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Abstract Optimizationmodels for the solution of planning problems related to power
distribution system (PDS) have been studied and used for decades. The main objective
is to optimize investments and minimize total costs, including investment and opera-
tion costs. Some of the major concerns of the short-term expansion planning carried
out by utilities are high energy losses, low power factor, and inadequate voltage mag-
nitudes. A common solution to address these concerns and improve the performance
of a PDS is the installation of capacitor banks (CBs) and voltage regulators (VRs).
These devices can be installed at many different points along the PDS, leading to
so-called optimal CB and VR allocation problems. Another common alternative is the
replacement of conductors of feeders, which leads to the problem of optimal selection
of conductors. These can be viewed as classical optimization problems regarding the
PDS expansion. This paper presents a comprehensive survey of the models and meth-
ods used to solve planning problems of PDS expansion, the focus being on classical
optimization problems. Furthermore, models including distributed energy resources
in a modern power system era are discussed, showing future research possibilities and
trends.
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Abbreviations

ABC Artificial Bee Colony
AC Ant Colony
BA Bat algorithm
BFA Bacterial foraging algorithm
CB Capacitor bank
CSA Cuckoo search algorithm
DE Differential evolution
DER Distributed energy resource
DG Distributed generation
DP Dynamic programming
ESS Energy storage systems
FPA Flower pollination algorithm
GA Genetic algorithm
GSA Gravitational search algorithm
HS Harmony search
IA Immune-based algorithm
IHA Improved Harmony algorithm
IMDE Intersect mutation differential evolution
MILP Mixed integer-linear programming
MINLP Mixed integer-nonlinear programming
MIQP Mixed integer quadratic programming
MS Monkey search
NSGA Nondominated sort genetic algorithm
OPF Optimal power flow
PABC Particle Artificial Bee Colony
PDS Power distribution system
PEV Plug-in electric vehicles
PGSA Plant growth simulation algorithm
PS Pattern search
PSO Particle swarm optimization
SA Simulated annealing
SOCP Second-order cone programming
SSO Shark smell optimization
TLBO Teaching learning based optimization
TS Tabu search
VR Voltage regulator

1 Introduction

Planning the operation and expansion of electric power systems is essential to assure
that the growing demand can be satisfied. The main objective of planning is to deter-
mine a minimum cost plan for expansion of generation, transmission, and distribution
systems, in order to supply the forecasted load, considering constraints related to tech-
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nical, economic, and political aspects. Strategic decisions are the result of long-term
power generation expansion models [53,67,88,117]. Then, the transmission system
planning determines the timing and type of new transmission facilities, which are
required to provide an adequate transmission capacity considering the future additional
generation power requirements [81,82,105,131]. Finally, the planning of distribution
systems, closer to consumers, is also important to guarantee an economic and reliable
service.

The use of mathematical optimization models for planning the expansion of power
distribution systems (PDS) can help obtain an efficient and low-cost investment plan,
which includes reinforcement of existing network, construction of new feeders or
substations, as well as the determination of the capacity, location, and installation of
new equipment. Among the main constraints to be considered are: the capacity of
distribution lines, continuity indicators for distribution reliability, and the safety and
reliability standards defined by regulatory agencies. The inherent characteristics of
PDS, along with the aspects to be accounted for their design, requires, in general, a
nonlinear optimization problem involving a significant number of decision variables
(integer and continuous), which makes the problem complex [110].

The PDS planning can be divided into operation planning, short-term expansion
planning (1 to 4 years), and long-term expansion planning (5 to 20 years). In order
to provide a cost effective, affordable, and reliable service, it becomes essential from
a strategic point of view to connect short-term investments, operation and mainte-
nance decisions with a long-term vision [45]. Long-term expansion planing usually
involves longer-term actions, such as the construction of new substations and new
feeders. In contrast, short-term expansion planning usually proposes investments not
requiring major changes to the network, such as the installation of capacitor banks
(CBs) and voltage regulators (VRs), replacement of conductors (reconductoring), or
the installation of switches.

Depending on the adopted model, the expansion planning of PDS can be carried
out in a single stage or in several stages (multistage). Single-stage planning models
consider that resources are applied at one specific time over the planning horizon.
In multistage planning, several single-stage problems are solved and resources are
distributed according to needs in each stage of the planning horizon [45,59]. Short-
term planning is usually modeled through a single-stage model, which considers the
immediate needs of the network.

In addition to expansion planning, PDS planning also involves the operation
planning. When the operation planning is included, the objective becomes the deter-
mination of the optimal adjustment of the control variables of the network, in order
to improve the performance of the system, while considering the physical and opera-
tional limits of the network [120]. Control variables include the adjustment of VRs, the
number of CBs in operation, the active and reactive power injections of the distributed
generators (DGs) and the voltage control at the substation bus. The operation planning
can be defined as a subproblem of the expansion, since this involves the analysis of the
operation of the system along the planning horizon. The diagram in Fig. 1 illustrates
the information flow that occurs between these two problems. The expansion problem
informs the operation problem of the investment plan to be evaluated, defining what,
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Fig. 1 Information flow
between expansion and
operation planning problems
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when, and where to implement it. Through the solution of the operation problem, a
network diagnosis is provided to the expansion problem.

Among others, the reduction of energy losses is a relevant technical aspect that
has to be considered in planning studies. For distribution companies, this aspect is
of special concern as it can reduce their revenues. Energy losses can be minimized
through adequate investments, which from a financial point of view means making
the PDS operation more efficient and more cost-effective. Yet another aspect to be
included in planning studies is the operation with steady-state voltages within those
ranges prescribed by regulatory agencies. In this respect, it should be observed that
both distributors and consumers benefit from a suitable voltage profile, as it leads
to a reduction of energy losses and to an increase in customer satisfaction with the
quality of the energy being supplied. Most importantly, maintaining adequate voltage
levels helps to avoid financial compensation, paid to consumers in case of inadequate
service.

Distribution network planning should also consider the increasing number of DG
connections, which give rise to new technical problems to be addressed by planners
[32,42,76,78,111,148,149,152]. For instance, DGs can negatively impact the voltage
levels of the feeders, with the extent of this impact depending on the injected power and
the characteristics of the system. In case of maximum injected power and minimum
load in the feeder, overvoltages can result, thus reducing the quality of the power
supplied to consumers connected to the system. Furthermore, impacts on energy losses
are expected, depending on the location of generators, the feeder load, and the specific
control mode applied in case of synchronous generators (voltage or power factor
regulation). Therefore, a big challenge for the planner consists of how to incorporate
such complexities into an optimization problem to minimize energy losses [108,120].

Some of the solutions applied to achieve a reduction in energy losses and improve-
ment in voltage profiles are:

– Installation of CBs: widely used to correct the power factor, reducing the reactive
power flow and active power losses. CBs can be of two types: (1) fixed, which
are constantly connected; and (2) automatic, which are connected according to the
control type (reactive power flow, voltage or time);

123



Optimization techniques applied to planning of electric power... 477

– Installation of VRs: it is one of the most commonly used techniques for voltage
control in PDS. These devices have a positive impact on the voltage profile with
consequent reduction of losses [130];

– Reconductoring or network extension: the load growth or the end of lifetime of
existing conductors may indicate the need to replace them, extend the existing
branches, or even construct new networks;

– Reconfiguration and load transfers between distribution feeders: this is a technique
widely used in the operation planning to better distribute the loads and thus reduce
the losses [15,97];

– Tap-setting of distribution transformers: this action aims to regulate the voltage at
the low voltage side of the transformer.

The minimization of losses in PDS is essentially a nonlinear, combinatorial opti-
mization problem with the following features [155]:

– mixed continuous and integer control variables;
– nonlinear objective function and operating constraints;
– non-convex objective function and solution space;
– high-dimension optimization problem, resulting from modeling large distribution
systems with a large number of buses and branches.

The installation of capacitor banks (CBs) represents an interesting initial solution
to reduce losses because they cost less compared to other alternatives [8,122]. Given
that CBs can be installed at different points along the network, their installation sites
can be defined through the solution of the so-called problem of optimal allocation of
CBs, which among others considers financial aspects. Due to its practical and technical
relevance, this problem has been studied over past decades and solved using different
models and methods; many of the approaches known so far have been reviewed in
[8,104]. The nonlinearities arising when minimizing losses usually requires that the
allocation of CBs be modeled as a mixed integer-nonlinear programming (MINLP)
problem, inwhich the objective is tominimize the costs of energy losses and the invest-
ment [14]. Furthermore, the number of viable alternatives increase significantly with
the size of the PDS, especially when different load levels and automatic CBs, along
with their operation strategy, must be considered. Considering the non-convexity of
optimization problems, a global optimal solution can be achieved if all of the alterna-
tives in the search space are compared, as in the case of an exhaustive enumeration,
which, however, may require a high computational processing time.

Although capacitors can contribute to improving the voltage profile at lower initial
costs, these devices alone cannot provide an acceptable degree of voltage regulation
in certain configurations and loading of PDS [47]. In order to keep the voltages at
all buses within specified limits, it may be also necessary to install VRs. Similar to
the allocation of CBs, the allocation of VRs can be modeled as a MINLP problem,
where the objective function usually involves investment costs and energy losses [121].
Some methods also consider voltage deviations through multiobjective approaches
[94]. Most of the methodologies found in the literature use heuristic methods to solve
the problem of the allocation of VRs, using a load flow to determine the steady-state
operation point.
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In PDS expansion planning, the solution of the problem of selecting conductors
determines for each branch the conductor that minimizes the cost of investment and
energy losses, subjected to operating constraints. Several factors are included in the
model of this problem, such as the lifetime of conductors, acquisition and installation
costs, type of network (aerial or underground), and the estimated growth of the load.On
the other hand, the problemof reconductoring dealswith the replacement of conductors
in existing network segments. Among the reasons to replace conductors is the violation
of the current capacity, excessive active power losses, voltages below the limit stated
by regulatory agencies [46], or even the improvement of the reliability through the use
of insulated cables.

According to [9], the costs related to a conductor basically include two parts: the
initial cost of investment (acquisition and installation) and the cost of power losses cal-
culated over the lifetime of the conductor. In general, the required investment increases
with the conductor size for a given voltage class. On the other hand, losses decrease
as conductor size increases. As the costs of energy losses over the lifetime of a cable
can be significant, selecting a conductor larger than required by the load can result
in lower losses and, consequently, in a lower overall cost. The problem of conductor
choice is usually modeled as a MINLP problem.

The solution methods applied to problems of PDS expansion planning can be,
generally, divided into three categories: analytical methods, exact optimization meth-
ods, and heuristic methods. Using an exact optimization approach, it is possible to
explicitly represent constraints, which together with the possible optimality guaran-
tee makes this approach attractive [59]. In the 1980s and 1990s, heuristic methods
were successfully applied to the planning of large power systems, because non-
linear constraints and nonlinear objective functions can be easily considered, even
when solving complex MINLP problems. When heuristic or metaheuristic meth-
ods are used, no clear separation can be drawn between the mathematical model
and the solution technique as in classical optimization. Therefore, at that time, the
search for new mathematical models attracted almost no attention of researchers.
However, since commercial solvers based on classical optimization techniques are
now more efficient with new techniques based on modern branch-and-bound algo-
rithms, the development of mathematical models for optimization problems in power
systems has become a relevant research topic in recent years. This fact, along with
the guarantee of optimality and the current processing capacity of computers, makes
approaches based onmixed integer linear programming (MILP)models very attractive
[47,55,119,120].

The planning actions can be considered isolated or simultaneously in the optimiza-
tion models. When considered simultaneously, a better solution can be obtained, since
important benefits can result from the joint operation of equipment and control vari-
ables. On the other hand, the formulation can become computationally unmanageable
as the number of variables and constraints can be significantly large, especially in the
case of exact optimization methods. Yet, when using heuristic methods, the solution
can represent a local minimum. Obtaining an exact method capable of dealing with
all control variables, without excessive simplifications, still represents a challenge.

In this paper we survey models and methods proposed to solve PDS expansion
planning problems; we mainly focus on works that include the optimal allocation of
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CBs, VRs, and the optimal conductor selection in the context of distribution networks.
In addition, models including distributed resources, such as energy storage, DGs, and
demand response, are discussed, showing future research trends. We aim to provide a
starting point and a handy resource, which summarizes the most relevant publications
related to models applied to the planning of PDS. Toward this end, we summarize the
contributions of each article, so that researchers can easily identify relevant references
to their own research field.

The main contributions of this paper are:

– a comprehensive survey of the literature including optimal allocation of CBs, VRs,
and optimal conductor selection in the context of distribution networks;

– a comparative table including the contributions of each work;
– a discussion about future research trends including distributed energy resources.

2 Allocation of capacitors and voltage regulators

Due to its practical and technical impact, the problem of optimal CB allocation has
been studied for decades, with a great number of papers being dedicated to this topic.
On the other hand, the problem of optimal VR allocation has been the subject of
relatively fewer published works. This section reviews the most relevant papers on
these two subjects.

2.1 Capacitor allocation

Given that computational resourceswere expensive or even unavailable, the first papers
published on this topic presented analytical methods for the solution of optimal alloca-
tion of CBs in PDS. One of the first approaches to this problemwas presented in [103],
where the authors determined the location and size of fixed CBs which minimized the
losses for a given load level. The results were based on amodel of the system assuming
a uniform load distribution and one conductor type while neglecting the voltage drops
and the cost of capacitors. This work also introduced the “2/3-rule”, stating that the
power of the capacitor has to correspond to 2/3 of the total reactive power of the feeder
and be installed at 2/3 of the distance from the substation to the end of the network.
This method is very simple and valid only when the same assumptions can be made.
In some cases, as in the example presented in [85], the application of this rule can even
result in financial losses if a more realistic distribution of the reactive load is assumed
along with conductors of different size.

The effects of fixed capacitors on distribution networks were analyzed in [29]
considering load variation. In [30], switched capacitors were considered and this work
was later extended in [127].Analyticalmethods are simple to apply [61], however,most
of them consider the nominal power of CBs as a continuous variable, rounding being
necessary to obtain a feasible solution, which can lead to significant differences in
the value of the objective function. The method proposed in [29,30] was generalized
in [57] to include radial systems, conductors of different size, and loads unevenly
distributed.

123



480 M. Resener et al.

For methods based on exact optimization, the mathematical problems are formu-
lated so that it is possible to solve them through numerical algorithms. With the
availability of advanced computational resources, thesemethods have gained attention.
The approach followed in [14] used a MINLP model to solve the problem of optimal
allocation of fixed and switched CBs, considering the variation of load through dif-
ferent load levels. The objective was to minimize active power losses while assuming
voltage constraints. The problem was divided into two hierarchical levels: master and
slave. Themaster problem consisted of an integer programming problem andwas used
to determine the number and location of CBs. The slave problemwas used by the mas-
ter to determine the type and size of the capacitors to be installed. Later, in [21,22] the
method presented in [14] was extended, considering that the cost of CBs is represented
by a non-differentiable function, since CBs are allocated in groups of defined sizes,
and the nominal power and control settings are treated as discrete variables. In nonlin-
ear programming, the objective function is usually approximated by a differentiable
function, since this makes the solution easier. In contrast, the formulation proposed in
[21] used simulated annealing (SA) to solve the same problem.

Using the model proposed in [21], the problem of optimal allocation of fixed CBs
was solved through a genetic algorithm (GA) in [16]. According to the authors, GA
does not require a differentiable objective function. GA was also applied in [140]
to minimize the costs related to (i) peak power losses, (ii) energy losses, and (iii)
installation of CBs. First, using a method based on sensitivity analysis, the potential
buses for the installation of CBs were selected, and then the capacitors were specified
through GA.

Ng et al. [104] reviewed the evolution of researches regarding the allocation of CBs
in PDS published until the year 2000, classifying the solution techniques into four
categories: analytical programming, exact optimization (named numerical program-
ming in the paper), heuristics, and based on artificial intelligence. The paper described
some of the techniques mentioned, helping researchers and engineers to find the best
suited technique according to the topology and size of the PDS, the desired accuracy
of the results, and the available data.

A hybrid method based on the tabu search algorithm (TS) was proposed in [48],
using characteristics ofGAandSA, besides sensitivity analysis. The objective function
included the cost of losses for each load level and the cost of the capacitors, through a
non-differentiable function. The algorithm is divided into three phases. The first phase
generates the initial configurations, using a constructive heuristic algorithm, to obtain
the options that serve as the basis for the next phase. The second phase uses TS to
search for the optimal solution.

Chiou et al. [24] introduced a heuristic method based on differential evolution
(DE) and ant colony (AC) algorithms. In this method, the search concept of the ant
colony is used as a mutation operator to accelerate the search for the optimal solution.
The objective function considered the minimization of costs of active power losses
and acquisition of capacitors, as well as constraints to keep the bus voltages within
limits. However, only fixed CBs and a single load level were considered. The method
was tested using data of systems with 9 buses, 33 buses, 66 buses, and 132 buses. The
resultswere comparedwithmethodologies that employhybrid evolutionary algorithms
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without mutation operator, verifying a better computational performance with the
proposed method.

Milosevic and Begovic [96] proposed a multiobjective approach to find optimal
locations of CBs in distribution networks, solved through a nondominated sorting
genetic algorithm (NSGA). The authors considered as objectives the minimization of
(i) the deviation of bus voltages with regard to the substation voltage; (ii) active power
losses; (iii) total active power demand at the substation through the voltage control,
considering loads with voltage-dependent characteristics; (iv) costs of acquisition,
installation, and maintenance of CBs. The method was tested on a 69-segment feeder,
in which 10% of the loads were assumed to have constant power behavior and 90%
constant impedance behavior. For the cost-benefit analysis of installing capacitors, the
authors considered the volatility in energy prices.

A method was proposed in [20] to solve the problem of optimal reconfiguration
of distribution networks and optimal allocation of CBs through an AC search algo-
rithm. The results showed a greater loss reduction when both reconfiguration and
CB placement are simultaneously considered. Furthermore, the method performed
computationally better compared with GA and SA.

In [35] a particle swarm optimization (PSO) algorithm was applied to solve the
optimal CB allocation problem. The method was based on a power flow algorithm
considering harmonics in conjunction with the discrete PSO algorithm, thus leading
to a hybrid algorithm. The objective function consisted of theminimization of the costs
of power losses and investment in CBs. The active power losses were obtained from
the fundamental component of the losses and accounting for harmonic components.
Different solutions were obtained when considering or not the presence of harmonics.
The authors concluded that it is necessary to include the harmonics into the model of
the allocation problem to avoid problems resulting from excessive harmonic distortion.
In addition, thismethod requires amore detailedmodel of loads,making its application
difficult in some practical cases.

El-Fergany [37] presented a method based on the DE and pattern search (PS) algo-
rithms. The objective function considered (i) the improvement of the voltage profile,
through the application of constraints on bus voltages, (ii) the reduction of power
losses in lines, and (iii) the maximization of net savings with the installation of reac-
tive power compensation. To reduce the search space, the method identifies potential
buses for the installation of capacitors by calculating a loss index and/or sensitivity
factors. The loss index is calculated by comparing the results of load-flow for a given
feeder without CBs with corresponding results including total compensation of the
reactive part of the load at each bus. The sensitivity factors of the network branches
are calculated to predict the bus with the greatest impact coming from reducing losses
and reactive power compensation. The main advantage of the method is that only a
few parameters have to be adjusted, making it attractive in terms of computational
implementation; in addition, it can be easily applied and adapted to radial systems,
too.

Based on the simulation of the intelligent reproductive behavior of cuckoos, the
cuckoo search algorithm (CSA) was applied to solve the optimal CB allocation prob-
lem in [38]. The most suitable buses for the installation of CBs are initially identified
through the calculation of a loss index. The objective function considered the min-
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imization of losses and the costs of acquisition, installation, and maintenance of
capacitors. Penalties are applied when constraints are violated; the objective func-
tion contains such constraints to ensure that the solution remains inside the feasible
solutions space. The method was tested in some distribution systems with different
loading levels, with the results indicating that the CSA algorithm is robust and per-
forms well. The author concluded that the proposed method is competitive with other
heuristic methods, although presented a longer computational time.

The method proposed in [39] used the artificial bee colony (ABC) algorithm. The
objective function considered investment costs in equipment, costs of losses, and a
voltage stability factor. The loss sensitivity factors are calculated to determine candi-
date buses for capacitor installation, thus reducing the search space. Fixed and switched
capacitors were considered, with load variation represented by defining different load
levels. Distribution systems with 34 buses and 118 buses were used in the tests. The
results of the proposed method surpassed the results of other methods in terms of
solution quality and computational performance.

A heuristic method to allocate CBs was proposed in [40], where the candidate
buses are initially chosen through the analysis of loss sensitivity factors and a voltage
stability index. The voltage stability index identifies the most sensitive bus regarding a
voltage collapse, while the loss sensitivity factor indicates buses leading to the greatest
loss reduction resulting from reactive power compensation. Then, a modified PSO
algorithmwas used to allocate and determine the nominal power of the capacitors. The
objective was to minimize active power losses and investment, as well as improve the
operation with respect to the static stability limit. Fixed as well as switched CBs were
considered. The authors found that the results obtained are better in comparison to other
heuristic methods analyzed in terms of the quality of the solution and computational
efficiency. The main advantage of the proposed algorithm is that no adjustment of
control parameters is required, in contrast to GA, PSO, and other evolution algorithms.

In [107] the problem of optimal allocation of CBs was solved using a MINLP
model. The authors claimed as advantages of the approach (i) the application not only
to radial but also to meshed networks, (ii) the easy implementation and achievement of
a solution, (iii) the solver is able to determine the optimal solution in a reasonable time.
However, the model excluded switched capacitors. Radial systems with 10, 34 and 85
buses, as well as a meshed system, were used in the tests. The results obtained with the
proposed method were compared with other methods, presenting better results with
respect to the minimization of losses and costs.

In order to minimize energy losses, in [66], the bat algorithm (BA) and the CSA
were used to solve the problem of optimal allocation of fixed and switched capacitors.
Both methods were tested on two distribution systems, with 34 and 85 buses, and the
results compared with similar results obtained with equivalent methods such as AG,
teaching learning based optimization (TLBO), and plant growth simulation algorithm
(PGSA). According to the authors, their methods can outperform similar methods in
terms of solution quality.

In an attempt to reduce the search space, Shuaib et al [132] proposed the use
of sensitivity analysis, where the nominal power of the capacitors was determined
using the gravitational search algorithm (GSA). The authors found that with the GSA
algorithm it is possible to determine the optimal solution of optimization problems
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through the movement of agents based on the gravitational force. The results were
compared with other methods, such as PGSA, direct search (DS), and TLBO. The
proposed method presented better results regarding the reduction of costs achieved in
the optimal solution.

The formulation presented in [31] used a loss sensitivity factor and voltage stability
index to solve the problem of optimal allocation of CBs. The nominal rating of CBs
was selected through the bacterial foraging optimization algorithm (BFOA), aiming to
minimize energy losses. In this work, loads were modeled as having constant power.
Furthermore, the authors considered the load varying linearly from 50 to 160% of the
nominal value, in steps of 1%, to evaluate the impact of load variation on capacitor
allocation. The results obtained were considered of higher quality, compared with
equivalent results obtained with methods based onMINLP, PGSA, PSO, and heuristic
strategies.

In [23] a hybrid method based on CODEQ was proposed to solve the problem of
optimal allocation of CBs. The objective was to minimize costs related to investment
and energy losses. CODEQ is a meta-heuristic algorithm based on concepts of chaotic
search, opposition-based learning, differential evolution, and quantummechanics. The
method requires a large population, this being its main drawback. Thus, to over-
come this difficulty, the authors proposed acceleration and migration operations with
CODEQ. Such operations increased the speed of convergence without reducing the
diversity among individuals.

Duque et al. [34] outlined a method for optimal allocation of fixed capacitors in
PDS using themonkey search (MS) algorithm. This algorithm is based on the behavior
of monkeys looking for food in a forest. The objective function considered the costs of
power losses and investment in capacitors. The algorithm proved robust and efficient
when applied to test cases; in addition, its computational performance was considered
satisfactory.

In [84] a method was presented that applies PSO approaches with operators based
onGaussian and Cauchy probability distribution functions, besides chaotic sequences.
In the traditional PSO algorithm, a uniform probability distribution is used to generate
random numbers. However, the authors showed that the algorithm performs better
and local minima can be avoided when alternative probability distributions are used,
which is the main contribution of the paper.

Muthukumar and Jayalalitha [100] conceived a method to minimize losses and
improve voltage levels through the optimal allocation ofDGs andCBs. Using harmony
search (HS) and particle artificial bee colony (PABC) concepts, the authors defined a
new hybrid algorithm. This hybrid algorithm handles the allocation and sizing of DGs
and CBs, while the candidate buses are determined through a loss sensitivity factor.
Yet another method to allocate both DGs and CBs has been proposed in [75], using
the intersect mutation differential evolution (IMDE) algorithm. The objective function
considered the costs of power losses and investment in CBs and DGs.

Loss sensitivity factors were applied in [3] to identify candidate buses for capacitor
installation. With a set of candidate buses defined, the flower pollination algorithm
(FPA) was then applied to allocate and choose capacitors. As its main advantage,
FPA requires only one key parameter to be adjusted, which makes its implementation
simple. This parameter switches the type of pollination from local to global (and
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converse), thus avoiding local minima. The objective function considered the costs of
investing in CBs and the costs of power losses.

In [7] an improved harmony algorithm (IHA) was applied to solve the problem of
optimal CB allocation. Initially, a loss index is used to identify suitable candidate buses
to receive CBs. The IHA is then applied to allocate and choose the capacitors. The IHA
algorithm is inspired by the improvisation ability of musicians. The objective function
considered the costs of power losses and investment costs. Systems with 15, 69 and
118 buses were used in the tests and the results were compared with other methods.
The solutions obtained through the proposed method showed more attractive.

Karimi and Dashti [71] presented a methodology for optimal allocation of CBs in
PDS, where the objective function included the cost of (i) active and reactive power
losses, (ii) capacitors, and (iii) penalties for violation of voltage limits. The opti-
mization problem was solved using a PSO algorithm with three different objective
functions considering: (i) only the cost of active power losses, (ii) active and reactive
power losses and the costs of CBs, and (iii) the same objective function proposed in
the paper. The authors concluded that the third objective function resulted in greater
benefits to the distribution company.

Also to solve the problem of optimal allocation of CBs, Gnanasekaran et al. [54]
used the shark smell optimization (SSO), an algorithm based on the hunting behavior
of sharks. The objective function considered the minimization of energy losses and
the costs of reactive power compensation. The proposed methodology was tested
using data from systems with 34 buses and 118 buses. The results showed superior in
comparison to the results obtained using the GSA, CSA, HSA and ABC algorithms.

The method proposed by El-Ela et al. [36] used the loss sensitivity analysis to
determine the potential candidate buses, and the AC optimization algorithm to allocate
and choose the capacitors. The objective function considered the minimization of
energy losses and investment costs in capacitors. The method considered fixed as
well as switched capacitors and used results from a load flow based on an iterative
sweeping method. The method was tested using data from systems with 34 and 85
buses, as well as data from a real Egyptian system. The results obtained using the
proposed formulation were compared to methods that use the algorithms PGSA, PSO,
GA, and DS. The authors verified better results with the proposed method.

A hybrid method based on TS and GA algorithms was proposed in [112] for the
simultaneous allocation ofCBs andDGs, considering the stochastic nature ofDGswith
renewable energy sources. Different types of DGs were modeled: (i) with control over
the dispatch of active and reactive power; and (ii) with stochastic behavior, in which
the active power is dispatched and the control over the reactive power is performed
through the control of the power factor. A probabilistic approachwas used to determine
the dispatch of renewable energy sources with stochastic behavior. Initially, CBs and
DGs are installed and the type of generators are defined through TS. Subsequently, the
Chu-Beasley GA is used to solve an optimal power flow (OPF) thus determining the
dispatch of DGs, as well the types and operation scheme for automatic capacitors. The
results indicated that the point of operation of the system is affected by the operation
mode of DGs and that, in addition, large voltage variations can result.

In [119] a MILP-based approach was proposed to optimize the volt/var control and
minimize energy losses in PDS with DGs. The objective function aimed at the mini-
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mization of (i) energy losses, (ii) voltage violations, and (iii) acquisition, installation
and maintenance costs of capacitors. Fixed and switched CBs were considered, along
with the possibility of optimizing the operation point for DGs. In this model, loads
and sources were represented by injections of current at the nodes, and CBs were rep-
resented as constant impedances through a disjunctive formulation. Voltage violations
were handled by the inclusion of auxiliary variables together with linear constraints.
The authors compared the results to those obtained through exhaustive enumeration
based on the solution of a nonlinear load flow; this comparison revealed a very good
agreement.

Ramadan et al. [116] solved the optimal CB placement in PDS with wind turbine
generators using PSO technique. The objective function included the annual net saving
and the cost of power losses resulting from the reduction of peak power losses, besides
the total cost of CBs. According to the method proposed, when a given capacitor was
not able to regulate the voltage magnitudes within specified limits, the authors applied
a penalization.

A hybrid heuristic search algorithm was conceived byMuthukumar and Jayalalitha
[101] to solve the optimal allocation and sizing of DGs and CBs, where the network
could be reconfigured. The hybrid formulation combined HS and PABC algorithms,
taking advantage of the best features of both algorithms. Moreover, loss sensitivity
analysis is used to identify the most sensitive nodes regarding the installation of CBs,
thus reducing the search space. Different voltage-dependent load models were tested
to evaluate their influence on the optimal CB allocation. The author found that different
load models lead to very different solutions.

2.2 Voltage regulator allocation

This section is dedicated to reviewing the most significant publications addressing
the problem of allocation of voltage regulators. This type of problem can be stated
and solved alone or in connection with the problem of allocation of capacitor banks,
increasing the search space and the complexity of the problem.

Safigianni and Salis [121] defined a recursive procedure to determine not only the
optimal placement of VRs but also the best tap position for the regulators in large
radial distribution networks. After determining the initial number and location of the
regulators, the objective function is evaluated to reduce, if possible, the number of
VRs initially proposed and thus achieve a more economical solution. Furthermore,
the objective function accounts for the costs of investment and energy losses. The
algorithmwas tested using data froma real distribution systemwith 229buses, showing
itself to be fast and efficient in defining the VR installation site and the tap setting.

The VR optimal allocation problem was defined as a multiobjective optimization
problem by Mendoza et al. [94], where the authors considered the minimization of
both active power losses and voltage violations. The problem was solved using a
micro-genetic algorithm, searching for optimal Pareto solutions. Later, Mendoza and
Pea [95] extended the method presented in [94] to evaluate the effects of the hourly
load variation on the optimal placement of VRs. The objective function considered
the losses and the voltage drops through weighting coefficients, in order to determine
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the relative importance of each objective. The problem was solved using GA and the
objective function calculated using a load flow based on the Newton–Raphson method
for each hour of the daily load curve of the feeder. The method was tested on a real
system operating at 23-kV voltage and extending over 70 km. The results indicated
that the optimal location of a VR depends on the load. To assist in decisionmaking, the
authors proposed an index defined as the sum of the values of the objective function
for each hour of the day. This index is used to compare the results obtained for each
hour. The authors found that the allocation of VRs based on an average load demand is
a good criterion for selection, useful in situations where fast simulations are required.

In [77] a method was proposed to place VRs in PDS with DGs. The assumptions
made were: the load at each bus of the system is known and represented as constant
power; the power and location of each DG are known; the DG is modeled through
a power injection with unity power factor. The objective function considered only
voltage level violations. The problem of the allocation of VRs was solved using GA
and tested on a 32-bus system with photovoltaic generation. The results showed how
variations in the power injected by DGs influences the voltage profile of the system;
the results also highlighted the importance of proper adjustments of voltage-regulation
devices when DGs are connected to a feeder.

Pareto optimal solutions for the optimal VR allocation in PDS with DG were
obtained by Niknam et al. [106] using a multiobjective approach based on a fuzzy
adaptive PSO algorithm. The objective function included the energy price of the DGs,
the power losses, and the voltage deviations with respect to a reference value. The
proposed formulation was tested in a system with 70 buses, presenting better results
when comparing with those obtained through AG and PSO algorithms.

A multicriteria model for the allocation of VRs in distribution networks was pre-
sented in [87]. Themodel took into account technical, regulatory, economic, and social
criteria to evaluate the benefits coming from the installation and operation of VRs.
The criteria are related to the number of transformers in a given region, the number of
complaints about voltage level, the number of consumers served in the region, and the
total energy consumption. For instance, the energy consumption criterion assumed that
the benefit obtained from the installation of a VR increases with the energy consump-
tion. To solve the multicriteria ordering problem, the authors used the Additive-veto
Model; this model aggregates into a global value all evaluations of the alternatives
for each criterion. This methodology was tested in a system that considered several
substations, determining the prioritization of investments.

2.3 Capacitor and voltage regulator allocation

This section reviews the most relevant publications on the allocation of voltage regu-
lators and capacitor banks simultaneously, which can lead to better results compared
to the case where either capacitors or voltage regulators are considered as a separate
problem.

Grainger and Civanlar [56] conceived a formulation for the voltage and reactive
power control (volt/var) in radial PDS, with the problem of optimal CB placement
decoupled from that of VR allocation. However, both problems aim to minimize peak
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power losses and energy losses, while keeping bus voltages within specified limits
with varying loads. The algorithm solving the proposed model was described in [26],
whereas the numerical results of the tests were given in [27], which also assessed the
effect of reactive power compensation and voltage regulation in the reduction of the
peak power losses and energy losses.

Concerning radial PDS, Abdelaziz et al. [2] proposed two methods to improve
voltage profile and minimize energy losses. The first method dealt with the problem
of capacitor allocation, where a specialized fuzzy-logic system was used to select
candidate buses, in order to minimize losses and maximize net savings. The second
method solves the problem of VR allocation, where a heuristic method was applied to
determine the location and tap position ofVRs tominimize losses andmaintain voltage
magnitudes within specified limits. The two problems were solved separately, and the
allocation of VRs considered that the reactive power balance of the system is optimally
achieved using alone CBs. The results showed that, compared to the allocation of CBs
only, the installation of VRs can help reduce energy losses and improve the voltage
profile.

In [156] a hybrid optimization method based on AG and discrete PSO was used to
optimize the operation of bothVRs and capacitors, and define the optimal voltage at the
substation bus. Furthermore, the method considered the optimal allocation of CBs and
VRs. The objective function considered the costs of power losses in the lines and the
peak power losses, in addition to the investment and maintenance costs of equipment.
However, the study neglected the presence of DGs. The results illustrated that the most
economical planning solution is obtainedwhen simultaneously considering CBs, VRs,
and voltage control at the substation bus.

Amethod for simultaneous allocation of CBs andVRswas proposed in [141], using
AG and OPF. The allocation method is based on GA, and then OPF is used to optimize
the tap setting of VRs, to maintain the bus voltages within the limits specified by the
GA. The objective function considered the annual costs of energy losses, violations
of voltage levels, violation of the maximum allowable voltage drop, and equipment
costs. On the other hand, the costs are evaluated for different load levels, including
light, medium, and heavy loads. According to the results, the best solution in terms of
total cost is obtained when CBs and VRs are allocated simultaneously. Compared to
the allocation of only VRs, this solution led to a smaller investment along with lower
of energy losses.

A MILP model was presented in [47] to solve the optimal allocation of VRs and
CBs in PDS with DG. The steady-state operation point is obtained through a linear
model,where loads are represented as constant active and reactive power. The objective
function considered the annual costs of investment and the annual costs of losses. The
optimal allocation of CBs and VRs was also modeled as a multiobjective optimization
problem, with one objective being associated with the total annual cost (investment
and operation), and the other associated with the maximum deviation of the voltage
magnitudes. Additionally, the authors proposed a heuristic method to obtain the Pareto
front.

Ahmadi andMarti [5] presented a formulation for optimization of PDS, considering
automatic CBs and VRs as control variables, as well as the possibility of network
reconfiguration. A linearized power flow [92] was used to determine the steady state
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operation point, while the optimization problem was formulated as a mixed integer
quadratic programming (MIQP)model. The authors concluded that the optimal control
of VRs and the installation of CBs at optimal locations significantly improves the
system performance regarding losses and voltage profile.

3 Models for power distribution planning

Several works can be found in the literature on the problem of planning the expansion
of PDS. In [18,50,68,74,134,145] reviews of the models and methods applied to the
solution of this optimization problem were presented. In [51] a review was also pre-
sented, focusing on works that consider modern PDS, i.e. those containing distributed
energy resources. The authors presented an overview of articles published after the
year 2005 together with a classification of the models according to the voltage level
of each system (low voltage and medium voltage), number of planning stages (single
stage or multistage), decision variables, and objective function.

One of the relevant problems related to the planning of PDS is the optimal selection
of conductors. Thus, several approaches have been proposed to solve this problem
based on different models, the most commonly used being the MINLP model. One of
the first models was presented in [115], which considers the costs of energy losses, the
costs of voltage regulation, and the cost of feeders as a function of the conductor size;
the thermal capacity of conductors, however, was disregarded. To solve the problem,
the authors used dynamic programming. Also in the year of 1982, Sun et al [139]
presented a methodology for long-term planning to determine substation sites and
feeder routing using a branch-and-bound algorithm. In the same line, El-kady [41]
proposed a method for optimal planning of subtation and primary feeder using MILP.

In [123] a heuristic method to define a reconductoring plan in a long-term planning
horizon was proposed, considering an annual load growth. The objective function
considered the annual cost of energy losses plus the cost of investment andmaintenance
of conductors. Tested on a real system, the method led to interesting practical results,
indicating that the economy coming from loss reduction could be greater than the
investment. However, the reconductoring alone was unable to improve the voltage
drops appearing in the fourth year of the planning horizon; solving problem would
require additional means, such as the installation of VRs and CBs.

A heuristic method was proposed in [150] to solve the optimization problem of
determining the conductor size for a given system topology. This formulation considers
only a single load level (peak) over a planning horizon of one year. Further, thismethod
used a selection process taking into account economic criteria, followed by technical
criteria using a sensitivity index to ensure that bus voltages are within prescribed
limits. Applied to large systems, the proposed method presented a good computational
performance.

A MILP-based approach for the dynamic planning problem of PDS with DGs
was proposed in [59,60], where loads were modeled as constant current injections.
The expansion alternatives evaluated by this method included the installation of new
feeders and substations, the use of DGs, in addition to the installation, replacement
or removal of network branches. The objective function considered investment and
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operation costs. The investment cost, given by the cost of expanding the system, is
determined at the beginning of each stage of the planning horizon. On the other hand,
the operation cost corresponds to the annual costs of operation and maintenance of
the networks, the energy not supplied, and the energy supplied by DGs.

In [72] a method for solving the problem of conductor selection was proposed. Ini-
tially, economic criteria are considered, determining the type of conductor that should
be used in each branch of the network. In a second step, a systematic enumeration
process based on logical rules is used to determine the best alternative. The objective
function considered the costs of conductors and the present value of the cost of losses
(power and energy), considering the effect of load growth and the diversity of load
peaks along the feeder. The results showed that neglecting the load diversity, some
conductors can be oversized.

Franco et al. [46] established a MILP model to solve the problem of optimal
conductor selection in radial distribution networks. The steady-state operation point
was calculated through linear expressions, considering that the loads are modeled as
100% constant power, in the same way as in [47]. The objective function took into
account investment costs (installation or replacement of conductors) and operating
costs (losses).

In [44] a method was presented to solve the reconductoring and optimal CB allo-
cation problems using GA. The objective function considered the investment costs of
capacitors and conductors, besides the costs of energy losses over the planning horizon.
The model contained the following constraints: limits for voltage harmonic distortion,
capacity of conductors, and bus voltages magnitudes. The model was applied to an
existing system and taking into account different scenarios: allocation of CBs only,
reconductoring only, allocation ofCBs and reconductoring simultaneously. The results
showed that the harmonic content was confined within acceptable limits in all scenar-
ios; therefore, it could not be taken as a criterion for comparison. Furthermore, the
method proved effective concerning the minimization of losses.

In the model presented in [79], the PDS planning was solved considering the pres-
ence ofwind power generation and the possibility of voltage and reactive power control
throughDGs. Themodel is formulated as aMIQPproblem,where the investment alter-
native is represented by the replacement of conductors, with the conductor selection
occurring under two different conditions: maximum load and minimum generation,
and minimum load and maximum generation. The model was validated using data
from a system with 18 buses and two wind farms, each one with 4 MVA.

Amultistagemodel for solving the PDS expansion planning problemwas presented
in [89]. In this work, the objective function to be minimized was defined by the net
present value of the sum of investment, losses, operation, and maintenance costs.
The model also included the possibility of addition, reinforcement or replacement of
feeders and substations. A piecewise linear function was used to linearize the objective
function that was originally nonlinear, and the optimization problem was solved using
mathematical programming. The results consisted of a set of solutions, a reliability
index and the corresponding costs being calculated for each solution. In order to
validate the model, several simulations were performed using data from a system
composed of three substations.
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The back propagation algorithm was used in [64] in a multistage approach. The
allocation of DGs, the construction of substations and feeders, the increase of existing
substation capacity, and reconductoring constituted the expansion alternatives of the
model. Initially, the expansion alternatives are selected, then the time schedule for the
investments are defined according to the planning horizon. A MILP model was used
to solve the first step, whereas losses are estimated using a loss factor determined at
the beginning of the optimization process. The objective function is defined by the net
present value of the total investment and operating costs. Systems with 32 buses and
69 buses were used in the tests to demonstrate the validity of the model.

In [113] the TS algorithm was applied to solve the problem of planning PDS in
several stages for a 54-bus distribution system. The model was formulated as a mul-
tiobjective MINLP problem, in which the objective functions considered investment,
operation, and reliability costs. Reliability was assessed through the cost of the energy
not supplied due to permanent failures in the network. The authors defined the fol-
lowing alternatives for the expansion: a capacity increase of existing substations,
construction of new substations, conductor replacement, construction of new feeders,
reconfiguration, and installation of switches.

A multistage model to solve expansion planning problems related to distribution
networks was presented in [6]. Allocation of DGs along with upgrading of existing
networks were integrated into the model. Further, the authors designed a heuristic
method to minimize the possible load shedding, in this way optimizing the system
reliability. Investment and operating costs were defined as the objective function. The
authors also proposed an evolutionary algorithm, called binary chaotic shark smell
optimization, to solve the optimization problem.

In [4] a heuristic method for optimal conductor selection in PDS was proposed.
According to this method, in a first step the conductor is selected, and in a second
step the voltage violations are evaluated and the conductor modified, if necessary. The
objective function is composed of the investment in conductors and the costs of energy
losses, with a load flow used to evaluate the alternatives. The results demonstrated that
the approach is able to provide good solutions in a reasonable computational time.

Gonçcalves et al. [55] presented a single stage MILP model to solve the prob-
lem of planning the short-term expansion of radial distribution systems. The model
defines the construction of new circuits, the reconductoring of existing circuits, and
the allocation of CBs and VRs to minimize investment and operating costs. The steady
state operation point was calculated using a linearized model, considering the loads as
constant active and reactive power. Additionally, the system was assumed radial and
balanced; hence, it was represented by a single-phase equivalent circuit. A test system
with 54 buses and a real system with 201 buses were used to demonstrate the accu-
racy of the mathematical model. By comparing the result obtained with the proposed
method with those obtained through a non-linear load flow, the authors concluded
that the steady-state operation point was accurately calculated. Also, by selecting an
appropriate expansion alternative, the proposed model reduced the investment and
operating costs considerably.

A multistage MILP model for PDS expansion planning was proposed in [142]. The
expansion alternatives evaluated by this method include the increase of the capacity
of existing substations, construction of new substations, allocation of CBs and VRs,
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construction or reinforcement of feeders and modification of feeder topology. The
model assumed that the system is balanced and thus represented by a single-phase
equivalent circuit; loads were represented as constant power, following the lineariza-
tion procedure detailed in [47]. The objective function considered the minimization of
investment and operation costs of PDS in a defined planning horizon. According to the
results, allowing multiple expansion alternatives as solution to the planning problem
results in solutions with lower total costs, avoiding unnecessary large investment to
meet new loading conditions.

A multistage MILP model for PDS expansion planning was proposed In [99] a
model for planning the expansion of PDS considering uncertainties and reliability
was defined. The alternatives considered are the construction and reconfiguration of
networks, the installation of transformers and DGs. The proposed algorithm finds the
solution in two sequential steps. During the first step, different topologies are obtained
for the network using a stochastic programming approach. Then, a MINLP model is
obtained and transformed into an equivalent MILP. The objective of this step is to
minimize the present value of the investment and operating costs while considering
uncertainties related to loads and renewable sources. In the second step, reliability
indexes are calculated for each solution obtained in the first step, allowing the planner
to analyze the impact of reliability on the system expansion alternatives and make a
decision.

Samal et al. [124] applied the DE algorithm to a model aimed to determine the
optimal conductors and optimal phase balancing of unbalanced distribution systems.
The objective function was defined by the minimization of total unbalance of the
apparent power, total power losses, average voltage drop, voltage unbalance factor,
and total current of the neutral conductor. In order to obtain the steady-state operation
point, the authors applied a three-phase load flow based on an iterative sweeping
method. The results indicated that better solutions are obtained when phase balancing
and conductor selection are simultaneously considered.

4 Discussion and comments

From what we presented so far, we observed that the greatest part of the papers on
PDS planning deals with the optimal allocation of CBs, whereas few papers deal with
the allocation of VRs. The problem of reconductoring is usually treated in conjunction
with other planning alternatives, such as the construction of new feeder branches and
new substations, which proved very effective because it results in a more comprehen-
sive solution for the planning horizon. Moreover, most of the proposed methods use
heuristic and metaheuristic algorithms, because it is easier to consider constraints and
nonlinear objective functions. Few models use classical optimization techniques.

Regarding the load behavior, most of the works detailing the load model represent
the load through constant active and reactive power. This load model, commonly used
for the analysis of transmission systems, may, however, yield inaccurate results when
applied to the analysis of PDS, where greater uncertainty regarding load behavior is
expected. This uncertainty is even more evident when three-phase models are used.
Furthermore, a hypothesis commonly adopted by themajor part of the authors consists
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of assuming the capacitor as a constant source of reactive power. Knowingly, this
model is not very accurate since a capacitor behaves, in fact, more as a constant
impedance element [73]. Additionally, voltage levels are usually imposed through
strict constraints on the lower and upper limits for bus voltages, instead of including
them into the objective function. Such constraints, especially significant financial
constraints, can render the problem unfeasible.

5 Active power distribution systems planning and research trends

In recent years, the increasing use of demand response, distributed generation, and
energy storage systems, known as Distributed Energy Resources (DERs), has trans-
formed PDS from passive to active networks. This transition brought new technical
issues to be addressed [83,90,118,126,144,151,154], leading to a new dimension and
further complexity to PDS planning problems. Traditional PDS planning models and
practices consider a given load forecast and no control over the DG generation out-
put when determining new distribution network assets [80]. Recently, optimization
models for the planning of distribution network expansion and generation considering
the connection of DGs with renewable sources, demand response, and energy storage
have been proposed [65,99,153].

In [11,12] a model was proposed to jointly plan the expansion of PDS and DGs
with renewable sources, considering demand response and energy storage. The prob-
lem was formulated as a stochastic-programming-based model, with an associated
deterministic equivalent formulated as MILP. The objective function considered the
maximization of the net social benefit. The expansion alternatives consisted of DG
and storage units allocation, together with reinforcement or replacement of distribu-
tion assets. Based on the results, the authors came to the conclusion that DERs can
positively impact the definition of the best investments.

In [153] a mixed integer second-order cone programming (SOCP) model was pro-
posed to be applied to the active distribution network expansion planning (ADNP).
SOCP problems are non-linear and convex, with a feasible solution domain defined
by a second-order cone. The ADNP includes not only investment plans but also man-
agement schemes for PDS. The authors considered four active management schemes:
(i) DG curtailment, (ii) demand management, (iii) on-load tap-changer adjustment,
and (iv) reactive power compensation. The planning alternatives included new wiring,
new substation, substation expansion, and DG installation. The results suggested that
such management schemes can help minimize investments.

Shen et al. [129] defined a multistage model for planning active PDS, consider-
ing centralized and distributed energy storage systems (ESS). Long-term investment
were evaluated along with short-term operation strategies of active PDS. The alterna-
tives of expansion included the replacement or addition of network branches and the
installation of ESS to enhance short-term daily operation strategies. Loads were mod-
eled as constant current injections. Furthermore, this model requires accurate daily
load curves, which can be difficult to obtain in practice and increase the problem
dimension, resulting in convergence difficulties. The reactive power compensation
and voltage control were not considered.
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In [65] a multistage model was proposed for long-term distribution planning, con-
sidering expansion in DGs, substations, capacitors, and feeders. Moreover, the authors
considered plug-in electric vehicles (PEV) with controlled (smart) and uncontrolled
charging demand, as well as demand response. A back-propagation algorithm was
used in conjunction with a cost-benefit analysis to determine investment plans. The
results showed that uncontrolled PEV charging loads can lead to investment plans
with higher costs.

A multiobjective formulation for the optimal allocation of DERs, including CBs,
was proposed in [69]. An improved PSO procedure was applied, including a guided
search algorithm based on node sensitivity to reduce the search space without loss of
diversity. After placing DERs, the model evaluates possible reconfigurations of the
feeders.

A method for planning and operating modern PDS with active elements was pre-
sented in [70]. This method co-optimizes planning and operating stages by sharing
information between them. Offline OPF are executed based on load consumption and
renewable energy sources forecasts, determining the optimal behavior of controlled
DERs. The objective function considered the minimization of losses and the cost
of using active measurements. The authors also accounted for costs of active power
curtailment and reactive power control. The results showed that it is possible to post-
pone investments if adequate flexibility is allowed/provided during the operation stage
through the control of DERs.

In [80] amultistage planningmethod for active distribution networks was proposed.
In thismethod, the reinforcement of the existing substations and distribution lineswere
considered as alternatives for expansion, along with CB and VR placement, and active
management of DG. The PDS problem was modeled as a MINLP problem, with
an objective function considering the net present value of investment costs during the
planning period. Loads andCBsweremodeled as constant power. In a first stage, GA is
applied to solve the formulated PDS planning problem for a condition corresponding
to the maximum stress of the network. In this stage, the necessary investments are
defined so that they guarantee the safe operation at a minimum cost up to the last
stage. Then, in a second stage, a heuristic approach is applied to define the installation
period of the network investments. The results showed that by incorporating DG active
management into the solution of PDS planning, investments can be postponed.

From the context we described thus far, we see a change in the paradigms that
guided the planning of PDS to date [28,33]. This change is due to factors such as
policy changes motivated by environmental concerns, advances in renewable gener-
ation technology, automation and supervision of distribution systems, and customer
participation in demand management. All these factors lead to a new type of network,
the so-called “smart grids”, and to a visible change in the way PDS have been planned
and operated over the last decades. The increasing use of demand response, DG, and
ESS, known as distributed energy resources, has a significant impact on distribution
networks and is part of the solution to the challenges concerning energy and environ-
ment. Optimizing the use of these resources in conjunction with investments is a key
part of the future development of PDS.

Furthermore, transforming researches published to date into computational tools
that can be used in the planning sectors of distribution companies still represents a
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challenge. It is generally required that a computational tool be capable of interacting
with the legacy systems of the utility, allowing access to technical and commercial
information that will serve as input data for the optimization model. In addition, a
good computational performance is demanded, regardless of feeder size and number
of consumers. Such requirements can limit the practical application of some models,
since theymay not be able to solve optimization problems of large distribution systems
in a reasonable time.

In this way, the following topics can be seen as promising prospects in the devel-
opment of models and solution techniques for the problem of planning the expansion
of distribution networks:

– representing renewable sources and uncertainties related to them;
– representing consumer behavior more accurately, considering demand response,
ESS, and distributed generation;

– incorporating real technical and commercial data into the models;
– quantifying and incorporating reliability costs into other costs;
– incorporating maintenance information to assess reliability in the definition of
investment plans, optimizing the operation under normal and emergency condi-
tions;

– considering budgetary constraints and an appropriate treatment of them, allowing
for solutions with minimal violations;

– consideration of the return of investment to the utility, according to the regulatory
model;

– obtaining reliable forecast data to apply to long-term models.

6 Comparative analysis

In this section, we present the main characteristics of the solution methods applied
to problems of PDS expansion planning, see Table 1. Furthermore, in Table 2 a
comparative analysis of several works related to PDS planning is presented, the focus
being on classical optimization problems (CB allocation,VR allocation, and conductor
selection). The works have been categorized based (i) on the models andmethods used
to solve each specific problem, (ii) on available resources to perform the expansion of
PDS, (iii) on types of costs considered in the objective functions, (iv) on the objective
function type, (v) on the number of stages, (vi) and on the environment of the model.

7 Conclusions

Models and techniques to solve problemsofPDSexpansionplanninghavebeen studied
for decades. In this paper, a comprehensive survey about the state-of-the-art regarding
models and methods applied to the solution of these problems has been presented,
focusing on the optimal CB allocation, optimal VR allocation, and reconductoring
problems. These are classical optimization problems and part of short-term expansion
planning carried out by utilities, since they represent common solutions applied to
minimize energy losses and control of the voltage along the feeders. The solution
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methods applied to problems of PDS expansion planning can be, generally, divided
into three categories: analytical, exact optimization methods, and heuristic methods.
Themajor part of themodels, especially those applied to the optimal CB allocation, are
based on meta-heuristic methods, hybrid algorithms being proposed and successfully
applied recently. Furthermore, these methods have been successfully applied to solve
larger problems of PDS expansion planning largely because nonlinear constraints and
objective functions can be easily handled.

Finally, with the integration of distributed energy resources and the active PDS,
we believe that future research work will concentrate on these new, modern concepts.
Further, an ever-increasing amount of data will be available, since the automation
and data necessary to operate the grid also steadily increases. These data can improve
models and help engineers in the decision-making processwhile developing expansion
planning studies. A further consequence is that the existing techniques can be extended
in a more realistic and precise manner.
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