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Introduction: Integrating renewables in the distribution sector is a rapidly growing reality in many countries, amongst which Chile’s stands out with an increasingly diversifiable electricity matrix. However, incorporating RES into the electricity distribution sector is altogether a steep climb at present, and seen by some as a formidable challenge for utilities. Likewise, the introduction of the Smart Grid agenda in Chile is imposing new challenges to electric utilities, mainly from a regulatory and technical viewpoint. In spite of this, big players like ENEL are moving forward decisively to meet this challenge, together with academia experts.
Methods: We model a sustainable energy system in the form of a smart microgrid operated by ENEL Chile comprising a hypothetical community we term a Sustainable Block™ representing an average residential building in Santiago. We then run simulations under different operating scenarios. The model takes into account the most recent innovation in the legal regulatory framework that governs the energy market in Chile ―Law 20,571―which allows for benefits to those that generate and consume part or all of their energy needs while connected to the grid. Thus, the community considers the option of consuming green energy from the microgrid with an energy storage unit to supply electricity to the 60-apartment complex of various sizes. Under this scenario, a set of energy homeostasis strategies that comprise the homeostatic control and energy management systems help balance the electricity supply versus demand.
Results: The model proposed comprises a set of energy homeostasis management strategies that have been designed in the power control and energy management system to balance supply and demand while optimizing the availability and use of green energy. Thus, the energy homeostasis model optimizes the microgrid supply while injecting excess power to the grid. In this context, the community residents exhibit different consumption profiles, therefore they may willingly participate of the sustainable energy strategy as prosumers, displaying a thriftier consumption, and enjoying a lower electric bill while using more renewable energy. The model’s energy homeostasis control and energy management system, especially designed for electric power systems, seeks to maintain a dynamic balance between supply and demand and is being currently discussed with ENEL Chile as part of the intelligent control options for the introduction of distributed generation systems tied to the grid, in order to complement their electric power distribution services.
Discussion: The model being proposed comprises a community of residents that we term a sustainable block™ representing an average residential building in Santiago, Chile, which aims to take advantage of Law 20,571 in Chile that allows independent electric power generators to benefit by selling electricity to the grid and also allows independent consumers (mostly residential) to generate part or all of their energy needs while connected to the grid. The community may consume electricity from the microgrid with energy storage, operated by the local electric company, supplying electricity to the 60-apartment complex of various sizes. In his regard, just like in the human body where the brain, particularly the hypothalamus, is primarily responsible for the regulation of energy homeostasis, by monitoring changes in the body’s energy state through various mechanisms, the role of energy storage as well as the role of prosumers are the key enabling factors of energy homeostasis and their interaction are highlighted in the overall analysis.
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1 INTRODUCTION
“Investment in clean energy technologies is significantly outpacing spending on fossil fuels as affordability and security concerns triggered by the global energy crisis strengthen the momentum behind more sustainable options”, according to the International Energy Agency (IEA) World Energy Investment 2023 report (International Energy Agency, 2023a). Soaring electricity prices, particularly in Europe, amidst the dire energy shortage situation is afflicting the population in various countries (Lan et al., 2022). Thus, leveraging distributed energy resources (DER) by means of solar, energy storage, flexible loads along with community energy integration and power sharing might well be a potential solution to the current crisis from the electric power distribution side. This is not only important and sensible, but also urgent, especially in today’s world where electric tariffs are increasing as never before, and harsh, extreme weather conditions are being felt everywhere. According Fatih Birol, executive director of the International Energy Agency, upon presenting the World Energy Outlook 2022 at the Senate in Rome, stated: “Development of renewables - the key to achieving energy independence” (International Energy Agency, 2023b). His speech focused specifically on the need to increase the use of renewables amidst the current energy crisis that is whiplashing Europe and how it is causing the huge surge in the cost of electrical and thermal energy. On the other hand, Francesco Starace, ENEL’s CEO, predicted that the real boom in the worldwide adoption of renewables will happen in the next few years, which seems perfectly feasible and likely given the need to transform the energy matrix, in line with a more sustainable outlook (Paris, 2022). This coincides with the Italian government seeking to provide a legal framework―similar to Law 20,571 in Chile―to incentivize the creation of renewable energy communities (Chamorro et al., 2021; Trevisan et al., 2023).
We are undergoing a profound technological change, where the internet is taking over in every major industry―electricity distribution included―through the incorporation of IOT and the widespread use of 5G networks (De Lotto et al., 2022). Such a change is transforming economies, markets, and industry structures everywhere, wherein products and services are changing rapidly and will change even more in the years to come as the world rides on the digital transformation rollercoaster impacting every aspect of our lives. Consumer behavior, jobs, labor markets and living standards will all change with the rapid pace of the digital transformation, but the impact may be even greater than expected on our society as these new sets of standards set in and people become ever more dependent on electricity and high-speed communication networks (Kimani et al., 2019; Chen et al., 2021). This will no doubt further stretch the need for electric utilities to find new, more sustainable, flexible and resilient energy solutions, that can not only sustain but also foster such societal transformation to a greener, more sustainable energy matrix, with far-reaching implications from there onward (Birol, 2020). Such energy solutions must be incorporated not only to the generation sector but also must extend to the distribution sector. A foreseeable change indeed, that we will expect to witness in the very near future, concomitantly with the advances of IOT and its far-reaching role in this massive networking transformation wave that is set to revolutionize our society as a whole.
1.1 Distributed generation systems (DGS) and the smart grid concept reshaping the electric power distribution industry
Looking at the near future, we can certainly foresee an upsurge in DGS, along with the convergence of AI (artificial intelligence) and systems communication through electric power cables in real time everywhere transforming the electric power industry, in the context of smart grid. These technologies are already changing the electric power distribution landscape and, along with internet of things (IOT), are expected to redefine the way industries, businesses and countries’ economy function. AI needs data in real time and very large processing capacity, which modern computers provide. Thus, AI enabled IoT creates intelligent machines that simulate smart behavior and provide support in decision making with little or no human interference. Looking at microgrids being enabled by AI and IOT applications, we may see that an IoT-based microgrid can provide the community of consumers―whether residential or commercial/industrial―the opportunity to enjoy independent, much more reliable and cost-effective electricity which will empower such communities and allow them to thrive, especially in areas that are rich in renewables. Hence, with the installation of an IoT-based microgrid that also has IOT applications encompassing each and every load and also the grid, owners will be able to improve the efficiency of their energy consumption substantially, which will be a key attractiveness factor for its commercialization. AI also will help to forecast energy supply and demand variations better and faster across a microgrid. With AI, a microgrid can successfully manage a large and complex energy structure, for example, a large power plant (involving several microgrids with large scale energy storage units) that provides power to a large community of residential and commercial loads in an urban area. Intelligent control systems will thus be able to monitor and adjust in real time every system variable, including new variables such as different renewable power generation units or rapidly changing energy prices when there is more power available in storage and/or the grid electric tariff is cheaper. IoT-based technology can also improve the efficiency and reliability of wind energy microgrids in those areas where there is excellent wind speed (Li et al., 2023), like in the south of Chile, especially in all of the Magallanes region. Real-time monitoring and control of the microgrid can help to minimize downtime and optimize the use of available resources, reducing operating costs and maintenance requirements (Li et al., 2023).
1.2 The role of electric utilities like ENEL Chile in the transformation of the electricity distribution sector
The role of electric utilities like ENEL Chile is of paramount importance when we realize that electric power distribution industry is a natural monopoly firmly regulated by government agencies. Hence, if we ever expect to see an overhaul of this industry towards energy sustainability, we must work with local electric companies to advance this agenda. In order to use sustainable energy systems (SES) in the form of distributed generation solutions like the microgrid, we must address the methods of harnessing the available energy resources in the most economically efficient manner. We must also ensure that renewable and alternative energy sources be utilized in conjunction with the grid, as two complex systems coupled together and assisting each other, whereby both systems interact and support each other operationally as is the case with the grid-tied microgrid (Chamorro et al., 2021; Chen et al., 2021; De Lotto et al., 2022; Paris, 2022; Trevisan et al., 2023).
Nowadays, electric power lines can also transmit communication using existing electrical wiring, whether in a building or through the electric utility grid’s network cables. Hence, data signals can be sent through the wiring. An example of narrowband application of this technology is automatic meter reading currently being used by many electric utility companies (Qiao et al., 2023). With the possibility of transmitting not only electricity but also data, voice and images through their networks, the electricity distribution industry sector is to become a major player on many fronts in the immediate future if not sooner (Ghelani, 2022). Thus, in order to overcome the challenges of the near future―particularly in regards to climate change perils and the need to further energy sustainability―one of the main concerns of electric utilities must be to ensure a reliable, flexible and resilient distribution of electricity and heat to the diversity of energy consumers in today’s society, a strong focus on research and development on new and existing technologies for electricity distribution transformation will be necessary. Hence, as the complexity of the electric power grids increases, along with the growing demand, so will the requirements for greater stability, reliability, security and efficiency, together with environmental and energy sustainability concerns (Lan et al., 2022; Paris, 2022; International Energy Agency, 2023b; International Energy Agency, 2023a).
Public utilities in general, and especially electric utilities have―for the most part― understood the magnitude of this change and its implications, as well as the reasons why such a change is necessary and imminent. Hence, public and private investment and cooperation in the industry, along with incentives to be more sustainable on the electricity consumption side are encouraged so as to further the industry transformation (Jain et al., 2017; Tiep et al., 2021). This is just what electric utilities like ENEL are doing in Chile and elsewhere, while bringing about a true revolution in energy generation and management (Paris, 2022; International Energy Agency, 2023b). Part of the response to the challenges of said transformation is the concept of smart microgrid and the sustainable block™ (Yanine et al., 2018a) and how these two interact with the grid. Microgrids are independent small-scale distributed generation systems, usually situated close the loads and operating connected to the grid. They can be personalized for different energy consumers and climate conditions and can be integrated in urban or rural environments, being capable of autonomously generating and storing energy for the distribution of electricity and heat to consumers (Driesen and Katiraei, 2008; Kroposki et al., 2008; Series, 2009; Rao et al., 2022). Hundreds of microgrid projects have been developed worldwide thus far in different parts of the world, adding up to a total capacity exceeding 1.7 GW (Tiep et al., 2021). The need to attenuate or ameliorate peak demand hurdles and to react swiftly and effectively to unforeseeable events that can affect frequency and voltage levels such as threats emanating from environmental threats are also a major concern of electric companies (Cordova and Yanine, 2012). The need to secure a steady flow and to smooth out abrupt changes in their energy supply in order to respond more effectively and proactively to changing energy needs, variations in the grid’s power supply and to environmental disruptions are critical (Yanine et al., 2019; Yanine et al., 2022).
Considering the projected growth rates in electricity consumption, and the cost-effectiveness and the far-reaching implications of distributed generation systems like the microgrid (Adefarati and Bansal, 2019; Wolsink, 2020; Bogdanov et al., 2021), it is time to consider a more active participation of these systems in the distribution sector, with a realistic vision of future energy needs rather than treating the solution just as an oddity in the energy matrix (Jiayi et al., 2008; ENEL, 2014; Adefarati and Bansal, 2019; Li et al., 2019). This will require incorporating traditional power system elements of analysis such as: stability analysis of microgrids in steady and dynamic states of operation, frequency control, protection coordination issues, and energy quality (Jiayi et al., 2008; ENEL, 2014; Adefarati and Bansal, 2019; Li et al., 2019). The role of the electricity users and their willingness to become more sustainable and mindful in their electricity consumption needs is also of great relevance. These new energy players, called “prosumers” by some authors (Hambridge et al., 2017) due to the nature of their role (producers and consumers), play a key role in the possibility of making DGS in the distribution sector a reality. These new customers require clear signals from the electric tariff viewpoint, so that their electricity consumption behavior is aligned with the electrical energy system’s proper functioning and supportive of the sustainable green energy consumption of the community where the DGS is to be installed. We have termed this community of energy prosumers a sustainable block™ so as to act as proactive consumers that aim to benefit the whole while, at the same time, benefiting themselves (Hambridge et al., 2017).
1.3 Distributed generation systems (DGS) as key enabling technologies for advancing energy sustainability
Distributed Generation (DG) is defined as “an electric power source connected directly to the distribution network or on the consumer side of the meter” (Jiayi et al., 2008). Likewise, the IEEE Institute defines DG as the generation of electricity from installations that are sufficiently smaller than the centralized generation units (Bhadoria et al., 2013), something which clearly encompasses an ample range of electric power generation solutions that can interconnect with the grid at any point near the load in a power system. The means and conditions of such interconnection are subject to strict local regulatory operation frame and―unless it is in an isolated area, where there is no distribution grid―the local electric utility operating in the area must be involved. DGS can be of two types: the isolated type, supplying the local consumption on a discrete basis, usually in the case of small communities (Paris, 2022) or else, operating connected to the power grid, supplying electrical energy to the community of users and also to rest of the power system if there is excess generation, after the batteries are fully charged. There are many technical and economic advantages related to the implementation of distributed generation in distribution sector that have been widely researched, such as the reduction of active and reactive energy losses, improvement in reliability, reduction of a blackout probability and peak hours’ demand reduction; nevertheless, the regulatory aspects have not been covered in depth (Jiayi et al., 2008; ENEL, 2014). However, there is little research related to the social impact regarding the benefits of new policies and regulations that can foster and advance DG in the electric power distribution sector, along with specific urban challenges or local governance factors are likewise not widely analyzed (Gottwalt et al., 2011; Bhavsar et al., 2015; Jain et al., 2017).
An important area of research for distributed generation has been energy management and differential pricing strategies (Gottwalt et al., 2011; Palensky and Dietrich, 2011; Bhavsar et al., 2015; Cheng et al., 2019), some authors have proposed the establishment of a demand side management (DSM) systems based on an hourly price variation price-structure, as a means to further energy sustainability policies based on energy efficiency and off-peak consumption practices (Wolsink, 2020; Yanine et al., 2022). However, electricity demand peaks are not always of regular occurrence but rather sporadic, and may occur at unforeseen times, usually due to abrupt changes in weather patterns, as well as other environmental or social phenomena, causing a severe strain on the electric power supply services for utilities. One way to minimize such occurrence is by curtailing demand and promoting a more sustainable use of electricity when renewables are present in DGS connected to the grid. Electric utilities may offer alternative tariff structures like, for example, Multi-Time-Of-Use (Multi-TOU) and Multi-Critical-Peak-Pricing (Multi-CPP) (ENEL, 2011; Wolsink, 2012; ENEL, 2017) both of which offer economic incentives to those that willingly accept to use them.
Likewise, in electrical distribution systems, distributed generation (DG) can be beneficial for consumers as well as for electric utilities for a number of reasons, many of which have already been cited in this paper. This is specially so in places where the electric supply from centralized power generation plants is impractical/unfeasible due to technical and/or economic reasons or when―as in Chile’s case for the most part―the electricity distribution networks’ infrastructure is frail, vulnerable and without the appropriate backup systems should natural disasters or environmental threats strike all of a sudden. The epitome of distributed generation systems (DGS) is no doubt the microgrid, employing renewable and non-renewable energy sources. The main generation resources that comprise a microgrid are wind and solar energy, along with rapid dispatch energy sources like small gas turbines, microturbines, and fuel cells, and sometimes small hydroelectric power plant.
In Chile, in particular, the ENEL Group is actively developing renewable energy generation and advancing its Smart Grid transformation agenda. A good example of this is its Ollagüe project in Chile (ENEL, 2017). The Ollagüe plant is a successful project that combines innovation, taking advantage of the natural sources available in the territory, public-private alliances and the participation of the local community, creating an electrification model that can be replicated in other isolated communities. It is an isolated microgrid capable of providing 24 h of continuous energy to the neighboring Ollagüe village of Chile situated in the far northern region of the country (ENEL, 2017). It is the first hybrid plant in the world that combines solar, wind and cogeneration energy with electrical energy storage in molten salt batteries, providing energy to homes at high altitudes and in extreme climatic conditions, with temperatures between −20°C and +20°C. Ollagüe is a small town located on the border between Chile and Bolivia, at more than 3,500 m above sea level, and at a distance of 160 km from Calama. Less than a hundred families from the Quechua community live there, whose main activity is sheep farming. Since December 2014, part of the reality of these families has changed, since an innovative and sustainable idea was implemented in the place, which allowed the community to have sustainable electricity since then, 24 h a day. Enel Green Power (EGP) built a state-of-the-art renewable energy plant, which uses the resources of the Sun, wind and storage, configuring an off-grid system, which has allowed the community constant access to electricity.
Another important development in the electric power distribution industry towards the Smart Grid transformation is ENEL’s Isernia Project (ENEL, 2011). Isernia is a town and commune in the southern Italian region of Molise, and the capital of the province of Isernia. The Isernia Project, where ENEL is developing its first smart grid in Italy (ENEL, 2011), provides a new approach for distributed generation by connecting and managing a renewable energy generation, distribution network and storage systems using lithium-ion batteries, as well as by encouraging distributors and customers to play a new, more active role as ‘prosumers’ who can produce and consume energy at the same time (Jiayi et al., 2008). On the other hand, policymakers are increasingly focusing on strategies to decentralize the electricity distribution sector, and also seeking to advance in a more flexible and nimble electric power distribution operation and the advancement of renewables (Lan et al., 2022; International Energy Agency, 2023a).
An incentive for advancing renewable energy generation and consumption is the current law 20/25 in Chile for reconverting the energy matrix to achieve a larger percentage of renewables in the generation sector (Nasirov et al., 2015). In October of 2013, the Chilean government enacted Law 20/25 and announced entry into force of the Concessions Law. Initiative doubled the commitment to clean energy from 10%, established in the previous regulations for the year 2024, to 20% for the year 2025 meaning that 20% of all the energy sold must come from non-conventional renewable energy sources, thus doubling the goal set forth by Law 20,257. Thus, the energy sustainability road map of Chile is set on solar energy as the most abundant and least expensive means of electricity generation, even more so than hydroelectricity generation as of today. This explains itself in part by the stark drop in solar photovoltaic (PV) generation costs, while the technology has attained greater efficiency levels, and also by the many environmental, social and legal hindrances that new hydroelectricity projects have faced over the last 15 years, most of them never seeing the light and therefore, making it very difficult for investors to dare venturing on new such projects which have high infrastructure and civil engineering costs coupled with an uncertain destiny down the road (Nasirov et al., 2015; Silva and Nasirov, 2017).
The path towards energy sustainability is a difficult one, and it must also be walked gradually since, aside from major investments on the part of electric utilities, it requires complex legal and social adjustments, as well as greater societal awareness of its need no matter what. It is a necessity which presupposes the incremental adoption of new and available technologies, many of which are changing drastically with new advances in electronics and communications technologies. A shift in industry practices and policies is indispensable, coupled with the proper economic incentives to take such a big leap if we are serious about advancing towards a more sustainable and secure electric power supply (Moslehi and Kumar, 2010; Basak et al., 2012).
The article comprises five distinct sections, beginning in section one with the introduction to the subject and a preamble addressing the electric power distribution industry’s changes and technological transformation of the distribution sector, especially with regard to the Smart Grid agenda that is being led by major electric utilities like ENEL worldwide. The methodology comes in section two and right after, we present the energy homeostasis system model and its unique characteristics and operation for smart microgrid systems tied to the grid. Section three explains the control and energy management of the model and its approach to controlling electric supply based on the demand characteristics of the consumers within a sustainable block―a 60-story residential building in Santiago de Chile. Section four presents the simulation results and discusses their significance and implications in terms of implementing sustainable energy consumption strategies in electricity distribution sector. Conclusions come afterward.
2 METHODS
We model a sustainable energy system in the form of a smart microgrid operated by ENEL Chile comprising a hypothetical community we term a Sustainable Block™ representing an average residential building in Santiago. We then run simulations under different operating scenarios. The model takes into account the most recent innovation in the legal regulatory framework that governs the energy market in Chile ―Law 20,571―which allows for benefits to those that generate and consume part or all of their energy needs while connected to the grid. Thus, the community considers the option of consuming green energy from the microgrid with an energy storage unit to supply electricity to the 60-apartment complex of various sizes. Under this scenario, a set of energy homeostasis strategies that comprise the homeostatic control and energy management systems help balance the electricity supply versus demand. Results are assessed and analyzed thereafter. The overall objective is to maximize green power supply capacity, wherein the different energy users and their energy consumption profiles play a crucial role as “active loads”, being able to respond and adapt to the needs of the grid-tied microgrid while enjoying economic benefits.
2.1 The energy homeostasis system’s model and its implications for energy sustainability
Here we explore the role of energy homeostasis in regards to electricity tariffs and energy use by consumers. Energy homeostasis is that property of energy systems by which they can reach and maintain a dynamic balance between supply and demand at all times just like a governor would in traditional electric power plants, albeit somewhat differently. Here, the energy system is able to respond to perturbations stemming from technical issues, environmental challenges and fluctuations in demand very rapidly and effectively so as to attain optimal equilibrium between the amount of power available for supplying the loads and the demand for energy coming from the loads (Cordova and Yanine, 2012; Caballero et al., 2013; Yanine and Sauma, 2013; Yanine et al., 2014a; Yanine et al., 2017; Yanine et al., 2018a; Yanine et al., 2018b; Yanine et al., 2019; Yanine et al., 2022). This is essential in order to preserve systems stability and continuity of operations in electric power systems’ operation. Here both reactive and predictive homeostasis play a key role in sustaining the energy system’s functional integrity. Both reactive and predictive homeostatic control have the same purpose: to maintain the current state of the energy system within an operationally appropriate range (homeostasis) so as to be able to respond to the energy demand from the loads. Reactive homeostatic control does this by counter-regulatory reactions via a feedback mechanism to deviations of system-critical variables from their operational range. Predictive homeostatic control is distinguished from reactive homeostasis in the sense that the regulatory mechanisms do not operate after the facts (reactive) but before, anticipating (predicting) the occurrence of a given scenario and thus adjusting the energy system accordingly. These system-critical variables are part of the control system’s model (Cordova and Yanine, 2012; Caballero et al., 2013; Yanine and Sauma, 2013; Yanine et al., 2014a; Yanine et al., 2017; Yanine et al., 2018b; Yanine et al., 2019; Yanine et al., 2022). The control system’s model also measures performance in terms of customer satisfaction when he or she obtains the benefits set forth by the tariff structure and the microgrid takes advantage of Chilean law that regulates self-generation (Yanine et al., 2019; Yanine et al., 2022). The system seeks to offer economic incentives for customers who consume more thriftly and sustainably and also generates economic benefits the electric utility (ENEL, 2014). Predictive homeostasis in energy systems, on the other hand, has to do with the energy system’s capability to foresee very near future scenarios, monitor in real time key variables (defined in the control system) of the electric power grid, the loads, along with the weather, and environmental indicators such as heat, wind speed, solar irradiance and also to be able to anticipate events and prepare itself in order to procure the necessary resources, make the necessary adjustments and communicate them to the consumers and to the system’s operator (ENEL, 2014; Hambridge et al., 2017).
Our homeostatic control model proposes a hybrid tariff which mixes an hourly rate based on time-of-use (TOU) with a rate based on the deviation of the system’s frequency—something which may affect voltage levels—and whose value represents the imbalance between generation and consumption. This hybrid rate, which can be calculated every minute, allows for secondary frequency regulation and becomes an economic incentive for those that exhibit a sustainable and responsible electricity consumption. The homeostatic control model has been tested successfully in our microgrid lab and proof of concept has been discussed with ENEL for the purpose of assessing its potential implementation in the electricity distribution sector in Chile and other parts of the world.
2.2 The difference between a sustainable block™ and the single customer scheme
Customers must have intelligent metering installed by the electric company in order to use this grid-connected microgrid control model that also encompasses communication system between the microgrid operator (the local electric company) and the community residents. The model has been proposed to ENEL, considering the incorporation of a distributed generation (DG) plant like a smart microgrid discussed here, based on solar PV energy with energy storage capability. Customers can evaluate the pros and cons of the contract and choose willingly whether to be part of the energy sharing from the microgrid or not. Those that choose not to be part may continue to use grid supply only just like they regularly do. Those that do agree to be part of the sustainable block™ will be able to access electric power supply at more convenient rates as a whole but abiding by the standards and constraints imposed by the DG plant generating renewable energy.
The above model results in significant economic benefits for the entire community and for the electric utility as well. It is important to note here that difference between the sustainable block™ scheme, as opposed to the usual single load figure, is the fact that a sustainable block™ encompasses not only the electric utility’s customers but also the grid-tied microgrid, including the energy storage unit (Cordova and Yanine, 2012; Yanine et al., 2018a; Yanine et al., 2019; Rao et al., 2022; Yanine et al., 2022). The algorithms presented here as part of the control model are based on the energy homeostasis model derived from previous work by the corresponding author, which was done on homeostatic control of sustainable energy systems (SES). The research initiative was born in 2010 upon initiating his doctoral program and continued after that with his postdoctoral fellowship successfully realized with the support and collaboration of ENEL Chile.
2.3 The renewables outlook in the expansion of DGS and how it could change the distribution sector: The case of ENEL in Chile
Unlike the far north and many regions of the south of Chile, where wind is quite abundant and stable thus ensuring a regular wind supply, unlike the central region where solar photovoltaic (PV) is the norm. Currently there are 20 wind power generation projects underway in various regions of northern and southern Chile, and more are expected in the years to come but clearly Chile renewables’ investment is much more geared towards solar because of its unique abundance and superior solar irradiance being one of the best in the world (Londono, 2017). Renewable energy projects are large and very complex engineering projects that demand sizeable investments and are required by law to submit several feasibility studies, including an environmental impact assessment, before any work can begin. In the case of wind power plants this is much more so but nevertheless wind generation power plants are not new in Chile, and have been around for some time now and are expected to grow in numbers towards the year 2025 like some of the large projects of wind farms built in northern and southern Chile (Morgan et al., 2014). However, all of these large projects entail significant infrastructure investment and engineering costs plus a good negotiation with the local communities, most of which are reluctant to see their landscapes invaded by such monstrous towers or by large surfaces covered by solar panels. Small hydroelectric plants are also disliked and regarded as invasive (Yanine et al., 2014b; Leal-Arcas et al., 2023). Such endeavors can only be offset by a good size project that fully complies with the local environmental and regulatory legislation, and that can render the expected benefits that such projects yield for investors.
2.4 The residential building case study and the sustainable block™ concept in action
The residential community, as already explained, is termed a sustainable block™. The term comprises the synergistic and positive interaction and emergent behavior supportive of sustainable energy systems’ operation that complex systems interaction of this nature can be expected to exhibit (Caballero et al., 2013; Yanine and Cordova, 2013; Yanine and Sauma, 2013; Yanine et al., 2014a; Yanine et al., 2014b; Yanine et al., 2014c; Yanine et al., 2015; Yanine et al., 2017; Yanine et al., 2018b). The characteristics of the residential community are shown in Table 1 below.
TABLE 1 | Building description.
[image: Table 1]As mentioned before, the scenario under study is comprised of a solar PV system, a group of residential customers, the electric distribution grid and an energy storage unit (battery bank). The microgrid is operated by ENEL Chile and residents can get electricity from the microgrid and from the local grid, albeit with different tariffs, as an incentive to those residents that choose to abide by the sustainable energy system’s arrangement of green energy sharing. The microgrid’s excess energy generation, after the batteries are fully charged, is to be injected to the grid, as it is not being used by the residential community, thus considering the incentive that the current Net Billing law (law 20,571 in Chile) offers (Energypedia, 2015) and this is reflected in the simulation results.
The model’s energy homeostasis control and energy management are shown in Figure 1. It especially designed for electric power systems, seeks to maintain a dynamic balance between supply and demand and is being currently discussed with ENEL Chile as part of the intelligent control options for the introduction of distributed generation systems tied to the grid, in order to complement their electric power distribution services.
[image: Figure 1]FIGURE 1 | Above is the energy homeostasis model for the sustainable block™. Both the energy management system (EMS) and the power management system (PMS) comprise the microgrid’s homeostatic control, inspired by energy homeostasis principles (Yanine et al., 2020).
2.5 Redefining energy sustainability: How the homeostatic control system works and how the benefits are attained
The control system monitors in real time the available capacity and the power demand from the loads, considering demand side projection, in order to decide whether to use from the microgrid only, including the energy storage unit or to also draw power from the grid, and this goes on throughout the day. In addition, the storage status of the batteries is continually monitored, looking always to minimize operating costs. The energy storage unit managed by the homeostatic control system decides when and how much energy to charge or discharge, drawing energy from the energy storage unit when the electric tariff is more expensive. The system keeps track of each resident’s electricity consumption through the smart meter. Those residents who exhibit a sustainable electricity consumption that falls within the consumption ranges that the energy pool can support considering tariffs structure and the microgrid’s energy supply for the different hourly blocks, get to enjoy a lower electric bill. On the other hand, those who choose to consume more power in said hourly blocks, falling, outside the sustainable range, foregoing the needs of the rest of the community (thriftless consumption) will be notified through an interface and/or alarm and will be disconnected by smart switches (smart plug), leaving them with the grid-only option.
The billing process is calculated by the electric company with data from the smart meter processed by the billing procedure in the microgrid. The system is responsible for prorating payments between users according to their monthly electric consumption. Those customers who choose to align with the energy sustainability strategy of the community, preferring to consume less energy and to move their power-intensive consumption (e.g., dishwasher, washing machine, vacuum cleaner, electric heater) to hours of less demand receive economic compensation (reward) with a lower electric bill.
2.6 The energy homeostasis equations behind the power control and energy management systems of the microgrid
Below are the equations that express the energy homeostasis (dynamic balance) model that is the basis of the homeostatic control system operating in the microgrid the energy homeostasis regulation mechanisms are discussed in length in these articles (Caballero et al., 2013; Yanine and Sauma, 2013; Yanine et al., 2014a; Yanine et al., 2017; Yanine et al., 2018a; Yanine et al., 2018b):
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where [image: image]
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The power supply is a function of the internal state of the energy systems at time [image: image] represented by variable x and also conditioned by predictive and reactive homeostasis functions [image: image] (Yanine et al., 2017). Variables u and v represent the specific predictive and reactive homeostasis functions respectively. In addition, the conditioning function we term [image: image] is a function that represents the overall (operational) sustainability state of the system. Thus, [image: image] is in essence a systemic function that conditions the system’s output. In order to use a helpful analogy to illustrate and better clarify the role of [image: image] let us think of the heart’s pumping blood and oxygen in the human body; where cardiac output is the product of stroke volume and heart rate. Both are under the control of the sympathetic nervous system (the controller). Stroke volume is also affected by changes in preload, contractility and afterload, and their interaction. Very similar conditions are present in the sustainable energy system (SES) (Yanine et al., 2017), where we have the interaction of predictive and reactive homeostasis functions with the systemic function [image: image]. Hence, all three are responsible for the dynamic energy balance that is expected to be maintained at all times within the system and that we term energy equilibrium, [image: image] (Yanine et al., 2017). Likewise, the Energy management [image: image] is equal to the power supply minus the power demand subject to predictive and reactive homeostasis functions and the systemic function [image: image].
[image: image] is a systemic function responsible for assessing the overall system’s functionalities so as to safeguard the system’s sustainability and is dependent upon several functional factors operating adequately in the grid-tied microgrid (Yanine et al., 2017). Sustainable energy systems are composed of subsystems, and each one of them serves its own purpose but also interacts with other systems in ways that help the larger system, that is the grid-tied microgrid connected to the loads, to function as intended. The subsystems that comprise the whole must work well both independently and together for the system to function as intended.
The [image: image] function takes into account the projected power supply minus the projected power demand subject to the predictive and reactive homeostasis functions [image: image] but [image: image] also plays an important role in terms of assessing the overall system state (Yanine et al., 2017).
The demand response paradigm is an interesting option that makes sense when you are sharing a limited supply of green energy and are seeking economic compensation for keeping a lower, more thrifty and sustainable energy consumption. The benefits to consumers, such as those considered in the example analyzed in this paper, in the form of an economic compensation or reward for their thrifty and efficient electricity consumption particularly during certain times of the day and/or exhibit a willingness to be flexible in the timing of their electricity consumption needs. Hence, one of the emerging trends in this area is the enactment of laws and regulations such as the Net Billing law in Chile (Energypedia, 2015) that incentivizes or encourages the use of distributed generation of electricity by means of renewables (Yanine and Cordova, 2013; Energypedia, 2015).
For this project we used commercial solar panels readily available in the local market, whose characteristics are the following, in standard test conditions (STC) (i.e., irradiance of 1000W/m2, spectral value of 1.5 a.m. and temperature of 25°C). These are presented below in Table 2. (Yanine et al., 2020). The resulting installed power capacity of the DG plant is 41.58 kW (Yanine et al., 2020).
TABLE 2 | PV panels’ characteristics (Yanine et al., 2020).
[image: Table 2]To obtain the generation profiles of the photovoltaic plant, in the time scale required (15-min time intervals), a simplified model is adopted according to (Van Aubel and Poll, 2019). The power output of the plant will be given by the relation (1).
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[image: image]: Generated power in time period [image: image] by the PV plant in [image: image]
[image: image]: Number of photovoltaic (PV) panels, [image: image]
[image: image]: Panel area, [image: image]
[image: image]: Horizontal plane radiation in time period [image: image] for Santiago, Chile.
[image: image]: Temperature in time period [image: image] for Santiago, Chile.
[image: image]: Efficiency of the solar module under STC conditions, [image: image].
[image: image]: Inverter efficiency, [image: image].
Solar irradiation and temperature data are both pieces of information that can be readily obtained from the Department of Geophysics of the University of Chile [http://www.dgf.uchile.cl]. To validate the model, the annual energy generated was contrasted with the results obtained and properly adjusted afterwards using a proprietary software especially developed by the research team for this testing. Below are shown the electric power generated per hour on average for the different months of the year in Figure 2A, and the energy generated by the photovoltaic plant per month throughout the whole year in Figure 2B. 
[image: Figure 2]FIGURE 2 | Generation of the PV plant. (A) depicts the electric power generated per hour on average for the different months of the year, while (B) shows the energy generated by the photovoltaic plant per month.
Figure 2A depicts the electric power generated per hour on average for the different months of the year, while Figure 2B shows the energy generated by the photovoltaic plant per month.
2.7 The role of smart metering and why should electricity users care to use them
Smart meters are essential for electric companies to keep track of the billing and also of the overall state of the electric supply networks, helping optimize the grid services. A smart meter is an electronic device that records energy consumption of the electric company’s customers and exchanges consumption data with energy suppliers, which is used for monitoring and billing. In addition to storing energy consumption data, smart meters also allow real time information on the status of the electricity grid to be collected by the system’s operator, including making it possible to identify supply interruptions, inefficient voltages and incorrect connections. The smart meter considered in this study (model CERN 1 offered by ENEL Smart Metering Division), measures electrical variables of customers, stores it every 15 min and then sends the data via the power line (known as PLC for power line communications) to where it will be processed. This information reaches a data concentrator, installed close to the distribution transformer, which in turn transfers the information to the electric company via the internet. The smart meter allows the electric company to monitor and process electricity consumption, monitor failures and bill the customers much more accurately than human reading. The energy supplier needs the relevant meter readings, which in many occasions it cannot read directly from the meter (Zheng et al., 2013; Van Aubel and Poll, 2019).
2.7.1 Demand side evolution and its role in the energy homeostasis model
The demand evolution being considered in the model is obtained from a pilot plan supported by ENEL which consists on the installation of 100 residential smart meters in Huechuraba, a suburb of the city of Santiago, Chile which presents large and growing residential and commercial urban communities since 2018.
Figure 3 below illustrates the demand curves and the monthly consumption of the sustainable block™, corresponding to 60 residential customers. In (a) we have the aggregate demand curve throughout the day and in (b) we have the monthly energy consumption throughout the year.
[image: Figure 3]FIGURE 3 | Above are curves of aggregate demand and monthly consmption of the community’s residents of the 60 apartments in a residential building in Santiago, Chile which, along with the microgrid and the grid comprise a sustainable block™ (Yanine et al., 2020).
2.8 The role of energy storage systems (ESS) and its relation with energy sustainability in the context of the energy homeostasis model
The role of the energy storage system is of great imperative in order to achieve the energy sustainability objectives of the system. Energy storage is essentially a buffer that acts as an energy homeostasis enabler (Caballero et al., 2013; Yanine and Sauma, 2013; Yanine et al., 2014a; Yanine et al., 2017; Yanine et al., 2018a; Yanine et al., 2018b; Yanine et al., 2020). Energy storage can provide electricity in response to sudden changes or drops in electricity, provide electricity frequency and voltage regulation, and defer or avoid the need for costly investments in transmission and distribution to reduce congestion and also allows the residents to consume cheaper energy during peak hourly demand, especially when the electric tariff is higher during winter months than in spring and summer months. Energy storage also allows for peak shaving to occur, as shown in Figure 4, making possible for the community residents to reduce their power consumption (“load shedding”) quickly and for a short period of time to avoid a spike in consumption and higher costs. This is made possible in part by the on-site power generation system, namely the microgrid, but also, and more importantly, by relying on the energy storage system.
[image: Figure 4]FIGURE 4 | The graph depicts the so-called peak shaving, where energy storage helps flatten the demand curve, discharging during peak hourly demand and charging during off-peak hours.
Energy storage also provides flexibility to the system and is a key supporting tool for renewable energy integration in the electric power distribution sector (Tejada-Arango et al., 2019; Zsiborács et al., 2019). It can balance centralized and distributed electricity generation, while also contributing to energy security. Energy storage can also provide a complement to grid supply, supporting the integration of higher shares of variable renewable energy in electric transportation services such as buses and subway, buildings or industry (Tejada-Arango et al., 2019; Zsiborács et al., 2019).
Lithium-ion batteries provide 100% of their rated capacity, regardless of the rate of discharge. Lead-acid batteries, on the other hand, are less efficient but cheaper, and typically provide less usable energy with higher rates of discharge. They are usually limited to 50% of the rated capacity to prevent diminished lifespan (Tejada-Arango et al., 2019; Zsiborács et al., 2019). Below in Table 3 there is a comparison between the two types. Notice the difference of cycle life between the two. While the lead-acid battery can reach a maximum of 1,200 cycles at 50% DOD, the lithium-ion battery can reach 1900 cycles at 80% depth of discharge (DOD).
TABLE 3 | Comparison table between lead-acid vs. lithium-ion batteries.
[image: Table 3]2.9 Electric tariffs’ considerations when implementing DGS in the residential sector
An important element to consider in homeostasis-based supervisory control is the rate or tariff regulation being applied by the electric company operating the distribution of electricity, which normally takes into account the fact that the energy demand is differentiated per hour. Therefore, ‘peak hours’ of electricity demand are considered between 6 p.m. and 11 p.m. from the first of April to the 30th of September, as defined in the Chilean regulation law. The BT2 and AT2 tariffs are purchased power, on the other hand, BT3 and AT3 rates are maximum demand registered. In our model we applied the above rates considering electric consumption during off-peak and on peak hours and according to the following criteria.
a) When the purchased power or the maximum energy demand registered is being used during peak hours, regardless whether said power or energy is or is not used in other hours of the year, the consumption will be qualified as “present on peak” and the corresponding unit price will be applied. It is understood that the purchased power or the maximum energy demand registered is being used during peak hours, when the quotient between the average demand of the customer in peak hours and its purchased power (for BT2 and AT2), or its maximum registered demand (for BT3 and AT3), is greater or equal to 0.5 (ENEL Distribucion, 2023).
b) When the purchased power or the maximum registered energy demand is being used partially during peak hours, regardless of whether power or energy is or is not used during other hours of the year, the consumption will be considered as “partially present in peak”, and hence the corresponding price will be applied. It is understood that the purchased power or the maximum registered demand is being used partially during peak hours, when the quotient between the average demand of the customer during those hours and the purchased power (in case of BT2 and AT2), or its maximum registered demand (in case of BT3 and AT3), is less than 0.5. This allows the system to distinguish one particular consumption behavior from another and reflect the pricing and incentives accordingly as discussed in sections 2.5 and 2.6 (ENEL Distribucion, 2023).
However, should it occur that in the period of 60 consecutive minutes during peak hours, the quotient between the average power used by the customer and its purchased power (in case of BT2 and AT2), or its maximum registered demand (in case of BT3 and AT3), exceeds 0.85 and this fact is not an isolated event but occurs frequently, electric consumption will be classified as “present in peak”. Hence, monthly charges for maximum demand purchased during peak hours and maximum demand purchased of the BT4.1 tariff, as well as the monthly charge for the maximum purchased demand from tariff BT4.2 will be charged even if the power consumption is zero. They will be obtained by multiplying the kW reading of purchased power by the corresponding unit price (ENEL Distribucion, 2023).
The monthly charges for the maximum power demand registered by the system during peak hours with tariffs BT4.2 and BT4.3 will be charged as follows.
○ During the months where peak hourly demand is registered (on-peak hours), it will be applied to the maximum power demand effectively registered during peak hours in each month at the price set by the electric tariff.
○ During the months which do not register peak hours, it will be applied the corresponding unit price to the average of the two highest peak demands during peak hours for the peak period months.
Below in Table 4 we have electricity tariffs according to the Chilean electricity law and their characteristics. The monthly charge for maximum power demand supplied from the BT4.3 tariff will be charged to customers, and this charge will be calculated taking the average reading of the two highest maximum power consumption registered during the last 12-month period, including the month when the billing was issued, with the corresponding unit price. Details of different charges and their corresponding prices according to the supply rate electric can be found in (ENEL Distribucion, 2023). For the operation conditions exposed in this work and since it seeks to modify the consumption pattern towards a more efficient use of energy, and thereby receive economic benefits, the chosen tariff to be used in the microgrid is an Hourly dependent. These types of electric tariffs are the ones with the lowest price for energy and provide the necessary flexibility towards an economically efficient operation yielding maximum profit, while the control model ensures stability and service quality as required by the electric company’s legal regulatory framework. Thus, the chosen hourly rate will be option 3 (AT-4.3 or BT-4.3) (ENEL Distribucion, 2023).
TABLE 4 | Electricity tariffs according to Chilean electricity law and their characteristics. Source: https://www.cne.cl/tarificacion/electrica/.
[image: Table 4]The above table, taken from the National Energy Commission website (Comision Nacional de Energia) of Chile shows the three possible tariff alternatives for electric company customers. The difference between the BT and AT rates is in the voltage supply. The AT4.3 and BT4.3 tariffs are usually used by customers who have the possibility of reducing their demanded power during peak hours, hence are more flexible.
3 THE SYSTEM’S LOGICAL ARCHITECTURE FOR THE GRID-TIED MICROGRID
Below on Figure 5 is the logical architecture of the microgrid system developed to operate connected to grid with energy storage, to supply a community of 60 apartments, aiming to reduce the electric supply costs while providing incentives for customers willing to shift habits towards a more efficient, more sustainable energy consumption while enjoying green electricity supply from distributed generation from the electric company.
[image: Figure 5]FIGURE 5 | The microgrid’s logical architecture diagram.
In the diagram above in Figure 5 depicts the power in the batteries [image: image] and [image: image] which are modeled to represent the efficiency of the batteries upon charging [image: image] and discharging [image: image] cycles, and the corresponding charging and discharging processes of the batteries operate as shown in (2).
[image: image]
Likewise, each of the component’s specifications utilized in the microgrid is summarized below in Table 5.
TABLE 5 | Components’ specification for the microgrid.
[image: Table 5]3.1 The energy homeostasis model behind the control strategy
The energy homeostasis model is what inspired the control strategy applied in this case model. Unlike common control methods, this model encompasses both the grid and the energy consumers as key pillars of the sustainable block™ where each resident can act as a prosumer, not just as a regular, passive consumer of electricity. This behavior can lead to mutual economic benefits for the consumers as well as for the electric utility and is what in previous work has been characterized as sustainable loads (Yanine et al., 2019; Yanine et al., 2020), or active loads, as opposed to passive loads that have no interaction with the network (Yanine et al., 2020). The aim behind this strategy is for the system to be able to self-regulate and adjust to a more sustainable energy consumption habit as a whole community, whenever distributed generation systems, operated by the local electric company and supplying limited renewable generation are present.
The diagram in Figure 6 represents the model’s homeostatic control strategy. The control algorithm begins by measuring of the photovoltaic (PV) power generated and the energy demand of each apartment. Then, calculates the total power demanded by the community [image: image] and also sets the demand limits for the community [image: image], so as to keep consumption within the sustainable range considering the renewable generation and supply limitations of the system. The limits will also depend on the hour of the day (low or high demand). The first condition to be evaluated is given by (3) (Yanine et al., 2018a).
[image: image]
[image: Figure 6]FIGURE 6 | Homeostatic control strategy diagram depicting electric power supply to the building’s residents considering an hourly tariff (Yanine et al., 2018a).
As depicted above, if the total electric power demand is less than the demand limit set for the community of residents with the distributed generation supply, all of the photovoltaic (PV) energy generated by the microgrid will be assigned to charge the batteries.
The battery charge algorithm depicted in Figure 7 below takes into account the battery’s technical constraints, such as maximum current or the state-of-charge (SOC).
[image: Figure 7]FIGURE 7 | The battery charge module algorithm.
The photovoltaic energy that is not being able to be absorbed by the batteries because they are fully charged, is readily consumed by the residents and the surplus (if there is any) is injected into the grid, taking advantage of the existing Net Billing law (Energypedia, 2015). On the other hand, if condition (3) is not met, the control system proceeds to evaluate condition (4), and if this condition is met, battery is charged by the remaining power (Yanine et al., 2018a).
[image: image]
Otherwise, if condition set by (4) is not met, the battery will be discharged in order to satisfy the restriction of maintaining the demand of the community in the limit [image: image]. Before discharging the battery, the algorithm makes sure that all customers are demanding less than or equal to the maximum allowable demand per customer. In case this condition is not satisfied, alarms will be generated and the controllable loads of the customer who is not complying will be disconnected, leaving him/her with the grid-only option (Yanine et al., 2019; Yanine et al., 2020).
[image: image]
The expression in (5) has total (aggregate) demand of the community minus the power generated by the solar photovoltaic array minus the product of the power stored in the batteries multiplied by the discharging efficiency coefficient [image: image] check if discharging the battery to the maximum allowed capacity by the controller is sufficient to maintain the [image: image] demand limit. If true, the power to be extracted from the battery is given by,
[image: image]
During this period, the power demand from the network [image: image] will be equal to [image: image]. Should the power available to the community’s aggregate (total) demand [image: image] not be enough while operating within the boundaries set by the control system in order to maintain power limit of the community, the controller should generate alarms and disconnect specific loads from the residents, starting with non-critical ones. For each load that is disconnected, the expression in (4) is evaluated and the process is repeated over again until the maximum power set by the controller is achieved. Therefore, by changing the parameters of its internal structure (battery discharge and demand), the algorithm is able to control the energy flow and reach an efficient and sustainable operating point where all system limits are satisfied, as part of the reactive homeostasis (RH) component of the energy homeostasis control model (Yanine et al., 2019; Yanine et al., 2020).
In order to bound the power to its established limit point and thus avoid disconnections, the battery must be charged at its maximum capacity before entering peak hours. This procedure is hard to achieve since the energy provided by the PV plant depends directly on weather conditions. An alternative strategy is to introduce an Artificial Neural Networks algorithm that can predict the energy generated by the photovoltaic plant from a given moment until before entering peak hours (Yanine et al., 2019; Yanine et al., 2020). Above in Figure 7, the algorithm diagram shows the logic behind the operation of the battery charge module of the homeostatic control system.
[image: image]
On the other hand, if condition (7) is true, the battery will be fully charged. If otherwise, energy is absorbed from the network to satisfy the limit imposed by the controller (Yanine et al., 2019; Yanine et al., 2020). Renewable energy is produced in limited quantities and its production is affected by intermittence; thus, certain conditions should be imposed to provide cheap energy to consumers while supporting the grid, with a consequent reduction of their electricity bills and carbon footprint (Yanine et al., 2019; Yanine et al., 2020). Figure 8 depicts the transaction module which is in charge for assigning the energy quota for each customer based on the available supply in the system and calculate the energy flow among customers and the grid. In order to accomplish the above mention procedure, criteria A and B could be chosen (Yanine et al., 2019; Yanine et al., 2020).
[image: Figure 8]FIGURE 8 | Flow diagram depicting renewable energy supply and consumption management under equitable criteria.
Criterion A: Customers share the Nth part of generated renewable energy, where each customer owns one Nth part of the renewable energy produced by the microgrid (Yanine et al., 2019; Yanine et al., 2020).
The transaction module begins by discriminating between s with energy in excess or the deficit in energy in the system, by using condition (8) (Yanine et al., 2019; Yanine et al., 2020). Figure 8 below depicts renewable energy supply and consumption management under equitable criteria.
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The customer [image: image] that satisfies condition 8) has excess energy, expressed by (9), and can make it available to customers with energy deficit or sell it directly to the network, as convenient (Yanine et al., 2019; Yanine et al., 2020).
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All of the excess energy available in the system, [image: image], is given by (10). Part of this excess energy that is available will be used to meet the requirements of those residents that show an energy deficit, and this portion of available energy to meet other residents’ needs is represented by [image: image] on Eq. (12), whereas the rest will be injected into the grid, as denoted by [image: image]. The energy made available by each customer, as prosumers by means of an efficient and sustainable energy consumption will be identified defining a factor αit according to Eq. (11) (Yanine et al., 2019; Yanine et al., 2020).
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Then the energy supplied to customers with energy deficit and injected into the grid by the customers with excess [image: image] will be given by (12) and (13), respectively (Yanine et al., 2019; Yanine et al., 2020).
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If the condition in (8) is not met, this means that there is a resident with energy deficit. Hence, this resident must use energy from the grid [image: image] and/or from the excess energy made available by other residents from the pool of renewable energy [image: image]. The procedure that describes the energy flow under this condition, is depicted in the flow diagram of Figure 8 to supply renewable energy under an equitable criterion (Yanine et al., 2019; Yanine et al., 2020).
Criterion B: There is substantial renewable energy supply available, based on customer merit.
The flow diagram shown in Figure 9 represents the logic behind the energy sustainability strategy based on energy homeostasis. The strategy calls for community residents to maintain an efficient, sustainable electricity consumption so as to make the renewable energy supply from the microgrid plentiful. This strategy requires residents to be willing to change such power consuming tasks as laundry, dishwashing machines, vacuum cleaner, etc., To those hourly periods when there is more energy available in the system and electric tariff is on off-peak hours.
[image: Figure 9]FIGURE 9 | Flow diagram depicting renewable energy supply to customers inspired by an energy sustainability strategy based on energy homeostasis.
The condition in (15) checks for available energy in the system considering the power generation from the microgrid and the energy that is available in the energy storage unit (batteries). If condition in (15) is satisfied, all residents may receive the energy supply available in the system from the microgrid and the batteries so as to meet their consumption. The surplus energy generated by the system is injected to the grid and customers will receive an equal economic benefit (prorated) for that contribution (Yanine et al., 2020).
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If condition (15) is not met, this means that the energy available in the system is not enough to satisfy the residents’ aggregate demand. In this case, those that consume less or whose demand is low compared to others whose demand is higher, may benefit as explained earlier, by allowing their unused energy quota to be available to those in need of more energy and thus be rewarded for it. This is especially relevant for those residents that exhibit a low energy consumption during peak hours (Yanine et al., 2019; Yanine et al., 2020).
The algorithm’s control module managing peak hours’ demand is in charge of discerning about each resident’s consumption profile, thus identifying those that exhibit a thrifty consumption or simply consume less from those that consume more energy and exhibit a higher need for power. It does this by discriminating according to their energy consumption from lowest to highest. The first [image: image] customers will have the right to receive energy from the microgrid in proportion to their consumption behavior, as indicated in (16) (Yanine et al., 2019; Yanine et al., 2020).
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In expression (16) the grid power supply is equal to the demand of each resident [image: image] minus the same demand divided by the value of [image: image] which corresponds to the sum of the consumptions of the first [image: image] customers. This expression depicts the prioritization that those residents with a thriftier consumption have over those residents that consume more or are more intensive in power demand, especially during peak hourly periods. As seen in (16) the available energy is represented by [image: image] The remaining [image: image] customers must satisfy [image: image] of their energy consumption from the grid. Customers who are allowed to receive energy from the microgrid at peak hours will increase an index termed "homeostatic index ( [image: image])" (Yanine et al., 2018a). This index will be used to distribute the renewable energy available during non-peak hours the next day. In addition, customers will be ranked from higher to lower according to the homeostatic index’s value [image: image], so the first [image: image] customers with higher [image: image] will obtain energy from the microgrid (Yanine et al., 2018a; Yanine et al., 2019; Yanine et al., 2020).
Due to the high cost of electricity during peak hours demand, the control system strategy seeks to encourage residents to consume more during off-peak hours, especially by transferring their power consumption needs to off peak hours. In order achieve this, the cost of the electricity supply is transferred to the residents by means of an internal rate that is applied upon differentiating between those residents whose demand is low from those whose demand is high. Figure 10 bellow illustrate the application of this internal tariff, which will be based on the monomic energy price which consists of a single equivalent price per kWh consumed. The monomic price that considers charging the customer per both, the energy and the power consumption (Yanine et al., 2019; Yanine et al., 2020).
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[image: Figure 10]FIGURE 10 | Internal rate for the community of 60 residents. The red square block shows the hourly block between 18:00 h (6 p.m.) and 23:00 h (11 p.m.) during which peak hourly demand occurs.
The monomic price, which is depicted in expressions (17), (18) and (19) is to be used to compute electric consumption billing during peak hours and off-peak hours, respectively. The monomic price for peak hours ([image: image]) is calculated on the basis of the energy consumed and the maximum demand registered per resident, both during peak hours. On the other hand, the monomic price during off peak hours is computed in similar way, but considering monomic prices that are calculated monthly, together with the billing cycle. During the months that do not contain peak hours (October to March), the monomic cost for peak and non-peak periods are the same and the billing calculation is done according to Equation 19 (Yanine et al., 2019; Yanine et al., 2020).
After 1 year of evaluation ([image: image]), the monthly and annual costs are calculated for each resident and for the entire community as a whole, according to the equations shown in (20) through (24) (prices are shown in (Yanine et al., 2019)).
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We ran the simulation for up to 20 years’ time which corresponds to the photovoltaic panels’ lifetime, wherein a loss of efficiency per year is expected in the photovoltaic panels as established by the original equipment manufacturer (OEM) that is equal to 0.6% which goes along with a linear reduction of battery capacity, which is also considered, so that the final battery capacity is 80%. The depth of discharge of the battery is adjusted so that no intermediate replacements occur (Yanine et al., 2020).
3.2 Simulation results: The separate customers’ case
Customers are free to choose between different electric rates in the corresponding voltage level. Among the rates offered by the local electricity company, described in a previous section, only BT-1 tariffs and THR are competitive for levels and consumption characteristics of individual customers. In this scenario the option of incorporating a microgrid with a photovoltaic array upon the roof of the building with an energy storage system is a good option in terms of distributed generation alternative due to its reliability and cost effectiveness. As illustrated in Figure 11, the smart meter of each resident will register the apartment’s electricity consumption but it will not discriminate whether the electricity is supplied by the grid or by the microgrid, unless the proposed energy homeostasis-based control system of the microgrid in the work presented here is implemented through an interface connection operated by the electric company so as to enable the smart meter to differentiate one type of supply from the other (Yanine et al., 2020).
[image: Figure 11]FIGURE 11 | Energy flow and smart metering for separate customers.
4 OVERALL SIMULATION RESULTS AND DISCUSSION
Upon confirming the simulation results, we are able to effectively validate the homeostatic control model, and upon looking at the graphs we can ascertain that the energy homeostasis strategy utilized to manage the available energy supply for the community of residents yields the expected benefits, as opposed to not having the distributed generation alternative but just the grid-only option (Yanine et al., 2020).
Figure 12 below shows the power flow of the microgrid simulated without the energy storage option so as to corroborate the distinct benefits of having this resource available. In this case, what the microgrid cannot supply is supplied by the grid and therefore, the grid is modeled here as an infinite bus. As we can see from the figure’s interpretation, the key period, where much of the demand takes place is between 9 a.m. and 4 PM. The period between 10 a.m. and 2 p.m. is where the energy storage should operate at full capacity, supplying its stored energy, but in this case, it is absent, so the yellow line is flat. In the same period, we can also see that the photovoltaic (PV) power generation is at its maximum, and the hump reaches its peak between 12 p.m. and 1 PM. Therefore, during this period of time the grid is absorbing whatever excess power being produced by the grid-tied microgrid. However, later in the day, at around 6 p.m., the power demand intensifies significantly, with the maximum demand period being between 7 p.m. and 10 p.m., and begins to gradually decrease from there onward. During that period the microgrid’s production without energy storage is simply not enough to account for the full demand, so the grid comes in to assist and it supplies the rest. Likewise, the aggregate demand (red line) rises between 8 a.m. and 6 p.m. as expected, and this can be seen represented by the yellow straight line that represents the period.
[image: Figure 12]FIGURE 12 | the power flow of the microgrid simulated without the energy storage option and depicting the hourly tariff.
Figure 13, on the other hand, depicts the power flow with the energy storage system operating as part of the microgrid. The homeostatic control system is always prioritizing to charge the batteries (the energy storage system) and, upon reaching the maximum power demand limit in peak hours, the batteries may discharge if required, a process known as load shedding or peak shaving. The controller adjusts the demand limit at peak hours considering the capacity and maximum power delivered by the battery bank. The batteries are also expected be charged (if so needed) by the grid supply when the electric tariff is low (Yanine et al., 2020).
[image: Figure 13]FIGURE 13 | the power flow with the energy storage present as part of the microgrid and hourly tariff depiction.
The practice of load shedding or peak shaving is a strategy very commonly used for avoiding peak demand charges during those hourly periods when electricity tariff is higher accounting for high or peak demand from the electrical grid supply, as is the case illustrated here, and very especially during winter season due to electric heating and hot water pumps operation. This is done by quickly reducing power consumption during intervals of high demand. Energy storage such as on-site energy storage systems depicted here is especially helpful and cost-effective during higher demand periods so as to reduce overall cost associated with residential and commercial electricity consumption.
Again, we see here that the high demand period between 8 a.m. and 10 a.m., we have the batteries operating and supplying power as needed, while the microgrids’ full production is on. Grid power reaches a peak in demand right around 9 a.m., and then starts decreasing since the microgrid with energy storage is operating at maximum capacity. The batteries are usually being charged during 2 p.m. and 5 p.m. which is a period of low electricity demand for the community. However, at 6 p.m. demand starts rising and the high demand period is between 7 p.m. and 10 PM. The red line represents the aggregate demand, and we can see that between 12 p.m. and 2 p.m. is a period where we see power being absorbed by the grid, which means that there is excess power being produced so it can be injected to the grid. Like in Figure 12, during the period when the microgrid’s production with energy storage is not enough to account for the full electric power demand (between 7 p.m. and 10 p.m.), the grid comes in to assist and supply the rest.
The batteries’ state of health depends heavily on the operating conditions, provided that the installation was done properly. Overload, temperature range, intensity and charging cycling are all aspects to be considered. Batteries are used essentially for peak shaving and a solar power plant, as is the case of our grid-tied microgrid. It is highly beneficial to install both, an adequate solar PV capacity and on-site energy storage to ensure that the community can enjoy the highest utility bill savings possible. Thus, during the day, the homeostatic control system charges the on-site batteries with solar energy from the PV panels and batteries may also be charged by the grid supply when electric tariff is low (off-peak hours). Hence, we are still technically saving money, and when we need to power the community, we can use whichever electricity source is cheapest at that precise moment in time–whether it is from the photovoltaic (PV) panels’ supply during the day or from the stored solar power (in the batteries) in the evening or during “peak” hours, which in this case is between 7 p.m. and 10 p.m. The only time that the microgrid needs to draw electricity directly from the grid is when PV panels are not operating because of the absence of sunlight and when the batteries are completely empty.
One of the main factors to consider in order to extend the lifetime of the batteries is the Depth of Discharge (DOD) result of the operation cycles. The depth of discharge complements the state of charge (SoC) in the sense that as the depth of discharge increases, the State of Charge decreases. There is a direct relation between the depth of discharge and the cycle life of the batteries (Tejada-Arango et al., 2019; Zsiborács et al., 2019). As shown in Figure 14, batteries are only discharged to do peak shaving, as explained before, when the demand for power is high, during peak months (April through the end of August in Chile); out of this period, the battery bank is in floating state and ready for backup whenever the (grid) main network is not available for whatever reason.
[image: Figure 14]FIGURE 14 | First year’s monthly depth of discharge (DOD) of the battery bank, showing the months of higher electricity consumption during winter season (April through the end of August).
Finally, as a side note, two types of batteries were evaluated for simulation purposes, the traditional Acid-Lead batteries and the Lithium-ion battery. In both cases, technical operating limitations were considered. Keeping the batteries between 40% and 80% ensures that they have a longer lifespan. Particularly in the case of lithium-ion batteries they are stressed the most during the top and bottom 20% of their charging range; and the closer to 100% or to 0% we get, the greater the stress on the batteries. That is why keeping charging up to 80% maximum is much healthier, and never letting it drop (discharge) below 20%. The control system will stop charging at around 80%, more or less, and start recharging at around 20%, so as to keep batteries from aging age rapidly, and last longer, compared to routine full charges (Tejada-Arango et al., 2019; Zsiborács et al., 2019). Hence, we can see in Figure 14 that in the months of June and July, is when the greater use of the batteries is required, as in 75% of the cases the DODs are lower than 40%. This strategy is used to extend the lifetime of the storage devices as much as possible.
5 CONCLUSION
Urban energy system modeling is an important area of research towards advancing distributed generation and energy sustainability. In this paper we have proposed an energy homeostasis model to ENEL Chile as a proof of concept for a real scale prototype that is to be implemented hopefully in 2024 with ENEL’s collaboration. The model envisions a smart microgrid tied to ENEL’s distribution grid and operating on a residential building as part of distributed generation agenda being considered moving forward. As shown in this example, for off-peak demand in the spring and summer months, a flat tariff is applied where the price for energy is constant throughout the day. Because of the fact that the payment should be amortized by the maximum power demand and by peak power demand, measured during peak months, with the sale of energy to the grid during the months of low power demand (where not only there is lower consumption but also more photovoltaic (PV) energy is generated).
The energy cost during off-peak months is higher than in the base case (tariff BT-1). Given that the battery bank is used to decrease the demand for power, it is easy to amortize with the sale of energy; hence the incorporation of batteries helps the internal rate to be below the base case during off-peak hours. From the conditions used to define the energy cost at peak and off-peak hours, it can be observed that the tariff is self-regulated and allows to transfer the cost to each individual customer and, at the same time, encourages the efficient consumption of energy. Customers who decide to be more flexible and efficient, exhibiting a thriftier use of electricity, are able to transfer part of their consumption from peak hours to low demand hours, which will cause a decrease in the energy cost in low demand hours, due to the additional available energy. On the other hand, and since there will be less energy to amortize the charge for the maximum peak demand, the monomic cost of peak hour energy will increase. Therefore, without an effective change in peak power demand, the control system simply establishes that customers who exhibit an inefficient and inflexible electricity consumption of the supply that is made available by the microgrid, shall double-subsidize efficient customers. Even more important is the fact that this tariff proposal will allow customers to adapt and have incentives to change their habits and be more efficient, which will trigger thereafter a sustained reduction of the maximum demand in peak hours and with it, an effective saving by the community of energy consumers as a whole.
A singular aspect of the homeostasis model proposed in this work is the fact that customers, being considered as one single load by the electricity company, create the need to establish internal rules regarding the way to consume energy, to identify the diversity of energy consumption habits in the community and how to transfer the costs of operation and power supply to customers individually. A simple way to do so, as demonstrated in the simulation, is to transfer costs through an internal rate based on the monomic price for energy differentiated during peak and non-peak hours, the latter being considerably higher. This monomic price considers the cost per kW of electric power that must be realized and self-regulates by absorbing the dynamics represented by the external tariff and by the customers, so that the costs of supplying the customers of the microgrid are always unequivocally transferred while encouraging the residents to consume more electricity during off-peak hours so as to facilitate the operation of the control system and to reduce the demand limit adjusted for peak hours in the future.
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