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a  b  s  t  r  a  c  t

In recent  years,  spatial  load  forecasting  studies  have  helped  to direct  the  expansion  of the  distribution  sys-
tems  in  cities  with  rapid  urban  growth,  providing  maps  that showing  the  spatial  distribution  of  expected
load.  However,  these  maps  do  not  allow  to determine  how  load  varies  on  the  existing  network  elements.
This information  is important  to define  the  reinforcements  or the  installation  of  new  facilities  in  the
electrical  distribution  network.  In order  to  help  planners  in such  decisions,  a  search  method  to allocate
the  loads  resulting  from  spatial  load  forecasting  studies  is  presented.  This  method  treats  each  of  these
forecast  loads  as new  load  center  to be  connected  to  an  existing  distribution  feeder.  To  find  the  path
from  a  load  center,  the proposed  method  uses  a list  of its  nearby  feeders.  Allocation  depends  on  the  path
cost  function,  which  is  calculated  based  on  the  supply  capability  of  the  network  elements.  The  proposal
chooses  the  shortest  path  with  sufficient  capacity  to supply  the new  load,  i.e.,  it finds  the  path  with  mini-
mal  cost  function  for list  of nearby  feeders.  The  result  is the final  available  capability  of  existing  networks

(after  the  allocation  process)  to supply  the  expected  loads  in  the  geographic  area.  The  method  is tested
using  the  results  of  a spatial  load  forecast  for  a  real  distribution  system  in  a medium-sized  Brazilian
city.  In this  test  system,  the  load  allocation  influenced  the  number  of network  elements  to  be reinforced.
The  proposal  was  compared  to commercial  software,  showing  a configuration  with  smaller  numbers  of
overload  elements  and  a lower  cost  of expansion  to  the  most  overloaded  feeders.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

A geographic information system (GIS) helps utility planners
isualize and analyze georeferenced data in order to obtain infor-
ation useful for making decisions regarding expanding their

usiness [1]. In the power distribution planning process, a GIS
llows planners to understand load-growth relationships, patterns,
nd trends [2,3]. The implementation of smart grids has encouraged
he use of GIS by distribution utilities because it supports business

anagement of distribution networks [4,5].
Rapid urban growth in developing countries and urban rede-

elopment result in new challenges for the planners of power
etworks when deciding how to expand distribution systems. Plan-

ers must perform spatial electric load forecasting studies before
xpanding distribution systems in urban zones [6].

∗ Corresponding author.
E-mail addresses: joel.melo@ufabc.edu.br, joeldavidm@gmail.com (J.D. Melo).

ttp://dx.doi.org/10.1016/j.epsr.2017.01.020
378-7796/© 2017 Elsevier B.V. All rights reserved.
Spatial electric load forecasting methods divide the city into
several subareas in order to estimate load growth, displaying the
expected spatial load distribution on thematic maps [7].

1.1. Motivation

The thematic maps resulting from spatial load forecasting meth-
ods are extremely valuable for decisions regarding investments
needed to expand power networks. In order for these maps to aid
distribution system design, the forecast loads must be allocated
to distribution network elements [8]. This allocation could supply
useful information for making decisions, identifying the capability
shortfalls of electrical network elements and the location of new
facilities. Also, this information could help the planners in the cre-
ation of a suitable load database for optimal expansion algorithms
of the distribution system, reducing the search space of the network

elements to be expanded, as explained in Refs. [9,10].

Load allocation could be performed using GIS software applica-
tions [8,10] and allocation-location models [11], which are used by
other class of public service companies for allocating infrastructure

dx.doi.org/10.1016/j.epsr.2017.01.020
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.01.020&domain=pdf
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o meet the demands of its users. For example, installation of public
ealth centers [12] and public schools [13]. However, these mod-
ls cannot be applied to distribution utilities for allocating loads
ecause they do not take into account distribution network capacity
onstraints.

In this paper, load allocation is the main goal and is calculated
sing a local search algorithm [14,15] given the locations of new

oad centers to be connected to a distribution feeder. Each load
enter is a point at which the load of a subarea is assumed to be
oncentrated.

.2. Contributions

This paper presents a method that allocates a forecast load to
istribution feeders, seeking to reduce the number of overloaded
xisting network elements (after the allocation process). The main
ontributions of the proposed method are explained below.

) Reduce the number of overloaded existing network elements: the
proposal considers the variation in network element supply
capability during the load allocation process. The allocation-
location models available in GIS software do not take into
account this variation. At each step of the proposed load allo-
cation, the capabilities of the network elements are updated, so
when the proposal seeks to allocate the next load center, will
find a new path with the highest available capacity. This alloca-
tion process reduces the number of overloaded existing network
elements, which could help in making investments decisions
because of the lead time for adding new facilities in the distri-
bution systems.

) Reduce the search space of the network elements to be expanded:
the proposed method finds solutions with fewer overloaded
existing network elements than similar methods available in
GIS software. The performed minimization the number of over-
loaded feeders by the proposed method could help to the
planners in the creation of a suitable load database for optimal
expansion algorithms of the distribution system, reducing the
search space of the network elements to be expanded.

) The computational time needed is similar to that of specialized
software: Dijkstra’s algorithm available in GIS has the lower com-
putational cost compared to other local search algorithms. The
proposed method and Dijkstra algorithm are similar in terms of
computational time. However, the proposed method can work
with positive and negative values of the path’s cost function,
being this a differential of the proposal in comparison of search
algorithms that consider these values, but with a higher compu-
tational effort.

.3. Organization of the paper

This paper is organized as follows. In Section 2, it has been
iscussed how to allocate the forecast load from spatial load fore-
asting studies in electrical distribution networks. In Section 3, an
verview of search algorithms is explained in order to show the
ifferences with the proposed method. In Section 4, the proposed
ethodology is presented, explaining the input data for implemen-

ation the proposal (Section 4.1), and how the list feeders and load
enters can be constructed in order to determine the space search
f the proposed methodology (Section 4.2). The main differential of
he proposal compared with the search algorithms available in GIS
s the path’s cost function, which is explained in Section 4.4. The

teps for the proposed load allocation are explained in detail using
n example with two feeders and a load center are presented in
ections 4.4. In Section 5, the proposed methodology by comparing
he ArcGIS software provided with real data from a Brazilian city
s Research 146 (2017) 206–217 207

is applied to allocate the forecast load. The concluding remarks are
presented in Section 6.

2. Allocation of forecast loads in a distribution network

The allocation of forecast loads to elements in a distribution net-
work based on their spatial distribution is not addressed by the
methodologies available in the specialized literature on this kind
of forecasting.

Linear and non-linear programming algorithms may  be used to
allocate predicted loads resulting from grid-based spatial load fore-
casting simulations to network elements [16], but their computing
time increases considerably with grid size, hindering their use for
large distribution systems.

GIS software applications could also be used to allocate new
loads. For example, a Voronoi diagram can be used to determine
the feeder boundaries for the allocation of forecast loads to distri-
bution feeders [17]. However, a diagram of this type does not take
into consideration the constraints of the capacities of distribution
networks.

Local search algorithms have low computing time even when
there is a large quantity of input data [8], making them suitable
for load allocation in distribution networks. In order to implement
them, a graph defined by a set of vertices and edges is employed,
and a path (connection) between the new load and a substation is
sought such that the path’s cost function is the minimum of a list
of candidates. This function is equal to the sum of the costs of each
edge traversed through the graph, from a new load to a substation
[18].

Allocation-location models available in GIS software employ
Dijkstra’s algorithm, or some variation thereof, for a local search
in order to perform load allocation because of the lower compu-
tational cost compared to other local search algorithms [19,11].
Dijkstra’s method requires that the cost of each edge be greater
than zero in order to find the shortest path for a new load. This
does not permit the use of network element supply capabilities and
their variation during the allocation process as edge costs because
the value of the capability could be negative.

To assist a distribution utility in making decisions on how to
expand its distribution system, we  propose a local search algorithm
that calculates the cost function based on the variation of the avail-
able capability of the existing distribution networks to supply the
expected loads, seeking to reduce the number of overloaded exist-
ing network elements (after allocation process). This is the main
difference between our method and similar methods found in the
specialized literature.

3. Search algorithms

The allocation of new load can be approached as an applica-
tion in the field of network analysis for the calculation of shortest
paths. A very common algorithm available in GIS for calculating the
shortest distance between two vertices is the Dijkstra algorithm.
It is used in edge–weighted graphs. Using the Dijkstra algorithm,
it is possible to determine the shortest path between a new load
center (vertex) and any other point in the electrical network (an
existing vertex in graph). In the allocation process, this algorithm
calculates the shortest distance beginning from a starting point (the
location of the new load center) continuously, and to exclude longer
distances when making an update. It consists of the following steps:

Step 1—Initialize all vertices (connection points on the electrical

network) with distance equal to bigger number (“infinite”) from a
new load center.

Step 2—Mark the distance from a location of new load center as
permanent, and all other distances as temporarily.
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Fig. 1. Flowchart o

Step 3—Put the location of a new load center as active vertex.

Step 4—Calculate the temporary distances of all neighbor ver-

ices from the active vertex by summing up its distance with the
eights of the edges (cost of the new path).
ijkstra algorithm.

Step 5—If such a calculated distance of a vertex is smaller as

the current one, update the distance and set the current vertex
as antecessor. This step is also called update and this is Dijkstra’s
central idea.
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Fig. 2. Flowchart of the proposed method.

Fig. 3. The distribution system for the allocation example. (For interpretation of
the  references to color in the text, the reader is referred to the web version of this
article.)

Fig. 4. The graph of the first feeder for the allocation example.
Fig. 5. A possible path to connect the first load in the allocation example using the
proposed method. (For interpretation of the references to color in the text, the reader
is  referred to the web  version of this article.)

Step 6—Set the vertex with the minimal temporary distance as
active. Mark its distance as permanent.

Repeat steps 1–6 until there is no any new load center marked
with a temporary distance. Fig. 1 shows the algorithm for the Dijk-
stra algorithm.

Dijkstra algorithm can find a good solution, if the cost function is
positive. Otherwise, for negative values, must use the Bellman–Ford
algorithm; however, such methodology has a higher computational
effort than Dijkstra algorithm, as explained in Ref. [15]. Another
restriction of the Dijkstra technique for allocating new load is that
the weights of the edges (the path’s cost function) are invariant
during the allocation process. This function cannot upgrade the
capacity of the distribution network elements for each load allo-

cated. In order to overcome these restrictions, in the following
section is to present the methodology proposed to carry out such
allocation.
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. The proposed local search algorithm to allocate loads
redicted by spatial load forecasting studies

The proposed method treats each forecast load as a new load
enter to be connected by the shortest path to a distribution feeder,
earching through a list of feeders near the new load center. To
nd this path, a graph representing the location of transformers
vertices) and the paths to substations (edges) is constructed. This
raph is a representation of the feeder’s connections, i.e., the sub-
tation and distribution transformers that are connected to it. This
raph is a form to represent the search space [15]. The shortest
ath consists of an edge of the graph and a new line that will be
dded to connect the new load center. The allocation depends on
he path’s cost function, which takes into account the capability of
he existing distribution network to supply the new loads, seek-
ng to allocate these loads to network elements with higher supply
apability. Therefore, the proposed method performs a search in the
eeders list of the path with higher capability for each new load cen-
er that is allocated, i.e., it finds the path with minimal cost function
or list of nearby feeders. After allocate each load, the capability of
he network elements are updated, so when the proposal seeks to
llocate the next load center, will find a new path with the highest

vailable capacity, this strategy allows to reduce one lower num-
er of overloaded existing network elements (after the allocation
rocess). The allocation performed by the proposed methodology
oes not attempt to determine the optimal path or route for con-
ation of the references to color in the text, the reader is referred to the web version

necting each new load, but rather seeks to determine the capability
of existing networks to supply the expected loads in the geographic
area, in order to support decisions on how to expand the distribu-
tion system. The results of the proposal could help to the planners
in the creation of a suitable load data for optimal expansion models
of the distribution system, reducing the search space of the network
elements to be expanded and the cost of the expansion distribution
system, as explained in Ref. [9].

4.1. Input data

To implement the proposed method, all information must be
georeferenced, such as: the location of the forecast loads (the new
load centers), the list of nearby feeders for each of these loads,
the spatial distribution of the existing network elements and the
amount of MVA that each of these elements can supply in addition
to their existing loads, which is known as available supply capacity
(ASC).

The ASC for each distribution network element is calculated as
the power difference, in MVA, between its power supply capacity
and the load connected to it. This difference is an extension of the
indicator described in Ref. [20], which uses an ASC value for the

distribution system as a whole. This indicator is used to determine
the capacity to supply part of the load growth before performing
the expansion of the distribution system and it can reduce the cost
of future installations for the distribution system, as explained in
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Fig. 7. The load allocation for all feeders of substation S1 by ArcGIS.

Fig. 8. The load allocation for all feeders of substation S1 using the proposed method.
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ef. [20]. In the specialized literature, the ASC has been used in
everal studies of the planning of electrical networks, as shown in
ef. [21].

.2. List of nearby feeders and new load centers

The new load centers list consists of the location at which the
oad of a subarea is concentrated and their respective magnitudes
alculated using spatial forecasting methods. This list is ordered
rom lowest to highest load, in order to assign those with lower
oads first. This pre-sorting helps reduce the computational time of
ocal search algorithms [18]. Also, after several experiments with
oads from real distribution systems, we found that this sorting
elps to reduce the number of overloaded feeders at the end of the

oad allocation process.
The list containing the nearby feeders for each new load center

erves to reduce the search space when assigning a load to a feeder.
ome criteria and planner experience can be used to limit the size of
he list, such as: defining the maximum distance between a feeder
nd a new load and the maximum number of nearby feeders. This
ist will allow diversity in the search for new solutions, which is
sed to find solutions using metaheuristic techniques [19].
.3. The cost of a path

Ref. [15] explained that the restrictions of the search algorithms
o find good solutions depend on proper function of cost. After
ed using the proposed method.

performing several experiments considering information from real
distribution systems, it was found that the path’s cost function for
each new load center i can be calculated via Eq. (1):

Cpi,j,n = Kdi,mPsj,n,m + Kdi,j,nLi

Psj,n,m − Li
(1)

where Li is the amount of MVA to connect; Cpi,j,n is the cost function
for the path connecting load center i to distribution transformer j
and feeder n from the candidate list; K is the unit cost per kilometer
(km); di,j,n is the Euclidian distance between load center i and dis-
tribution transformer j in km;  di,m is the Euclidian distance along
the path formed by load center i and substation m in km,  and Psj,n,m

is the ASC value of the path formed by distribution transformer j in
feeder n from substation m in MVA, which is calculated via Eq. (2):

Psj,n,m = stj + sfn + ssm (2)

where stj is the ASC value of distribution transformer j in MVA; sfn
is the ASC value of distribution feeder n in MVA; and ssm is the ASC
value of substation m in MVA.

The value of K in expression (1) is used to improve local solutions
during the allocation process, avoiding those that are economically
infeasible. The value of Kdi,mPsj,n,m is the sum of the costs for the

edge traveled, from a new load center to a substation, and Kdi,j,n

Li is the cost of the new edge that must be built to connect the
new load center. This value can be determined from the cost of the
distribution feeder, per kilometer.
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Fig. 10. (a) Initial service area of feeders S1F5, S2F6 and S3F7; (b) final service area of the aforementioned feeders.
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Table 1
The initial available supply capabilities of the distribution network elements for the
allocation example.

Distribution
network element

Initial supply
capability (kVA)

S1 150
S2 40
S1F1 40
S1F2 60
S1F3 10
S1F4 10
S2F1 5
S2F2 5
S2F3 10
S2F4 15

Table 2
The new available supply capabilities of the distribution network elements after
connection to a load in the allocation example.

Distribution
network element

New supply
capability (MVA)
14 J.D. Melo et al. / Electric Power S

In the allocation process, the value of the numerator in expres-
ion (1) increases for paths with higher overhead, while the value
f the denominator decreases for paths formed by elements with
igher available supply capability; thus, this process prioritizes
llocating loads to paths with less overload and greater supply
apability, with the lowest Cpi,j,n, determining the distribution
ransformer j in feeder n that should be linked to new load cen-
er i. After allocation of this load, the values of stj , sfn and ssm are
pdated. Thus, the cost function is calculated by taking into account
he variation in these supply capabilities, which decrease whenever

 new load center is linked. The path’s cost function is the term
sed in search algorithms; this function is similar to the objective
unction in optimization techniques. Search algorithms are known
n the optimization area as techniques to solve the shortest path
roblem, as explained in Ref. [22].

Planners should limit the initial value of stj , sfn and ssm according
o the reliability criteria of the distribution system [7,23]. Thus, the
upply capability of the distribution networks given as input data
s a percentage of the ASC. Techniques and recommendations for
alculating the ASC are explained in Refs. [20,21].

The form of calculate the path’s cost function presented in this
ection is a differential of the proposed model. Considering the
emonstrated shown in Ref. [15] to solve the shortest path prob-

em, the found solution is the best solution for the search space
efined by the planner. It is noted that the proposed model does
ot seek to optimal solutions to the expansion of distribution sys-
em. The proposal can help to reduce the number of candidates of
etwork elements to expand and their cost.

.4. Proposed algorithm

Fig. 2 shows the algorithm for the proposed method. The input
ata is the list of nearby feeders; a maximum cost for the first iter-
tion (Cust); the unit cost per km (K); the location of the forecast
oads and their magnitude (Li) in MVA; the path connecting each
ubstation m and transformer j; the initial available supply capa-
ility of each transformer j (istj), feeder n (isfn) and substation m
issm) and their spatial distribution in the service zone.

As explained in Section 4.2, each new load center is associated
ith a list of nearby feeders. In Fig. 2, the variable i represents the
osition of the load center to be connected in the list of new loads.
he position of each of the feeders near it is represented by the
ariable n. For each feeder n in the nearby feeder list, the proposed
ethod creates a graph, identifying the substation m that is con-

ected to feeder n and the all distribution transformers linked to
his feeder, in order to determine the sum of the costs of the edges
raversed from a new load center to a substation. This is equal to

Kdi,mPsj,n,m
Psj,n,m−Li

. Our proposed algorithm analyzes the path cost of the

ew edge that must be built to connect the new load center — equal

o
Kdi,j,nLi

Psj,n,m−Li
— in order to obtain the lowest cost path for connecting

 new load via expression (1). When the path with the lowest cost is
ound, it connects the load along this path, and then the ASC value
s updated for all path elements as shown in step 9 of Fig. 2.

The proposed algorithm stops when all load centers have been
onnected to distribution feeders in the service zone (stop cri-
erion). When this criterion is met, the final available supply
apability (after the allocation process) of the existing network to
upply the expected loads in the geographic area is calculated.

To better understand the proposed algorithm, one allocation
n one hypothetical distribution system is demonstrated. This sys-
em has two distribution substations, each with four feeders. Fig. 3

hows the spatial distribution of the network elements; the trans-
ormers are in black, the substations are in gray, the new load center
o allocate is in red, and feeders are black lines. For this allocation,
e assume that the maximum cost for the first iteration is 10,000,
S1 145
S1F2 55
F2T3 5

the unit cost is $610 per kilometer, the load center is 5 MVA, and
the initial available supply capability of all transformers is 0.1 MVA.
The other initial available supply capabilities are shown in Table 1.

In the following, the eleven steps required for one allocation are
explained in detail:

Step 1: The new load centers list contains one item. For this new
load, the nearby feeders list consists of S1F2 and S2F4. In this step,
the counters for load centers and nearby feeders is initialized (i = 1
and n = 1, respectively). The value of the path cost variable (Cust) is
assigned to the maximum cost for the first iteration (Cust = 10,000).

Step 2: To represent the search space solutions in this step, a
graph for the feeder S1F2 is created, with vertices at the locations
of substation “m” and all transformers connected to feeder S1F2.
The edges are the existing connections between substation “m”  and
these transformers, as shown in Fig. 4. In this figure, the dashed
lines are possible paths that can be used to close the normally open
switches. Thus, the proposed method can work with radial or inter-
connected networks. The substation connected to feeder S1F2 is S1;
so, the substation identifier (m)  has the value of 1 (m = 1).

Step 3: There are four transformers connected to feeder S1F2; so
the transformers list has four elements.

Step 4: Initialize the transformer counter (j = 1).
Step 5–7:  These steps are executed until the transformer list is

empty. In each pass, the method calculates the path cost via expres-
sions (1) and (2), saving the lower value. Each possible path to
connect the new load center is shown using red dashed lines in
Fig. 5. The lowest cost is $871.18 for transformer F2T3.

Step 8: This step is executed because the nearby feeders list is
not empty, so the method increments the feeder counter (to n = 2)
and returns to step 2.

Step 2–7:  These steps are executed until the transformer list for
feeder S2F4 is empty. The substation connected to this feeder is
S2, so m = 2. In each pass, the method calculates the path cost via
expressions (1) and (2), comparing each calculated cost with the
lowest value, which was  found for feeder S1F2. These costs are
higher than $871.18, so the load center is connected to feeder S1F2.

Step 9: In this step the supply capability of the transform-
ers, feeder and substation are updated, with the results shown in

Table 2.

Step 10: is executed if there are further load centers to connect.
In this step, the load center counter is incremented (i  = i + 1),  the
nearby feeder counter is initialized (n = 1) and the value of the path
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Table  3
The final available supply capabilities of the distribution network elements in the
allocation example.

Distribution
Network Element

Initial Supply
Capability (MVA)

Initial Supply
Capability (MVA)

S1 150 145
S2 40 40
S1F1 40 40
S1F2 60 55
S1F3 10 10
S1F4 10 10
S2F1 5 5
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Table 4
The initial available supply capabilities of the distribution network elements for
application of the proposed method.

Distribution
network element

Initial supply
capability (MVA)

S1 108.53
S2 209.56
S3 873.00
S4 131.61
S1F1 16.11
S1F2 16.10
S1F3 16.82
S1F4 19.90
S1F5 16.11
S1F6 15.71
S2F1 14.19
S2F2 18.21
S2F3 16.60
S2F4 18.54
S2F5 16.49
S2F6 15.58
S2F7 14.68
S2F8 19.89
S2F9 16.26
S3F1 16.10
S3F2 15.57
S3F3 17.20
S3F4 14.44
S3F5 15.38
S3F6 13.37
S3F7 14.95
S3F8 16.11
S3F9 16.10
S4F1 15.54
S4F2 19.61
S4F3 19.61
S4F4 15.79
S2F2 5 5
S2F3 10 10
S2F4 15 15

ost variable (Cust) is assigned the maximum cost (Cust = 10,000).
or this example, this step is not performed.

Step 11: The load centers list is empty, and the proposed method
alculates the new available capability of the existing network ele-
ents, shown in Table 3.

. Results

The proposed method was applied to a medium-sized city in
razil with four distribution substations and thirty feeders. The

nput data was extracted from Ref. [24], and is grouped into grid
ells on a regular grid.

Application of the method requires the location of new load cen-
ers (georeferenced data). These locations can be obtained from

 geographic information system (GIS). To do this, we used the
ree software TerraView [25] to obtain the geographic coordinates
or the center of each grid cell in the area studied in spatial load
orecasting.

Fig. 6 shows the spatial distribution of the distribution feeders
nstalled in the area studied and the expected total load centers
or a five-year horizon, estimated using the simulated model pre-
ented in Ref. [24]. The load center is represented by blue dots in
he center of each grid cell. The spatial resolution is 0.12 km2 (the
rea of each grid cell is 0.34 km × 0.34 km), forming a 40 × 40 grid
1600 cells). The period of five years was used due to a law imposed
n cities in Brazil regarding the expansion of feeder networks [26].
he estimated load growth for during the five-year horizon period
s 239.56 MVA, which represents of the installed load by about 18%,

ith increased load in 600 new load centers.
When applying the proposed method, each of the geographic

oordinates corresponding to the center of a grid cell is associated
ith distribution feeders. The distribution feeder cost per kilometer

K) is $100,000, which is the approximate cost for installation of
ew low-voltage feeders in the service area. Also, the maximum
ost of the first iteration is 1,000,000. The initial supply capacity of
he distribution substation and feeder are shown in Table 4.

In order to show the effectiveness of the proposed method, the
esults of the allocation are compared with the association per-
ormed by the allocation–location model available in ArcGis [11].
his model uses a Dijkstra algorithm, which is initialized with the
SC values of each feeder as edge costs. These costs are not changed
y the Dijkstra algorithm during the allocation process, as shown in
ection 3. In this comparison, we tested two lists of nearby feeders;
ne list with a nearby feeder and the other with two nearby feed-
rs for the center point of each grid. These lists were constructed
y identifying the feeders crossing the square cells in Fig. 6.

The overload and final available supply capability of each feeder

nd substation are shown in Table 5, for both the proposed method
nd ArcGIS. We observed that the total overload and ASC of the dis-
ribution system when using the proposed method are similar to
he values found using ArcGIS. However, the solution found using
S4F5 19.99
S4F6 17.85

the proposed algorithm has a lower number of overloaded distribu-
tion networks elements than the solution found using the Dijkstra
method. This is important as it reduces the number of facilities to
be expanded and their cost [23].

The cost to expand distribution to the most overloaded feed-
ers would be $6,732,504 using the solution found by ArcGIS, and
$5,914,112, using the solution found using proposed method. These
costs are different because the proposed methodology takes into
account the ASC values of the distribution transformers, seeking to
reduce transformer overload. The model available in ArcGIS does
not take these values into account during the allocation process. The
cost avoided by expanding the network elements was  not shown,
because of be outside the scope of this work. However, based on
the case studies presented in Ref. [9], it is expected that distribution
utilities can avoid the construction and installation of new facilities
in its distribution system.

Table 5 identifies the overloaded electrical network elements
and how much the supply capability in each of these elements
must be changed, providing useful information that planners can
use when making distribution planning decisions.

A nearby feeder list with a high number of feeders can be con-
structed, but using this list can result in unviable solutions in
financial terms because of increased path costs to new loads. If the
planner needs to use a list with a greater number of nearby feeders,
then an appropriate cost per km should be used.

Figs. 7 and 8 show the load allocation for all feeders of sub-
station S1 calculated using ArcGIS and the proposed method. Each

load is indicated by a number from one to six, representing the
feeder to which it was connected. Note that the main difference
is in the number of loads allocated to the S1F1 and S1F5 feeders.
The proposed method allocated more loads to the S1F5 feeder than
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Table  5
The overload and final supply capability of the distribution network elements for application of the proposed method.

Distribution network element ArcGIS The proposed method with 1 nearby feeder The proposed method with 2 nearby feeders

Final supply
capability (MVA)

Overload
(MVA)

Final supply
capability (MVA)

Overload
(MVA)

Final supply
capability (MVA)

Overload
(MVA)

S1 54.44 0.00 55.63 0.00 49.68 0.00
S2  141.59 0.00 141.20 0.00 132.88 0.00
S3  814.35 0.00 812.56 0.00 822.67 0.00
S4  72.76 0.00 73.75 0.00 77.92 0.00
S1F1  0.00 3.90 4.61 0.00 0.06 0.00
S1F2  14.51 0.00 16.10 0.00 16.10 0.00
S1F3  13.85 0.00 12.66 0.00 12.26 0.00
S1F4  19.31 0.00 19.70 0.00 19.70 0.00
S1F5 0.00 3.90 0.00 8.66 0.00 8.86
S1F6  6.79 0.00 3.42 0.00 2.63 0.00
S2F1  8.25 0.00 8.84 0.00 8.84 0.00
S2F2  15.04 0.00 14.64 0.00 14.64 0.00
S2F3  15.81 0.00 14.82 0.00 14.82 0.00
S2F4  17.55 0.00 17.55 0.00 17.55 0.00
S2F5  4.80 0.00 7.17 0.00 7.17 0.00
S2F6  0.00 14.54 0.00 13.75 0.00 22.86
S2F7  4.38 0.00 1.60 0.00 1.60 0.00
S2F8  19.30 0.00 19.30 0.00 19.30 0.00
S2F9  11.90 0.00 11.90 0.00 12.70 0.00
S3F1  13.52 0.00 14.71 0.00 14.71 0.00
S3F2  14.58 0.00 14.98 0.00 14.98 0.00
S3F3  16.41 0.00 15.41 0.00 15.41 0.00
S3F4  10.87 0.00 12.06 0.00 12.65 0.00
S3F5  10.82 0.00 11.22 0.00 11.62 0.00
S3F6  5.25 0.00 4.65 0.00 4.65 0.00
S3F7  0.00 18.14 0.00 19.73 0.00 10.61
S3F8  13.34 0.00 12.94 0.00 12.94 0.00
S3F9  13.92 0.00 12.53 0.00 12.53 0.00
S4F1  5.63 0.00 7.41 0.00 10.19 0.00
S4F2  4.35 0.00 3.56 0.00 3.56 0.00
S4F3  13.07 0.00 9.30 0.00 9.30 0.00
S4F4  0.00 1.85 0.33 0.00 0.33 0.00
S4F5  19.59 0.00 19.79 0.00 19.79 0.00
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S4F6  8.74 0.00 

Total  overloaded elements 5.00 

Total  1384.70 42.33 

rcGIS. Thus, the proposed method overloads this feeder more than
he load allocation performed by ArcGIS (see Table 4). However, the
um of available supply capability from all feeders of this substation
s higher than the capability determined by ArcGIS for one nearby
eeder. This is important because of the lead time for adding new
acilities in the distribution system [8,9].

For illustrative purposes, we show the service area of each
ubstation in Fig. 9. This diagram includes the new load centers
onnected to the distribution feeders. Comparing Figs. 6 and 9, note
hat the geographic region of substations S3 and S4 has grown to the
orth and west. The substations are not overloaded, but the supply
apability of S1 is lower than that of the other substations because
he load growth for S1 is the highest for the five-year period. This
nformation is important to the planner, who will need to decide

hether to build a new substation in this region or reinforce sub-
tation S1.

Ref. [6] explained the importance of dividing the study area into
everal subareas, considering the area service of distribution net-
ork elements, in order to obtain information for the expansion
lanning of distribution systems. Based on this information, the
lanners can decide whether to reinforce and rearrange the exist-

ng distribution network or build new feeders in some regions. The
ake-decisions for expansion planning are outside the scope of

his paper. The proposed methodology can help in determining the
xpansion of such subareas. Fig. 10 shows the initial and final ser-

ice area of the feeders S1F5, S2F6 and S3F7, which are the most
verloaded feeders, according to the configuration found by the
roposed algorithm. This area was created using the Kernel maps
ool available in ArcGIS. This map  helps to planners visualize the
10.13 0.00 11.51 0.00
3.00 3.00

84.49 42.14 1384.68 42.34

concentration of load centers within the area studied. This figure
shows the importance of the proposed method, which draws the
attention of planners to the expansion of the feeder service area,
being necessary to analyze the possibility to install electrical facil-
ities in the expanded urban zones.

Although the proposal to perform a cost analysis of all feeders
entered as input data, the computational time to perform these cal-
culations is similar to the time used for the construction of graphical
representation necessaries in commercial software. The proposal
makes a reduction in the time of graphics, only considering that
new load centers can be connected to a nearby transformer; the
proposal can be performed with reduction of time of graphic con-
structions. The computational time to allocate the forecast load
growth using the proposed algorithm is 1.8 min, while the Dijk-
stra algorithm takes 1.3 min, both using a computer with an Intel
Core i5 1.8 GHz, 4 GB RAM memory, using the software R, version
2.13.2 [27]. The proposed method can be implemented in any pro-
gramming language or in GIS software. Given this computational
time, the proposed algorithm found a solution with a lower num-
ber of overloaded elements in a time similar to that of the Dijkstra
algorithm available in GIS software.

6. Conclusions

The current scenario of remodeling distribution networks

together with redevelopment of urban areas requires that plan-
ners make decisions in order to meet the demands of load growth,
while identifying capacity shortfalls in power network elements
and deciding where to locate new facilities. For direct expansion
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f the distribution network, distribution utilities need access to
he results of spatial forecasting, performed using GIS and other
echniques, displaying the expected spatial load distribution on
hematic maps. In order for these maps to aid distribution system
esign, the forecast loads must be allocated to distribution network
lements. In this context, a shortest path method that allocates
he loads predicted using spatial load forecasting whilst seeking
o avoid overloads in existing network elements was presented.
he method determines the final available capability of existing
etworks to provide sufficient power to supply the forecast load,
roviding information that helps planners when making decisions
n how to expand the distribution system.

The proposed method and Dijkstra algorithm are similar in
erms of computational time and the ability to work with a large
mount of input data. In the application of the method, the com-
utational time to allocate the 1600 load centers is 0.5 min  (30 s)
igher than Dijkstra algorithm. However, the proposed method can
ork with positive and negative values of the path’s cost function,

eing this a differential of the proposal in comparison of search
lgorithms that consider these values, but with a higher computa-
ional effort.

One contribution of this method is to take into account the vari-
tion in the available capability of existing networks to supply the
xpected loads during the allocation process via an appropriate the
ath’s cost function. This function allows obtaining a lower number
f overloaded existing distribution network elements than similar
ethods available in GIS software. Table 5 shows that in the appli-

ation, the proposal found a solution with two overloaded elements
ess than the Dijkstra algorithm.

The output of the algorithm is the final available capability of
he existing network elements to supply the forecast load. This
nformation is extremely valuable for decisions regarding invest-

ents needed to expand power networks. In the application of the
ropose algorithm, the cost to expand distribution to the most over-

oaded feeders is $818,392 less than the solution found by ArcGIS.
his difference decreases investments in planning expansion of the
istribution system.
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