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ABSTRACT

Nowadays, microgrid technologies play a relevant role in the research field as well as in the commer-
cial market. The opportunity to provide electricity in wide areas without using centralized electrical
infrastructure networks is a reliable key for achieving the European Union sustainability goals. In this
regard, the proposed research aims at describing an electric microgrid configuration powered by a
photovoltaic system, supplying three school buildings located in the center of Italy. Additionally, the
resilience theme is deeply investigated, analyzing the use of an emergency generator system (EGS) in
case of electric grid blackouts. MATLAB/Simulink was chosen to simulate the users’ energy demand
as well as to calculate the microgrid performance. Results show that almost the total consumption of the
microgrid is covered by the photovoltaic system, and the use of an EGS allows energy resilience and
moderate economic savings for the community.

Keywords: Backup diesel generators, community resilience, microgrid, photovoltaic solar energy,
renewable sources, school buildings.

1 INTRODUCTION

The use of energy systems based on microgrid technology is assuming a relevant role in
the research field as well as in the commercial market, due to their application in urban
settlements. The inclusion of microgrid technologies into real-world applications
depends on the evolution of the electricity systems based on ‘decentralizing, decarbon-
izing, and democratizing’ concepts. Those three ‘Ds’ are focused on the reduction of
fossil fuel emissions, as well as on the improvement of resilience in urban contexts [1].
Integrating renewable energy sources (RES) is another relevant objective, following the
current European directives [2]. The flexibility of microgrid systems lead the national
government and policies to adapt it into different frameworks, from industrial areas to
rural lands, where inhabitants could frequently face unaffordable electricity services [3].
Therefore, microgrids are not a rigid energy system infrastructure, but their configura-
tion depends on project’s requirements, geographical location, and economic evaluations
[1]. The type of energy generation source is included in a wide range, from diesel com-
bustion engines and micro turbine, fuel cells to renewable generation [4-6]. The energy
storage system is not strictly required, but it is commonly used to guarantee the electric-
ity supply [7].

Furthermore, a consistent advantage of microgrid systems is energy resilience, which
has been widely investigated in the last years, showing the importance to increase its
power for energy systems. In detail, four aspects are involved in developing an electrical
system into a resilience one: failure prevention, energy and economic consequences mit-
igation, reduction of time response, and recovery of the electricity supply [8]. To face
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blackout’s events, backup diesel generators (BDGs) are used, combined with energy stor-
age where necessary [9]. Moreover, the energy resilience concept is fundamental for the
evolution of Smart Cities: in fact, a Smart City is expected to have minimal environmen-
tal impacts, regulated electricity consumptions, and environmentally responsible citizens.
The future of Smart Cities is linked to energy resilience as, the more a urban center is
able to cope with environmental changes, the more it will be able to provide positive
reactions [10].

As mentioned earlier, the current work is focused on the role of the RES in reducing Co,
emissions, electricity costs, and energy consumption through the development of a micro-
grid for an Italian urban context. The BDGs is involved to ensure the resilience of the
system [9].

Many works in literature propose different microgrid configurations, investigating the
design and simulation of a hybrid microgrid to test its efficiency and reliability [11]; focus-
ing on the relation between microgrid and Near Zero Energy Buildings (nZEBs) assessments,
according to the optimization of the model [12, 13]. On the other hand, researchers [14]
analyze smart grids, highlighting its importance to reduce the peak of energy demand.
Finally, Rosales-Asensio et al. [15] investigate the opportunity to develop a microgrid sup-
plying a large office building, providing advantages in terms of economic savings and
resilience performance. Moreover, in this study, the use of photovoltaic panels as the RES
supplying a microgrid system presents several advantages, being the most common RES
technology for this purpose [1, 15]. Office buildings, rural lands, military site, and public
complex are investigated as case studies in different works [1, 11, 15]. Instead, the microg-
rid presented by the authors is connected to three school buildings, located in Terracina, a
small city in the center of Italy. The entire model is simulated using MATLAB/Simulink,
allowing the definition of the geometrical configuration and energy balance of the case
study. The combination of the photovoltaic solar energy and a BDG shows the reliability of
the presented microgrid, even in case of failure events. Particularly, results show how the
photovoltaic panel production covers the entire consumption of the microgrid in good
weather conditions. Furthermore, during the warmer months, an excess of electricity pro-
duction is available allowing to extend the system to different users. Only a limited amount
of energy comes from the national grid. In case of a national grid failure, a 250-kW methane
emergency generator (EG) was set up ensuring the system resilience. The results of the
analysis highlight the use of an emergency generator system (EGS) allowing a good resil-
ience of urban energy systems and some economic savings for communities.

2 CASE STUDY DESCRIPTION

Terracina is an Italian town of 43,639 inhabitants located in the province of Latina. The city
is placed in the Agro Pontino at the southern edge of the plain, at south of the promontory of
Circeo, near to the mouth of the river Amaseno, on the Tyrrhenian coast (gulf of Gaeta); the
city is an appendix of the Monte Sant’ Angelo, where the historical center is located, up to the
promenade Circe. The cliff of Pisco Montano clearly marks the southern boundary of the
town; southwards the plain of Fondi opens, northwards the urbanization progressively
decreases towards the open country and the rural villages. Terracina, historically the main
attraction of the Latium Riviera, focuses its economy on tourism and services sector. Its
transformation into a smart city would allow it to maintain its leading role in this sector by
offering better, innovative, and more efficient services to tourists and citizens, while boosting
the city’s economy.
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2.1 Building 1

The first considered building hosts a school for a total of about 1,000 students. The total area
occupied by the building complex is approximately 14,000 m? (Fig. 1).

The school complex consists of two buildings: the larger one has two floors with a total
area of 6,726 m? and the smaller one has three floors with a total area of 2,070 m?; building
dimensions are shown in Table 1.

The heating system consists of 105 two-pipe fan-coils, each with a maximum flow rate of
231 m/h. The system is able to achieve the internal environment set point temperature, and
once the maximum limit is reached, it reduces its flow rate to 30%, as to maintain optimal

Figure 1. Building 1.

Table 1: Building 1 dimensions.

Building 1 dimensions

Type floor area 3,363 m?
Floors number 2

Storey height 32m

Total gross area 6,726 m?
Wall thickness 0.4 m

Total net area 6,527.48 m?
Windows area 265 m?

Volume 21,5232 m3
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internal conditions and avoid excessive stress on the terminal, due to on—off operations. If the
reduction of the flow rate would not allow to keep the internal temperature above the mini-
mum limit, the system returns to nominal flow rate operation. Specifically, Terracina (climate
zone D), requires the start-up period to be between 1 November and 15 April, keeping the
internal temperature at 20 °C + 2 °C.

The lighting system consists of about 600 tubular neon lamps of 36 W each, obtaining 300
lux in classrooms, according to UNI EN 12464-1 [16].

The Simulink diagram in Fig. 2 aims to monitor the operation of the heating system and
the temperature trend in the Building 1.

In order to study the temperature trend inside the building, it was necessary to determine
the thermal loads as follows:

o thermal dispersions towards the outside caused by the difference in temperature between
the heated environment and the outside;

e dispersions due to air infiltration through the glazed surfaces;

o internal load due to the presence of people in the structure;

e internal load due to the lighting system.

Since none of the described thermal loads appears to be constant during the day, it was
considered the hourly variation to develop a realistic simulation. The central heating system
is switched on at 7:00 and turned off at 18:00, when the school is empty.

The electrical utilities inside the building are as follows:

e 105 fan-coils (rated power 32 W);
e 604 neon tubular lamps (nominal power 36 W);
e 191 electronic appliances (average power 100 W).

.............

Figure 2: Building 1 Simulink diagram.
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Figure 3: Simulink diagram of electrical loads - high school building.

Table 2: Building 2 dimensions.

Building 2 dimensions

Type floor area 690 m?
Floors number 3

Storey height 32m
Total gross area 2,070 m?
Wall thickness 0.4 m
Total net area 1,942.8 m?
Windows area 170 m?
Volume 6,624 m3

Figure 3 shows the Simulink block diagram for simulating the operation of electrical loads
within the structure.

2.2 Building 2

The year of construction and structure data are the same as those reported for Building 1.
Dimensions of the small building are shown in Table 2.

Following the same operation logic as the other building, the heating system consists of
41 two-pipe fan-coils, each with a maximum capacity of 231 m%h. The lighting system
consists of about 180 tubular neon lamps of 36 W each, obtaining 300 lux in the class-
rooms, as required by UNI EN 12464-1 [16]. The Simulink diagram shown in Fig. 4 aims
to monitor the operation of the heating system and the temperature trend inside the small
building.
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Figure 5: Simulink diagram of electrical loads — Building 2.

The electrical utilities within the building are as follows:

e 41 fan-coils (rated power 32 W);
e 180 neon tubular lamps (nominal power 36 W);
e 9 electronic appliances (average power 100 W).

Figure 5 shows the Simulink block diagram for the simulation of the operation of electrical
loads within the structure.
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2.3 Building 3

The institute hosts about 700 students, and the total area occupied by the building complex is
about 10,000 mZ.

Thanks to the on-site inspections conducted in the building, information about the year
of construction and data on the structure were obtained. The building was built in 1976,
with reinforced concrete bearing structure and floors, while the windows are single-glazed.
By consulting the technical norms of the Ministerial Decree of 18 December 1975 [17], it
was possible to determine the thermal transmittance parameters of both the envelope
and the windows (reported in Table 1). The dimensions of the building are reported in
Table 3.

Following the same operation logic as the high school, the heating system consists of
104 two-pipe fan-coils, each with a maximum flow rate of 231 m%h. While setting the
simulation parameters, the law of 9 January 1991 was considered for determining the
period of ignition of the heating system and the temperature to be maintained in the indoor
environments according to the climatic zone. The Simulink scheme shown in Fig. 6 aims
to monitor the operation of the heating system and the temperature trend inside the
institute.

The electrical utilities within the building are as follows:

e 104 fan-coils (rated power 32 W);
e 679 neon tubular lamps (nominal power 36 W);
e 103 electronic appliances (average power 100 W).

Figure 7 shows the Simulink block diagram for simulating the operation of electrical loads
within the structure.

3 MICROGRID
As mentioned earlier, nowadays resilience represents a fundamental factor for the improve-
ment of energy efficiency, as well as for the sustainable development of a city, favoring the
adoption of renewable sources for the energy production.
The two school complexes (Building 1 and Building 2) are considered critical poles of the
city of Terracina, located about 200 m far from each other. These two scholastic structures

Table 3: Building 3 dimensions.

Building 3 dimensions

Type floor area 3,775 m?
Floors number 2

Storey height 32m
Total gross area 7,550 m2
Wall thickness 0.4 m
Total net area 7,338 m?
Windows area 283 m?

Volume 24,260 m3
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Figure 7: Simulink diagram of electrical loads — Building 3.

host almost 2,000 students, coming from the neighboring areas, since the other institutes are
located at a distance of about 40 km; for this reason, it is necessary to guarantee the continu-
ity of the scholastic activities also in case of lack of power supply from the electric network.

As considered, a microgrid system supplying the three school buildings was realized. The
microgrid system supplies: Building 1; Building 2; Building 3; the photovoltaic system
placed on the roof of Building 2. Therefore, these are also the electrical loads fed by the
microgrid.
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Figure 8: Simulink diagram - Generation from photovoltaic system.

Table 4: Components of the photovoltaic system.

Photovoltaic field features

Photovoltaic module

Model SPR-X21-345

Brand Sun Power

Number of photovoltaic modules 12 modules in series
74 strings in parallel

Total number of photovoltaic modules 888

Rated unit power 345 Wp

Overall field power rating 306 kWp

Total area 1448 m?

Inverter

Model ECO 27.0-3-S

Brand Fronius International

Operating voltage 580-850 V

Rated unit power 283 kWac

Inverter group 10 units

Total power 270 kWac

The main objective of this project is to minimize the inconvenience caused to citizens in
case of blackouts, thus ensuring the normal performance of essential services such as school
education. To power the proposed microgrid, a photovoltaic system has been installed on the
roof of Building 2. Figure 8 shows the Simulink diagram of the photovoltaic system. Starting
from the hourly solar radiation incident on the roof of the institute, and considering system
losses, the net production of the photovoltaic system was calculated to 501 MWh per year.

With the help of PVsyst software [18], it was possible to correctly size the PV system to be
installed and quantify the actual system losses. The characteristics of the chosen components
are shown in Table 4.

4 RESULTS
In this section, the energy simulations results will be presented for the considered buildings
and the hypothesized microgrid. Initially, thermal and electrical loads of the three main build-
ings are analyzed, then the power contribution of photovoltaic panels in the microgrid is
evaluated. Then, the electrical loads and related costs to full operation as well as the presence
of a random grid failure will be shown.
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4.1 Building 1

The considered period for the simulation corresponds to the Italian school-year, from the
beginning of September to the end of June as July; August was not considered, being no sig-
nificant activities in the school. Figure 9 shows the trend of the external temperature in
Terracina (blue) and the temperature inside the building (yellow) in the considered period.
The operating period of the heating system is highlighted by the red arrow, and it is possible
to notice how, thanks to the functioning of the heating system, the internal temperature is
maintained between 18 and 22 degrees.
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Figure 9: Global temperature trends.
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Figure 10: Daily temperature trends in January.
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Analyzing in detail a typical winter day (January), it is evident how the heating system
turns on at nominal flow rate until the maximum limit of 22 °C is reached, varying the flow
rate in order to keep indoor comfortable conditions (Fig. 10).

In the spring period, being warm external temperatures, it can be noted that flow rate
reductions to 30% for the most of the day is sufficient to keep the indoor temperature within
the set limits (Fig. 11).

For the electrical part, weekly and daily load curves are shown in Figs 12 and 13. The
maximum annual absorption is 44.19 kW in December. The daily load curve shows that the
main electricity user is the lighting system, with an average absorption of 21.77 kW.

o
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Figure 11: Daily temperature trends in March.

Figure 12: Weekly load curve Building 1.



218 S. Agostinelli, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 3 (2022)

ms 70 ms 70 ms

Figure 13: Daily load curve Building 1.

Figure 14: Building 2 weekly load curve.

4.2 Building 2

The obtained temperature results through the Building 2 simulation have the same trend as
those previously reported for Building 1. The weekly and daily load curves are shown in Figs
14 and 15. The maximum annual absorption is in December and is equal to 8.7 kW. As shown
by the daily load curve, the main electricity user is the lighting system, with an average
absorption of 6.53 kW.
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Figure 15: Building 2 daily load curve.
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Figure 16: Building 3 global temperature trends.

4.3 Building 3

The obtained temperature results through the Building 2 simulation have the same trend as
those previously reported for Building 1 (Fig. 16).

4.4 Microgrid

From the simulation carried out, it results that 346,500 kWh are needed from the national
grid to feed the electrical loads of the microgrid, spending 72,760 €, considering an aver-
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Figure 17: Building 3 weekly load curve.
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Figure 18: Building 3 daily load curve.

age price for electricity of 0.21 €/kWh. Figure 19 shows the weekly absorption for each
load, while Fig. 20 shows the trend of the total electric load for 1 day, with a peak of
227.64 kW.

Figure 21 shows the hourly incident radiation on the collector plane (blue) and the net
output of the photovoltaic system (yellow) with a peak of 340.55 kW.

Figure 22 shows the trend of electricity production from the PV system (blue) com-
pared with the energy absorbed by the total electrical load (yellow). In the considered
period, the percentage of consumption covered by photovoltaic generation is around
83%.
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Figure 19: Weekly load curve - Total electrical loads.
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Figure 20: Daily load curve - Total electrical loads.

Moreover, from the figure, it is possible to notice that being favorable weather conditions,
the production coming from the photovoltaic plant completely covers the consumption of the
microgrid.

Therefore, the plant was oversized to ensure a high energy independence to the microgrid
throughout the year. Especially in the warmer months, it involves an excess of electricity
production available in the microgrid, with the consequent possibility to extend the system
connection to a greater number of users. The total energy introduced in the microgrid amounts
to 205,124.52 kWh.

Therefore, the power fed into the microgrid has the trend shown in Fig. 23.



222 S. Agostinelli, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 3 (2022)

Il uuumpluuu“ I‘Iwnmu\ N ‘1‘““”” it |“|,|y‘|uuwmywm mHHH\\\mHmu\u‘w“n|umuuuun|||u|u|||r|||u

A Y ‘\H \M I

e

Figure 22: Total electrical loads vs. net PV system production.

From the simulation, it results that the energy not covered by the photovoltaic plant during
the considered period amounts to 59,139 kWh. In case of supply lack from the network, a
250-kW EG powered by methane was set in order to ensure continuity of service, regardless
of weather conditions. Also, in order to obtain a realistic simulation, it was simulated a
48-hours random failure on the net. During the system operation, the net is set to supply the
energy demand. In the considered period, the energy from the net amounts to 55,216.81 kWh
with a total cost of 11,595.53 €.

The power trend drawn from the grid is shown in Fig. 24, where the failure moments cor-
respond to the sections with absorbed power equal to zero, one of which is indicated by the
red arrow.
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Figure 23: Trend of power fed into the microgrid.
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Figure 24: Trend of power drawn from the grid.

In case of failure of the national electricity grid, the EGS comes into operation, which in
the considered period provides an energy equal to 3,922 kWh. The estimated methane con-
sumption is 2,111 Sm? with a cost of 1,161 €. Figure 25 shows the power produced by the
EGS with the relative fuel consumption, supplying microgrid loads in case of power grid
failure.

Thanks to the installation of the photovoltaic system and considering the cost of methane
supplying the EGS, a saving on energy expenses due to the microgrid implementation is
estimated to € 60,004.74 in 10 months.



224 S. Agostinelli, et al., Int. J. of Energy Prod. & Mgmt., Vol. 7, No. 3 (2022)

Figure 25: Trend of power produced by EGS and relative fuel consumption.

5 CONCLUSIONS
The goal of the current study was to design and simulate an electric microgrid to achieve a
consistent level of community resilience, as only few research works investigated the resil-
ience of such a system for services dedicated to public education. The microgrid system is
powered by photovoltaic panels, which are not able to ensure a constant and adequate energy
supply, as derived also from the literature. Therefore, the national grid will be able to cover
the energy demand if the system would not be able to satisfy it.

To contrast possible blackout cases of the national network, a 250-kW EG powered by
methane is integrated in the system. The results show that the microgrid consumption is com-
pletely covered by the electricity production from the photovoltaic system during the summer
period. In fact, the plant is oversized in order to ensure a high energy independence to the
microgrid throughout the year. Especially in the warmer months, it involves an excess in the
electricity production by the microgrid, useful in case of extending the system to a greater
number of users. The share of energy required by the national grid corresponds to 59,139
kWh. In case of a black out, the activation of the diesel generator guarantees a coverage of
the service, as demonstrated through the 48-hour simulated black out. In summary, the pro-
posed microgrid system and EG allow an overall saving on energy expenses for power supply
of the school buildings of € 60,004.74 in 10 months.

The use of an intelligent energy demand monitoring system for the microgrid will be
developed in future research.
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