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Abstract

Since the United Power System was created electrical supply of remote and hard-to-reach areas remains one of the
topical issues for the power industry of Russia. Nowadays, usage of various renewable energy sources to supply elec-
tricity at remote areas has become feasible alternative to usage of diesel-based generation. It becomes more suitable
with world decarbonization trends, the doctrine of energy security of Russia directives, and equipment cost decreasing
for renewable energy sources-based power plants construction. Geological exploration is usually conducted at remote
territories, where the centralized electrical supply can not be realized. Placement of large capacity renewable energy
sources-based generation at the areas of geological expeditions looks perspective due to development of industrial
clusters and residential consumers of electrical energy at those territories later on. Various metaheuristic methods are
used to solve the task of optimal renewable energy sources-based generation geographical placement. The efficiency
of metaheuristics depends on proper tuning of that methods hyperparameters, and high quality of big amount of
meteorological and climatic data. The research of the effects of the calculation methods defining distance between
agents of the algorithm on the optimization of renewable generation placement results is presented in this article. Two
methods were studied: Euclidean distance and haversine distance. There were two cases considered to evaluate the
effects of distance calculation method change. The first one was for a photovoltaic power plant with installed capacity
of 45 MW placement at the Vagaiskii district of the Tyumen region. The second one was for a wind power plant with
installed capacity of 25 MW at the Tungokochenskii district of the Trans-Baikal territory. The obtained results show
low effects of distance calculation method change at average but the importance of its proper choose in case of wind
power optimal placement, especially for local optima’s identification.
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Introduction

The Russian Federation has a huge potential in terms of mineral resources and fossil fuels
represented by complex of minerals distributed over a vast territory. This mineral complex consists
of oil, natural gas, coal, metallic ores, raw mineral materials which are used in building industry,
etc. The development of raw materials deposits and their extraction are carried out throughout the
vast territory of the country from the Caucasus to the Far East. Geological exploration expeditions
play an important role in confirming the mining potential of the territories. These expeditions are
usually carried out in remote areas, where the centralized electrical supply can not be realized [1, 2].
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Mobile generation systems, based on small-capacity diesel generators, or fast-built installations, based
on one large-capacity diesel generator, are used to provide electricity in these conditions [3, 4]. The use
of diesel generators is the simple way to establish a local electrical supply. However, there are some
specific aspects of exploitation, related to fuel transportation and the negative ecological impact
(emissions of nitrogen and carbon oxides) [5-7].

Mining and industrial clusters and working settlements are developed in the area if geological
exploration succeeds. These new consumers of electricity require the construction of long overhead
power transmission lines or a local power plant for electrical supply. Decreasing the share of diesel-
based generation and replacing it with local energy sources-based generation is one of the keynotes
of the Russian Energy Security Doctrine!. Developing renewable energy sources-based power genera-
tion (RES) in areas of geological exploration is a major alternative for non-environmentally friendly
diesel generation with low efficiency considering these keynotes.

Decarbonization trends of all sections of the economy suggest the integration of more environ-
mentally friendly energy sources into the economy, including electrical supply to remote and hard-
to-reach areas. The government's economic development plan for the Russian Federation includes
programs to support decarbonization and the development of green power generation [8]. It is rea-
sonable to evaluate the potential for locating RES-based power plants at geological exploration
sites [9-11], considering both their environmental impact [12-14] and mining prospects in these
territories [15]. Optimization of the geographical location of RES-based generation is essential for
efficient use, particularly in large countries such as the Russian Federation, which have various
climatic zones with diverse meteorological conditions. The goal of this optimization is to maximize
electricity generation, represented by the capacity utilization factor (CF), of power plants. CF is
one of the parameters used as indicators for new project selection within governmental support
programs such as PSA RES 2.0. The minimum requirements for CF for photovoltaic power plants
(PVPP) and wind power plants (WPP) in Russia are 0.14 and 0.27 p.u., respectively, according to
official tender documentation.

Meteorological data, a CF forecasting system, and appropriate mathematical optimization
methods capable of showing high results when working with heterogeneous, complex objective func-
tion forms are required for optimization of this type. There are many factors affecting the optimization
results. One of these factors is the determination of the distance between geographical points that
determine the various potential positions of the planned power generation unit. Not all methods are
suitable for this task, and some show good results when dealing with uneven and complex objective
functions.

Different metaheuristic [16-18] optimization methods such as the Firefly algorithm [19, 20],
Grey Wolfs Pack [21-23], etc. are effective tools for optimizing in complex and unique situations.
Metaheuristics is based on the natural behavior of animals and insects during vital processes, such as
food search and hunting. Mathematical descriptions of animal and insect behavior are used in many
economic fields, including engineering, construction, logistics, and the power industry. Metaheu-
ristic algorithms have advantages over traditional optimization methods based on gradient descent or
generalized Newton's method, which are also used for technical tasks.

The main advantages of metaheuristics include:

« universality: optimization algorithms can be used for both simple single-extremum problems
and unique multiple-extremums;

« smaller probability of getting stuck in a local extremum or plain space;

! Russian Federation Energy Security Doctrine. URL: https://minenergo.gov.ru/ministry/energy-security-doctrine?ysclid=
Isipl3svw513749979 (accessed 15.02.2024).
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« smaller influence of initial evaluation on final results of the optimization (algorithm’s agents
first placement).

One of the main drawbacks of metaheuristic optimization algorithms is the need to tune their
hyperparameters. The efficient values of these parameters may vary depending on the task being
considered, the objective function, or the restriction system.

There are various factors that affect the results of RES-based power generation optimization.
One of these factors is the distance calculation function used in the algorithm. Metaheuristic methods
are often applied to optimization tasks involving integer-valued or discrete parameters. In these cases,
the agents of the algorithm move to predefined grid nodes in the solution space, and Euclidean dis-
tance [24, 25] is typically used by default. A significant part of research focuses on accurately tuning
the hyperparameters of the algorithm, while working on optimization tasks that use geographical
coordinates as parameters. When working with optimization tasks where there are not only integer
values but also infinite fractional values, haversine distances, which are used in transport logistics
and navigation [26, 27] could be used as an alternative to Euclidean distance.

This research presents the effects of the distance function used in optimization algorithms on
RES-based generation placement optimization results. The main objective is to confirm the hypothe-
sis that selection of the distance functions affects the optimization results. Application of optimization
methods based on metaheuristic algorithms for geographical placement of different types and capac-
ities of RES-generation, and evaluation of various distance functions' influence on results represent
the scientific novelty of this study.

To confirm the hypothesis, two areas were considered for geological exploration: the Urals
[28-31] and the Trans-Baikal territory [32].

Methodology

The objective function of the optimization task has a unique form and contains many local maxi-
mum areas, considering the geographical placement of RES-based generation to maximize its CF.
The objective function shows how CF changes depending on electrical parameters (energy source
type and installed capacity), geographical parameters (location of power plant) and climatic/meteoro-
logical parameters (air temperature, humidity, wind speed, solar irradiation, albedo, etc.) This func-
tion cannot be defined using interpretable combinations of mathematical and trigonometric functions.

Models, based on artificial intelligence (Al), especially forecasting models [33-35], are widely
used to evaluate the potential and efficiency of RES-based power plant placement in areas. Al-model
are able to describe the correlations between stochastic climatic and meteorological parameters and
electricity production of RES-based power generation. The results of these models are highly accurate
compared to traditional approaches based on probability distributions [36-38].

The machine learning forecasting model for RES-based generation CF values forecasting pro-
posed by the authors in [39] which is based on an ensemble algorithm named “random forest”, was
used to determine the objective function for this research. The initial data for this model include the
type of energy source, installed capacity of the power plant, geographical location, and a number of
meteorological variables (which may vary depending on the type of energy source).

The developed model was trained using data on the geographical positions of RES-based power
plants, electricity generation throughout the year and averaged meteorological parameters for the area
of the power plants for five years. The data used to train the model was extracted from certificates
confirming the origin of electricity consumed for qualified RES-generation?.

The adapted firefly's optimization algorithm was applied to the task of optimal RES-based geo-
graphical placement of generation. This algorithm was chosen because of its efficiency in this task,

2 Renewable Energy Sources. URL.: https://www.np-sr.ru/ru/market/vie/index.htm (accessed 29.10.2023).
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which has been demonstrated in comparison with random search, particle swarm optimization, fire-
flies, and grey wolf pack optimization algorithms in [39].

The optimization task solution process using the proposed algorithm can be divided into four
stages, as follows:

* preparation — choosing the area under consideration and forming restrictions on the power
plant's placement (borders of the area);

« initial population creation — creating agents and randomly distributing them within the borders
of the considered area;

« optimal placement search — an iterative process of moving agents according to their objective
function values and algorithm parameters;

« final — end of optimization and creation of a report on results (statistical metrics and visualiza-
tion of results).

Mathematical description of the agent's movement process:

Xi+1 = Xi + B(Xj - Xi) + (X(Crand - 05),
Xbi+1 = Xpi+1 + 0(Crand — 0.5),

where Xi, Xj are the agent’s positions (geographical latitude and longitude); xui is the position of the
agent with the highest objective function score; o is the coefficient determines random move of
agents; B is the agents attraction function (depends on the agent’s values of the objective function and
the distance between them); crand is the random value in range from zero to one.

The agent's attraction function is defined as follows:

B= Boe_ydza

where v is the transparency coefficient; d is the distance between two agents; o — attraction force
of the agent at the distance of d = 0.

It is required to tune the hyperparameters to provide correct work of the proposed metaheuristic
algorithm:

* a. is the coefficient defining the step length of the agent in the random direction (measures
in p.u. according to the size of the considered optimization area). This coefficient may remain con-
stant during the optimization process, or it may change according to the chosen pattern. The rea-
sonable change of a is to decrease it during the optimization process to provide the convergence of
the agents to one area;

* Bo is the coefficient defining the strength of attractiveness between agents on the minimal
distance. This coefficient is used to define the attractiveness function (3. This could remain constant
or change according to the pattern. It is necessary to use a smaller values of 3o at the beginning, and
then gradually increase o till the value of 1.0 to strengthen the exploration ability at the start of the
algorithm and to accelerate the convergence of the algorithm at the final iterations;

« v is the coefficient which defines the transparency of the environment and affects the move-
ment of the agents with the smaller values of the objective function to the agents with the higher
values of the objective function. This coefficient could change in the range from zero to one. If y =0,
then the environment is assumed as fully transparent, which leads to the algorithm transforming into
a random search. If y = 1, then the environment is assumed as fully non-transparent;

« d is a function of the distance between agents of the algorithm. The behavior of the algorithm
may change if the distance function is changed. In the stated problem, the position of agents refers to
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the actual values of geographical latitude and longitude, so the most suitable distance functions may
be Euclidean distance and haversine distance.

Optimal values for the parameters o, Bo u y listed above were defined in the previous research [40].
Effects of the agent’s distance function selection on the optimization results have not been studied
in the previous research. Different distance functions are considered to calculate the distance be-
tween two geographical points in the frame of the current research.

Since the geographical coordinates of the potential location of power plants are used for calcula-
tions, a hypothesis about the incorrectness of using the Euclidean position as a function for calculating
the distance in this formulation of the optimization problem was formulated.

It is proposed to use the haversine function, which is used in navigation calculations and has
physical and geographical validity to improve the optimization results.

The Euclidean distance between two geographical points is defined as follows:

deuc = \/(}\‘2 _)\'1)2 +((P2 _(Pl)2 ’

where @1, ¢2 are latitude coordinates of two points, rad; A1, A2 are longitude coordinates of two
points, rad.
The haversine distance between two geographical points is defined as follows:

Oy = 2r- arcsin(\/sin2 (%) + COS((Pl) . COS((PZ ) -sin? (—XZ ;Xl j],

where r is the major sphere’s circle radius, km.

Euclidean distance is applicable to calculating the distance between two points on the same
plane, and it equals the length of a straight line connecting these points. The haversine equation is
rarely used trigonometric function and mainly uses in the field of navigation to calculate the shortest
distance between any two route points.

The curvature of the Earth's surface can be accurately approximated by the plane when con-
sidering small distances between two points (about 1 km). The difference between Euclidean and
Haversine distance functions in these cases is about 0.1 % [41]. The accuracy of the plane approx-
imation decreases with increasing distance between the points. When the distance is near to a few
geographical degrees, the difference between the two distance functions becomes noticeable. These
differences are due to Mercator projection distortions. Therefore, the shortest distance between any
two points on Earth's curved surface is measured by the Haversine formula, not by a straight line
(Euclidean).

Results and discussion
The calculations were provided to confirm the proposed hypothesis. Two territories of the Rus-

sian Federation were chosen for these calculations. Geological exploration expeditions are actively
performed in these territories in accordance with the Unified Fund of Geological Information about
the Subsoil of the Russian Federation® and Rosgeo* data. The obtained results of comparison for two
types of RES-based power generation were provided. Figure 1 shows the form of the objective func-
tions for the two considered territories: Tungokochenskii district of Trans-Baikal region, where placer
gold deposits are being explored, and Vagaiskii district of Tumen region where peat deposits are
being investigated.

3 Unified Fund of geological information about the subsoil. Register of original and interpreted information. URL:
https://efgi.ru/ (accessed 15.02.2024).
4 Rosgeology news portal. URL: https:/nedra.rusgeology.ru/subdivision/nvniigg/news/ (accessed 15.02.2024).
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a WPP CF, p.u. b PVPP CF, p.u.
0.32
03 0.14
0.28 0.138
0.26 0.136
0.24 0.134
0.22 0.132

Fig.1. The objective function examples of the optimization task under study:
a — WPP placed in the Tungokochenskii district; b — PP placed in the Vagaiskii district

The results of the agent's placement at the initial population creation stage are presented in Fig.2.
These results were used to evaluate the difference between two methods for calculating distance when
the distance between two points is greater than one degree. The Table shows the absolute error of the
Euclidean distance compared to the haversine:

E = dhav — deuc,

where dnav is the distance according to the haversine method, km; deyc is the distance according to the
Euclidean method, km.

44

43.9

43.8

43.7 *

Latitude
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4538 46 46.2 46.4 46.6
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Fig.2. Initial population agent’s placement

146

This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2025. Vol. 271. P. 141-153
© Andrei M. Bramm, Stanislav A. Eroshenko, 2025

The difference of Euclidean distance and haversine for initial population agent’s distance calculation, km

Agent 0 1 2 3 4 5 6 7 8 9
0 0 —6.329 —-8.043 -1.333 —6.297 —6.815 —-5.786 -13.186 | -13.935 | -15.719
1 —6.329 0 —0.945 -3.989 -0.022 —-0.604 -0.172 -5.429 —6.628 —7.768
2 -8.043 —0.945 0 -4.072 -1.764 -0.231 -0.361 —2.266 -2.399 —-6.162
3 -1.333 -3.989 -4.072 0 —2.357 -5.489 —4.596 -9.444 -10.619 | -11.783
4 —6.298 -0.022 -1.764 —2.357 0 -0.108 -0.021 —6.042 —6.202 -9.131
5 —6.815 -0.604 -0.231 —-5.489 -0.108 0 -0.207 -3.087 -4.172 -5.362
6 —5.786 -0.172 -0.361 —4.596 -0.021 -0.207 0 -3.262 —4.305 -5.515
7 -13.186 -5.429 —2.266 -9.444 —6.042 -3.087 -3.262 0 -0.207 —2.340
8 -13.935 —6.629 —2.399 -10.619 —6.202 -4.172 —4.305 —-0.207 0 -1.255
9 -15.719 —7.769 —6.162 -11.783 -9.131 —5.362 -5.515 —2.340 -1.255 0

Based on the data in Table it can be concluded that the plane approximation and Euclidean dis-
tance calculations are not applicable to this task. The error distribution in distance calculation is non-
linear, which could be due to the uneven curvature of the Earth's surface across latitude and longitude.
Even though the error in distance calculation may be nonlinear, there is a positive correlation between
the error values and the distance between two points. In the example presented, the maximum error
reached 15-16 km (0.14 degrees) when the distance between the two points was 56 km (half
a degree).

Such errors (see Table) are significant for the studied optimization task, considering the objec-
tive function's form (see Fig.1). A drastic change in the CF value may occur within an interval of
0.1 degrees of longitude or latitude for flat surfaces, or the optimal area may be missed for surfaces
with a peaked shape. The size of a RES-based power plant is equal to 2-3 km for one of the Orenburg
PVPPs or 6-8 km for Kamenskaya WPP, which is the distance between two end wind generators.
An error that is 2-5 times larger than the size of the object under consideration is unacceptable, but it
may be tolerable if installations of new units (capacity increase, territory expansion) for this power
plant are considered later.

The comparison of the results of optimizing the placement of RES-based power plants placement
using two different distance functions (Euclidean and haversine) presented below.

The 25 MW WPP placement optimization was considered for the Tungokochenskii district
area. The objective function for this area (see Fig.1, a) is characterized by a global optimum area
clearly localized at 54 degrees latitude. Figure 3 shows the results of comparing two distance
functions for calculating agent distances. Figure 3, a shows distribution density curves of the best
CF values found by the optimization algorithm after 100 iterations, and Fig.3, b shows the geo-
graphical location of the best results on the district map, projected onto the objective function
plane. In both figures, green colors represent results obtained using the Euclidean distance func-
tion, while blue colors represent haversine results, and gray areas represent territory exploration
expeditions®.

5 The State register of works on the subsoil geological exploration. URL: https://rfgf.ru/ReestrGin/ (accessed 15.02.2024).
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Fig.3. Distribution of the optimal CF values which were defined during the 25 MW WPP placement optimization
in the Tungokochenskii district: a — violin plots for CF values of the optimal placement results;
b — geographical distribution of the optimal placement results

For the convenience of perceiving the results geographical maps of the considered districts
(Fig.3, b and 4, b) were combined with the objective functions (see Fig.1) in the form of a contour
plots which demonstrate changes in the CF values of the power plant at the considered territories.

The following conclusions were formulated based on the obtained results for the Tungokochenskii
district:
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* The violin distribution plots have a similar shape for both distance functions. The haversine
results distribution plot is more clearly defined than the Euclidean distance results. The optimiza-
tion algorithm more accurately identifies global optimum areas when using the haversine distance
function.

 The geographical distribution of the optimization results (Fig.3, b) shows that most of the
results fall between 54th and 56th latitudes, which are the global optimum and local optimal areas,
respectively.
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Fig.4. Distribution of the optimal CF values which were defined during the 45 MW PVPP placement optimization
in the Vagaiskii district: a — violin plots for CF values of the optimal placement results;
b — geographical distribution of the optimal placement results
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The 45 MW PVPP placement optimization was considered for the Vagaiskii district area. The
objective function for this area (see Fig.1, b) is flat and has a poorly expressed global optimum (the
difference between the minimum and maximum values is 0.01 p.u.). Figure 4, a shows the distribution
density curves of the best CF values found by the optimization algorithm after 100 iterations.
Figure 4, b shows the geographical location of these results projected onto the district map in the
plane of the objective function. In both figures, green represents the results obtained using the
Euclidean distance function, and blue represents haversine results. Grey areas represent the territories
of geological exploration expeditions®.

The following conclusions were formulated based on the obtained results for the Vagaiskii
district:

» The majority of the solutions found are located in the same area due to the flat form of the
objective function.

» More than 90 % of the results correspond to the global optimum area, due to the flat form of
the objective function (the difference between minimum and maximum values of CF is 0.01 p.u.).

« Violin distribution plots are nearly identical for both distance functions used (Fig.4, a), with
only minor deviations explained by the stochastic nature of the optimization algorithm.

The objective function of the CF values changes mainly in the latitude direction and has a flat-
tened, stepwise form, which can be explained by the physics of solar irradiation spreading. This leads
to the absence of a local optimal area for small territories (district, municipal district), so the choice
of distance function does not affect the optimization results. However, the effect of the distance func-
tion may become noticeable when considering larger territories such as an entire region or country.

The objective function of the CF values has a more stochastic distribution than that of PVPP,
and it clearly has localized sub-optimal areas. The latitude dependency plays a smaller role, and the
landscape specifics are more significant. The choice of the distance function significantly affects the
optimization results, considering these conditions. These effects are evident in the more distinct bor-
ders of the distribution plot (when using the haversine function), and local optimal areas are exceeded
(when using Euclidean distance). However, the change in the distance function still has minor effects
on the overall results.

There is an influence of the selected distance calculation function on the optimization algo-
rithm, when considering tasks for RES-based power generation optimization in territories where
geological exploration is actively conducted. This influence has a major impact on tasks where the
objective function has narrow optimal and suboptimal areas (Tungokochenskii district and WPP
placement). A minor impact was observed in the task with a flat objective function and one optimal
area (\Vagaiskii district and PVPP placement).

Conclusion
The hypothesis about selecting a function for distance calculation in the firefly’s metaheuristic

optimization algorithm has an impact on the results of optimization when optimizing the placement
of RES-based power generation using CF values as an objective function. Two functions for calcu-
lating the distance between two geographic points were used to validate the proposed hypothesis:
Euclidean distance and haversine distance. When these two functions were compared directly, the
maximum error was 0.14 degrees of geography (15-16 km), and the distance between the two points
corresponded to a maximum error of 0.5 degrees of geography (which corresponds to the distance of
about 56 km). These comparison results confirmed the physical theory of Earth’s surface geometry
and the shortest path between two points on a sphere.

6 The State register of works on the subsoil geological exploration. URL: https://rfgf.ru/ReestrGin/ (accessed at 15.02.2024).
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It was noted that with the observed errors in calculating the distance during the implementation
of the optimization algorithm, the zone of global/local optimum can be skipped for the functions of
the CF change with clearly expressed local optima, and for functions of flat shapes there may be a
failure to reach the global optimum zone.

The following conclusions about the initial hypothesis were formulated based on the results of
the experiments on the RES-based generation placement optimization in the territories of the
Tungokochenskii and Vagaiskii districts:

* The objective function (dependency of CF values from geographical coordinates) has a flat
form for the tasks of PVPP placement optimization (Vagaiskii district). Changing the distance calcu-
lation function has a minor impact on the placement optimization results for 45 MW PVPP in the
Vagaiskii district. The distribution of results is almost identical for both the Euclidean and haversine
distances.

* The objective function has a more uneven and peaked shape with clearly defined optimal re-
gions for WPP placement (Tungokochenskii district) optimization. Changing the calculation method
for distance has a notable impact, but barely affects the reachability of the global optimum. This effect
is mainly expressed in a more distinct detection of local optimal areas when using the haversine
method.

The initial hypothesis was partially confirmed by the results obtained during the experiments.
Also, several adjustments to the initial hypothesis were made based on the results. The selection of
the distance calculation function had a limited impact on the results of RES-based geographical place-
ment optimization to increase the CF of the power plant.

The distance function selection does not affect the optimization results when PVPP placement
optimization is considered on relatively small territories. However, the distance function may lead to
the skipping of important local optimal areas when considering WPP placement optimization.

The results of the research could be used to find a technically reasonable and energy-efficient
location for the placement of RES-based power plants. These results also could also be useful for
electricity supply in remote areas, hard-to-reach areas, or areas where geological exploration is
taking place.
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