturalness—to optimize
routes. Santos et al. [2] further emphasized the integration of
geographical, engineering, and cost considerations to support
the decision-making process for overhead transmission line
design. Similarly, environmental factors such as terrain slope
and maintenance costs have been incorporated to enhance
route sustainability [15].

Artificial intelligence techniques have emerged as power-
ful tools in transmission routing, enabling more adaptive
and efficient decision-making. For instance, [20] applied Q-
learning to dynamically identify optimal paths through a trial-
and-error process guided by expert-defined criteria. Com-
plementing these approaches, multi-criteria decision-making
methods, such as the Analytic Hierarchy Process (AHP) and
its fuzzy variant (FAHP), have been used to weigh relevant
factors for routing decisions [16]. Moreover, mixed-integer
linear programming (MILP) has been proposed by [21] to
enhance computational efficiency by refining constraints and
simplifying models. This technique has proven particularly
useful for transmission expansion planning, as demonstrated
by Matamala et al. [22], who integrated socio-environmental
externalities to reduce conflicts and improve decision-making.

Beyond artificial intelligence, algorithms adapted from other
fields have also shown potential in optimizing transmission
routing. The Rapidly-Exploring Random Trees (RRT) al-
gorithm, originally developed for robotic motion planning,
was adapted by Gongalves et al. [3] to identify efficient
transmission line routes. Its ability to narrow search areas
while maintaining computational efficiency makes it a valuable
tool, though robust heuristics are needed to estimate optimal
costs. Similarly, Dynamic Programming (DP) models have
been applied to route optimization, as highlighted by [15].
Additionally, [2] employed Dijkstra’s algorithm to construct
realistic routes by reducing distortions and minimizing costs
within predefined corridors. Dijkstra’s algorithm, widely rec-
ognized for its efficiency in finding shortest paths, has become
a cornerstone of transmission routing research [4], [18], [19],
[23].

A recurring theme across these methodologies is the emphasis
on evaluating and balancing multiple criteria to generate
optimal route alternatives. For instance, studies such as [4],
[15], [18], [20], [21] have utilized raster analyses to integrate
diverse considerations, such as land-use priorities, environ-

mental constraints, and engineering requirements, into the
decision-making process. Furthermore, [19] underscored the
sensitivity of transmission paths to the positioning of start and
end points, noting that even minor adjustments can lead to
significantly different routes and impacts. Incorporating socio-
environmental considerations early in the planning process, as
demonstrated by Matamala et al. [9], [22], has been shown
to substantially reduce land-use conflicts and enhance project
feasibility.

In real-world applications, like in Chile, transmission planning
has traditionally prioritized economic and reliability objec-
tives, often overlooking land-use and environmental concerns
[24]. To address these shortcomings, the Chilean Energy
Ministry developed a methodology integrating environmental
sustainability into transmission system planning [25]. By fos-
tering early stakeholder engagement, this approach not only
reduces risks but also ensures that proposed routes are socially
acceptable and environmentally considerate.

While existing methodologies provide effective frameworks
for transmission line routing, they primarily focus on gener-
ating a route solution rather than offering structured decision-
making tools for, first, generating alternative routes that
balance trade-offs between multiple objectives, and second,
comparing these solutions from a least regret viewpoint. So
far, existing approaches optimize a single function or apply
predefined weightings, limiting their adaptability to diverse
stakeholder preferences. Additionally, current methods lack a
systematic framework for comparing route alternatives beyond
cost-based rankings. To address these gaps, this study intro-
duces a regret-based decision-making approach, allowing a
structured comparison of routes by quantifying the trade-offs
between different objective functions. The following section
details the contributions of this work, emphasizing its role in
generating diverse route alternatives and providing a structured
method for prioritizing solutions that balance technical, envi-
ronmental, and socio-economic considerations.

1.3 Contribution

This work aims to integrate a diverse array of view-
points—technical, environmental, social, and economic cri-
teria—into the transmission line route selection process. By
generating a set of realistic route alternatives, the methodology
represents the interests of various stakeholders, providing
valuable insights to inform and support the decision-making
process.

Our methodology generates alternative routes via a novel
mathematical framework that integrates advanced optimization
techniques with geographic information systems (GIS) and
multi-criteria decision analysis (MCDA). This framework sys-
tematically generates route alternatives, balancing competing
criteria to ensure technically robust and socio-environmentally
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considerate solutions, and compares these alternatives pfiaximity using classi cation methods, enabling the identi-
least-regret analysis. cation of representative routes within each cluster (step 4
in Figure 1). Subsequently, these representative routes are
The core contribution of this work is that the methodologye ned through a Smoothing process to minimize Zigzaggihg
incorporates a Regret Matrix, which enables the comparatiyfid angular breaks, resulting in straighter sections that better
assessment of route alternatives across multiple objecti¢eect realistic transmission line placement (step 5 in Figure
functions. This structured approach evaluates trade-offs usiig By producing a variety of route alternatives, the method-
criteria such as minimum-average and minimum-maximuglogy provides decision-makers with a comprehensive menu
regret, providing quantitative insights into the relative advamyf options that balance competing objectives. This approach
tages of each alternative. By applying this matrix, decisiofiot only accommodates diverse stakeholder requirements but
makers can identify the most advantageous route that alig§i§o supports informed decision-making, ensuring technically
with stakeholder priorities and minimizes impacts. feasible, environmentally considerate, and socially acceptable

. T solutions.
Through a practical application in a real-world case study,

we demonstrate the methodology's capability to identify route
characteristics aligned with the needs and preferences of
informed decision-makers. This approach offers a compre-
hensive toolkit for route selection, promoting a balanced and
inclusive decision-making process that aligns with technical
feasibility, environmental sustainability, and societal accep-
tance.

1.4 Paper structure

This paper is organized as follows. Section 2 presents the
methodology and the optimization problem (which is pre-
sented in detail in the A). Section 3 introduces the case
study, including the input data of the area. Section 4 presents
the results related to the generated alternative routes. Finally,
section 5 presents the conclusions.

2 Methodology for routing alternative paths
Fig. 1. General diagram of the methodology.

2.1 General description

2.2 Rasterization

The proposed methodology systematically generates optimal

routes by integrating technical and non-technical criterighe rasterization process creates a matrix of cells, where
including environmental, social and economic factors. Theach cell represents a unit of area with specic dimensions
process begins by representing weighted maps of prohibitiygid re ects an alternative land use that is valuable to so-
zones, such as national parks, urban areas, and terrain featgj@§ [4]. Due to alternative land uses, areas of high social
like elevation and slope, using raster images (step 1 in Figiied environmental impact can be identi ed using images or
1). Rasterized data play a crucial role in penalizing speci golygons containing geographical information. These areas of
land uses, ensuring that the routing process avoids ar@@grest may or may not be suitable for the positioning of the
with high socio-environmental or technical constraints. Suansmission line. Each externality associated with land use
sequently, the rasterized data are transformed into a spatiglih be incorporated into a composite image, which results
structured network of nodes (step 2 in Figure 1), which formfeom overlaying multiple geographic layers. The composite
the basis for solving the optimization problem. A mathematicghage is then rasterized to form a data structure that associates

model combines socio-environmental and technical criteria fife weighted land value with the geographic location of the
determine the least-weighted paths by adjusting parametgyisd.

to re ect the relative importance of each criterion (step 3 in

Figure 1). This optimization framework employs Dijkstra'd~or rasterization, de ning the study area where the transmis-
algorithm to efciently identify a diverse set of potentialsion line will be located is essential. The study area is a space
routes, each optimized for a unique combination of criteriaf signi cant size that allows for many potential corridors to
To improve the interpretability and usability of the resultddentify alternative routes to avoid complications arising from
the generated routes are clustered based on their geographfealcollection of information at the local level [25]. The size
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of the Study Area used in the present work is de ned by TABLE |

a rectangle whose dimensions envelop the transmission linesWEIGHTINGS OF SOCIGENVIRONMENTAL CRITERIA, WHERE THE
d . t d . . f 3 t 5 k f th d HIGHEST VALUE MEANS PROHIBITIVE, AND A LOWER VALUE GIVES

en pOIn S, _ConSI ermg a mar_gm_ ror_n 0 m from e en S. PREFERENCE TO POSITIONING THE TRANSMISSION LINE

The endpoints of the transmission line are de ned a priori by

the planning entity, which establishes the new transmissiontem Criterion Weight

expansion projects. 1 National Parks 100
2 Of cial conservation areas excluding national parks 100

To consider geographic data within the study area, the inforf»1 g_rtlvatefcorrtsefvlat{on_areas anddprrorltrr Slttlés s or100 100

: Ites of cultural signi cance and ot cultural events oOr.

mation was eXpressed through Pmygons that repr?se”t land manifestations or indigenous cultural activities

uses such as national parks, bodies of water, urbanized areas,  Presence of indigenous communities 100

cultural heritage areas, etc. In this sense, QGIS [26] wa8 Xumétl,n zet(tj',ements 1%)%0

. qguatic bodies

used to hand_le and Conv_e_rt the area of the polygons _mt Distance buffer to conservation sites or sites of interest

raster format images. Additionally, the Python programmings.1 Buffer from 0 to 91 meters 100

language [27] was used to transform layers and serve as tWeg guger ]{fom ?g?’tot 1234"1918;5 g;

. . . T urier frrom (0} meters

computational engine for raster operatlon_s thrqugh spemallze?i_4 Buffer from 274 to 366 meters 15

tools from The Geospatial Data Abstraction Library (GDAL) 9 Open Field 5

[28] and GeoPandas [29]. To generate a fully weighted mapl0 Road Network 4

attributes were assigned based on the weightings de ned in

sections 2.2.1 and 2.2.2.
for transmission line placement.

2.2.1 Socio-environmental criteria 2.2.2 Technical criteria

This section considers several areas of value to society affie technical criteria analyzed in this section are associated
the environment, each assigned a specic weighting. Theadth the topography of the terrain (elevation and slope), whose
weightings are selected according to the geographical chawput data were acquired through the use of raster images.
acteristics of the study area [2]. Each criterion's weightingdditionally, the angular break of the route is another technical
was estimated based on data from the Chilean fringe studhterion, which is intended to mitigate the zigzagging of the
methodology for new transmission lines [25]. Consequentlyansmission line route, as discussed in more detail in section
prohibitive areas receive high weightings and must be avoideétf.
such as national parks, urban areas, areas of cultural interest,
and water bodies in a given area. To quantify the preference fdie topographic map was acquired from the U.S. Geological
transmission line placement, each raster map was transfornfétivey (USGS) database [30], which has a resolution of 1 m.
to a common scale ranging from 4 (most preferred) to 1deyom this source, elevation and slope data were obtained using
(prohibitive). These values represent low and high impad,digital elevation model and subsequently transformed into a
respectively. 50x50 m raster resolution. The resulting elevation raster is then
used to weight the technical criteria, which are combined with
Table | presents the weightings assigned to the differethie socio-environmental criteria in the optimization problem
criteria used in this study. In the same way, distance buffdescribed in A.
zones were established around each criterion of interest to
minimize the impact of the transmission line route passing ffechnical criteria are established based on terrain topography
the vicinity of the prohibitive areas. The weights related tgata, which directly impacts transmission line construction.
each criterion were estimated based on penalty data from tRethis sense, building on sloping terrain translates into less
methodology used by EPRI-GTC [11] and by the Study fdiPacing between structures, which translates directly into a

the Implementation of the Preliminary Fringe DeterminatioRigher cost per kilometer, and slopes can make it dif cult to
Process [25]. access construction material [25]. In this work, the elevation

and slope of the terrain were considered as primary technical
In Table I, the road network is assigned the lowest weigtdtiteria in solving the transmission line routing problem. For
meaning that, from a mathematical optimization perspectiviat purpose, two criteria of interest in solving the routing
roads are considered the most preferable option for tramseblem were considered:
mission line routing. This does not imply a purely social
or economic preference but rather a result derived from th@) The elevation angtelt represents the angle of elevation
weighting methodology used. Additionally, categories such as (or angle of depression) between neighboring delisd
agricultural areas, forests, and other land types should align j within the routing guide. This angle, denoted ag ,
with the regulatory framework applicable to each speci c case is a key parameter in solving the routing problem. There-
study. The classi cation of Open Field in this work corre-  fore, routing under this criterion solves the optimization
sponds to areas that are not subject to signi cant restrictions problem and nds the minimum path by minimizing the




Bulk Power System Dynamics and Control - XlI, June 2025, Sorrento, Italy

angular changes (as a function of elevation) that incur
intrinsic penalties. Consequently, when this criterion is
purely evaluated, the guide route preferentially avoids
elevation changes that may increase the total estimated
transmission line weighting, resulting in route sections
that are positioned at the same elevation level of the
terrain.
(i) The sloping anglelt is associated with any central cell
and its eight neighboring cells, and is represented by
ij . In this sense, the central cell calculates the plane _ o )
using a neighborhood of 3x3 cells (moving window): théllgbs.Of(?%es:ﬁ'l%esaer::%ilgﬂi?fj t;e central cell with its neighborhood. (b) Average
slope is calculated as the rate of change of the surface in
the horizontal(dz=dx) and vertical(dz=dy) directions

[31]. Therefore, routing under this criterion solves the . .
P . - , respectively. The red path represents the solution when
optimization problem and determines the minimum path

N considering only the elevation angle positioning the route
by minimizing the sum of the slope angles of the cells .

. X S t a higher level than the blue path. Conversely, the blue path
through which the line route passes, resulting in route o o
) " A : résults from considering only the slope anglg positioning
sections that are positioned in at areas. This can b ) .

. L I near the mountain base on atter terrain. As a result of

useful for selecting the type of transmission tower th

. e optimization process, the route was positioned on atter
has lower costs and facilitates the transport and assem Voai o . .
of the structures. efrain due to the weighting of the slope angle, which considers

neighboring cells. Consequently, the two parameters evaluated
result in two routes that are positioned at different height
Hﬁgels, and with different locations of the cells that form their
utes.

Regarding the elevation angle, it is calculated based on
elevation of the horizontal plane (reference cell) to the heigf’ﬂ
of the horizontal plane of the neighboring cell. In Figure 2 it i
illustrated the angle of elevation or depressign existing in
the line segmenti;j ) for any pair of neighboring cells within
the terrain elevation raster.

Yo generate a set of alternative routes, it is possible to combine
these two parameters to nd a middle ground between the
bene ts offered by these criteria, and some combination of
these may be useful for decision-makers. For instance, the
path can be positioned in the middle of the ascent height of
a mountain, probably bordering it, and this helps to mitigate
somewhat the positioning of transmission line towers in the
middle of steep slopes along mountain ranges. Steep slopes
hinder material access, increasing construction complexity.

In this study, elevation and slope angles are weighted param-
eters in the optimization problem, as their values depend on
terrain conditions. The slope of the terrain is important as
an engineering consideration for the location of transmission
line towers by soil erodibility (i.e. effect of rainfall de ned by
Regarding the sloping angle, it was obtained by a transformits intensity, persistence, and frequency). Slopes in the range
tion of the elevation raster into a sloping raster using GDA&Qf 10 to 17 represent a moderate constraint by increasing
[28]. To understand the angle position, it is similar to theonstruction costs and having a higher likelihood of erosion
angle of inclination of the surface about the horizontal plajél], [25]. Therefore, slopes steeper than 13hould be
identi ed in each cell. In that sense, the slope of the terrain &voided, if possible, due to high construction and maintenance
adjusted to a plane formed by the nine local cells to providmsts [2], [11]. In this sense, slopes below ld&re the most

a more natural t to the terrain based on the neighborhoaliitable for the construction and maintenance of an overhead
of the cells. Figure 3(a) illustrates the sloping angjeof the transmission line [25], [32].

terrain in each cell and the three-dimensional representation

of terrain altitude. Additionally, Figure 3(b) illustrates the linkSince terrain slope can limit access and impact construction

of a pair of neighboring cell§i;j ) that is considered as aCosts, a penalty curve is de ned as a function of slope. The
parameter in this paper. penalty is based on a quadratic function, and its objective is

to assign a lower penalty to those angles of the section below
In relation to the above, Figure 4 shows a three-dimensiorid) . Below this angle, it gives more facilities suitable for
representation of terrain altitude to illustrate the behavioonstruction. Conversely, larger angles receive a larger penalty
of paths on terrain based on optimizing the anglesand that increases quadratically to provide a constraining feature

Fig. 2. Elevation angle between pairs of neighboring cells.



Bulk Power System Dynamics and Control - XlI, June 2025, Sorrento, Italy

Fig. 4. Behavior of the routes on terrain based on optimizing anglasd .

within the optimization problem for those line sections.

2.3 Data structuring

The GIS raster structure consists of a regular matrix of
square cells, each representing a spatial unit. The detail of
the geospatial analysis depends on the size of the elementary
cell (resolution). In this way, the matrix corresponds to a
geographical coverage of the complexity of the terrain (slope
of the terrain, land use, and other aspects), and the informa-
tion contained in each element of the matrix corresponds to
the numerical information associated with the corresponding
location (land use weighting, average slope surrounding tﬁl;?‘
location, etc.) [15].

5. Structure of the raster data (a) De nition of the distance between cells
Links between cell nodes.

To represent the transmission line sections, we use the struc- _ . o _
ture from the raster to create a directed graph. Figure 5{§ytors allow the socio-environmental weighting to be higher

shows the structure of the information given by GIS, whicH'@n the technical weighting to the extent that areas of high so-
is very common in systems based on lines, links, and nogddl interest are not crossed by the transmission line, and they
that are located in the Cartesian plane. Figure 5(b) shows #{iw the route to be positioned according to topography in
link created between a ceillwith respect to its neighboring 2r€as of low socio-environmental impact. Similarly, the convex
cells. Every node of the raster has a name that allows fepmbination within the technical criterion allows positioning
identifying their position concerning others, which is useff’® path between a at area and a sloped area at a certain
for reading the information before solving the optimizatiog/titude.

problem. Therefore, solving the optimization problem yiel

the set of nodes that belong to the route. d‘?he mathematical formulation is presented in the Appendix,

and it is represented through integer programming. The
o objective function contains the combination of the socio-
2.4 Finding routes environmental and technical criteria described in the section

2.2.1 and section 2.2.2 that are considered to obtain the
To generate alternative routes, it is necessary to solve #igernative routes.

optimization problem by varying of some factors that multiply

the weighting of socio-environmental criteria and technical crAs a result of solving the optimization problem by the varia-
teria, respectively. Regarding technical criteria, there are twion of factors, a set of paths placed on the expansion of land
components associated with the elevation angle and the slopmgenerated. Each path has associated with a set of unique
angle; within the technical weighting, these components &actors, however, it is possible to recognize some similarities
considered through a convex combination. For example, thdstween them over the terrain. In this sense, a clustering
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process is used to label and recognize the closest path to the
centroid in every cluster.

2.5 Clustering

Transmission line routes, when mapped, may overlap or be
in close proximity, enabling the formation of clusters. The
different geographical positions of transmission line routes
can be recognized through arti cial intelligence using deep
learning methods that facilitate the recognition of a wide range
of features. The Convolutional Neural Network (CNN) is one
of the most popular methods used in deep learning [33]. There-
fore, CNN is widely used as an object classi cation method,

which is an important development for image analysis. Fig. 6. Clustering process. (a) Set of transmission line routes. (b) Binary im-
ages generated for CNN. (c) Application of the elbow method. (d) Clustering

The present work uses Visual Geometry Group (VGG) basg&h k-means. (e) Resulting clusters. (f) Selecting path close to centroid.

CNN. VGG16 [34] is a pre-trained deep learning model

that enables clustering using small datasets by compari . .
. . . P a result, the required computational memory space tends
feature vectors and invariant data. To identify individual route . ) .

0 grow exponentially when the raster contains higher data

features, 1:1 aspect ratio binary images of their pixels were . : : o :
. . resolution density (smaller cell size). However, it is possible
used, and each image was storegiig format to ensure com- . o
o ) . L to ef ciently manage the memory space utilization if the four
patibility with the data loading process. The cells in image . .
. o . o eps mentioned below are applied:
describe the transmission line which helps the recognition by

VGG16, resulting in the feature vector required for clustering.(i) Obtain from the rst guide path by using a raster of lower

Furthermore, the optimal number of clusters was determined resolution (larger cell size).

using the Elbow Method [35]. The Elbow Method is based ofii) Generate and select a buffer of cells around the rst guide

the k-means algorithm that minimizes the sum of the quadratic path.

distances of each route to the centroid of its cluster, whi€) Change the raster to a higher resolution.

is useful for determining the optimal number kf clusters (iv) Selectthe resized cells within the buffer to generate a new

of routes [35], [36]. The parametdr is obtained by testing basg—link structure, and solve the optimization problem

a range of values in question, which are plotted allowing &gan.

to identify the point of curvature (elbow) from which the

percentage of the total variance of the data decreases markefiymentioned above, using a full raster resolution may slow
down the computational time and exceed the memory limit

Finally, the clusters of transmission line routes are obtaine@pending on the extent of the studio area. For this reason,

by grouping the features extracted using CNN. By applyinfpe transmission line guidance path was obtained by initially

the number ofk clusters, the sum of the internal variancessing a lower raster resolution to speed up the computational

of the clusters reaches its minimum possible value, allowingocessing, e.g. it is illustrated in Figure 7(b). In this sense, all

each path to be identi ed and associated with a speci ¢ clustgrimary alternative paths were acquired using this same raster

Each cluster is then identi ed by a color and a name for easgsolution.

visualization and access to the data. Figure 6 shows the stages

of the clustering process applied in the set of paths. After the clustering process, the path closest to the centroid
in each cluster is chosen. Since the resulting paths had low
2.5.1 Re ning routes resolution, the raster cell size was rescaled to enhance data

_ _ _ S quality and improve resolution. Therefore, the primary path is
The routing process is driven by the optimization problenysed as a guide to select a buffer of neighboring cells through
The raster layer data originates from polygons (as shown ich the route passes within the new, higher-resolution raster.

Figure 7(a) or raster datasets at a speci ¢ resolution. In thpkjs step reduces the loss of information and improves the path
sense, the raster data form a matrix of dimensionEws details in solving the optimization problem.

andm columns, where each position is part of the node set.

Additionally, each node has a connection to its neighboririggure 7(c) illustrates the cell selection and the route calculated
nodes forming a link structure. Therefore, for the storage &6bm the new raster. However, in the routing process, there
the information associated with the connections between eauak sharp variations or zigzags in the positioning of the nodes
node with its neighborsi.x is created, wheré is the total connecting the transmission line. Therefore, the zigzagging
number of nodes within the raster. present in the guide path may be composed of closed de ection
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angles that differ from a realistic guidance path. reached. The resulting path, depicted in Figure 7(g), consists
of straight-line segments and represents a smoothed version of
the initial route. By applying this process to the representative
routes of each cluster, the methodology achieves solutions
that balance computational ef ciency with practical feasibility,

The importance of reducing zigzagging lies in the need ¥hhancing their applicability in real-world transmission line
facilitate construction by ensuring straight sections, and alloyfanning.

for a reduction in the number of angled transmission towers

used to support steep angles ranging fromt8 45 [37]. 2.6.2 Minimum-average and minimum-maximum regret cri-

Angular towers are structurally built with higher mechanicakria

strength and contain more material. In addition, to withstand

the existing bending stresses, larger foundations are requiRR@garding the objective function to generate routes, the vari-

prior to tower placement, which increases overall project cos@ion of one of the parameters leads to a new composite

Consequently, the cost of this type of tower is higher than th@ptimization problem with its corresponding objective function

of suspension towers used in straight transmission line sectherefore, solving the optimization problem results in an

tions and may impose limitations on technical and econom@ptimal route that ts the parameters entered. Because of this,

decision-making due to elevated construction expenses. When a route is evaluated from the perspective of a different
objective function from its corresponding one, its relative

To mitigate these challenges and optimize the use of angwheighting is increases due to the suboptimal evaluation.

towers, a smoothing process was applied to the routes. This

approach ensures a more realistic path while ef ciently intéd that sense, it is possible to make a comparison of a

grating angular towers within the design. To achieve this, tfieute from the point of view of different objective functions.

(Optimal) Rapid Random Trees algorithm was used to credi@ achieve this, an regret matrix associates the objective

2.6 Smoothing routes

straight sections within a corridor. functions of various routes with the selection of a specic
route. By using minimum-average and minimum-maximum
2.6.1 Rapidly-Exploring Random Trees regret criteria, it could be useful to select a route that is the

most attractive or representative among the others from the

To address the zigzagging observed along the guide pathterion of the minimum relative value.
as shown in Figure 7(d), a smoothing process is applied.

This process begins with de ning a buffer zone of speci cThe minimum-average and minimum-maximum regret crite-
width around the initial route, creating a workspace wheré consist of forming a vector containing the average or
new vertices can be freely placed to generate straight-lineaximum of each row (a path evaluated reciprocally with
segments. The buffer ensures exibility for re ning the patheach objective function) of the regret matrix, respectively. The
while avoiding unnecessary deviations. Figure 7(e) illustratgector containing the average or maximum of each row is used
the buffer area created around the secondary path. to nd the position. The position of the minimum or maximum
value within the vector represents a particular route, which in
The smoothing process employs the Rapidly-Exploring Rafirrn has the lowest average weighting (or lowest total value

dom Trees (RRT) algorithm to explore the navigation envirogmong its maximum) against the other alternatives.
ment ef ciently and generate an initial feasible solution. RRT

functions by randomly selecting nodes within the navigation

space and connecting each new node to the nearest exisfingCase study

node in the tree, ensuring that the connecting straight-line seg-

ment remains collision-free. This iterative process continudsl Case description

until a path is established from the source to the destination.

While RRT is known for its ef ciency in quickly generating aThis paper presents a case study focused on the area sur-

path, it does not have the capability to guarantee convergemoanding Copiap, located in the Atacama region of Chile.

to an optimal solution [38]. The study involves the installation of a transmission line
connecting the origin substatiof=E; (466503E, 7027870N),

To address this limitation, the (Optimal) Rapidly-Exploringo the destination substatiol§5=E, (493079E, 6988908N).

Random Trees (RRT*) algorithm is utilized in this studyThe Universal Transverse Mercator (UTM) zone 19S reference

RRT* enhances the original RRT by incorporating a mechgystem was used to de ne the geographical information layers.

nism that ensures convergence to an optimal path as iteratigfg distance between the two substations is approximately 47
progress [39]. This feature makes RRT* particularly suitablgm,

for applications requiring both ef ciency and optimality. Fig-

ure 7(f) demonstrates the execution of the RRT* algorithifhe study area is de ned by a rectangular region measuring
within the buffer zone, where nodes (red dots) are increme3B x 43 km, encompassing the planned route of the trans-
tally added to the tree structure (green lines) until the targetrigssion line. This region features critical socio-environmental



Bulk Power System Dynamics and Control - XlI, June 2025, Sorrento, Italy

Fig. 7. Raster resizing for routing (a). Initial general criteria layer. (b) Lower resolution raster layer, to acquire the guide path. (c) Higher resolution layer,
associated with the rasterization of the neighboring cells of the guide path (d) Initial path for smoothing (e). Route buffer. (f) Execution of the RRT* algorithm.

(g) Smoothed path result.

considerations, including indigenous communities, roadwaya2 Input data
national parks, salt ats, and Ramsar wetlands. These elements

present signi cant challenges and opportunities for the routinﬂ) build a weighted surface to represent the complexity of

process. Figure 8 illustrates the prohibitive zones within t
study area, highlighting the factors that shape route selectglq

Fig. 8. Case study area.

n:‘?ossing the transmission line over the area, it was used

aps associated with national parks, urbanized areas, and
agquatic bodies among other categories were obtained through
the information available on platforms such as the Chilean
Geospatial Data Infrastructure (IDE) [40] and the OSM [41].
Additionally, [25] presented a list of institutions that have
Chilean public databases that can be a source of information
to generate new raster layers. In the present work, QGIS was
used in the management of the initial raster layers, and the
size of cells used for raster maps was 50x50 m.

Furthermore, other aspects like handling of materials for
the construction of the transmission line through roads were
considered in the routing. In that sense, the layout of roads
in the study area can give a degree of preference in the
transmission line routing process due to the bene t associated
with accessibility through these existing roads.

4 Results and Discussion

Figure 9 presents the 91 routes identi ed through the proposed
methodology. As observed, many of these routes exhibit
geospatial similarity. Therefore, a clustering process was ap-
plied to group similar routes, resulting in a representative route
for each cluster. These routes were initially generated using a
raster grid with a resolution of 200x200 m. Subsequently, a
re nement process was applied to the ve representative routes
using a higher resolution of 50x50 m.



