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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.
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Resumen:
						                           
Esta investigación se centró en la planificación óptima de los sistemas de distribución secundaria teniendo en cuenta los generadores renovables distribuidos (DG) y los sistemas de almacenamiento de energía (ESS) para minimizar los costos de expansión del proyecto. La metodología resuelve un modelo matemático no lineal entero mixto que describe el problema de planificación, incluyendo los aspectos operativos y técnicos del sistema de distribución secundario. Esta metodología utiliza un algoritmo de búsqueda local iterada y un flujo de carga de descomposición en dos etapas para resolver el problema. El flujo de carga de descomposición en dos etapas encuentra el funcionamiento óptimo de los dispositivos de almacenamiento y del sistema de distribución de baja tensión para cada solución propuesta por el algoritmo de búsqueda local iterada; así, se consigue una gestión óptima de la energía para la mejor solución. La metodología propuesta se probó en un sistema de distribución de dimensiones reales para verificar su efectividad. Los resultados obtenidos mostraron una reducción del 51.97 % en el coste total de compra de energía del sistema, y una disminución del 3.02 % en los de instalación de los circuitos secundarios y transformadores de distribución cuando se consideran los DG y los ESS. En conclusión, los resultados evidencian que la integración de estos recursos energéticos distribuidos en el problema de planificación de los sistemas de distribución aumenta los beneficios de las empresas de distribución por la compra y venta de energía, además de reducir sus costos fijos.



Palabras clave: Recursos energéticos distribuidos, gestión energética, metaheurísticas, planificación de sistemas de distribución secundaria, generación solar y eólica.
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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 (LV) 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.





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.
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The five terms of the objective function (OF) of (1) are described in (3)-(7). The first term is 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,λ.)= (1+ i) - λ) / i These five terms are described next.
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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.
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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 δi,h
ESS
 represents the optimal operation of the ESSs. If δi,h
ESS
=0, the ESS at node i is injecting power.
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If δi,h
ESS
=1, the ESS is extracting power. Equation (14) represents either the injecting or extracting power of the installed ESSs.
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Equations (15)-(16) limit the charging and discharging power of the installed ESSs.
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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 (2
0)-(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.
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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.
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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, 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 (LP) 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.






2.2.3 ILS 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.
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Figure 1.



Pseudocode of ILS algorithm







Source: Created by the authors.
















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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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 is 0.2 [USD/kWh], the interest rate is 10 %, the horizon planning is 20 years, and the ZIP load model coefﬁcients c0 y c2 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].




Table 1




Energy purchase cost in USDkWh









	Hour
	Cost
	Hour
	Cost
	Hour
	Cost
	Hour
	Cost



	1
	0.084
	7
	0.085
	13
	0.185
	19
	0.305



	2
	0.080
	8
	0.090
	14
	0.135
	20
	0.325



	3
	0.080
	9
	0.105
	15
	0.125
	21
	0.285



	4
	0.075
	10
	0.135
	16
	0.105
	22
	0.275



	5
	0.075
	11
	0.145
	17
	0.098
	23
	0.265



	6
	0.075
	12
	0.185
	18
	0.175
	24
	0.100














Source: Created by the authors.











Table 2.




Candidate nodes for installing DT, DG, and ESS









	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














Source: Created by the authors.








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 (ii), 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 i5-4460S 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.




Table 3




Obtained results for Cases 1 and 2 USD × 106 









	Cost
	Description
	Case 1
	Case 2



	Variable
	Energy purchased
	26.709
	12.827



	Energy sold
	30.682
	30.996



	Profit
	3.973
	18.169



	Fixed
	Secondary circuits
	0.391
	0.403



	DTs
	0.370
	0.335



	Solar DGs
	—
	1.838



	Wind DGs
	—
	4.200



	ESSs
	—
	0.768



	O&M of ESSs
	—
	0.545



	Operational
	TEL cost in secondary circuits
	0.376
	0.423



	TEL cost in DTs
	0.165
	0.172



	TEL cost in ESSs
	—
	0.395



	Total profit (OF)
	3.212
	10.081














Created by the authors.









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 4.



Best conﬁgurations obtained for Case 1







Source: Created by the authors.
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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 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.
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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.









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.





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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Algorithm 1 Pseudocode of ILS algorithm

1: Generate the initial configuration

2: Evaluate initial solution

3: Initialize: Incumbent, stopping criteria, 755
4: while stopping criteria are not reached do

5 for i = 1 to Ij}5 do

6 Obtain a solution from the neighborhood scheme
7 Evaluate new solution

8 if OFew < OFcurrent then

9 Update the current solution

10: end if

1 if OFcurrent < QFincumbent 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






