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Abstract
The challenge of electricity distribution’s upgrade to incorporate new technologies is big, and electric
utilities are mandated to work diligently on this agenda, thus making investments to ensure that current
networks maintain their electricity supply commitments secure and reliable in face of disruptions and
adverse environmental conditions from a variety of sources. The paper presents a new model based on
energy homeostasis for power control and energy management using tariffs differentiation as
incentive, considered by ENEL, the largest electric utility in Chile. The model optimizes grid-tied
distributed generation (DG) systems with energy storage, in line with the utility’s green energy
program, part of its Smart Grid Transformation, aimed at installing grid-tied DG systems with solar
generation and energy storage in Santiago, Chile. Results present different tariff options, system’s
capacity and energy storage alternatives, in order to compare proposed strategies with the actual case,
where no green energy is present. The results show the advantage of the proposed tariffs scheme and
power-energy management model based on different scenarios, providing a good and safe option for
installing DG solutions to the grid.
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Introduction
Understanding Electric Utilities’ Perspective
Nowadays, electric utilities everywhere are facing a series of challenges, from legislation
changes to urban crowding and radical changes in the electric power system landscape,
largely justified by current market policies, plus a variety of other issues dealing with the
reliability and manageability of the grid (Parejo et al. 2019; Yanine et al. 2017). For example,
market policies are currently being influenced by the concept of “unbundling”. This principle
establishes that generation, transmission, and distribution services must be managed by
independent organizations, or even by regulated entities, as it is the case with the transmission
systems in Europe (Van Koten & Ortmann, 2008). Of course, the implementation of this idea
requires new forms of operation in terms of large-size bundles of information sharing
amongst market agents of the power system sector and its efficient and timely management.
Notwithstanding important technological advances in the last 20 years to improve power
systems design and overall infrastructure, much remain yet to be done when looking at the
overwhelming costs of catastrophic natural disasters suffered by the US in recent years
(Minnaar, 2016; de Faria Jr. et al. 2017; Hanna et al. 2017). For example, extreme weather
phenomena like torrential rains right out of the blue or sudden heavy snow fall, earthquakes
and huge fires in some regions where these type of destructive occurrences did not normally
occur. All of this, points to the necessity to advance in more flexible, resilient, and
dependable electric power systems that can prevent in some cases and diminish in others, the
effects of those natural disasters. Due to this situation, United States of America considered
that it was necessary to take measures about these problems. As an example, in 2014 the US
Senate passed a bill (Wood, 2016) where they showed their support to distributed energy
system connected to the power grid (like microgrids) to reduce the effects of the described
natural and climate disasters, making the electric power distribution more resilient and
proactive towards the unexpected and destructive climatic events. This support stimulated the
developing of multiple technological and legislative initiatives in the field of microgrids and
distributed generation systems (DGS) in general. In this sense, another significant decision
made (from the point of view of legislation) was the Energy Policy Modernization Act of
2015 (Ungar, 2015) promoted by the US Senate on September 2015, with the objective of
promoting the US Grid improvement.

Study Aim
This study aims to analyse and project the impact of green energy generation in buildings by
ENEL Distribucion in Chile by means of grid-tied distributed generation systems (DGS) with
energy storage applications to advance the smart grid transformation in Chile.
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The work presented in this article is based on a theoretical framework developed for
ENEL by the authors and the projections for growth of green energy generation to be
undertaken by ENEL and by other electric utilities in Chile as expected. The chief aim behind
the study undertaken is to foresee and project the role and operation of grid-tied microgrids in
the electricity distribution sector of the country as well as its management by the utilities.

Materials and Methods
Research Design
The research study was conducted using mostly qualitative and partially quantitative
methodological approach based on the variables identified and projections given by ENEL in
Chile and by the electric authority of the country regarding projection of electricity tariffs
with strong green (renewable) energy penetration in the distribution sector. The study was
carried out in Universidad Tecnica Federico Santa Maria’s San Joaquin Campus where the
research team has a grid-tied microgrid that simulates green energy generation in a residential
building,
The model presented optimizes grid-tied distributed generation (DG) systems with
energy storage, in line with the utility’s green energy program, part of its Smart Grid
Transformation, aimed at installing grid-tied DG systems with solar generation and energy
storage in Santiago, Chile. Results present different tariff options, system’s capacity and
energy storage alternatives, in order to compare proposed strategies with the actual case,
where no green energy is present. The results show the advantage of the proposed tariffs
scheme and power-energy management model based on different scenarios, providing a good
and safe option for installing DG solutions to the grid.

Grid-Tied Microgrids with Energy Storage for Green Energy Penetration in The
Distribution Grid
As a way of advancing green energy and power systems decentralization, microgrids have
come to be seriously considered by electric utilities like ENEL Distribucion in Chile and in
other parts of the world (Wood, 2014), as a means to supplement and support electric power
distribution decentralization, providing the grid with much needed back up, while advancing
green energy penetration. It can also operate as a local solution to service small and medium
size communities, as in condos, buildings or a cluster of buildings where district heating can
also be implemented (Farhangi, 2016).
Figure 1 shows a general structure of the control system model, where energy
management system (EMS) and power management system (PMS) are designed following
particular homeostatic control (HC) strategies. The EMS/PMS, receives as input, the electric
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power generation predictions, based on predictive homeostasis data carried out by the HC
system’s assessment of internal and external variables (Yanine et al. 2018). This is done
taking into account the photovoltaic generation plant capacity, climatic conditions and the
electricity consumption ranges of the community in terms of demand side projections, so as to
decide on the magnitude and the energy flow composition. Electric utility sets the tariffs and
green energy has as expected a lower tariff thus being favoured by consumers, who can save
money by adjusting their energy and power consumption in such a way as to make the green
energy supply and availability last as much as possible. In addition, energy storage status of
the batteries must be monitored at all times. Thus, and pursuing the objective of minimizing
operating costs (i.e. minimize price paid monthly for energy consumed per household), the
homeostatic controller will have the following attributions:


Battery management

Defines when and how much energy to charge/discharge. The control system will charge the
batteries when the demand is low and will draw energy form the batteries when the tariff of
electricity is more expensive, depending on the electric tariff that is being implemented.


Active control of the energy demand

It is determined by how much energy is consumed by each client of the microgrid as recorded
by the smart meters of each household. The aim here is very distinct: to maximize the use of
green energy with the microgrid’s available generation and supply capacity. Customers who
are not "solidary" and efficient in their consumption, or choose not to align with the needs of
the rest of the community, will be notified through an interface and/or alarm, and their loads
exhibiting constantly high electric power consumption (e.g. washing machine, heating,
ventilation, air conditioning or HVAC) will be disconnected from the microgrid by smart
switches (Smart plug), leaving them with the grid-only option, paying quite higher tariffs for
electricity Yanine et al. (2019 a,b).


B. Payment based on Power and Energy consumption management

This control unit is responsible for prorating payments between users and the electric
company. Customers exhibiting low consumption from the microgrid supply (those that
exhibit a thrifty consumption behaviour), have the right to receive economic compensation as
a reward. Since overconsumption will be penalized, such reward is made possible by those
who have a higher consumption of electrical energy, particularly those that use power
consumption more often. This arrangement is being considered by ENEL Distribución as a
means to entice a sustainable and more manageable energy consumption in light of
constraints imposed by DG plants, operated by the electric utility, as a way of favouring
renewable or green energies penetration. The utility’s aim is to reinforce a thrifty electricity
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consumption behaviour and, at the same time, an easier stabilization of the system if it were
needed.

Microgrid Condition

Historical Data
Weather Data
Smart Meter

Prediction

EMS
PMS

Power Reference
Batteries

Electricity Rates

Demand
Management
Payment
Management

Fig.1. Homeostatic control model based on power management systems and energy management systems for the
sustainable block™ with energy storage

Results
Experimental Results of On-Grid Distributed Generation System
The most interesting characteristic of this microgrid is that it is not composed only of power
devices, but it also includes multiple temperature and humidity sensors deployed in and
outside the building. This allows getting complete datasets that can be used for optimization
of HVAC systems, taking into account how wall temperatures affect to the comfort of the
rooms.
Batteries, particularly large-size batteries, will give extra flexibility to the EMS, but it
could be also possible to design other types of controls without them, as can be seen in
previous studies for an Easter Island’s residential block (Caballero et al 2013). This is why
buildings constitute a perfect environment for the application of an energy management
system (EMS) and allow to analyse their electrical and thermal behaviour depending on
weather conditions and forecasts. In this first probe of concept, the EMS monitors the
external, internal and walls (of the microgrid room) temperature, while the whole thermal
model of the building has been designed, using the real data of every room and materials that
compose it. Using this model, it is possible to observe an approximation of the temperature
profile during every day analysis using real weather data (temperature and solar irradiation).
Whether or not the microgrid has energy storage, in practice, the control system shall
have a set of controllable loads which can be remotely disconnected, so the maximum

Green Energy Generation in Buildings: Grid-Tied Distributed Generation Systems…

158

demand can be maintained bellow a specified limit. In addition, customers will be notified
automatically of their misaligned behavior with the community, and they will be penalized.
Thus, the on-grid microgrid can be seen as a socio-technical complex system, in which
consumers play an active role (Yanine et al. 2018; Yanine et al. 2014). This power limitation,
despite being a convenient feature of the control system, will not be considered under the
present paper for brevity.
Next it is shown in Fig. 2 how internal electric tariff for microgrid customers, based on
the monomic energy cost, is employed with the aim of achieving an efficient energy
consumption transferring the energy directly, almost at cost, to customers. It can be observed
that the energy cost at peak hours is considerably higher than that of non-peak hours, so
customers are expected to heed the homeostatic control strategy aim and adapt, moving part
of their consumption to low demand hours, where the energy cost is lower, and exercise
restraint in their power consumption habits. If, however, there is a shortage of green energy
supply from the microgrid for whatever reason, the grid supply will automatically take over
and supply for the deficit. For non-peak months in Chile (January, February, March, October,
November and December), there is a flat tariff, where the price for energy is equal no matter
what time it is consumed.

Fig 2. Sustainable Block’s Power flow with energy storage and hourly tariff

The microgrid’s control block
The control block has a series of interfaces. Inputs correspond to measured variables and
signals from the microgrid system which is interacting with the smart grid and with remote
operators, while outputs correspond to “orders”, that the system can accept. These are all
listed in Table 1.
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Table 1. Control block inputs/outputs
Name

Type

Description

pow_limit

Input

Power consumption limit (from the utility grid)

pow_now

Input

Power consumption

soc_batBU

Input

State of battery group 1

soc_batST

Input

State of battery group 2

gridOK

Input

Indicates if the utility grid is available (no blackout)

Twalls

Input

Walls temperature

Text

Input

Outside temperature

Tint

Input

Internal temperature

contactOnGrid

Output

On/Off grid selector

ContactBat

Output

On/Off battery selector

ContactHVAC

Output

On/Off HVAC selector

This control block executes intelligent algorithms based on energy homeostasis applied
over selected variables. The result of such algorithms will be the control commands being sent
to the power systems in order to generate the appropriate response under particular conditions
and circumstances of operation throughout the day.

Homeostatic control and energy homeostasis for grid-tied microgrids.
Homeostatic control system comprises both reactive and predictive homeostasis (Yanine et al.
2018; Yanine et al. 2014; Yanine et al. 2015; Yanine et al. 2014). Both aim at maintaining
efficient optimal state of equilibrium between supply and demand favouring the consumption
of green energy from the microgrid as much as possible. The reactive branch, which
comprises the core of the control system, must keep the batteries with enough charge to
maintain the microgrid running, even if a blackout occurs. Additionally, the storage capacity
can be used when the utility advices that a higher energy price is to be charged (usually
applied when a certain power or energy consumption value is reached), or in case of a demand
response (DR) event which would require a high reduction in the consumption from the
microgrid. This fact is reflected on the power limit managed by the DG system, which
depends on the received information from the utility (or the distribution system’s operator).
Hence, the power reduction can be reached disconnecting the microgrid from the power
system, or also managing internal controllable loads (if such function is available). In both
cases, the control system must ensure that the required reduction is to be achieved, whenever
possible (Yanine & Córdova, 2013).
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Conclusions
The need to overcome the vulnerability of today’s electric power distribution infrastructure is
urgent and pressing, particularly in where seismic activity and harsh weather phenomena is
recurrent. It is crucial that government authorities, industry regulators and main industry
players like ENEL Distribución in Chile plan ahead and work on a Smart Grid
Transformation Roadmap, as Chile is doing, in order to advance green energy by means of
on-grid integrated distributed generators. There is much new technology and techniques in the
market today to go that route safely (Paliwal et al. 2014). Decentralization of the power
system using distributed generation (DG) solutions like the smart microgrid for buildings is a
decisive step forward that countries like Chile and others are taking. Microgrids installed in
buildings is part of this trend and they are to be managed and operated by utilities like ENEL
Distribution (formerly Chilectra), employing both traditional and renewable power sources
(like microturbines and solar/wind generation) all of which makes sense whenever there is an
abundance of renewables. Furthermore, if these systems can be equipped with communication
and advanced data processing interconnected systems that can operate together, making the
power generation and distribution elements work in a collaborative way, it is possible to
achieve greater systems efficiency and reliability. This structure can be managed by more
flexible, less expensive, fast and reliable control system than other complex systems (e.g.,
multi-agent, or expert systems) that much of the current literature on smart grid and intelligent
computing is proposing (Yanine & Córdova, 2013).

Acknowledgments
We are very grateful to FONDECYT of Chile for the funding of the project FONDECYT
POSTDOC # 3170399 and to the Dept. of Electrical Engineering of Universidad Federico
Santa Maria, School of Engineering of Universidad Finis Terrae, both in Santiago, Chile and
to the Escuela Politécnica Superior, University of Seville, Seville, Spain. Our sincere thanks
go also to ENEL Distribucion for facilitating valuable data and support in this study.

References
Caballero, F., Sauma, E., & Yanine, F. (2013). Business optimal design of a grid-connected hybrid PV
(photovoltaic)-wind energy system without energy storage for an Easter Island's block. Energy,
61, 248-261.
de Faria Jr, H., Trigoso, F. B., & Cavalcanti, J. A. (2017). Review of distributed generation with
photovoltaic grid connected systems in Brazil: Challenges and prospects. Renewable and
Sustainable Energy Reviews, 75, 469-475.
Farhangi, H. (Ed.). (2016). Smart microgrids: lessons from campus microgrid design and
implementation. CRC Press.
Hanna, R., Ghonima, M., Kleissl, J., Tynan, G., & Victor, D. G. (2017). Evaluating business models
for microgrids: Interactions of technology and policy. Energy Policy, 103, 47-61.

161

Journal of Information Technology Management, 2020, Vol.12, No.2

Minnaar, U. J. (2016). Regulatory practices and Distribution System Cost impact studies for
distributed generation: Considerations for South African distribution utilities and regulators.
Renewable and Sustainable Energy Reviews, 56, 1139-1149.
Paliwal, P., Patidar, N. P., & Nema, R. K. (2014). Planning of grid integrated distributed generators: A
review of technology, objectives and techniques. Renewable and sustainable energy reviews,
40, 557-570.
Parejo, A., Sanchez-Squella, A., Barraza, R., Yanine, F., Barrueto-Guzman, A., & Leon, C. (2019).
Design and simulation of an energy homeostaticity system for electric and thermal power
management in a building with smart microgrid. Energies, 12(9), 1806.
Ungar, L., Kallakuri, C., & Barrett, J. (2015). 2015 Federal Energy Efficiency Legislation: Projected
Impacts. U. S. Senate, “Energy Policy Modernization Act of 2015.” Senate of the United States.
Van Koten, S., & Ortmann, A. (2008). The unbundling regime for electricity utilities in the EU: A
case of legislative and regulatory capture? Energy Economics, 30(6), 3128-3140.
Wood, E. (2014) “Think Microgrid: Why Government Leaders Are on a Serious Quest to Build
Microgrids”
Microgrid
Knowledge,
https://microgridknowledge.com/think-microgridgovernment-leaders-serious-quest-build-microgrids/ (accessed 29 January, 2020).
Wood, E. (2016) “US Senate Passes Bill that Supports Grid-Connected and Hybrid Microgrids.
Microgrid Knowledge.” Microgrid Knowledge, https://microgridknowledge.com/hybridmicrogrids/ (accessed 29 January 2020).
Yanine, F. F., Caballero, F. I., Sauma, E. E., & Córdova, F. M. (2014). Building sustainable energy
systems: Homeostatic control of grid-connected microgrids, as a means to reconcile power
supply and energy demand response management. Renewable and Sustainable Energy Reviews,
40, 1168-1191.
Yanine, F. F., Caballero, F. I., Sauma, E. E., & Córdova, F. M. (2014). Homeostatic control, smart
metering and efficient energy supply and consumption criteria: A means to building more
sustainable hybrid micro-generation systems. Renewable and Sustainable Energy Reviews, 38,
235-258.
Yanine, F. F., Córdova, F. M., & Valenzuela, L. (2015). Sustainable hybrid energy systems: an energy
and exergy management approach with homeostatic control of microgrids. Procedia Computer
Science, 55, 642-649.
Yanine, F., & Córdova, F. M. (2013, March). Homeostatic control in grid-connected micro-generation
power systems: A means to adapt to changing scenarios while preserving energy sustainability.
In 2013 International Renewable and Sustainable Energy Conference (IRSEC) (pp. 525-530).
IEEE.
Yanine, F., Sanchez-Squella, A., Barrueto, A., Cordova, F., & Sahoo, S. K. (2017). Engineering
sustainable energy systems: how reactive and predictive homeostatic control can prepare
electric power systems for environmental challenges. Procedia computer science, 122, 439-446.
Yanine, F., Sanchez-Squella, A., Barrueto, A., Sahoo, S. K., & Cordova, F. (2018). Smart Energy
Systems: The Need to Incorporate Homeostatically Controlled Microgrids to the Electric Power
Distribution Industry: An Electric Utilities’ Perspective. Int. J. Eng. Technology 7, 64-73.

Green Energy Generation in Buildings: Grid-Tied Distributed Generation Systems…

162

Yanine, F., Sanchez-Squella, A., Barrueto, A., Sahoo, S. K., Parejo, A., Shah, D., & Cordova, F. M.
(2019). Homeostaticity of energy systems: How to engineer grid flexibility and why should
electric utilities care. Periodicals of Engineering and Natural Sciences, 7(1), 474-482.
Yanine, F., Sanchez-Squella, A., Barrueto, A., Tosso, J., Cordova, F. M., & Rother, H. C. (2018).
Reviewing homeostasis of sustainable energy systems: How reactive and predictive homeostasis
can enable electric utilities to operate distributed generation as part of their power supply
services. Renewable and Sustainable Energy Reviews, 81, 2879-2892.
Yanine, F., Sanchez-Squella, A., Parejos, A., Barrueto, A., Rother, H., & Sahoo, S. K. (2019). Gridtied distributed generation with energy storage to advance renewables in the residential sector:
tariff analysis with energy sharing innovations; Part I. Procedia Computer Science, 162, 111118.

Bibliographic information of this paper for citing:
Sanchez-Squella, A., Yanine, F., Barrueto, A., & Parejo, A. (2020). Green Energy Generation in Buildings:
Grid-Tied Distributed Generation Systems (DGS) With Energy Storage Applications to Sustain the Smart Grid
Transformation. Journal of Information Technology Management, 12(2), 153-162.
Copyright © 2020, Antonio Sanchez-Squella, Fernando Yanine, Aldo Barrueto and Antonio Parejo.

