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Abstract

Economic expansion is commonly accompanied by accelerated growth in electricity con-
sumption. In this context, distribution networks play a fundamental role in delivering
electricity to end users; however, they remain subject to technical losses. Among system
components, power transformers are particularly relevant because, despite their high
efficiency, they still generate significant losses due to continuous operation and their
widespread presence throughout the electrical system. The literature addresses the relo-
cation of distribution transformers as a strategy to minimize technical losses. However,
the application of this approach to equipment installed in electrical substations remains
less explored. Therefore, this study proposes an optimization model for reallocating a pool
of existing power transformers among electrical substations, matching transformer rated
capacities to substation demands to reduce technical losses and enhance energy efficiency.
The research methodology involved the mathematical formulation of the problem, adopting
the minimization of accumulated total cost as the objective function, which incorporates
both technical losses and relocation costs. The model was applied to a case study using
technical and operational data from power transformers commonly installed in HV/MV
substations. The results demonstrate that the optimal relocation reduced transformer
energy losses by approximately 5% over the 10-year planning horizon, generating net
economic savings that exceeded the equipment relocation costs. The optimization model
suggests adjustments in transformer allocation, aligning loading levels with more appro-
priate operating ranges and thereby increasing transformer efficiency. Consequently, the
proposed approach provides an engineering design-oriented decision-support method for
optimizing transformer allocation, contributing to more energy-efficient and economically
effective substation planning.

Keywords: electrical substations; energy efficiency; engineering design; power transformers;
technical losses

1. Introduction

Electricity demand has been increasing rapidly worldwide, driven by urbaniza-
tion, industrialization, developments in the transportation sector, and more recently data
centers [1]. This growing demand places additional pressure on power systems, making
the efficient operation of electricity networks increasingly important. In this context, power
grids play a fundamental role in delivering electricity to end users, a process that inevitably
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involves energy dissipation due to physical laws. This phenomenon is known as technical
losses, as it is inherent to system operation [2—4].

A representative example can be observed in Brazil. Projections for the 2025-2029
period indicate an average annual Gross Domestic Product (GDP) growth of 2.4%, while
electricity load is expected to grow at an average rate of 3.5% per year [5]. According
to the Brazilian Electricity Regulatory Agency (ANEEL) [6], technical energy losses in
the Brazilian distribution market averaged 7.4% of the total energy input in 2024, corre-
sponding to 44.6 TWh. This volume resulted in an estimated financial impact of USD
2.15 billion. Compared with 2014, the amount of energy lost increased by approximately
20%, highlighting the need for measures to improve the efficiency of distribution systems.
To put this in perspective, while European distribution losses ranged from 1.95% to 22.63%
in 2022, the most efficient networks demonstrate that losses can be kept near 2% [7].

Of the technical losses in distribution networks, approximately 23% occur in trans-
formers [8], even though these units often exhibit efficiencies exceeding 98%. Despite their
high performance, these residual losses represent significant amounts of energy due to
continuous operation and their widespread deployment throughout the power system.
Reducing losses and improving transformer efficiency can result in substantial energy
savings and a reduction in greenhouse gas emissions [9].

Transformer performance is determined by core (no-load) losses, which remain con-
stant whenever the equipment is energized, and copper (load) losses, which vary with the
load current [10]. Consequently, transformer efficiency is directly related to its loading
level. Operating significantly above or below the rated capacity can increase internal losses
and lead to suboptimal performance. Studies indicate that maintaining transformers within
an optimal loading range improves efficiency and contributes to reducing energy losses
throughout the distribution system [11-13].

Given the need for more efficient energy use, transformers have become a focal
point in energy efficiency studies because of their direct impact on distribution network
performance [14]. In the case of substation transformers, the requirement to handle higher
loading levels demands larger physical structures, including higher-volume cores. This
characteristic results in considerable internal losses, particularly iron losses. Therefore,
ensuring that large-scale transformers operate as close as possible to their maximum
efficiency point is essential.

Previous studies have investigated transformer relocation as a strategy to optimize
loading conditions and improve the operational efficiency of power systems. In this study,
transformer relocation refers specifically to the physical transfer of an existing transformer
from one substation to another, without relocating the substation itself or its associated net-
work connections. In [13,15,16], the authors employed mixed-integer linear programming
(MILP) models to optimize transformer relocation as a strategy to postpone equipment
replacement and improve efficiency while maintaining system reliability. Similarly, in [17],
a methodology using a Simulated Annealing algorithm was proposed to reduce technical
losses and extend equipment life by strategically repositioning existing medium- and low-
voltage (MV/LV) transformers. The financial implications of such movements were further
explored in [18], where the NSGA II algorithm was applied to a park of 546 distribution
units to balance operational savings with regulatory incentives and efficiency targets.

Beyond purely technical losses, other approaches have focused specifically on miti-
gating overloads through capacity management. For instance, Ref. [19] utilized a Genetic
Algorithm to rotate units of varying sizes (30, 15, and 40 MVA) between feeders to prevent
overloading and maximize asset utilization, even accepting minor increases in theoretical
power losses as a trade-off for operational safety and better matching unit capacity to
feeder demand.
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Notably, the existing literature is predominantly focused on MV/LV distribution
transformers, whose relocation is generally associated with lower transportation costs,
reduced installation complexity, and simpler operational requirements. In contrast, studies
addressing the relocation of HV/MV power transformers installed in electrical substations
remain limited. These assets differ substantially from distribution transformers in terms of
rated power, investment value, no-load losses, transportation requirements, and influence
on long-term expansion planning. Consequently, methodologies developed for distribution
transformers cannot be directly extrapolated to substation transformers, highlighting the
need for dedicated planning tools for this class of equipment.

The relocation of power transformers between substations represents a practical asset
management strategy that has been employed by utilities, particularly in developing coun-
tries, to improve operational efficiency, optimize the use of existing assets, and postpone
costly network expansion projects. Transformer relocation should be regarded as one of
several planning alternatives available to distribution utilities. Other strategies, such as
transformer replacement, network reinforcement, feeder reconfiguration, or capacity ex-
pansion, may also be adopted depending on system requirements and long-term planning
objectives. However, when suitable transformers are already available within the existing
asset inventory, relocation offers a cost-effective alternative that improves asset utilization
while postponing more expensive infrastructure investments. Recent advances in utility
digitalization and asset management systems have further increased the practical feasibility
of applying optimization techniques to support this planning strategy.

In this context, this study proposes an optimization model for the relocation of HV/MV
power transformers among electrical substations. Although the optimization problem is
formulated as a classical assignment model, its contribution lies in addressing a planning
problem that has received limited attention in the literature, namely the relocation of
HV/MYV substation transformers. Unlike previous studies focused primarily on MV /LV
distribution transformers, the proposed model integrates long-term energy loss estima-
tion, projected demand growth, electricity price evolution, and transformer relocation
costs within a unified planning framework. In addition, the methodology enables the
assessment of the operational and regulatory impacts of different transformer allocation
strategies. From an engineering design perspective, the proposed methodology supports
the configuration of transformer allocation within the existing substation infrastructure
by systematically evaluating alternative equipment arrangements under technical and
economic constraints.

As an optimization-based engineering design method, the proposed model aims to
support utility decision-making by improving energy efficiency while simultaneously
considering technical, economic, and planning aspects. The adopted mixed-integer linear
programming formulation is particularly suitable for this application because the objective
function and technical constraints can be represented linearly, allowing the global opti-
mum to be obtained efficiently through an exact optimization method. Unlike heuristic
approaches, the proposed formulation provides deterministic solutions with guaranteed
optimality for the formulated planning problem.

The remainder of this paper is organized as follows. Section 2 presents the proposed
optimization model, including the mathematical formulation of the objective function and
its constraints. Section 3 presents and discusses the results obtained from the optimization
process. Finally, Section 4 summarizes the main conclusions and outlines directions for
future research.
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2. Methodology

The proposed methodology consists of an optimization algorithm for power trans-
former relocation. The model adopts the existing configuration as the baseline scenario,
in which the units are already operating in their respective substations. The analysis
evaluates the relocation of at least one pair of transformers to identify an improved con-
figuration that minimizes the total accumulated cost. This cost includes technical energy
losses over the analysis period as well as the costs associated with equipment relocation
between substations.

The study was structured into four main stages: mathematical formulation of the
problem, including the definition of the objective function and constraints (Section 2.1); com-
putational implementation of the optimization model (Section 2.2); characterization of the
technical and operational data of the transformers used in the case study (Section 2.3); and
testing and validation procedures based on predefined performance criteria (Section 2.4).

2.1. Optimization Model

The problem formulation aims to determine the optimal allocation of transformers
among substations to minimize the costs associated with technical losses over the analysis
period and equipment relocation costs, as defined in Equation (1). Accordingly, the model
seeks an arrangement that results in the lowest possible total cost, ensuring an economically
efficient solution.

Min f = iezni jez_()]. (CLassi,]- + CRelocution,-,’-)xi,j 1
where
(QF Set of power transformers
Q; Set of possible allocation positions (substations)
C Loss; Accumulated cost of technical losses associated with the operation of

transformer i at position j over the analysis period T

C Relocation; Cost of relocating transformer i from its initial position to position j

Xij Binary decision variable equal to 1 if transformer i is assigned to position j,
and 0 otherwise

Equation (2) expresses the cost of electrical losses resulting from the operation of each
transformer allocated to a given substation position. The cost is calculated on an annual
basis, considering projected load growth and tariff adjustments over the analysis period.

2
T Doy (£)
CLossi,j = Z Pnri+ PLi <S] fLoss h C(t) 2)
t=1 i
where

T Analysis period (years)

Pnp, Rated no-load (core) losses of transformer i (kW)

Pr, Rated load (copper) losses of transformer i (kW)

1

Dax;(t) = Dmax; (0)(1 + ®)"  Projected peak demand at substation position j in year
t, adjusted by the load growth factor o (MVA)

S Rated power capacity of transformer i (MVA)

fLoss Loss factor

h Number of hours per year

C(t) = Co(1+ Inflation)" : Electricity cost in year ¢, obtained by adjusting the base

cost (C,) according to the variation in the inflation index
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The loss factor is estimated using Equation (3):
D pvg, (1) D aog, (1) \ 2
=k | —L=|+0-k | =—-+ 3
fLoss <DMax/- (t) ( ) DMzzxj (t) ( )
where
k Empirical load correlation coefficient (adopted as 0.3 [20]);

a sensitivity analysis is provided in Appendix A
D Aug; (t)=D Avg, (0)(1 +a)f Projected average demand at substation position j in
year t, adjusted by the load growth factor « (MVA)

The decision to reallocate a power transformer involves not only reducing technical
losses but also evaluating the operational and logistical costs associated with equipment
relocation, which can be significant. Even when a new allocation reduces energy loss
costs, the resulting economic benefit may not be sufficient to justify the relocation pro-
cess. Therefore, the optimization model must incorporate the physical relocation costs of
transformers between substations, typically including dismantling, transportation, and
reinstallation costs, as presented in Equation (4). The relocation cost includes all activities
required to transfer a transformer between substations, including equipment removal,
transportation, reinstallation, civil adaptations, electrical integration activities, commis-
sioning procedures, and other infrastructure adjustments required to accommodate the
transformer at the destination substation. When a transformer remains assigned to its
original substation position, the corresponding relocation cost is assumed to be zero. There-
fore, relocation costs are incurred only when the assigned destination differs from the
transformer’s original location.

CRelocationi,j = Crix + Dk,j Cim 4)

Crix  Fixed cost associated with transformer dismantling and reinstallation
Distance between the origin substation k and the destination substation j for
transformer i (km)

Ckn  Variable transportation cost per kilometer

To ensure the technical feasibility of the proposed solution, the model incorporates a set
of constraints that define the feasible region. Equations (5)-(8) formalize these constraints.

(a) Each allocation position in a substation must receive exactly one transformer—
Equation (5):

Z Xij = 1, V] S Q] ®)
i€Q);

(b) Each transformer may be allocated to at most one substation position—Equation (6):
Z xi,]- <1, Vie Qi (6)
JEQY;
(c) The transformer must be capable of meeting the projected peak demand, considering
the load growth factor—Equation (7):
Xij=0, if S; <Dmax(t), VteT 7)
The capacity constraint is evaluated for every year of the planning horizon using the

projected peak demand corresponding to each year. Therefore, all feasible solutions satisfy
the transformer capacity requirement throughout the entire analysis period.
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(d) The transformer’s primary and secondary voltage ratings must be compatible with
those of the assigned substation position—Equation (8):

Xij =0, if (VPrimary,- 7’é VPrimaryj) \ (VSecondaryi # VSecondaryj) (8)

The compatibility criteria adopted in this study are intended to support the stage of
transformer relocation. Although additional engineering aspects, such as vector group,
impedance characteristics, cooling system, protection requirements, and installation-
specific constraints, should be verified prior to field implementation, Brazilian electric
utilities commonly adopt standardized specifications for HV/MV power transformers.
This standardization reduces the variability of equipment installed in the network and
makes rated capacity and voltage compatibility appropriate first-level criteria for planning-
oriented optimization models.

The flowchart shown in Figure 1 summarizes the steps of the process.

&

Load input data
(transformers and

substations parameters) \—T—’—_

Export results

{ N\ ( )
Initialize loop counters Solve the model using the
(i=j=t=0) CBC solver
- I J Objective function Eq. (1)
I € Constraints - Eq. (5)—(8) )
e p T
Next(itia?iffl))rmer ( Build the cost matrix
L J (energy loss and relocation
| costs)
- \ v
4 ‘ \
Next substation
=j+1) Yes .
\ J i < number of
1 transformers?
4 N\
Next year
(t=t+1)
\ l J
[ Calculate electrical loss cost | S ]

g substations?
for transformer i at

substation j - Eq. (2)—(3)

.

Calculate the transformer
relocation cost - Eq. (4)

i

Calculate the distance
between the substation of
transformer i and substation j
\_ J

t < analysis
horizon?

Figure 1. Schematic flowchart of the proposed optimization process.

2.2. Computational Aspects

The optimization model was implemented in Python 3.8.3 using the PuLP library to
define the objective function, decision variables, and problem constraints. The optimal
solution was obtained using the COIN-OR Branch and Cut (CBC) solver, which solves
mixed-integer programming problems through a tree-search procedure combined with
cutting planes. This approach reduces the feasible solution space and ensures efficient
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convergence [21]. Data related to the characteristics of substations and transformers were
organized in spreadsheets, allowing direct import into the computational model and
facilitating updates to the input parameters.

The optimization model comprised 2401 binary decision variables and 1798 constraints.
The optimal solution was obtained in approximately 0.05 s (0% optimality gap) on a
computer equipped with an Intel® Core™ i5-2450M processor (2.50 GHz), 6 GB of RAM, and
a 64-bit operating system. Although a formal scalability analysis was not performed, the
observed computational performance indicates that the proposed model is computationally
efficient for practical planning applications. Considering that even large electric distribution
utilities typically operate on the order of hundreds to approximately one thousand HV/MV
power transformers, the expected problem size remains well within the capabilities of
modern mixed-integer optimization solvers.

2.3. Case Study: Technical and Operational Transformer Data

Transformers installed in high-voltage/medium-voltage (HV/MYV) distribution sub-
stations typically operate with primary voltages of 34.5 kV, 69 kV, or 138 kV, stepping
them down to the primary distribution level of 13.8 kV. Common voltage ratios include
138/13.8 kV and 69/13.8 kV. The rated power of these transformers varies according to
the demand characteristics of the served area. For example, 10 MVA transformers are
commonly used in regions with lower load density [22,23].

The transformer sample considered in this study comprises units operating at volt-
age ratings of 69/13.8 kV and 138/13.8 kV, with different rated power levels commonly
employed in distribution systems. Table 1 presents the technical specifications, including
nominal no-load and load losses, based on data obtained from manufacturers datasheets.
These values are essential for assessing the impacts associated with electrical energy losses.

The geographic coordinates of the substations were extracted from the utility’s Geo-
graphic Database [24], serving as the spatial reference for the sample considered in this
study. This georeferenced information is essential for the accuracy of the proposed model,
as it enables the calculation of the distances used to estimate transformer relocation costs.
The transformer ratings, loading levels, voltage classes, and substation characteristics
adopted in this case study were defined based on values commonly found in electrical
distribution utilities.

To preserve the confidentiality of utility operational data, the case study was not
constructed from the operational database of a specific distribution company. Instead,
a representative dataset was assembled by combining publicly available geographic in-
formation, manufacturers’ technical specifications, and operating conditions commonly
observed in Brazilian HV/MV distribution systems. This approach preserves the realism
and practical relevance of the case study while avoiding the disclosure of confidential
utility operational data.

The sample considered in this study comprises 49 transformers, limited to the specifi-
cations presented in Table 1 and distributed across 35 substations. Some of these substations
contain more than one transformer. Among the analyzed units, 32 operate at a voltage ratio
of 138/13.8 kV and 17 operate at a voltage ratio of 69/13.8 kV. The allocation of transformers
per substation and the operational data used in the analysis, including average demand,
peak demand, and efficiency, are presented in Appendix B. These data were defined to
represent typical characteristics and operating conditions of a distribution system.

https://doi.org/10.3390/designs10050098


https://doi.org/10.3390/designs10050098

Designs 2026, 10, 98

8 of 18

Table 1. Technical specifications of the power transformers. Source: WEG [25].

Specification Rated HV Rated MV Rated Power No-Load Losses Load Losses
Voltage (kV) Voltage (kV) (MVA) (kW) (kW)
TR-69/13.8 kV 12.50 69 13.8 12.50 11 106
TR-69/13.8 kV 18.75 69 13.8 18.75 15 128
TR-69/13.8 kV 25.00 69 13.8 25.00 17 177
TR-69/13.8 kV 31.25 69 13.8 31.25 19 176
TR-69/13.8 kV 37.50 69 13.8 37.50 22 208
TR-69/13.8 kV 50.00 69 13.8 50.00 30 225
TR-138/13.8 kV 12.50 138 13.8 12.50 14 98
TR-138/13.8 kV 18.75 138 13.8 18.75 19 120
TR-138/13.8 kV 25.00 138 13.8 25.00 22 163
TR-138/13.8 kV 31.25 138 13.8 31.25 24 182
TR-138/13.8 kV 37.50 138 13.8 37.50 30 200
TR-138/13.8 kV 50.00 138 13.8 50.00 36 224

2.4. Testing and Validation

Model performance was evaluated by comparing two scenarios. The first represents
the current configuration, in which the original transformer allocation is maintained as the
baseline. The second corresponds to the proposed optimization, where the model reallo-
cates equipment while considering technical losses and relocation costs. The comparison
included technical losses, associated costs, operational parameters, and the Substation Uti-
lization Index (SUI), enabling an assessment of installed capacity utilization in accordance
with regulatory standards.

SUI represents the percentage of installed capacity effectively used, indicating the
extent to which the asset is serving the distribution system [26]. Consequently, the value
recognized in the electricity tariff to remunerate the company’s investments considers
not only the amount invested in assets, such as substations, but also the actual level of
utilization of these facilities. Therefore, SUI is applied as a regulatory indicator to support
planning and decision-making by distribution companies, enabling the assessment of
whether investments in upgrades or capacity expansions contribute to improved utilization
of installed capacity. Equation (9) presents the calculation of the SUI considering projected
demand growth over a 10-year horizon.

o MLS- LGE - 100
SUlI (%) = — 7T )
where
MLS  Maximum load of the substation (MVA)
LGE  10-year load growth expectation
TIC Total installed capacity of transformers in a substation (MVA).
The 10-year load growth expectation is given by Equation (10):
LGE = (1+ AGRq)(1+ AGR2)...(1+ AGRyp) (10)

where

AGR; Annual growth rate in year n (%)

Internal energy losses in transformers were calculated based on a 10-year planning
horizon, in accordance with the Brazilian regulatory guidelines established in Module 2
of the Distribution Procedures of the National Electric Power System [27]. A load growth
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rate of 3.5% per year was considered over this period [5]. For the economic valuation of
these losses, an estimated electricity cost of US$0.052 per kWh [28] was applied, enabling
the calculation of the total accumulated losses over the analysis period. This value was
updated annually based on the average inflation rate observed over the last ten years,
estimated at approximately 7% per year.

Considering that the costs associated with transformer relocation—including disman-
tling, transportation, and reinstallation—may vary significantly depending on equipment
size and operational conditions, a sensitivity analysis was conducted. The relocation
cost was varied over a representative range to assess its impact on reallocation decisions.
This approach enables the identification of cost intervals in which transformer relocation
is economically advantageous, as well as thresholds beyond which relocation becomes

economically infeasible as costs increase.

3. Results and Discussion

The current transformer configuration results in approximately 277 GWh of en-
ergy losses over the ten-year planning horizon, leading to a cumulative cost exceeding
US$21.9 million. Figure 2 illustrates the spatial distribution of the substations and their
installed transformers in the horizontal plane, while the vertical axis represents the total
energy losses accumulated by each unit over the analyzed period. The color scale denotes
the monetary cost associated with these losses, incorporating the electricity purchase price
and projected annual tariff adjustments.

x108
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O ® " 10 2 R
@ — g
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0.2
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Figure 2. Energy losses and associated monetary costs for the current transformer allocation configu-

ration by substation.

The five transformers with the highest losses are explicitly identified in Figure 2,
namely TR20, TR37, TR25, TR34, and TR38. Together, they account for approximately 20%
of the total losses, corresponding to nearly 56 GWh of energy losses and a total cost of
US$4.5 million. Table 2 complements Figure 2 by detailing the energy losses and corre-
sponding costs for the five substations with the highest losses, as well as their utilization
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factors (B) in the base year and after ten years, considering load growth. A significant share
of these losses is directly associated with operation at high utilization factors, deviating
from the maximum efficiency point. Furthermore, in some cases, transformer loading is
projected to exceed the nominal capacity by the end of the analysis period. This behavior
indicates that, from a long-term planning perspective, equipment replacement will be
required within a shorter time frame than that adopted in this study, regardless of the
relocation recommendations provided by the optimization model.

Table 2. Operational characteristics of the top five electrical substations with the highest energy losses.

. o o Energy Loss Cost of Losses

Substation Transformer BBaSE YEAR (%) BAFTER 10 YEARS (%) (G%}\Ilh) (US$ Million)
SUB14 TR20 77 108 14.5 1.15
SUB25 TR37 68 96 11.0 0.87
SUB18 TR25 81 114 10.9 0.87
SUB23 TR34 64 90 10.2 0.81
SUB26 TR38 68 96 10.1 0.80
Total 56.7 4.50

Since the fixed and variable costs associated with transformer relocation—corresponding
to the parameters of Equation (4)—may vary according to operational, logistical, and con-
tractual conditions, the optimization model developed in this study was solved under
different combinations of these values. This approach enabled the assessment of how
distinct cost scenarios affect the behavior of the objective function defined in Equation (1).
The results are presented in Table 3 and correspond to the optimized total cost, defined as
the sum of the accumulated energy loss cost and the transformer relocation cost.

Table 3. Optimized total cost (US$ million) for different fixed and variable cost scenarios.

Fixed Cost Fixed Cost Fixed Cost Fixed Cost Fixed Cost

US$/km US$38,462 US$57,692 US$76,923 US$96,154  US$115,385
19 20.92 21.19 21.43 21.58 21.72
38 20.95 21.22 21.44 21.60 21.73
58 20.97 21.24 21.46 21.61 21.74
77 21.00 21.27 21.47 21.62 21.75
96 21.02 21.28 21.48 21.64 21.76

The minimum fixed cost adopted was US$38,462, based on a reference value reported
for the installation of a power transformer only [29]. Since this amount does not encompass
the full relocation cost—excluding procedures such as transformer removal—it was used as
a baseline for successive increments of US$19,231. For the variable cost, a minimum value
of US$19 per kilometer was adopted, representing transportation expenses [30]. From this
baseline, additional scenarios were generated with increments of US$19/km, allowing the
evaluation of the impact of these variations on the optimal solution of the model.

Notably, all optimized total cost scenarios presented in Table 3 resulted in values
lower than the US$21.9 million total cost of the original transformer configuration. For
clarity and detailed reporting, the results for the optimized scenario adopting a fixed cost of
US$76,923 and a variable cost of US$58 per kilometer are selected for further analysis. This
specific case serves as a reference to more clearly demonstrate the model’s functionality
and facilitate the interpretation of the resulting data.

In the selected optimized scenario, total energy losses reached approximately 263 GWh
over the analyzed horizon, corresponding to an estimated cost of US$20.6 million. Com-
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pared with the current configuration, this new equipment layout provides a reduction of
about 5% in energy losses, representing avoided transformer loss costs of approximately
US$1.15 million. To achieve this performance, the model implemented nine transformer
relocations between substations, resulting in a total relocation cost of US$0.74 million.
Consequently, the optimized configuration yields net savings exceeding US$0.41 million.
Table 4 presents a comparison of the 10-year projected total loss costs between the current
configuration (Scenario 1) and the optimized scenario (Scenario 2), detailing the economic
benefits from loss reduction and the associated relocation costs.

Table 4. Comparative analysis of 10-year cumulative energy loss costs and optimal relocation costs.

Transformer Energy Loss Cost Transformer Energy Loss Cost Loss Cost Relocation

Substation Scenario 1 Scenario 1 (US$ Scenario 2 Scenario 2 (US$ Variation (US$ Cost (US$

Thousand) Thousand) Thousand) Thousand)
SUBO6 TR09 278.2 TR38 288.2 10.0 79.6
SUB12 TR16 194.9 TR18 207.0 12.1 79.4
SUB13 TR18 387.4 TR25 287.3 —100.0 82.9
SUB14 TR20 1150.2 TR32 717.5 —432.7 85.0
SUB18 TR25 865.2 TR20 563.1 —302.2 80.9
SUB21 TR30 161.8 TR48 185.6 23.8 82.9
SUB23 TR32 403.7 TR16 497.6 93.9 84.4
SUB26 TR38 796.3 TR09 555.3 —241.0 79.6
SUB34 TR48 525.3 TR30 306.3 —219.0 82.9
Total 4762.3 3608.9 —11534 737.7

Although the direct net economic savings amount to approximately US$0.41 mil-
lion over the analyzed planning horizon, the proposed optimization model is intended
as a decision-support tool rather than an automatic recommendation for transformer
relocation. In practice, the implementation of each proposed relocation should also con-
sider engineering feasibility, operational risks, outage scheduling, and utility planning
priorities. Furthermore, the model does not explicitly quantify additional long-term ben-
efits, such as postponing transformer replacement, improving asset utilization, or delay-
ing substation expansion projects, which may further increase the practical value of the
proposed methodology.

It is important to note that the proposed optimization seeks to minimize the total
system cost rather than the individual loss cost of each transformer or substation. Con-
sequently, some relocations may increase the energy loss cost of specific transformers,
provided that these increases are compensated by larger reductions elsewhere in the sys-
tem, resulting in a lower overall cost. This behavior is inherent to system-wide optimization
and reflects the objective of improving the global efficiency of the transformer fleet rather
than optimizing each substation independently.

The proposed optimization should be interpreted as a long-term planning tool rather
than a one-time operational decision. Since the objective function incorporates the projected
demand evolution over the entire 10-year planning horizon, the recommended transformer
relocations are expected to remain economically attractive under the adopted planning
assumptions. Nevertheless, as with any utility planning study, significant deviations
from the projected demand growth or changes in network configuration may justify a
new optimization using updated planning data. Therefore, the proposed methodology is
intended to support periodic planning cycles, allowing relocation decisions to be reassessed
whenever new forecasts become available. To further assess the influence of demand
growth on the optimization results, a sensitivity analysis considering annual growth rates
ranging from 2.5% to 4.5% was performed, as presented in Appendix C.
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Table 5 presents the utilization factor (B), efficiency (), and SUI for the cases in which
positional changes occurred, comparing the current scenario without relocation (Scenario 1)
and the optimized scenario with relocation (Scenario 2) in the base year. The most relo-
cations occurred in units where transformers were operating outside the recommended
loading range of 40-50% [25], which significantly contributed to the total system losses.
Regarding the SUI, calculated according to Equation (9), a reduction in this indicator was
observed in five out of the nine cases, resulting in a decrease in the average value from
68% to 60% after optimization. This behavior indicates an impact on the amount of in-
vestment recognized in the electricity tariff. Simultaneously, it suggests that, under the
new configuration, the projected utilization of installed capacity over the next ten years
decreases, thereby reducing the pressure for new expansion investments in the involved
electrical substations.

Table 5. Comparison of utilization factor, efficiency, and SUI for the current and optimized scenarios
in the base year.

Substation Tgi‘;;fa‘ﬁg‘fr B1(%) 11 (%) SUI (%) Tgi;‘;fa‘;fg‘sr B2 (%) 112 (%)  SUI, (%)
SUB06 TR09 25 99.51 36 TR38 38 99.48 54
SUB12 TR16 15 99.36 22 TR18 38 99.36 54
SUB13 TR18 68 99.25 96 TR25 45 99.44 64
SUB14 TR20 77 99.41 100 TR32 48 99.60 68
SUB18 TR25 81 99.31 100 TR20 48 99.52 68
SUB21 TR30 18 99.45 25 TR48 35 99.41 50
SUB23 TR32 30 99.59 ) TR16 48 99.52 68
SUB26 TR38 68 99.38 96 TR09 45 99.55 64
SUB34 TR48 73 99.22 100 TR30 36 99.52 51

4. Conclusions

The results demonstrate the applicability of the optimization model in reducing
technical losses and enhancing system energy efficiency, establishing it as a valuable
decision-support tool for long-term planning. The findings indicate that the savings derived
from loss reduction exceed the transformer relocation costs, highlighting the economic
attractiveness of the proposed approach across different scenarios.

The model prioritized the relocation of transformers that contributed most significantly
to system losses, highlighting the potential gains achievable through targeted interventions.
From a technical perspective, the solution promoted a better balance of loading levels,
reducing transformer operation outside the recommended range and consequently im-
proving equipment efficiency. Furthermore, it contributed to mitigating the risk of future
overloading, particularly in substations that, under the current configuration, are projected
to exceed their nominal capacity by the end of the analyzed period.

The SUI analysis also indicated an average reduction in this indicator after optimiza-
tion, suggesting lower utilization of installed capacity over the ten-year horizon. From a
regulatory perspective, this reduction may influence the level of investment recognized
in the electricity tariff. However, this outcome also reveals a potential tension between
regulatory metrics and technical efficiency objectives. While the SUI reflects the degree of
asset utilization, a lower value may result from operational strategies aimed at improving
efficiency and reducing technical losses. In this sense, the results suggest that reliance
solely on utilization-based indicators may not fully capture the benefits of configurations
that improve system efficiency. This observation highlights the importance of consider-
ing complementary performance metrics when evaluating planning decisions in power
distribution systems.
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Finally, the proposed approach is not limited to cost reduction. It also enhances energy
efficiency by promoting a more rational use of equipment and reducing technical losses in
the system.

The proposed optimization model was developed under deterministic assumptions
regarding demand growth, electricity price evolution, and transformer loading conditions.
Consequently, the reported results should be interpreted within the scope of these assump-
tions. Nevertheless, the sensitivity analysis conducted for annual demand growth rates
ranging from 2.5% to 4.5% showed that the optimized configuration remained economically
advantageous across all evaluated scenarios. Although this approach is appropriate for
long-term planning studies, incorporating demand uncertainty and time-varying load
curves may further improve the realism and robustness of the optimization results. Future
work may extend the proposed model by incorporating uncertainty-aware planning ap-
proaches and probabilistic operating scenarios, enabling a more comprehensive assessment
of transformer relocation strategies with respect to both economic performance and system
operational capability.

Furthermore, the proposed approach may be extended to a multi-objective optimiza-
tion framework, allowing additional and potentially conflicting criteria, such as system
reliability, carbon emissions, regulatory indicators, and investment-related metrics, to be
simultaneously considered in the decision-making process. Future developments may also
incorporate transformer ageing and lifetime models to quantify the potential benefits of
improved loading conditions and reduced exposure to short-term peak demands, including
their associated economic impacts.

Although the representative dataset adopted in this study provides an adequate
basis for evaluating the performance of the proposed optimization model, future studies
using fully utility-specific operational data and direct input from distribution utilities
could further assess its applicability under specific real-world operating conditions. In
addition, future planning frameworks could consider transformer relocation alongside
complementary demand-side strategies, including the strategic allocation of new flexible
loads, such as electric vehicle charging infrastructure.

Author Contributions: Conceptualization: M.P.V,; formal analysis: M.P.V,, C.B.D., M.B. and ] M.R.B,;
funding acquisition: M.B. and C.B.D.; investigation: M.P.V,, C.B.D., M.B. and ].M.R.B.; methodology:
M.PV,, C.B.D., M.B. and ]. M.R.B,; project administration: C.B.D., M.B. and ] M.R.B.; software: M.P.V.;
supervision: C.B.D., M.B. and ]. M.R.B,; validation: C.B.D., M.B. and J.M.R.B.; writing—original draft:
M.P.V,, C.B.D., M.B. and J].M.R.B.; writing—review & editing: M.P.V., C.B.D., M.B. and ].M.R.B. All
authors have read and agreed to the published version of the manuscript.

Funding: The APC was supported by the Federal Institute of Espirito Santo (IFES, Notice No.
10/2026), the Brazilian National Council for Scientific and Technological Development and the
Espirito Santo Research and Innovation Support Foundation (FAPES, Grant No. 1002/2025).

Data Availability Statement: The data presented in this study are not publicly available due to legal
and confidentiality restrictions.

Acknowledgments: The authors thank the Federal Institute of Espirito Santo (IFES) for its financial
and institutional support. Al-based tools were used to assist in language editing, clarity improvement,
and text organization.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The loss factor is calculated using Equation (A1):

fLoss = kaoud + (1 - k)fLoud2 (A1)
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where
frLoad Load factor.
k Empirical loss factor coefficient

Rearranging Equation (A1) yields Equation (A2):

fLoss = fLmzd:Z +k (fLOﬂd - fLoudz) (AZ)

Taking the derivative of Equation (A2) with respect to the parameter k, while keeping
the load factor f,,, constant, yields Equation (A3):

Jd
faL;C)SS = fLoud - fLoad2 (A3)

Equation (A3) can be equivalently expressed as Equation (A4):

% = fLoad(l - fLoad) (Ad)

Therefore, the sensitivity of the loss factor with respect to k does not depend on the
value of k, but only on the load factor, f1,,;. Since 0 < f;,,; < 1, it follows that the
sensitivity is always non-negative, as shown in Equation (A5).

afLoss
= >
S >0 (A5)

Thus, the loss factor is an increasing function of the parameter k. The maximum
sensitivity is obtained by differentiating Equation (A4) with respect to the load factor f1,,4,
yielding the condition given in Equation (A6):

d
= [fLoad(1 = fLoad)] =0 (A6)
df Load
which yields Equation (A7):
1=2f100a =0 (A7)
froad = 0.5
Therefore, the maximum sensitivity is given by Equation (A8):
LJ;L;SS =0.25 (A8)
froaa=0.5

Consequently, the sensitivity of the loss factor with respect to the parameter k is
bounded within the interval defined by Equation (A9):

d f Loss
< === <02 A
0 < =2 <025 (A9)
For the adopted reference value of k = 0.3, the local sensitivity can be evaluated by
introducing a small perturbation, such that k = 0.3 + Ak. The corresponding variation in
the loss factor is approximated by Equation (A10):

d
AfLoss = ];L]zss Ak (A10)
Substituting Equation (A4) into Equation (A10) yields Equation (A11):

AfLoss ~ fLoad(l - fLoad)Ak (All)
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Since the maximum value of f7,,4(1 — froa4) is 0.25, Equation (A11) can be rewritten
as Equation (A12):
|AfLoss| < O'ZS‘AH (A12)

For example, considering a variation of +0.05 around k = 0.3, i.e,, Ak = +0.05,
Equation (A12) becomes Equation (A13):

A fLoss|pax < 025 % 0.05 = 0.0125 (A13)

Thus, even under the condition of maximum sensitivity, varying k from 0.30 to 0.25
or 0.35 changes the loss factor by at most 0.0125. Since the loss factor is used to estimate
transformer energy losses, this result indicates that moderate variations around the adopted
value of k have only a limited influence on the estimated loss factor.

Appendix B

Table Al. Transformer allocation and operational data of the analyzed substations.

—_— N < S
S 2 2 “
S > o )
= 5 S ) ° >
g S = 2 2 £ £ > <
= 2 3] = > = - -
= 2 & 2 2 s S g < < = ~ &
® = e ) S = hr s e > X ~s =
5 g g o . 5 g E g & vy 5
8= 9] g g s =) 5 Q =
2 & 2 < = 2 i A~ 9 “ n
A - o _ _ = ) z <
(=) [ (== E (9]
=) S = g
[¢] - =] -
® K: b £
2z ez
@ & = £
SUBO01 138 13.8 20,000 24,000 0.92 TRO1 138 13.8 50,000 48 99.60 68
SUBO1 69 13.8 13,800 17,600 0.92 TRO2 69 13.8 25,000 70 99.36 99
SUBO02 138 13.8 10,100 11,000 0.92 TRO3 138 13.8 31,250 35 99.54 50
SUBO03 138 13.8 16,400 17,600 0.92 TRO4 138 13.8 31,250 56 99.50 79
SUB04 138 13.8 9300 11,000 0.92 TRO5 138 13.8 18,750 59 9941 83
SUB05 138 13.8 7700 9000 0.92 TRO6 138 13.8 18,750 48 99.44 68
SUB05 138 13.8 12,500 13,700 0.92 TRO7 138 13.8 25,000 55 99.44 77
SUB05 69 13.8 4100 5000 0.92 TRO8 69 13.8 18,750 27 99.46 38
SUB0O6 138 13.8 6800 9500 0.92 TR0O9 138 13.8 37,500 25 99.51 36
SUB07 138 13.8 7800 9000 0.92 TR10 138 13.8 25,000 36 99.48 51
SUB07 69 13.8 5800 6100 0.92 TR11 69 13.8 12,500 49 99.37 69
SUB08 138 13.8 11,900 13,200 0.92 TR12 138 13.8 37,500 35 99.55 50
SUB09 138 13.8 8250 9000 0.92 TR13 138 13.8 18,750 48 99.44 68
SUB10 138 13.8 16,600 18,000 0.92 TR14 138 13.8 37,500 48 99.54 68
SUBI11 138 13.8 4950 6800 0.92 TR15 138 13.8 12,500 54 99.32 77
SUB12 138 13.8 4050 4800 0.92 TR16 138 13.8 31,250 15 99.36 22
SUB12 69 13.8 10,800 11,500 0.92 TR17 69 13.8 18,750 61 99.40 87
SUB13 138 13.8 6400 8500 0.92 TR18 138 13.8 12,500 68 99.25 96
SUB14 138 13.8 18,600 19,250 0.92 TR19 138 13.8 37,500 51 99.54 72
SUB14 138 13.8 22,350 24,000 0.92 TR20 138 13.8 31,250 77 9941 100
SUB15 138 13.8 6200 7500 0.92 TR21 138 13.8 25,000 30 99.47 42
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SUB15 69 13.8 12,750 13,600 0.92 TR22 69 13.8 25,000 54 99.45 77
SUB16 138 13.8 4400 5800 0.92 TR23 138 13.8 18,750 31 99.43 44
SUB17 138 13.8 11,850 14,000 0.92 TR24 138 13.8 31,250 45 99.53 63
SUB18 138 13.8 14,300 15,100 0.92 TR25 138 13.8 18,750 81 99.31 100
SUB18 69 13.8 9900 10,500 0.92 TR26 69 13.8 31,250 34 99.60 47
SUB19 138 13.8 3000 4800 0.92 TR27 138 13.8 12,500 38 99.36 54
SUB20 138 13.8 8300 8800 0.92 TR28 138 13.8 37,500 23 99.50 33
SUB21 138 13.8 4700 5100 0.92 TR29 138 13.8 12,500 41 99.36 58
SUB21 69 13.8 3950 4400 0.92 TR30 69 13.8 25,000 18 99.45 25
SUB22 138 13.8 2200 2900 0.92 TR31 138 13.8 12,500 23 99.28 33
SUB23 138 13.8 12,860 15,000 0.92 TR32 138 13.8 50,000 30 99.59 42
SUB23 138 13.8 17,150 18,000 0.92 TR33 138 13.8 50,000 36 99.61 51
SUB23 69 13.8 15,250 15,900 0.92 TR34 69 13.8 25,000 64 99.40 90
SUB24 138 13.8 23,300 27,000 0.92 TR35 138 13.8 50,000 54 99.59 76
SUB24 69 13.8 13,750 14,800 0.92 TR36 69 13.8 37,500 39 99.60 56
SUB25 138 13.8 18,740 21,300 0.92 TR37 138 13.8 31,250 68 99.45 96
SUB26 138 13.8 15,200 17,000 0.92 TR38 138 13.8 25,000 68 99.38 96
SUB27 138 13.8 7430 9000 0.92 TR39 138 13.8 18,750 48 99.44 68
SUB28 138 13.8 8800 9600 0.92 TR40 138 13.8 25,000 38 99.48 54
SUB29 138 13.8 2500 3800 0.92 TR41 138 13.8 12,500 30 99.34 43
SUB30 69 13.8 5900 6500 0.92 TR42 69 13.8 25,000 26 99.52 37
SUB31 69 13.8 11,750 13,600 0.92 TR43 69 13.8 31,250 44 99.58 61
SUB31 69 13.8 7100 7800 0.92 TR44 69 13.8 18,750 42 99.48 59
SUB32 69 13.8 3700 4200 0.92 TR45 69 13.8 12,500 34 99.41 47
SUB33 69 13.8 15,800 19,800 0.92 TR46 69 13.8 31,250 63 99.51 89
SUB34 69 13.8 18,900 19,600 0.92 TR47 69 13.8 37,500 52 99.56 74
SUB34 69 13.8 7900 9100 0.92 TR48 69 13.8 12,500 73 99.22 100
SUB35 69 13.8 5050 5500 0.92 TR49 69 13.8 18,750 29 99.47 41

Appendix C

To assess the influence of the assumed annual demand growth rate on the optimization
results, a sensitivity analysis was performed by varying this parameter from 2.5% to 4.5%,
around the 3.5% reference value adopted in the case study, while maintaining the same
relocation cost parameters adopted in the selected scenario presented in the main text (fixed
cost of US$76,923 and variable cost of US$58/km). Table A2 shows the resulting costs,
estimated savings, and number of transformer relocations for each scenario. The optimized
configuration remained economically advantageous across all evaluated growth rates. The
number of relocations varied from 8 to 13, indicating that the model adapts the transformer
allocation as the projected demand growth changes.
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Table A2. Sensitivity analysis of the optimization results to the annual demand growth rate. Costs
are expressed in US$ million.

Demand Current Configu- Loss Cost Relocation  Total Optimized  Estimated .
Relocations

Growth Rate ration Cost Savings Cost Cost Savings

2.50% 20.09 0.94 0.66 19.81 0.29
3.00% 20.95 1.01 0.66 20.60 0.35
3.50% 21.87 1.15 0.74 21.46 0.41
4.00% 22.86 1.50 1.05 22.41 0.44
4.50% 23.92 1.60 1.05 23.37 0.54

[Er—
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