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Abstract

:

This research investigated the increases of the voltage profile on the Provincial Electricity Authority (PEA)’s low voltage (LV) network due to the solar photovoltaic (PV) penetration. This study proposed the solution to maintain the voltage profile within the PEA’s standard limitation by using battery energy storage system (BESS) application. The algorithm using bisection method to figure out the optimal size and location of BESS was examined and simulated in different scenarios such as summer/winter and weekend/weekday behaviors. Furthermore, the allocation of a battery in various locations was also considered. DIgSILENT power factory with DPL script and Python are the tools used to cover diverse scenario cases. The results showed that the best practice of how to implement BESS to solve the voltage rise problem was the BESS installation at the distribution transformer and the BESS installation separately at the end of each feeder near the loads. However, the optimal size of BESS installation at the distribution transformer was almost double that of installation at the end of each feeder.
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1. Introduction


The International Renewable Energy Agency (IRENA) reported that the share of renewable energy in the global power generation mix rose from 18% in 2014 to 36% in 2030 [1]. At the end of 2020, worldwide photovoltaic (PV) system installations were over 707 GW. The largest contribution to this growth came from Asia [2].



The Alternative Energy Development Plan 2018–2037 (AEDP2018) of the Ministry of Energy, Thailand [3], encourages investments in renewable energy projects in Thailand. This plan targets replacing fossil fuels with renewable energy by as much 30% in the final energy consumption. This is equivalent to 38,284 kilotonnes of oil equivalent (ktoe), resulting in a greenhouse gas emission reduction of approximately 140 million tons of carbon dioxide equivalent (tCO2e) by the year 2037. To achieve this target, the AEDP has defined three main strategies: (1) preparation of raw materials and renewable energy technologies (i.e., local production and manufacturing of renewable energy technology), (2) increasing renewable energy production, utilization, and market potential, and (3) creating awareness and providing access to knowledge and understanding of renewable energy. The target power capacity set by the AEDP is 12,139 MW for solar energy and 2989 MW for wind energy by 2037.



In 2019, the installed capacity of solar PV systems as reported by the Department of Alternative Energy Development and Efficiency (DEDE) was 2982 MW, which is about 24.57% of the 12,139 MW target by 2037 [4]. About 95% of the installations were ground-mounted utility-scale PV systems, of which 92% have signed a PPA (Power Purchase Agreement).



The future trend for solar PV systems is towards rooftop PV systems due to the continued reduction of solar PV costs and the more simplified administrative procedures for the installation of rooftop PV systems. Thus, the government has undertaken policies to eliminate various barriers to solar PV development such as supporting the change in installation and operation scheme for PV systems from self-consumption to energy trading, adapting the one-stop service for administrative licensing services, and liberalizing solar PV installation (i.e., liberalizing Thailand electricity retail market to support implementation of solar PV systems). The new government policy is based on the projection that high penetration of rooftop PV systems in the residential, commercial, and industrial sectors in the near future is inevitable.



According to the European Association for Storage of Energy (EASE) and European Energy Research Alliance (EERA) summary reports, with the adoption of the concept of incremental Variable Renewable Energy (VRE) to increase the penetration of rooftop PV systems, and with more energy storage technologies becoming available, PV systems are being used in a wider range of applications and are playing an increasing and important role in the electricity sector [5]. Additionally, the demand side management of other energy source units and thermal storage are important parts of power system flexibility [6].



However, in recent years, an increasing number of PV rooftop systems have been widely interconnected with the PEA Low Voltage (LV) distribution network, causing several problems. These include reversed power flow, voltage regulation, and power losses. The Provincial Electricity Authority (PEA) is the national electric distribution network of Thailand maintaining and ensuring the reliability and stability of the power distribution system to assure a continuous and efficient electricity supply to over 20 million customers, accounting for about 80% of the electricity meter number of the country. One of the solutions that the PEA is studying is to install BESS to mitigate the effects of PV rooftops as well as to maintain the reliability and stability of the distribution system.



There are already research studies analyzing the technical impacts of the application of PV rooftops together with energy storage systems [5,7,8,9,10,11,12,13,14,15,16,17,18,19]. Several of these studies implemented linear and nonlinear programming techniques [7,8,9,15] and genetic algorithm [9,13,15,19] to optimize the use of BESS as a solution. These quantitative analytical methods were complex and time-consuming. Moreover, they required an adequate number of input parameters and a specific software such as MATLAB to figure out solutions.



This study was thus conducted to develop a simpler analytical method to analyze the technical impacts of increasing penetration of PV systems and to determine how using BESS could eliminate or minimize the adverse impacts, particularly in the grid voltage profile. The more simplified and less time-consuming tool for finding results of this study was bisection method, and it was chosen to conduct simulation studies to determine BESS sizes and locations for the different scenarios.



1.1. Study Objective and Approach


This study aimed to develop a model, an algorithm using the bisection method, and to determine the optimal size and location of BESS. The algorithm was used to examine and simulate different scenarios that the grid may be subjected to such as seasonal changes (summer/winter) and load conditions (weekends/weekdays). Kumar et al. [20] also apply the bisection method to determine the optimum capacity of BESS in the electric vehicle charging station at each location and the requirement of PV capacity to charge the BESS. The study was conducted in various PV profiles and load profiles of different seasons, such as winter, spring, rainy reason, and summer, including traffic flow during the weekdays and weekends.



The present study started with an analysis of the technical problems resulting from increasing PV penetration of the grid. This study then determined solutions through the proper sizing and siting of the BESS using the model developed by this study in order to maintain the grid voltage profile within the limits of the PEA standards.



A representative PEA LV network was selected for the study, and its load profile from the Supervisory Control and Data Acquisition (SCADA) and Geographical Information System (GIS) database were synthesized and applied in the model to analyze various scenarios. The possible BESS types and characteristics (size and siting) for the various scenarios were identified and analyzed.



The Simplified Bisection Method [20,21,22] was used to conduct simulation studies to determine BESS sizes and locations for the different scenarios. The study used this bisection method since it was a more simplified and less time-consuming tool for finding appropriate BESS solutions. The DIgSILENT power factory with DPL script and Python were the tools used in this study. Using this tool, the optimal size and the location of a BESS in a LV distribution network, based on PEA standards, were determined and analyzed.




1.2. Literature Review


The literature review showed that high PV or VRE penetration greatly influences the operation of Medium Voltage (MV) and LV distribution networks, and there were many different solutions that could be considered to decrease its impacts (Table 1). BESS was the technique that was mostly introduced to solve the challenges resulting from high PV penetration such as voltage regulation, peak load shifting, harmonics, and reverse power flow.



Many research studies were also conducted to develop a Battery Management System (BMS) and modern operation control modes for BESS to maximize the advantages of BESS. Solutions for supporting PV penetration in a LV distribution network and optimization methods for BESS placement and sizing to increase the network threshold and reduce the technical problems associated with cost–benefit consideration were considered [23,24].



Habib et al. [7] showed the benefits of the optimal scheduling using an optimization based on residential customer scheduling using a MILP (Mixed-Integer Linear Programming) to increase the reliability of power delivery for subsystem customers during grid blackouts or emergency islanded operation. The isolated and interconnected cases were also studied in the presence of a local and centralized Energy Storage System (ESS). The proposed optimization method was able to determine the optimal ESS size, the daily initial State of Charge (SOC), and the charge/discharge schedule of the ESS for both the isolated and the connected cases. The final SOC in this paper was equal to the ESS name plate capacity. In order to maintain ESS health, the deep discharge cycle control was between 0.1–0.9. This paper showed that, despite the variability and intermittency of PV power generation, an ESS can substantially improve electric power reliability by almost four times compared with the situation without a centralized ESS. The centralized ESS strategy resulted in a smaller-sized ESS with higher solar utilization and higher percentage of the load met. With an ESS, residential customers with oversized PV systems fared better when the system remained disconnected. However, the investments in ESS capacity for the entire subsystem almost doubled. Therefore, it can be concluded that the interconnected centralized ESS strategy was preferred, as it supplied 100% of the load for a smaller capital investment in ESS.



Dominguez, O. D. M. et al. [8] studied on optimization of location and sizes based on a planning framework that optimized the location and size of renewable Distributed Generation (DG), Capacitor Banks (CB), and ESS to ensure the quality of the supplied energy and avoid technical and environmental violations. The proposed model used a Mixed-Integer Nonlinear Programming (MINLP), which was recast to a MILP using A Modeling Language for Mathematical Programming (AMPL). The results of the test system under three different conditions showed the effectiveness of the proposed model in decreasing the operating cost, reducing the emissions, and improving the voltage profile. That the ESSs were enhancing the operation of Electrical Distribution Systems (EDS) was undeniable, while the renewable energy generation played a fundamental role in reaching the future energy supply targets and addressing environmental concerns.



Babacan, O. et al. [9] explored the appropriation question of BESS in power distribution systems for voltage mitigation reduction under conditions of high PV penetration in networks. This study used a Genetic Algorithm (GA) base bi-level optimization method to reduce the voltage fluctuation by deploying BESS to the permitted nodes with consideration of the capital, land-of-use and installation costs using a qualitative cost model. A Linear Programming (LP) routine was used to determine each BESS operation. The results showed consistent decisions that appeared to be generally optimal under varying sizing costs, siting costs and PV penetrations.



Ma, Y. et al. [10] proposed a novel probabilistic framework to study the impact of a PV-battery system on low voltage distribution networks by using the Monte Carlo (MC) simulation. The simulation included the synthetic demand and PV profile from a smart meter and the Home Energy Management (HEM) decisions for battery scheduling optimization. The simulation results showed that the battery was able to mitigate the technical problem induced by PV generation. However, with an uncoordinated battery scheduling, the benefits were limited.



M. Zeraati et al. [11] proposed the distributed control strategy for BESS to manage voltage problems in the distribution network during the peak PV generation and the voltage drop, while meeting the peak load. The proposed strategy combined the local droop-based control method and a distributed control scheme to control the battery storage charge/discharge to ensure the voltage feeder remained within the allowed limits. The main function of the BESS was to support the voltage rise and drop. The test results verified that the control strategy kept the voltage in the network within the allowed limits during daily operations. The power sharing among BESS systems was automatically established according to the SOC and the installed capacity of batteries.



Marra, F. et al. [12] proposed energy storage options to support voltage quality in residential low voltage grids with high shares of PV generation. The three different concepts to install energy storage investigated were (1) a Centralized Storage (CS) at the feeder node, (2) a Distributed Storage (DS) at the PV location in the feeder, and (3) a combination of CS and DS storage with reactive power. The results showed that the DS concept can provide voltage support and secure voltage quality with relatively small power. The CS option showed that the power/energy of storage was minimized when installed at the end of the feeder. The last option was the combination of CS and DS with reactive power methods at the PV interface. With all PV inverters consuming reactive power with a constant power factor at 0.95, the storage power and energy levels were significantly reduced in both concepts of DS and CS.



Khaboot, N. et al. [13] analyzed a methodology to increase the PV penetration level in a practical LV distribution network through the implementation of BESS. The optimal siting, sizing, and operation of BESS were determined with the objective of maximizing the total Net Present Value (NPV). The GA was performed to solve the optimization problem. The simulation results showed that the suitable PV penetration level of this specific system was 130%. It was also found that the proposed optimal operation of BESS can totally flatten the load profile. The findings can be utilized for increasing the PV penetration level in the LV distribution system.



Katsanevakis, M. et al. [14] examined the introduction of a new droop control for ESS dispatch commands generation. The droop characteristic generated the ESS dispatch commands as a function of the power surplus at the substation transformer. The ESS with the new droop control proposed to increase the level of PV penetration in LV distribution networks for the most economical solution in terms of ESS placement and sizing. Simulation results revealed that both proposed control modes maintained a suitable grid operation for 70% PV penetration. Additionally, the study showed that an ESS located in the LV network performed some positive functions, including load management, peak load levelling, and voltage support.



Jannesar, M. R. et al. [15] analyzed the optimization of BESS sitting, sizing and daily charge/discharge characteristic to mitigate PV penetration in LV network. The idea was that the local BESS was charged during the surplus production from PV and discharged when customers’ demand increased. In this study, optimal placement, sizing, and daily charge/discharge of BESS were performed based on a cost function that included energy arbitrage, environmental emission, energy losses, transmission access fee, as well as capital and maintenance costs of BESS. DIgSILENT and MATLAB were used to carry out all simulations. The results showed that the proposed approach was able to reduce overvoltage and energy losses, prevent the reverse power flow, decrease the environmental emission, and maximize economic profit.



Yang, Y. et al. [16] studied a strategy on how to size the distributed BESS to manage voltage regulation and peak load shaving due to high PV penetration. The distributed BESS was applied to voltage regulation and peak load shaving. The proposed method examined the objective to optimize BESS size and conduct the cost–benefit analysis. The development of the system model, including a physical battery model, and a voltage regulation and peak load shaving-oriented energy management system (EMS), was applied to the proposed strategy. The results showed that the method was able to determine the size of distributed BESS being appropriate to PV penetration level based on cost and benefit factors.



Teja, S. C. and Yemula, P. K. [17] developed an algorithm for an energy management system between PV rooftop and batteries to manipulate a grid connected PV rooftop system and battery in order to minimize the power drawn from the grid during high grid prices. The challenges of intermittency of sources, time of the day prices, sizing of solar panels and battery, and the limitation of charging and discharging rates of the battery were presented as energy management concepts. Realistic demand and solar generation patterns for 30-day data were tested and compared with the coded MATLAB data. The results showed effective savings on monthly electricity bills. The optimal selection of the number of solar panels and battery size was also presented.



Bianco, G. et al. [18] presented a study on a DG project of a Distribution System Operator (DSO) company in Italy. The original design of this distribution network is radial and does not consider for interconnection any other generator with a significant capacity. In this type of feeder (radial), the power flows in one direction from a single source to the loads. The penetration of DG into the feeder can cause a reverse flow. This reverse flow violates the basis of “radial design” and has a significant effect on the operation of the feeder and especially on system protection and voltage regulation. BESS was installed in this project to mitigate intermittency in VRE generation. Fast BESS was installed in the MV busbar of three different HV/MV substations, which were used to reduce the variability of the power flow in the parts of the network with high penetration of VRE. BESS was used for DG dispatching to control energy exchanger profiles rather than voltage regulation in this case.



Carpinelli, G. et al. [19] proposed the optimal allocation for the siting and sizing of distributed electrical ESS in unbalanced electrical distribution systems. This paper formulated a mixed, non-linear, constrained minimization problem. The problem is complex from the computational point to guarantee reasonable accuracy. Although the computational efforts are limited, a new approach based on a Simultaneous Perturbation Stochastic Approximation (SPSA) method and on an innovative inner algorithm allowed the quick carrying out of the daily scheduling (charging/discharging) of the electrical ESS. The results clearly showed the feasibility and demonstrated the effectiveness of the procedure in terms of computational time effort, while preserving the accuracy of the solution. The obtained results were also compared with the results of a GA and of an exhaustive procedure.



There have been limited studies on solar PV penetration impacts of voltage regulation on realistic network data, load characteristic and solar power potential in the PEA low voltage network environment. The basic numerical method and less simulation time-consuming techniques to size the battery storage need to be implemented in order to expand and repeat such studies for PEA networks. Therefore, studies need to be undertaken to determine the best practices for solar PV rooftop systems and BESS in PEA LV distribution networks using actual case studies from the PEA.





2. Materials and Methods


The LV network selected for this study was a PEA network located in the central area of Thailand, which was the most crowded area of the national distribution network in terms of having high customer loads and solar PV rooftop installations. This network, with data exported from GIS, was modelled using the “DIgSILENT PowerFactory” software, which is well-known for power system analysis [25]. DIgSILENT Programming Language (DPL) scripts and Python programming language were applied to the simulation due to the diversity of scenarios and variability of the factors investigated.



2.1. PEA Network Components, Network Constraints, Loads and Solar PV Profiles


	
Network components






The network selected for this study, comprised of 88 customers in two main feeders under a common distribution transformer, account for 160 kVA capacity at 22 kV/400 V (see Figure 1). The network components are presented in Table 2 and Table 3. The network represents the residential characteristics of typical villages that are mostly found across the country.



	
Network constraints






The PEA regulations on power network system interconnection, under the “PEA Grid Code B.E.2016,” limits to 15% the distribution transformer capacity for Distributed Generation (DG) connection in low voltage networks [26,27]. In this investigation of the tolerance of the distribution transformer, this limitation was excluded, and the tolerance was exceeded with the implementation of the BESS.



Loss was also not taken into consideration as this was a study for a small low voltage network. This research investigated a DG (i.e., a rooftop PV) with a capacity of lower than 5 kW connected to a single-phase distribution system, in accordance with PEA Grid Code. The PEA voltage regulation standard, which defines 220 ± 10% V (0.90–1.10 p.u.) as standard voltage level in normal state [26,27], was adjusted to 220 ± 5% V 215 (0.95–1.05 p.u.) due to safety considerations in utilizing the BESS.



	
Load and solar PV generation profiles






The general objective of this study was to examine how the implementation of BESS can solve the voltage regulation problem. The study involved the analysis of the load and solar PV generation profiles during weekdays and weekends in both the summer and winter seasons. Summer is from March to May, and winter is from November to January. Although Thailand is a tropical country, it has defined the following three seasons: summer, winter, and rainy seasons. The study selected cases under the 24 h/day cycle. Each case represented different network system characteristics.



The study focused on the summer season because solar PV systems have the maximum power generation during this time as this is the period of high solar irradiance in the country. However, the winter season was also considered since even if the solar irradiance is moderate during this period, the solar PV systems are operating at lower temperatures, and the generation can still be high. The rainy season was not included as it is that period when a solar PV system produces the lowest power and thus has the least effect on the network system.



The conditions in both working- and off-days were considered in this study to cover all possible situations. Realistic load profiles under different conditions were collected from the residential meter data from the PEA GIS database (see Figure 2). The solar PV generation profiles for summer and winter were recorded by a weather station located in the central part of Thailand. The overall maximum load was approximately 71.15 kW.



Kitworawut, P. and Ketjoy, N. [28] investigated previously the installation of PV rooftop systems, with varying sizes (i.e., 1-, 2-, 3-, 4- and 5-kW systems), for different extents of customer penetration (from 10% to 100%). The study focused on weekday and weekend operations and for both summer and winter periods. The results showed that the worst-case “energy supply-demand situation” was the case of PV systems generating the maximum power, while the demand of the network was at the minimum requirement.



This worst-case energy supply–demand situation was then considered in this research, focusing on a network with 5 kW solar rooftop PV systems and where there was complete customer penetration (i.e., 100% penetration) of the grid. The maximum total installed capacity of the solar PV systems was approximately 440 kWp. In this worst-case situation, the total solar PV power generation exceeded the total consumption causing voltage profile problem in the network.



	
Focus points of the grid network studies






This study analyzed the grid voltage profile on the following focus points: the transformer bus, the end of feeder 1 (F1–4), and the end of feeder 2 (F2–11), as these could provide indicators of low stability (see Figure 1). Figure 3, Figure 4, Figure 5 and Figure 6 show the voltage profile at the three study focus points in the network under the four scenarios considered in this study. The voltage profiles at the end of the feeders exceeded by over 5% the standard limit (1.05 p.u.) set by the PEA. The reasons for voltage profile changes were due to the energy supply from PV and demand situation of weekdays and weekends in both the summer and winter seasons, including network conditions and constraints of this study mentioned earlier.




2.2. Scenarios for the Simulation Studies Using the Model


The case study was conducted for four scenarios as presented in Table 4. As mentioned earlier, the study focused on the summer season because solar PV systems have the maximum power generation during this time as this is the period of high solar irradiance in the country. The winter season was also considered since, even if the solar irradiance is moderate during this period, the solar PV system is operating at lower temperatures, and the generation can still be high. Then, the conditions in both working-days (weekdays) and off-days (weekends) were considered in this study to cover all possible electricity supply–demand situations. The sizes of the BESSs and their location at three different points, namely the transformer bus (TR bus), end of feeder 1 (F1–4), and end of feed 2 (F2–11), were then studied for the four scenarios as shown in Table 4.



Table 4 shows the maximum voltage value (p.u.) at the transformer bus and the ends of Feeders 1 and 2. It is apparent that the ends of the feeders, which are far from the transformer supply and high solar PV generation, have a voltage profile problem. This situation occurred when the PV generator were connected, and power was injected into the distribution network; the connection point voltage increased, and the voltage profile was then no longer within the acceptable limits. At every scenario, the end of Feeder 2 seemed to have more problems with regard to the voltage profile when compared with Feeder 1. The reason was because of the unbalanced load along Feeder 2. There was load scattering compared with Feeder 1 (see Figure 1). The first group of loads was from F2–1 to F2–6, while the other group was located at end of the feeder (from F2–9 to F2–11) area. During summer, when the solar PV generation was strongest, and on the daytime of weekdays when the demand was lowest, the maximum excess voltage at 1.0902 p.u. was understandable.




2.3. Description of the Model—Bisection Method and Sizing Algorithm for Optimization of BESS


According to [21]: “The bisection method is a numerical method that is formulated to find a root of an equation such that f(x) = 0. The root of an equation is in (a, b), when f is continuous on the interval [a, b] and values a, b is found that f(a) and f(b) have opposite signs. The bisection method will separate half an interval and replace it with either the other or one half, and then it is nearby to the root”. The bisection method is a procedure to search for a solution for a non-linear equation with logarithmic time complexity. Hence, the computational efficiency can be expressed as less time-consuming because of this logarithm time. Nevertheless, with strategic and comprehensive problem formulation, it can convert an optimization problem such that a derived estimator can be solved using the bisection procedure with an exact general solution [29].



This method was applied to figure out the optimal capacity of battery power and energy according to the technical conditions. The algorithm to calculate the battery size is explained in Figure 7.




2.4. Description of the Simulation Studies


Many types of BESS technology have been introduced for utility grid applications. Each technology provides a different type of behavior such as electrochemical properties (i.e., energy and power density), performance, and cost of installation per energy and power [19]. The criteria to be considered for the BESS should include high conversion efficiency, high power and energy density, as well as high power and energy rating, and fast response time [30]. Li-ion batteries were considered in this study due to their technical criteria such as a high efficiency, power and energy density, and rating including fast response time. Moreover, Li-ion batteries are maintenance-free and applicable for utility-scale use and high renewable energy penetration. However, the cost of Li-ion batteries is still an issue for applying this technology in grid applications. To limit the scope of this study, which focused on technical aspects, an economic analysis such as a cost benefit analysis will be a future work.



The first step in the simulation studies was to consider the active power profile (Equation (1)) excess from solar PV rooftop generating backward to the distribution transformer.


P profile = V × I × cos θ



(1)







The area of inverse P profile implied the expected maximum capacity of a battery that stored the full excess power from the PV modules of the system. This is the starting capacity of the battery before the calculations (see Figure 8). At the focused buses, the reactive power profile (Equation (2)) was determined by a simulation that kept a constant voltage profile of 1 p.u.


Q profile = V × I × sin θ



(2)







The bisection method was considered with the parameters P and Q, and set the boundary of BESS capacity between 0.01 and the maximum excess energy from solar PV (kWh_max or ESS size). The BESS state of charge (SOC) in the range of 20–80%, which is the typical utilization interval of BESS, was calculated to find out the BESS optimal capacity (kWh). The SOC of BESS was initialized at 50% of maximum ESS size (in kWh) in order to narrow the range of the BESS size for calculation and to reduce the simulated iteration. The BESS sizing was the area of P profile at a 1 h time step within 24 h as shown in Equation (3).


   BESS   size      kWh _ max   =   ∫  0 T  P  t   dt   where   P  < 0 ,   T = 24   h  



(3)







For each iteration, the SOC was compared with its limit (20–80%) and then adjusted by tuning the values. If SOC was below 20%, that meant it was over discharged, so it was adjusted to 110% to raise its capacity. On the other hand, the capacity was lowered to 90% when SOC was higher than 80% for 4 h to downsize the BESS. The BESS power (kW) was determined by the apparent power (S) profile calculation as shown in Equation (4). The optimal rated power of BESS was equal to or larger than maximum S (S_max) profile to supply peak power to the load or to absorb peak power from PV (Figure 8).


  S  max    ( kW _ max ) =    P 2  +  Q 2     



(4)







The PV rooftop model is the simplest system model. The inverter model is simply equal to the nominal PV array power. The energy available to the grid (Epv-grid) is what is produced by the array and reduced by inverter losses as shown in Equation (5).


Epv-grid = EA ηinv



(5)






EA = ηA(S × A)



(6)







EA is the array energy available to the load (kWh/day). ηinv is the inverter efficiency. ηA is the overall array efficiency. S is solar radiation (kWh/m2·day). A is the area of the array (m2).



In this simulation, the BESS operated as a synchronous generator. This study considered the overall efficiency of BESS including: the battery, battery management system and cooling system, and power conversion system (PCS), which was set to either the power factor control mode or the voltage control mode, depending on the simulation criteria that were obtained through modelling using the DIgSILENT power factory software.


EBESS = Egrid ηpcs



(7)







EBESS is the BESS capacity (kWh). Egrid is the grid energy (kWh). ηpcs is the power conversion system efficiency. The different scenarios were simulated with power flow and voltage level at the points of consideration in DIgSILENT. The DPL script and Python programming were used for looping with the change of variables.




2.5. Limitation of the Simulation Studies


There are other key factors that need to be undertaken to make a full evaluation. Maintenance-free and applicable for utility-scale use in high renewable energy penetration should also be taken into account in doing a full evaluation. Other considerations include commercial availability. However, in this study, the only factors considered were BESS sizing and its siting in the grid network. Economics analysis, which is significantly affected by government policies that still remain uncertain, was not considered.





3. Results and Discussions


Simulation studies of scenarios were conducted to find out the impact of the BESS installation in maintaining the grid voltage when the grid voltage rose because active power was fed into the grid by a PV system. The results of the simulation studies showed that the algorithm selected in this study could be used to determine the suitable BESS size for each scenario. The locations of battery installation were determined using either DS or CS criteria. As previously mentioned, the points considered for siting the BESS were at F1–4, F2–11, and the TR bus. The simulation studies showed that the configuration of the BESS determined by the algorithm could maintain the voltage profile and manage the excess power from the solar PV system within the limits set by the PEA code. The results were determined by measuring technical parameters, such as the grid voltage, in the chosen LV network. Table 5 shows the optimal battery storage size and location for each scenario. The simulation study demonstrated the best practice for implementing BESS in solving the voltage rise problem. Each scenario is discussed in detail in the following sub-sections.



3.1. Scenario 1 (Summer/Weekends)


The simulation study results for Scenario 1 (operations on weekends during summer) are presented in Figure 9, where the voltage profiles for BESS sited at TR bus, F1–4, and F2–11 are shown in separate graphs.



The voltage profile could be managed within the 5% limitation by its charge/discharge and P, Q control, whether the BESS was installed at the TR bus, or at the feeders (F1–4 or F2–11). The optimal size of the BESS when installed at the TR bus was 542.5 kWh/407.0 kW. For installation at F1–4/F2–11, the suitable battery capacity was 264.8 kWh/196.3 kW at F1–4. At F2–11, the suitable battery capacity was 280.4 kWh/184.9 kW (see Table 5).



The voltage profiles in Figure 9a,b show that a Decentralized Storage (DS) installation of BESS at the end of individual feeder could not support the voltage level along the network due to the network characteristic and load location. When the battery storage was installed at F1–4, the voltage level at F2–11 was still high and vice versa.



When the BESS was installed at F1–4, the grid voltage was constant at about 1.000 p.u. At the TR bus, the grid voltage rose to a maximum of about 1.022 p.u. At F2–11, the grid voltage rose to a maximum value of about 1.090 p.u. that was over the limit. During nighttime, when there was no PV power production, the grid voltage dropped to the lowest at about 0.980 p.u., at the busbar of F2–11 (Figure 9a).



Figure 9b shows that when the BESS was installed at F2–11, the grid voltage was constant at about 1.000 p.u. The grid voltage profile behavior was the inverse of the behavior of the voltage profile of the previous installation that was located at F1–4. It rose to a maximum voltage of about 1.075 p.u., which was above the limit and then dropped to a minimum voltage of about 0.980 p.u. in the nighttime. At the TR bus, the grid voltage rose to a maximum of about 1.040 p.u. The maximum grid voltage, at the TR bus, was higher by about 2% compared with Figure 9a. This was reasonable due to the lower load demand of feeder 2 (lower customer 5% and shorten feeder 17%).



However, with a Centralized Storage (CS), the voltage level was controlled within the limit consistent with values found in the literature [7,8,12,13,14,18] as shown in Figure 9c. It was found that, with the BESS, the active/reactive power and the voltage level were controlled within the range required. When the BESS was at the TR bus, the grid voltage was constant at about 0.980 p.u. for the whole day. At F1–4, the grid voltage rose to a maximum of about 1.018 p.u. At the F2–11, the grid voltage rose to a maximum of about 1.045 p.u.



The grid voltage level was maintained within the range by installing the DS at the end of individual feeder. This is also in line with the findings cited in the references [7,9,10,11,12,15,16,17,19], as presented in Figure 9d. When at the TR bus, the grid voltage rose to a maximum of about 1.030 p.u. during the daytime, while when at F1–4 and F2–11, the grid voltage remained stable at about 1.000 p.u. for the whole day (Figure 9d, the brown line of F1–4 was cover with the orange line of F2–11). Generally, the different methods and control strategies used in the previous studies were additionally implemented to increase the preciseness and accuracy of the BESS solutions [7,8,9,10,11,12,13,14,15,16,17,18,19].




3.2. Scenario 2 (Summer/Weekdays)


The installation of BESS, in either CS or DS mode, could efficiently support voltage regulation or management along the network, but the capacity and power of the BESS could be different, depending on the excess solar PV power generation.



Under the simulation studies for Scenario 2 (operations on weekdays during summer), the size of BESS installed at the TR bus was 513.5 kWh/407.0 kW. This was suitable for the voltage profile support for this scenario. However, the voltage profile problem was also manageable when the BESS was installed at the end of each feeder. The BESS installed was a 253.8 kWh/197.4 kW battery at F1–4 and a 264.8 kWh/186.0 MW battery at F2–11 (see Table 5). The results of the voltage profiles for this scenario are shown in Figure 10.



The voltage behavior of each case in Scenario 2 was consistent with that of Scenario 1 (summer/weekends scenario). According to Figure 3 and Figure 4, these graphs show that the voltage profiles of both cases were almost similar, and there was no significant difference between Scenarios 1 and 2. Based on the sizes of the BESS shown on Table 6, the average difference in the BESS energy content (kWh) was about 5%, and there was no significant variation in power (kW) for both CS and DS installations. Thus, the voltage profile was maintained within the limits.



A greater energy capacity was required for Scenario 1 due to the higher demand of customers on weekends. This was generally caused by the residential load profile when people stayed at home during this time, leading to more energy consumption compared with weekdays. The capacity (kWh) to power (kW) ratio of BESS could also be determined. The CS capacity to power ratio was about 5.0:4.0, and, for the DS, it was about 2.5:2.0. Hence, as determined in this case study, two units of BESS at end of either feeders were equivalent to a single unit of BESS at the TR bus.




3.3. Scenario 3 (Winter/Weekends)


Under the simulation studies for Scenario 3 (operations on weekends during winter), the optimal capacity (capacity to power ratio) of the BESS that prevented voltage rise in the whole network was 469.6 kWh/302.3 kW when the BESS was installed at the TR bus. To maintain the grid voltage within the limits, the optimum battery capacity was 224.9 kWh/142.8 kW when installed at F1–4, and was 240.4 kWh/134.5 kW when installed at F2–11 (see Table 5). Thus, the BESS required the maximum power to compensate for that high voltage level. There were simulations of the dynamic load flow for 24 h, and all points of the grid voltage profile for the whole day were considered. The results are presented in Figure 11.



Figure 11a presents the grid voltage profile of the LV network under Scenario 3 where the BESS was installed at F1–4; the grid voltage rose to a maximum of about 1.000 p.u. Compared at the TR Bus, the grid voltage rose to maximum of 1.020 p.u.; and at F1–4, the grid voltage rose to a maximum 1.070 p.u. During the nighttime when there was no PV power production, the grid voltage dropped to its lowest at about 0.990 p.u. at the busbar F2–11.



Figure 11b shows a BESS installed at F2–11, where the grid voltage was constant at about 1.000 p.u. The grid voltage profile behavior was inverse compared with that at the previous location of the installation. At F1–4, the voltage rose to a maximum of about 1.055 p.u., which was above the limit, while the lowest voltage was about 0.985 p.u., occurring in nighttime. At the TR bus, the maximum grid voltage was about 1.030 p.u. At F1–4, the maximum grid voltage was higher than the limit by only 0.5%. This can be assumed to be not a significant voltage profile problem. In this scenario (winter/weekends), it was determined that a BESS installed only at F2–11 (237.4 kWh, 130.2 kW) had enough capability to eliminate the voltage problem for this network. This was consistent with the load profile behavior during the winter season when both the ambient temperature and solar radiation were lower compared with summer, referring again to Figure 2. From the characteristic of the weekend voltage profile patterns presented in Figure 5 and Table 4, the lower maximum was about 1.0671. The BESS at the TR bus and at the end of F1–4 and F2–11 had similar results to the previous scenario.




3.4. Scenario 4 (Winter/Weekdays)


For this scenario (weekday operations on winter), the simulation studied a BESS of the size 382.1 kWh/310.0 kW installed at TR bus. A BESS of the size of 185.1 kWh/153.9 kW was installed at F1–4, and a BESS of the size 195.3 kWh/177.8 kW was installed at F2–11 (see Table 5). This scenario showed the case for the smallest BESS power capacity due to lower solar PV generation during winter and lesser load consumption on weekdays. The voltage profiles after BESS installation are shown in Figure 12. BESS at the end of both F1–4 and F2–11 presented ideal voltage profiles for the whole day operation, especially in daytime because of the optimization of load demand for solar power generation.



From the BESS sizes shown in Table 7, to maintain the voltage profile within limits for DS installation, the average difference in percent between Scenarios 3 and 4 for the BESS capacity value (kWh) was about 20% and about 8% for power (kW). There was also about 20% difference in capacity for CS installation at TR, but only 2.5% of BESS power difference was required. This confirmed the difference in energy demand between weekends and weekdays during the winter season. The capacity-to-power ratio of DS was about 2.0:1.5 and 4.0:3.0 for CS. This was similar to the summer season scenario, where two units of BESS at the end of both feeders were equivalent to a single unit of BESS at the TR bus, as found in this case study.



The results of the simulation studies demonstrated that the “Bisection method and sizing algorithm for optimization of BESS solution” can bring out appropriate solutions for every scenario. This is consistent with Kumar et al. [20], mentioned in Section 1.1, who also used the bisection method to meet the estimation of BESS capacity in their study.



The application of P, Q control in BESS, in accordance with charge/discharge operation, kept the voltage profile within the limits. However, the individual BESS installation at the end of each feeder was not able to manage the voltage rise across to another side. This is because the transformer bus, which was implied as an external source, absorbed the power flowing from the PV in the individual feeder. As such, the voltage at the end of another feeder was still high. On the other hand, the BESS at the end of the feeder absorbed the excess power from PV and varied the reactive power (Q) along the feeder that supported the power and voltage levels within limits. Therefore, the best cases for BESS installation were either at the end of individual feeder near where the voltage rise occurred, or at the transformer bus.



The optimal size of the BESS can be expressed by the sizing ratio approach. The relationship between the BESS capacity (kWh) and power (kW) can be plotted using data from Table 6 and Table 7 (Figure 13). In this study, a ratio of capacity 5.0 kWh to power 4.0 kW with a CS installed at the TR bus supported every scenario (red dashed lines). On the other hand, a BESS sizing ratio of capacity 2.5 kWh to power 2.0 kW installed at F1–4 and F2–11 was the best option for DS (blue dashed lines).



The size of a BESS installed at the beginning transformer was about twice the size of individually installed batteries (DS) at the end of each feeder. The sizing ratio of the BESS (capacity-to-power) was a linear relation (Figure 13) and can be applied to estimate the size of batteries for other PEA networks that have similar conditions.



Bianco, G. et al. [18] reported that “…BESS dispatching service strategy is possible to mitigate intermittent VRE generation rather than to use only voltage regulation, by association with the system load forecast and energy exchange profile. When BESS is implemented, there are many issues that should be considered compared to theoretical simulation”. The results in Table 7 show that the commercial BESS products available in the market can be selected by sizing in terms of capacity (kWh) to power (kW) ratio, as this brings out over- or under-sizing. However, what type of BESS to use becomes the next question. Carpinelli, G. et al. [19] addressed in their study that there is the need for an economic study to back up the technical decisions. Thus, future studies will be conducting an analysis of the cost of BESS in addressing the problem of controlling or managing the grid voltage in exchange for the benefits of PV energy generation.





4. Conclusions


The installation of BESS can help to prevent grid voltage profile problems due to the increasing penetration of solar PV generation in low voltage distribution networks. This study proposed and demonstrated the use of an algorithm to determine the optimal battery size and location that can keep the voltage levels within limits.



The algorithm can be used to control the voltage level at 1 p.u. by controlling Q at the focus point and to determine the size of the battery capacity by considering the excess power generation from the solar PV and the Q profile with the battery at SOC working level. The bisection method implemented in this study is basically a numerical method and is a less simulation time-consuming technique. This method is simply a program that varies the constraints and is comparable to linear programming [7,8,9,15] or other optimization algorithms [9,13,15]. Therefore, this method can be practically implemented to preliminarily assess the battery storage system installation in other cases of PEA networks with less effort.



The results of the simulations conducted in this study showed that the best practice to solving voltage rise using a BESS installation was either to install a centralized storage (CS) BESS at the initial distribution transformer or a distributed storage (DS) at the end of the feeders. The size of the BESS installed at the beginning transformer was almost twice the size of individual installed batteries at the end of each feeder. The simulation showed that the highest size of the BESS needed was for the case of the summer/weekend scenario when excess solar PV generation was the highest, and the number of load characteristics was also high. The sizing ratio of BESS, given as the ratio between capacity (kWh) and power (kW), has a linear relation. This can be a simple option to determine the size of the battery in other PEA areas that have a similar network environment.



Finally, the other factors, such as possible installation area, appropriate battery cost in the case of separated small-sized batteries versus big-sized ones, and the number of customers who are willing to participate in the project, should be taken into consideration in conducting a full battery storage system investment evaluation.
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Figure 1. Studied low voltage distribution network (transformer 160 kVA, 22 kV/400 V, 88 customers in two main feeders F1–4 and F2–11). 
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Figure 2. Normalized load and solar PV profile. 
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Figure 3. Summer/weekend with 5 kW PV rooftop. 
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Figure 4. Summer/weekday with 5 kW PV rooftop. 
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Figure 5. Winter/weekend with 5 kW PV rooftop. 






Figure 5. Winter/weekend with 5 kW PV rooftop.



[image: Energies 16 02469 g005]







[image: Energies 16 02469 g006 550] 





Figure 6. Winter/weekday with 5 kW PV rooftop. 






Figure 6. Winter/weekday with 5 kW PV rooftop.



[image: Energies 16 02469 g006]







[image: Energies 16 02469 g007 550] 





Figure 7. Battery sizing algorithm. 
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Figure 8. Battery capacity calculation process. 
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Figure 9. Scenario 1 voltage profile after BESS installation at (a) F1–4; (b) F2–11; (c) TR bus and (d) F1–4 and F2–11. 
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Figure 10. Scenario 2 voltage profile after BESS installation at (a) F1–4; (b) F2–11; (c) TR bus and (d) F1–4 and F2–11. 
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Figure 11. Scenario 3 voltage profile after BESS installation at (a) F1–4; (b) F2–11; (c) TR bus and (d) F1–4 and F2–11. 
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Figure 12. Scenario 4 voltage profile after BESS installation at (a) F1–4; (b) F2–11; (c) TR bus and (d) F1–4 and F2–11. 
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Figure 13. BESS energy (kWh) and power (kW) sizing ratio. 
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Table 1. Overview of BESS application in LV network PV penetration.
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	Ref
	Max PV/VRE%
	Limiting Factor
	Siting Concept
	Method
	Network Characteristics
	Objectives





	[7]
	40% of average load
	Voltage
	DS 1/CS 2
	Simulation: scheduling based on MILP
	Radial (10 residential PV rooftop)
	Increase the reliability



	[8]
	-
	Voltage

(1.05–0.95 p.u.)
	CS
	Simulation: planning framework on MINLP, MILP implemented in the mathematical language AMPL
	Radial (135-node)
	Power quality and economic view



	[9]
	10–50% of load
	Voltage (1.00 p.u.)
	DS
	Simulation: GA base bi-level and LP
	Radial (IEEE 8500-Node test feeder)
	Voltage regulation and economic view



	[10]
	50–100% of load
	Voltage (1.05–0.95 p.u.)
	DS
	Simulation: probabilistic framework on MC
	Urban
	Voltage regulation, power flow, phase unbalance



	[11]
	-
	Voltage (1.05–0.95 p.u.)
	DS
	Simulation: local droop-based control with Matlab/Simulink
	Radial (33 customer with 9 residential PV rooftop)
	Voltage regulation



	[12]
	0–22% of load
	Voltage (1.10–1.00 p.u.)
	DS/CS
	Simulation: Matlab/Simulink
	Radial
	Voltage regulation



	[13]
	0–130% of load
	Voltage (1.10–0.95 p.u.)
	CS
	Simulation: GA
	Radial
	EMS and economic view



	[14]
	0–70% of load
	Voltage (1.06–0.94 p.u.)
	CS
	Simulation: DIgSILENT programming language (DPL) scripts
	Radial
	Voltage regulation, transformer loading and economic view



	[15]
	0–93% of load
	Voltage (1.04–0.95 p.u.)
	DS
	Simulation: GA performed in DIgSILENT and LP run in MATLAB
	Radial (137 residential with 4 PV system)
	Voltage regulation, reverse power flow and economic view



	[16]
	30–70% of load
	Voltage (1.05–0.95 p.u.)
	DS
	Simulation: distribution system model in MATLAB
	Radial
	Voltage regulation, peak shaving and economic view



	[17]
	-
	Power
	DS
	Simulation: MATLAB
	Urban
	EMS and economic view



	[18]
	-
	Power
	CS
	Field implementation
	Radial
	Voltage regulation, DG dispatching (energy exchange)



	[19]
	-
	Voltage
	DS
	Simulation: SPSA method and inner algorithm, GA
	Radial (IEEE unbalanced 34-bus test system)
	Voltage unbalance and economic view







1 DS = Distributed Storage; 2 CS = Centralized Storage.
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Table 2. Distribution network information.
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No

	
Distribution Transformer Parameters

	
Name

	
Rated

	
Vector Group

	
Phase




	
1

	
Distribution Transformer 22 kV/400 V

	
MT3610D

	
160 kVA

	
Dyn11

	
3




	
No

	
Feeder and Customer Details

	
No. Customer

	
Overall Length (km)




	
1

	
Feeder 1

	
45

	
0.7736




	
2

	
Feeder 2

	
43

	
0.6513




	
No

	
Line Parameter

	
Phase

	
Irate (kA)

	
Z (ohm)

	
R (ohm)

	
X (ohm)




	
1

	
UEL3

	
3

	
0.1

	
0.874

	
0.8664

	
0.1149




	
2

	
UL3H95W

	
3

	
0.235

	
0.5064

	
0.3853

	
0.3286




	
3

	
UL3H50W

	
3

	
0.153

	
0.8466

	
0.771

	
0.3498




	
4

	
UL2H50W

	
2

	
0.153

	
0.8406

	
0.7708

	
0.3353
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Table 3. Load and PV inverter configurations.






Table 3. Load and PV inverter configurations.





	No
	Component
	Mode
	Power Factor





	1
	Load
	P, cos φ
	0.90



	2
	PV inverter
	P, cos φ
	0.95
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Table 4. The studied scenarios.
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Scenarios

	
Condition

	
Maximum Voltage Profile Excess (p.u.)




	
TR Bus

	
End of Feeder 1

	
End of Feeder 2






	
1

	
Summer/Weekend

	
1.0269

	
1.0625

	
1.0897




	
2

	
Summer/Weekday

	
1.0271

	
1.0628

	
1.0902




	
3

	
Winter/Weekend

	
1.0208

	
1.0469

	
1.0671




	
4

	
Winter/Weekday

	
1.0215

	
1.0483

	
1.0690








Note: Summer is in April, winter is in December. Weekends are Saturday and Sunday; weekdays are Monday to Friday.
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Table 5. Optimal battery storage.






Table 5. Optimal battery storage.





	
Scenarios

	
Optimal Battery Storage Size (kWh, kW) and Location Installation




	
F1–4

	
F2–11

	
TR bus

	
F1–4/F2–11






	
1

	
264.8 kWh, 191.9 kW

	
280.4 kWh, 178.3 kW

	
542.5 kWh, 407.0 kW

	
264.8 kWh, 196.3 kW/

280.4 kWh, 184.9 kW




	
2

	
253.8 kWh, 193.0 kW

	
266.7 kWh, 179.4 kW

	
513.5 kWh, 407.0 kW

	
253.8 kWh, 197.4 kW/

264.8 kWh, 186.0 kW




	
3

	
224.9 kWh, 139.8 kW

	
237.4 kWh, 130.2 kW

	
469.6 kWh, 302.3 kW

	
224.9 kWh, 142.8 kW/

240.4 kWh, 134.5 kW




	
4

	
185.1 kWh, 143.4 kW

	
196.0 kWh, 133.8 kW

	
382.1 kWh, 310.0 kW

	
185.1 kWh, 153.9 kW/

195.3 kWh, 177.8 kW
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Table 6. Absolute percentage difference and ratio of BESS size between Scenario 1 and 2.






Table 6. Absolute percentage difference and ratio of BESS size between Scenario 1 and 2.





	
Scenarios

	
Optimal Battery Storage Size (kWh, kW) and Location Installation




	
F1–4

	
F2–11

	
TR bus

	
F1–4/F2–11






	
1

	
264.8 kWh, 191.9 kW

	
280.4 kWh, 178.3 kW

	
542.5 kWh, 407.0 kW

	
264.8 kWh, 196.3 kW/

280.4 kWh, 184.9 kW




	
2

	
253.8 kWh, 193.0 kW

	
266.7 kWh, 179.4 kW

	
513.5 kWh, 407.0 kW

	
253.8 kWh, 197.4 kW/

264.8 kWh, 186.0 kW




	
Difference (%)

	
4.2, 0.6

	
5.0, 0.6

	
5.5, 0.0

	
4.2, 0.6/

5.7, 0.6




	
Capacity (kWh) to power (kW) ratio

	
2.6:1.9

	
2.7:1.8

	
5.3:4.1

	
2.6:2.0/

2.7:1.9
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Table 7. Absolute percent different and ratio of BESS size between Scenarios 3 and 4.






Table 7. Absolute percent different and ratio of BESS size between Scenarios 3 and 4.





	
Scenarios

	
Optimal Battery Storage Size (kWh, kW) and Location Installation




	
F1–4

	
F2–11

	
TR bus

	
F1–4/F2–11






	
3

	
224.9 kWh, 139.8 kW

	
237.4 kWh, 130.2 kW

	
469.6 kWh, 302.3 kW

	
224.9 kWh, 142.8 kW/

240.4 kWh, 134.5 kW




	
4

	
185.1 kWh, 143.4 kW

	
196.0 kWh, 133.8 kW

	
382.1 kWh, 310.0 kW

	
185.1 kWh, 153.9 kW/

195.3 kWh, 177.8 kW




	
Difference (%)

	
19.4, 2.5

	
19.1, 2.7

	
20.5, 2.5

	
19.4, 7.5/

20.7, 27.7




	
Capacity (kWh) to power (kW) ratio

	
2.1:1.4

	
2.2:1.3

	
4.3:3.1

	
2.1:1.5/

2.2:1.6
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