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Abstract

This study focuses on the optimal planning of secondary power distribution systems
considering distributed renewable generators (DG) and energy storage systems (ESS) to
minimize expansion costs. The methodology solves a mixed integer non-linear mathematical
model that describes the planning problem, including the operating and technical aspects of
the secondary power distribution system. Such methodology uses an iterated local search
algorithm and a two-stage load flow decomposition method to solve said problem. The two-
stage load flow decomposition method finds the optimal operation of the storage devices and
the low-voltage distribution system for each solution proposed by the iterated local search
algorithm; thus, optimal energy management is achieved for the best solution. The proposed
methodology was tested on a real medium-sized secondary power distribution system to
establish its effectiveness. The results obtained show a reduction of 51.97 % in the total
energy purchase cost of the system and a decrease of 3.02 % in the installation costs of the
secondary circuits and distribution transformers when DG and ESS are considered. In
conclusion, the results show that the integration of these distributed energy resources into
the distribution system planning problem increases the profits of distribution companies
from energy purchase and sale and reduces their fixed costs.

Keywords
Distributed energy resources, energy management, metaheuristics, secondary
distribution systems planning, solar and wind generation.

Resumen

Esta investigacién se centr6 en la planificacion éptima de los sistemas de distribucién
secundaria teniendo en cuenta los generadores renovables distribuidos (DG) y los sistemas
de almacenamiento de energia (ESS) para minimizar los costos de expansién del proyecto. La
metodologia resuelve un modelo matematico no lineal entero mixto que describe el problema
de planificacién, incluyendo los aspectos operativos y técnicos del sistema de distribucién
secundario. Esta metodologia utiliza un algoritmo de busqueda local iterada y un flujo de
carga de descomposicion en dos etapas para resolver el problema. El flujo de carga de
descomposiciéon en dos etapas encuentra el funcionamiento 6ptimo de los dispositivos de
almacenamiento y del sistema de distribucién de baja tensién para cada soluciéon propuesta
por el algoritmo de busqueda local iterada; asi, se consigue una gestiéon 6ptima de la energia
para la mejor solucién. La metodologia propuesta se probd en un sistema de distribucién de
dimensiones reales para verificar su efectividad. Los resultados obtenidos mostraron una
reducciéon del 51.97 % en el coste total de compra de energia del sistema, y una disminucién
del 3.02 % en los de instalacién de los circuitos secundarios y transformadores de distribucién
cuando se consideran los DG y los ESS. En conclusion, los resultados evidencian que la
integracion de estos recursos energéticos distribuidos en el problema de planificacién de los
sistemas de distribucién aumenta los beneficios de las empresas de distribuciéon por la compra
y venta de energia, ademas de reducir sus costos fijos.

Palabras clave

Recursos energéticos distribuidos, gestién energética, metaheuristicas, planificaciéon de
sistemas de distribucién secundaria, generacién solar y edlica.
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NOMENCLATURE
Parameters
CEP Cost of upgrading an existing type s wire [$/km].
cl® Installation cost of a new type s wire [$/km].
cer Installation cost of a new DT of type d [$].
cgv Installation cost of a new solar DG of type g [$].
CJW T Installation cost of a new wind DG of type w [$].
cEs Installation cost of a new ESS of type b [$].
O&Ml{x Fixed operation and maintenance cost of an installed ESS of type b [$/year].
ct Purchase price of energy at load level i [$/kWh].
cs Sale price of energy [$/kWh].
T Number of load levels.
DY Number of days of the year.
Af, Time duration of each load level A [h].
i Interest rate.
A Number of years of the horizon planning.
Pil,)h Active power load at bus i at load level A [kW].
QiD_h Reactive power load at bus i at load level A [kW].
R Resistance of a type s wire [Q/km].
Xs Reactance of a type s wire [Q /km].
Ii—j Distance between buses i-j [km].
Co Coefficient corresponding to the load model of constant power.
Gy Coefficient corresponding to the load model of constant current.
C2 Coefficient corresponding to the load model of constant impedance.
RQTV Maximum active power limit of a type g solar DG [kW].

el Generation value of a solar DG at load level A [pu].

PWW Maximum active power limit of a type w wind DG [kW].

W’ Generation value of a wind DG at load level A [pu].

P_bc Maximum extraction limit of active power of a type b ESS [kW].
@ Maximum injection limit of active power of a type b ESS [kW].
P_{f Minimum extraction limit of active power of a type b ESS [kW].
ﬁ Minimum injection limit of active power of a type b ESS [kW].
D Charge/discharge slope of a type b ESS [%/kWh].

ny Power injection efficiency of a type b ESS.

np Power extraction efficiency of a type b ESS.

SoC? Initial state of charge of the ESS at bus i [%)].

Socf Final state of charge of the ESS at bus i [%].

SoC"™* Maximum state of charge of the ESS at bus i [%].
Socimn Minimum state of charge of the ESS at bus i [%].

e Maximum current magnitude of a type s wire [A].

Sq** Maximum apparent power limit of a type d DT [kVA].

vnex Upper voltage limit at bus i [kV].

e Lower voltage limit at bus i [kV].

NPV Maximum number of solar DGs that can be installed in the system.
N Maximum number of wind DGs that can be installed in the system.
NES Maximum number of ESSs that can be installed in the system.
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Binary variables

EB

Oijs Decision variable of upgrading an existing branch at buses i-j of type s.
05}’? Decision variable to install a new branch at buses i-j of type s.

ol Decision variable to install a new DT at bus i of type d.

f’iI,DgV Decision variable to install a new solar DG at bus i of type g.

ot Decision variable to install a new wind DG at bus i of type w.

afy Decision variable to install a new ESS at bus i of type b.

55‘? Decision variable for the operation state of the ESS at bus i at load level A.

Continuous Variables

P Active power of the DT at bus i at load level A [kW].
Pl Active power generation of the solar DG at bus i at load level & [kW].
Pl Active power generation of the wind DG at bus i at load level A [kW].
P lE}f Active power injection or extraction of the ESS at bus i at load level A [kW].
P lE}f b Active power injection of the ESS at bus i at load level & [kW].
P lE}f ¢ Active power extraction of the ESS at bus i at load level A [kW].
ZIP;p ZIP load model at bus i at load level A.
o Reactive power of the DT at bus i at load level & [kW].
Vin Voltage of bus i at load level A [kV].
lijn Current of branch i-j at load level A [A].

SoCip State of charge of the ESS at bus i at load level A [%].

Sets
Ny Set of buses.
Ngp Set of existing branches.
Oyp Set of new branches.
g Set of new and existing branches.
Onpr Set of candidate buses for DTs installation.
Onpy Set of candidate buses for solar DGs installation.
Onwr Set of candidate buses for wind DGs installation.
Ones Set of candidate buses for ESSs installation.
Q7 Set of load levels.
Qg Set of types of wires.
Opr Set of types of DTs.
Opy Set of types of solar DGs.
Owr Set of types of wind DGs.
QOgs Set of types of ESSs.
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1. INTRODUCTION

The integration of distributed energy resources (DERs) in the electrical distribution
systems recently became a customary strategy for distribution companies because it
generates different benefits for them. The inclusion of DERs such as renewable DGs and
ESSs improves some technical, operative, and economical problems in distribution systems
and reduces environmental impacts on the planet. Therefore, several political and regulatory
entities around the world encourage the integration of DERs in distribution systems [1]-[6].

In this context, Colombia encouraged the integration of DERs in electrical systems as a
sustainable development goal by publishing different laws, rules, and regulations that
establish a guideline for the operation and connection of DERs [7]-[9]. However, despite clear
regulatory policies, these documents fail to establish a sequential strategy for distribution
companies to operate and expand the electrical distribution systems considering the
integration of DERs. Thus, distribution companies need to have reliable methodologies that
integrate DERs in the operation and planning problems of distribution systems.

The specialized literature shows that some papers involve renewable DGs in the planning
of low voltage (LLV) networks [10]-[15]. Those papers considered the influence of solar DGs in
the planning of LV networks but failed to consider the impact of wind DGs and the
distribution companies as the owners of DGs. Moreover, only one paper considered the
integration of solar DGs and ESSs in the planning of LV networks [16]. In that work, the
distribution company owns the location and sizing problem of DTs. Unlike the above-
mentioned works, this paper considers the distribution company as the owner of solar DGs,
wind DGs, and ESSs, as well as the location and sizing problem of DTs in the expansion
plans. Additionally, this paper also considers the optimal operation of ESSs for increasing
the profit obtained from energy arbitrage.

The mathematical model proposed for planning the LV networks involving DERs is
formulated as a mixed-integer non-linear programming problem (MINLP) and aims to
minimize the fixed and operational costs of the LV distribution system and the total purchase
cost of energy from the primary feeder. The fixed costs are associated with the investment
cost of new elements (i.e., secondary branches, DTs, solar DGs, wind DGs, and ESSs), the
upgrading cost of existing secondary circuits, and the operation and maintenance cost of new
ESSs installed. The operational costs are associated with the present value of the technical
energy losses costs in secondary circuits, DTs, and ESSs. Moreover, the profit obtained from
energy arbitrage is also calculated in the present value.

The MINLP model is solved by using the Iterated Local Search (ILS) algorithm combined
with a neighborhood scheme (i.e., branch exchange, upgrading of existing elements, and
installation of new DTs and DERs). The choice of the ILS algorithm to solve the proposed
model is due to the problem dimension, non-convexity, and binary nature of some variables
as well as the computational complexity of the proposed NP-hard model. Also, the ILS
metaheuristic has been used for solving problems with similar characteristics [17]-[19].

This paper is organized as follows. Section II outlines the mathematical formulation and
describes the main aspects of the solution technique. Section III presents the results and
discussion. Finally, Section IV provides commentary on the conclusions of this paper.
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2. MATERIALS AND METHODS
2.1 Mathematical formulation

The MINLP model presented in (1) and (2) formulates the problem of the low voltage
distribution system planning considering DERs. The nomenclature can be found at the
beginning of this paper.

Min{T1+T2+T3+T4-T5} )
subject to (8) — (31) 2)

The five terms of the objective function (OF) of (1) are described in (3)-(7). The first term
1s the cost of installing new DTs. The term T2 is the cost of installing new secondary networks
and of upgrading of the existing ones. The term T3 is the cost of installing new solar and
wind DGs. The term T4 is the cost of installing new ESSs. Moreover, the term T4 also
considers the fixed operation and maintenance cost (O&M) of new ESSs. Finally, the term
T5 is the profit for energy arbitrage. Finally, the term T5 also considers the cost of the energy
technical losses of secondary circuits, DTs, and ESSs. The annualized present value is
calculated by the function F(i,A) = (1 — (1 + i)~*)/i. These five terms are described next.

T1 = Z Z CoT BT 3

iEQNDT deQDT

= > D ket Y Y ciofhy @

iJENNB seNs iJENEB seNS
PV ; WT
D, D Gelys ) ) cTal )
iEQNPV geNPV IEQNWT WEQWT
— ES : fx\ _ES
T4 == Z z (Cb + F(l, A)O&Mb )Ui,b (6)
IEQNES SEQES
TS5 = F(i,A) <z cs Z Ph ZIP; ), — Z Py > DYAL (7)
iEQN iEQNDT

The set of constraints of (2) are explained next. Equations (8)-(9) are Kirchhoff’s laws
represented by the active and reactive power nodal balance. Equation (10) calculates the
currents flowing on the secondary circuits by using Ohm’s law. Equation (11) uses the ZIP
model to represent the electrical demand.

P+ PEY + PYT + PE = PRLZIP, + Re( Vi, Z Iin Vi € ON; Yh € OT ®)
JEQN
JEON
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lh th ‘.
Uh_ Z(O’Us-l-O'l]S) m Vl] E.QBN, VYh € QT (10)
SENS s
ZIP,, = o + c1|Vin| + c2|Vin|© Vi€ QN; vhearT (11)

Equations (12)-(13) define the active power generated from the installed solar and wind
DGs, respectively. Equations (14)-(20) model the operation of the installed ESSs, where 6;r£5S
represents the optimal operation of the ESSs. If 6;,£55=0, the ESS at node i is injecting power.

If 6;12S5=1, the ESS is extracting power. Equation (14) represents either the injecting or
extracting power of the installed ESSs.

PV = > ofVETIY  vie ONPV; vhe T (12)
gENPV

PN = Z ol PYTTR'T Vi€ QNWT; Yh € OT (13)
wWEQWT

PE = PP — PR Vi€ ONPV; Vh € OT (14)

Equations (15)-(16) limit the charging and discharging power of the installed ESSs.

Equation (17) represents the state of charge of the installed ESSs. Equations (18)-(19)
define the initial and final charge state of the installed ESSs. Equations (20)-(23) limit the
charge state of the ESSs, the current in secondary circuits, the power in DTs, and the
operation voltages of the system, respectively.

Z aih 8Py S PC < Z ol SESPE Vi € ONES; Yh € OT (15)
bENES bENES
Py (1-6%)<PR° < Z SPP (1-65) vieNES; vhear (16)
bENTES bENES
1
SoC;p = SoCip_q — Z < PEP —n;, PE5C> hOpol; Vi€ QNES; Yhe 0T (17)
bENES le
SoC;p, = SoC?  h=0; Vi € ONES (18)
SoC;p, = SoCf  h=T; Vi€ ONES (19)
SoC™™ < SoC;, < SoCM™** Vi € ONES; Yh € QT (20)
lijn < Z (NE + 6EE) IMax  vij € OB; Vh € OT 1)
SENS
(PETY + (QP1)* < Z T SI9YYij € ONDT; Vh € OT ©22)
denaDT
Vmn < V| S V™Y Vi€ ON; YhE OT (23)
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Equations (24)-(28) define that only one type of wire, DT, solar DG, wind DG, and ESS
can be installed in one candidate node or branch. Finally, (29)-(31) restrict the number of
solar DGs, wind DGs, and ESSs to install in the distribution systems.

Z (65 +0f5)<1 vijenB (24)
SENS
ol <1 Vi€ ONDT (25)
denDT
PV ;
Ui,g < 1 Vi € QONPV (26)
JEQPV
oy <1 Vi€EQNWT 27)
wWEQWT
Z ofy <1 Vi€NNES 28)
deNES
af ; < NPV (29)
iEQNPV genNpPVv
O’%,T < NWT (30)
IEQNWT weQWT
O'lElf < NES (31)
iENNES bENES

2.2 Solution methodology

To solve the mathematical model described in (1)-(2), the ILS algorithm is used. This
metaheuristic was proposed in [20] and it is used in this paper due to the dimension and
complexity of (1)-(2). This algorithm performs an intensification and diversification process
to find the global optimal solution, where the intensification process is performed by a local
search through small changes in the current solution produced by using neighborhood
schemes. The diversification process is conducted by perturbing the local optimum found in
the local search to find a new initial solution for the next intensification process. Thus, the
next local search can be executed in a new near area of the solution space, which allows the
algorithm to find the global optimum and avoid being trapped in local optimums. The
perturbation mechanism needs to be carefully controlled because weak perturbations could
be insufficient in leaving local optimums and strong ones could be equivalent to random
starts from different points in the solution space. The main aspects considered in the
methodology are explained next.

2.2. 1 Codification scheme

The low voltage system is encoded using a vector of integer numbers that represents the
values of the decision variables. The information of the vector represents the size and location
of the new and existing elements of the network (i.e., secondary circuits, DTs, renewable DGs,
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and ESSs). Each integer number is associated with the type of the installed element, and a
zero value represents that no elements are installed.

2.2.2 Solution evaluation

The solutions generated by the neighborhood scheme are evaluated by using the two
stage-decomposition method proposed in [21]. This easy-to-implement method finds the
optimal operation of ESSs for minimizing the total purchase cost of energy and involves two
stages. The first stage solves a linear programming (LLP) model that temporarily removes
electrical variables from the system and obtains the optimal ESSs operation from energy
arbitrage. Then, in the second stage, the ESSs charge and discharge powers obtained from
the first stage are treated as injections and consumptions of power (PQ nodes) in any power
flow algorithm to obtain the real operating state of the system. The results obtained from this
decomposition method are used for calculating the objective function and for verifying the
feasibility of solutions. The LP model used to solve the operation problem of ESSs is described
in [21]. The power flow algorithm used for solving the second stage of the decomposition
method can be found in [22]. Also, if any of the mathematical model constraints are violated,
the OF is penalized to ensure that only feasible solutions would be considered in the ILS
algorithm.

2.2.3ILS Algorithm

The ILS algorithm uses an initial feasible solution to begin the first intensification
process. The initial solution is generated from a constructive heuristic algorithm that
connects all the loads of the secondary system to distribution transformers preserving the
feasibility in the solution and the radial configuration topology of each secondary network.

When the initial solution is obtained, the local search is conducted by using a

neighborhood scheme that executes small changes in the current solution, which accepts all
evaluated solutions with low values of the objective function. The neighborhood scheme
performs any of the following criteria: branch exchange, upgrade of the system existing
elements, and installation of new DTs, solar DGs, wind DGs, and ESSs. The local search
repeats itself until it achieves a predefined number of iterations. After the local search ends,
the diversification process perturbs with major changes the best solution found in the
Intensification process.
The perturbation mechanism is carried out by applying the neighborhood scheme more than
once. The ILS algorithm ends when the incumbent solution fails to improve for a predefined
number of global iterations or when the ILS algorithm reaches a predefined maximum
number of global iterations. The pseudocode of the ILS algorithm is described in Figure 1.

3. RESULTS AND DISCUSSION

The methodology proposed in Section II is tested on an LV distribution system of 138
nodes to verify its effectiveness and robustness. Figure 2 shows the test system used, where
the circles are load nodes and dashed lines are new branches. Figure 3 shows the daily curves
of load demand, solar DGs, and wind DGs considered.
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Algorithm 1 Pseudocode of ILS algorithm

1: Generate the initial configuration
2: Evaluate initial solution
3: Initialize: Incumbent, stopping criteria, 1;7%%

local
4: while stopping criteria are not reached do
5: for : =1 to I]1%% do
6: Obtain a solution from the neighborhood scheme
T Evaluate new solution
8 if OF "% « OFcurrcnt then
9: Update the current solution
10: end if
11: if Och‘-rent < OFincumbent then
12: Update the incumbent solution
13: end if
14 end for
15: The incumbent solution is perturbed to obtain a new

initial solution for the next local search
16: end while
17: Print results

Figure 1. Pseudocode of ILS algorithm. Source: Created by the authors.

104 103 102 101 118 19 120 121 122 138 137
——O———O———O——-Q——-O——-O——-O——-(P—————-O——————O
105 17 123 |
q) 136(5
106 116 124 1
C;) CP 135
107 115 125 (5
q) d) CID 1340//
msq) 114 mq) mo’/
109 110 11 12 113 130 129 128 127 131 132 7
-0 -0-0--0--0-0-0-0-0-

6

?

! 12 15 16 55 56 57 59 60 6l 62 63 64

¢—o—o—o—o—b—~o—o—o—o—p—o—o—o—o—o—o—o—o—o—p

1';’(? 65(P
22 23 25 26 27 28 18 66 67 68 69 70 71 7273 7475

o—é—o—o—o—o—o—q—o—o—o—o—Q—o—o—o—o—o—Q—o—o—o—o—{p
| 2140 390 77(? 78(;)
—o——o——o——o——b—o—o—o—o— 00000000 0O

34 35 36 37 38 4 85
& o
C:>‘ o—o—o—o—o—o—o—o—o—b— O 0= O~ O- O- O~ O~ O~ 00O
42 45 48 51 52 53 54 90 9I 92 93 94 95 96 97 98 99 100

Figure 2. Test distribution system of 138 nodes. Source: Created by the authors.
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Figure 3. Curves of load demand, solar DGs, and wind DGs in [pu]. Source: Created by the authors.

The nominal voltage of the system is 0.44 kV, the maximum voltage regulation is 10 %,
and the values for base power and voltage are 300 kVA and 0.44 kV, respectively. The energy
sale cost 1s 0.2 [USD/kWh], the interest rate is 10 %, the horizon planning is 20 years, and
the ZIP load model coefficients c0 y ¢2 are 0.2 and 0.8, respectively.

The charge and discharge efficiencies, the deep of discharge, and the lifetime of the ESSs
are 90 %, 100 % and 20 years, respectively. The lifetime of solar and wind DGs is 20 years,
and the maximum number of elements that can be installed for solar DGs, wind DGs, and
ESSs in the distribution system are 7, 5, and 6, respectively. Table 1 presents the energy
purchase costs used. Moreover, it proposes the installation of 33 new DTs, 147 new secondary
circuits, 15 new solar DGs, 14 new wind DGs, and 15 new ESSs (see Table 2). Full description
and data of the test system used can be found in [23].

To validate the proposed methodology, two cases are compared: traditional expansion
plans i) without DGs and ESSs (Case 1) and ii) with the installation of ESSs as well as solar
and wind DGs (Case 2). The stopping criteria of the ILS algorithm stand at (i), for Case 1,
100 maximum global iterations or 35 global iterations if the incumbent solution fails
improvement and (i7), for Case 2, 50 maximum global iterations or 15 global iterations
without improvement. The maximum number of local iterations for Cases 1 and 2 are 100
and 800, respectively.

The proposed methodology was implemented using an interface between Matlab (2017b)
and GAMS (24.5.4) in an Intel® Core 15-4460S 12 GB RAM PC. The solver CPLEX (version
12.6.2.0) was used to solve the LP model of the first stage of the decomposition method
proposed in [18]. The CPU time for Cases 1 and 2 were 144.9 s and 7403.9 s, respectively.
The present value of the obtained results is shown in Table 3, where the term TEL means
technical energy losses. For Case 2, 6 ESSs (type 4) are installed in nodes 8, 11, 48, 109, 127,
and 132; 7 solar DGs (type 4) in nodes 23, 38, 103, 110, 130, 131, and 136; 1 wind DG (type 3)
in node 138; and 4 wind DGs (type 4) in nodes 19, 112, 119, and 130.
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Table 1. Energy purchase cost in [USD/kWh]. Source: Created by the authors.
Hour Cost Hour Cost Hour Cost Hour Cost

0.084 7 0.08 13 0.185 19 0.305

0.080 8 0.090 14 0.135 20 0.325

0.080 9 0.105 15 0.125 21 0.285

0.075 10 0.135 16 0.105 22 0.275

0.075 11 0.145 17 0.098 23 0.265

0.075 12 0.185 18 0.175 24 0.100

S Uk W N =

Table 2. Candidate nodes for installing DT, DG, and ESS. Source: Created by the authors.

Element Nodes
DT 2, 8,11, 16, 30, 33, 37, 45, 48, 51, 56, 59, 64, 80, 83, 87, 91, 94, 97,
104, 106, 109, 111, 113, 116, 118, 122, 124, 127, 129, 132, 135, 137
Solar DG 6, 23, 38, 43, 54, 62, 71, 88, 95, 103, 110, 117, 130, 131, 136
Wind DG 5,10, 14, 19, 103, 110, 112, 115, 119, 123, 126, 128, 130, 138
ESS 8,11, 30, 48, 106, 109, 111, 113, 116, 127, 129, 130, 132, 135, 137

Table 3. Obtained results for Cases 1 and 2 [USD X 109]. Source: Created by the authors.

Cost Description Case 1 Case 2
Energy purchased 26.709 12.827
Variable Energy sold 30.682 30.996
Profit 3.973 18.169

Secondary circuits 0.391 0.403

DTs 0.370 0.335

Fixed Sollar DGs — 1.838
Wind DGs — 4.200

ESSs — 0.768

O&M of ESSs — 0.545

TEL cost in secondary circuits 0.376 0.423

Operational TEL cost in DTs 0.165 0.172
TEL cost in ESSs — 0.395

Total profit (OF) 3.212 10.081

Figures 4 and 5 show the best configurations obtained for Cases 1 and 2, respectively,
where the black circles are the locations of installed DTs. The numbers in parentheses in
Figures 4 and 5 are associated with the type of wire installed for each secondary circuit;
branches without a number are associated with type 1. Moreover, DT types are presented by
an underlined number. Both cases obtained feasible solutions, and the branches downstream
do not present a higher size of wire regarding secondary circuits upstream.
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Figure 5. Best configurations obtained for Case 2. Source: Created by the authors.

In Table 3, it is observed that Case 2 presents the highest value of the OF, which reflects
an increase in profit from energy arbitrage due to the minimization of purchase cost. Also, it
is observed the minimization of operational and fixed costs. The profit improved in Case 2
because the purchase cost is minimized by charging and discharging the installed ESSs with
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an optimal operation scheme based on the behavior of the energy prices and electrical
demand. Moreover, the installation of new renewable DGs also minimizes the energy
purchase cost.

The small difference in the sale cost between both cases stems from the ZIP model being
used for demand (i.e., 20 % for constant power and 80 % for constant impedance). Case 2 has
a bigger value in the installation of secondary circuits and a lower value in the installation
of DTs regarding Case 1 because the installation of new DERs increases the sizes of wire in
some branches and decreases the power capacity of some DTs. Furthermore, Case 1 has a
lower total fixed cost (0.761) because Case 2 considers the installation of new DERs (8.089).

However, Case 2 has a lower total fixed cost when only the costs of secondary circuits and
DTs are summed (0.738). Therefore, it is observed that the integration of new DERs in the
distribution systems planning reduces the traditional fixed costs.

In Table 3, the higher total cost of TEL for Case 2 originates from the integration of new
DERs in the networks that increase the magnitude of the currents flowing on some branches
of the networks. Nevertheless, the increase in the total cost of TEL can be deemed
insignificant due to the bigger benefits obtained from the minimization of the energy
purchase cost. Moreover, the massive integration of DERs in networks with low nominal
voltage values produces an increase in the TEL. Hence, it is advisable to consider the
installation of DERs in the distribution systems planning of integrated primary and
secondary networks to acquire a better distribution of power flows.

Figure 6 shows the total active power injected by the primary feeder for both cases. Case
1 does not consider the integration of DERs; thus, the total active power injected by the
primary feeder for Case 1 has the same behavior of the demand curve of Figure 3. It can be
observed in Figure 6 that the integration of DERs reduces the active power injected from the
primary feeder that supplies the power of the LV networks connected to it. Figure 7 shows
the sum of the injected and extracted power of the installed ESSs.

Figures 6 and 7 show how the installed ESSs are charged in hours of low demand and
discharged in hours of peak demand. Thus, the power flows through DTs are decreased. It
can be seen in Figures 3, 6, and 7 that the generated power in hours 12 and 13 nearly
approaches zero because, during these hours, the solar DGs inject their maximum generated
power, and the ESSs inject power at these hours. Moreover, the installation of new DERs
decreased the peak power of the system at hour 20.

w— Case |
3 -+— Case 2

P¢ [MW]
3]

1 5 10 15 20 24

Time [h]
Figure 6. Total active power injected by the primary feeder in [MW]. Source: Created by the authors.
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Figure 7. Total active power extracted and injected by the ESSs in [MW]. Source: Created by the authors.

4. CONCLUSIONS

This paper proposed a new methodology to solve the problem related to the installation of
DERs (i.e., renewable DGs and ESSs) in the distribution system planning problem of low
voltage networks. The proposed methodology minimizes the fixed and operational costs of the
networks and the total purchase cost of energy from the primary feeder. Hence, the total
profit increased by minimizing the energy purchase cost of the system by installing new
renewable DGs and ESSs. Moreover, the purchase cost is also minimized by way of an optimal
operation of ESSs based on the behavior of energy prices and the electrical demand. The
obtained results show that the integration of DERs in the distribution systems planning
problem increases the profits of distribution companies from energy purchase and sale and it
also reduces the fixed costs.

The total technical energy losses cost can increase with the integration of DERs because
the profit obtained from the reduction of the purchase cost of demanded energy is more
significant than the profit obtained from the minimization of the purchase cost of technical
energy losses. Consequently, distribution companies can use the proposed methodology to
measure the economical and operative advantages or disadvantages of the integration of
DERs in the distribution systems planning problem of LV networks. The increase in technical
energy losses can be controlled in the proposed methodology by adding a new constraint that
limits the energy losses to a predefined value established by the distribution company.

Regarding the future work of this research, the uncertainty in renewable energy sources
and electricity demand should be considered and involved in the model to have more realistic
benefits.
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