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Electric distribution systems currently present a marked interest in solving problems related to technical losses, overloading of lines and being able to assimilate the increase in energy demand. Therefore, the objective of this research was to analyze the behavior of a network in the presence of distributed generation, taking into account the efficiency in operations, stability and compliance with the established technical standards. The problem studied is related to the inefficiency present in some systems to incorporate distributed generation and cover the demand in certain sectors, in the presence of overloads, increased costs and reliability losses. The methodology used in the research considers power flow, equivalent circuit modeling and computational simulations to evaluate the behavior of the network in different scenarios. The results show a favorable balance of loads at the nodes, thus achieving a more efficient use of existing assets and enhancing the planning of transmission routes. This research demonstrates the importance of incorporating DG and its technical feasibility in 75% of all nodes in the case studied, thus promoting energy sustainability, emphasizing the importance of implementing these strategies to ensure a reliable, efficient and scalable supply with an important contribution to the sustainable development of electricity systems in contexts of high demand and limited resources in distribution networks.
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1 INTRODUCTION
Distributed generation (DG), close to consumption centers, promotes efficient self-consumption (Touzani et al., 2021), and transforms the centralized energy model of the 20th century, allowing a bidirectional flow of energy between users and the grid. Faced with the environmental impact of fossil fuels, responsible for climate change due to carbon dioxide emissions (Benalcázar et al., 2020), non-conventional renewable energies and DG gain global relevance. This approach uses small installations (less than 10 MW) integrated to the electricity system, adapted to their location, power, voltage and supply characteristics, offering greater versatility than centralized plants.
Globally and regionally, local renewable generation models with collective ownership and active social dimension are emerging (Parker, 2018), as a response to the climate crisis. States and international organizations promote agreements, roadmaps, strategic plans and regulatory standards to move towards a sustainable energy model. In the 21st century, Tandil drives the energy transition through self-consumption projects and sustainable solutions (Nogar et al., 2024), promoting photovoltaic energy for consumption and contribution to the grid. In addition, it implements solar plants, parking meters, educational devices and ecological points, making these innovative systems visible in the community.
Solar panel cleaning is a challenge in the PV industry. In Khadka et al. (2020), they propose the use of data science and machine learning to optimize this process, going beyond traditional visual inspection. The authors suggest a decision-making model based on probabilistic parameters and data processing techniques. On the other hand, Dadi Riskiono et al. (2021) present a success case in SDN 4 Mesuji Timur schools, where school solar panel systems (SSPS) ensure the continuity of educational activities, even in case of power outages. These systems, composed of solar cells connected in series, parallel or mixed, enhance the availability of electricity in schools.
In Hwang and Sánchez (2024), it is noted that the Ecuadorian industrial sector is expanding, which increases the demand for electricity. This study sized a photovoltaic system and proposed a design, emphasizing the return on investment through the savings generated.
The author of Cuenca et al. (2023), suggests DG in urban areas such as Guaranda, evaluating solar energy systems for businesses. They highlight energy savings and return on investment, although they admit challenges in medium voltage grids due to high demand and capacity.
In Ecuador, the segmentation of residential consumers is fundamental to identify DG opportunities. A study proposed by Quijano et al. (2017), shows that high consumption users obtain greater profitability with DG systems, facilitating market segmentation. DG, especially solar, is key to reducing environmental impact in urban areas. Technological advances have lowered the costs of photovoltaic and storage systems, promoting their adoption. In Ecuador, regulation ARCERNNR 008/23 (Arcernnr, 2023), provides a solid regulatory framework for DG implementation, guaranteeing its technical and financial feasibility.
The objective of this article is to evaluate the technical feasibility of distributed generation for self-consumption in urban circuits, analyzing its impact on energy efficiency, grid stability and sustainability, in order to improve the quality of electricity supply and reduce maintenance costs. Ecuador faces a generation deficit, exacerbated by climate change-related water source challenges and limited studies on distributed generation’s impact. This increases the risk of voltage fluctuations, overloads, and imbalances, compromising electricity service quality and underscoring the importance of self-consumption as a viable solution.
2 MATERIALS AND METHODS
Self-consumption DG in urban circuits seeks to integrate small-scale renewable systems, such as solar panels in homes, businesses and companies. The research used a quantitative methodology based on Research Method (Caldas, 2003), which offers a systematic approach to collect, examine and interpret data. In the first stage, a literature review of scientific publications and official documentation was conducted, allowing to obtain secondary information on public and private strategies, the actors involved and the status and evolution of experiences on the subject.
In Hassan et al. (2019), demonstrates a DEAL model that incorporates differentiated privacy in blockchain-founded microgrid energy auctions, safeguarding user information. It employs a consortium to decrease computational burden and boost traders’ revenue while preserving efficiency and social welfare in decentralized energy trading.
In the proposal Shuvra and Chowdhury (2019), active and reactive power regulation is carried out in the inverter of each PV panel through a nonlinear optimization model due to the particularities of the grid. The reactive power regulation can be performed with a constant or invariant power factor, although the reactive power/voltage method is more efficient than the typical power factor method (Hossain et al., 2023). The proposed model includes equations that define its operating area, restricting the additional reactive power flow and active power losses in the network. The objective function in Equation 1 optimizes active power injection and reduces reactive power during simulation T (time). Equations 2–5 describe the injection and nodal balance, with demands modeled as polynomials of impedance, current and constant power. Equations 6–10 detail the inverter parameters and voltage limits per node, ensuring stability, safety and efficiency.
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In this model, [image: image] which represents the phases (a, b, c), while [image: image] are the nodes, and [image: image] which is the simulation time. The injected powers per phase are: active [image: image] and reactive [image: image]. The PV panels generate active [image: image] and reactive [image: image] powers, while the demands per phase are classified into: active and reactive constant impedance [image: image], constant current [image: image], and constant power [image: image]. The solar profile is defined by [image: image], with reactive power control variables [image: image] and [image: image], adjusted by a factor [image: image].
2.1 Mathematical model of hosting capacity (HC)
Hosting Capacity (HC) measures how much distributed generation can be integrated into a grid at a specific node and time without compromising security, quality, reliability or requiring infrastructure investment (Walla, 2012). Optimization is essential in the face of increasing photovoltaic energy, employing different methods to manage electrical distribution networks, considering technology, costs, grid codes and congestion, where Equation 11 maximizes distributed generation capacity:
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where [image: image] is the maximum power assigned to node i, and the sum of the power of all nodes represents the HC value of the network.
The current or voltage constraints come from Equations 12–14 of the power flow:
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where [image: image], [image: image] represent the voltages at the nodes, and [image: image] current through the lines, N are nodes and B represent the branches (lines).
2.2 Generator model (PVSystem)
For the simulation of the system, the photovoltaic (PV) power generator available in OpenDSS (PVSystem) that operates based on its internal parameters was considered (Muhtar and Mustika, 2017), where the power P is determined based on the irradiance, temperature and the rated power Ppmp (considering a temperature of 25°C and an irradiance of 1.0 kW/m2). Subsequently, the inverter efficiency, operating voltage and power factor are influenced to determine the output power which are expressed with Equations 15, 16.
[image: image]
[image: image]
This system has internally incorporated the inverter and the variables it considers are:
- Irradiance: Net irradiance after application of the load shape factor.
- Ppmp (kW): Maximum rated power of the panel that is influenced by irradiance and temperature.
- P-TFactor: Factor added to the power-temperature curve.
- Efficiency: Inverter efficiency factor.
The increase in photovoltaic generation reduces emissions and technical losses in the grid (Mary et al., 2012), but its massification poses technical challenges. Studies such as the one by Rubinstein and Kroese (2016) stochastically analyze, using the Monte Carlo method, the maximum power capacity allocated to the grid when incorporating solar panels per user. The methodology, detailed in Figure 1, uses OpenDSS to model primary and secondary lines, transformers and demand, being key to evaluate the integration of panels in the electrical distribution network.
[image: Figure 1]FIGURE 1 | Flowchart of the methodological strategy.
The methodology uses the Python-OpenDSS interface as shown in Figure 1, to model the network in the Master.dss file and define properties in ODSSfunction (Hariri et al., 2017). From the system modeling, the power flow is calculated and, if the voltages do not violate the values, they are corrected in OpenDSS, verifying a range of ±10%. Photovoltaic generation injection is simulated by placing different percentages of panels on the feeder. If voltage limits are exceeded, variables such as nodes, currents and overvoltages are analyzed, determining how many PV resources can be integrated without compromising stability and safety.
Before evaluating the case study, the simulation tool was validated using the IEEE 13-bus system solved in Tounsi et al. (2022), which incorporates user generators. Node voltages and line currents were evaluated after each simulation, considering the operational limits. The study was divided into two stages: first, the system was simulated without DG and then DG was implemented in randomly selected user groups using the Monte Carlo method, where:
2.3 Stage 1. simulation of the base case study without DG
Here, a feeder of the city of Latacunga without the incorporation of DG is established as a case study, where the network is simulated to evaluate the voltages and currents, which will be solved in the subroutine of analysis of results, these data obtained are used as a reference point for further analysis.
2.4 Stage 2. incorporation of DG to the network
In this section, the insertion of distributed generation in different percentages depending on the number of available nodes is carried out using N Monte Carlo cases. This method identifies the loads and distributes the DG in all load nodes with the same characteristics according to the exposed method and uses the per unit values to evaluate the voltages.
For the DG in the simulation, it was considered that each PV panel can generate 450 W in a space of 2.40 m2, and taking into account that homes have an average space of 85 m2, then each user could install about 40 PV panels, representing an injection of 18 kW of power.
3 RESULTS
The analysis of the hosting capacity in distribution networks seeks to determine the admissible DG injection level without altering the electrical parameters of the system. The validation was performed by simulating the IEEE 13 nodes feeder test in Schneider et al. (2018), applicable to networks in Ecuador. The results obtained in the reference taken showed a voltage error of 8% and load error of 5%, confirming that the algorithm and the designed tool are accurate and suitable for the feeder analysis to be studied.
The electrical system studied, illustrated in Figure 2, details the feeder where the medium voltage lines, essential for efficient transport over long distances, and low voltage lines for residential, commercial and industrial use are shown. A comprehensive view is presented using data from the south of the city of Latacunga, Ecuador. It covers transmission, transformation and related loads, allowing to analyze the relationship between distributed generation, efficiency, reliability and energy balance.
[image: Figure 2]FIGURE 2 | Feeder electrical system.
The feeder characteristics present 37.76 km in medium voltage lines, having 325 transformers, with 21,050 nodes, in 118.97 km of low voltage lines for a total of 6,600 low voltage users, standing out for its supply capacity and scope. These data reflect the magnitude and complexity of the electrical system in this area.
3.1 Stage 1. simulation of the base case study without DG
According to Ecuador’s regulations, voltages in the electrical distribution networks may vary ±10% with respect to the nominal voltage of 13.8 kV. Without DG, the voltages at the nodes comply with the regulations during the day. This methodology is useful for analyzing the integration of PV generation, ensuring that the established limits are not exceeded. The feeder, modeled with 21,050 nodes using a ZIP polynomial model, showed that no node presents unacceptable conditions for DG incorporation.
3.2 Stage 2. incorporation of DG to the network
The results obtained by analyzing the simulated scenarios mentioned in the second stage of the study. The selection nodes were defined using the Monte Carlo method, applying it in multiple iterations to ensure randomness in the selection of the nodes, performed for the DG insertion levels.
Table 1 analyzes the incorporation of DG in increasing percentages, evaluating 5,262 nodes at 25% DG, with 85 nodes out of regulation. At 50%, 10,525 nodes are examined, of which 176 exceed the limits. At 75%, 15,787 nodes have capacity, but 196 exceed the voltage threshold. At 100%, 21,050 nodes are evaluated, with 560 presenting overvoltages outside the allowed range ±10%. This reveals unacceptable fluctuations and highlights that 100% DG compromises stability. Although nodes with capacity increase linearly, problems also grow, highlighting the need to strengthen the network.
TABLE 1 | Node capacity assessment for distributed generation integration.
[image: Table 1]Figure 3 presents the p.u. voltage mapping of the network nodes for the N Monte Carlo cases evaluated, defining the operational limits between 0.90 and 1.10 p.u. Based on the simulated scenarios, it is noted that several nodes show violations at the upper voltage limit, which points to overvoltage problems in some areas of the system. By examining the entire simulated system at 100%, a careful count of the incidents of these violations is carried out, where it is verified that there are 560 critical nodes, where the voltage exceeds the admissible levels and this underlines the importance of modifying the voltage control to enhance the stability of the network.
[image: Figure 3]FIGURE 3 | Node capacity assessment for distributed generation integration.
This result is relevant for the country, as the increase in residential self-consumption generators requires analysis of PV penetration. The findings indicate that with more self-consumption systems, changes in the grid and DG regulations will be necessary. Above certain penetration levels, infrastructure investments and increased voltage control will be required. This will allow the grid to adapt to the growing demand for renewable energy.
The DG simulation confirms results consistent with Pinargote et al. (2021), demonstrating technical feasibility in local grids, especially in the residential sector, with an acceptance limit of 57%. However, at 100% PV input, overloads and regulatory violations are detected. According to Figure 3, during the day, voltages exceed ±10%, generating fluctuations, reverse flows and higher fault currents. Thus, the optimum DG limit in the analyzed feeder is 75%, according to the levels assigned to the evaluated nodes.
The analysis of load ability at the nodes, considering stability and supply quality factors, reveals that DG implementation is not feasible at all nodes due to feeder overloads and constraints. This gradual approach allows improving load distribution and anticipating optimal conditions for future DG scenarios. It is suggested to apply optimization techniques as in Zeraati et al. (2018), to identify optimal injection points and, in addition, to perform a technical-economic analysis in regulated customers with linear programming as proposed in Paredes et al. (2024) to evaluate the feasibility of micro-generation.
4 CONCLUSION
In order to validate the analysis of the power supply in the feeder, simulation with OpenDSS and a Python interface was used, dividing the study into two phases to integrate the DG to the electrical system. The simulations revealed voltage drops in the network, which allowed identifying critical points with a regulation range of ±10%. From this, PV generation was progressively injected at the nodes, determining the maximum feeder hosting capacity.
The research tested the integration of DG in an electrical network, evaluating nodes with penetrations of 25%, 50%, 75% and 100%. A gradual growth of evaluated nodes was observed, from 5,262 to 21,050 nodes with 100% insertion capacity, together with an increase of nodes without capacity, reaching 560 at 100%. This evidences structural limitations in the network that affect its stability, underlining the need to strategically plan the injection points to optimize efficiency, supply quality and move towards sustainable energy.
The analysis performed corroborates the feasibility of integrating photovoltaic generation into the feeder during the planning and design phases of distribution networks. The results indicate that the optimal integration limit is 75%, meeting power quality criteria and guaranteeing system stability. This highlights the potential of distributed generation to improve the sustainability of power grids. As a next step, it is crucial to investigate methods to identify and optimize system nodes, maximizing benefits without compromising operability and considering economic aspects.
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