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ABSTRACT

This paper presents an economic and energy feasibility analysis of a renewable energy system
for a small city in southern Italy to convert it to zero greenhouse gas city by 2030. The
proposed energy infrastructure utilises different technologies: wind turbine, photovoltaic
panels and biogas cogeneration plants to produce electric energy, and thermal solar panels,
cogeneration and heat pumps to meet the thermal energy demand of the city. The
electrification of transport sector is also considered. The whole city energy system is analysed
by the EnergyPLAN software to evaluate streams combination and potential synergies
between the different sectors. In order to improve the analysis, PhotoVoltaic technology has
been simulated in TRNSYS environment, to obtain detailed prediction of this component of
the energy infrastructure. The system behaviour was analysed considering different time

bases: daily, weekly and yearly. The EnergyPLAN outputs include the aggregated yearly
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production and demands of all modelled energy conversion systems, as well as hourly values
useful to identify the measures to make Altavilla Silentina nearly zero carbon city. Every
measure identified becomes a new input in EnergyPLAN to evaluate its effect on city energy
balance. The economic analysis has been performed to evaluate the electricity and thermal

energy costs.

KEYWORDS

Smart Energy Systems, Smart City, Energy Planning, Renewable Energy, TRNSYS,

EnergyPLAN.

1. INTRODUCTION

In Europe, a number of municipalities and public bodies have already adopted integrated
urban approaches to energy saving, for example by developing and implementing the
Sustainable Energy Measures Plan (SEAP), proposed under the Covenant of Mayors initiative
[1]. These plans need to be updated every five years in order to take in account the
development of new regional and local energy plans and strategies [2]. In fact, Member States
have to encourage municipalities and other public bodies to adopt integrated and sustainable
energy efficiency plans with clear objectives, to involve citizens in their development and
implementation, and to adequately inform them about their content and progress in achieving
objectives [3]. Indeed, the urban dimension is crucial due to the fact that 70% of the world
population will be living in urban areas by the next 40 years [4].

Future energy solutions must be developed locally based on sustainable and realistically
achievable plans, that must be tailored to the local context, perspective, needs and constraints
such as:

* Specific territorial characteristics and climate conditions;



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

*Current and forecasted end wuser’s demands in locations with sufficiently high
population/activity densities, and in the proximity of energy sources;

* Opportunities to further develop the energy infrastructure, as well as the integration of
highly efficient cogeneration plants;

* Availability of Renewable Energy Sources;

» Availability of waste heat sources at urban and industrial level (waste heat from
incineration, power plants and other industrial facilities, sewage networks, transportation,
aquifers, etc.) .

The analysis of the territory is important to design new energy systems that can convert cities
in to zero or nearly zero greenhouse city. A city can be defined as “zero greenhouse” when
the CO, production is zero [5], in other words when the energy production system is a
renewable energy system.

Examples of possible 100% renewable cities have already been reported in literature [6-12;
28]. One of the most interesting is represented by the Danish city of Frederikshavn [6] The
energy demand of the city is satisfied by off-shore wind plants, district heating supplied by
heat recovery of thermal waste and by low-temperature geothermal heat pumps [7]. The
authors of this study outline a scenario for the transition of Frederikshavn’s energy supply
from predominantly fossil fuels to locally available renewable energy sources. The scenario
includes all aspects of the energy demand in Frederikshavn, such as electricity demand,
thermal energy demand, industrial energy demand as well as the energy demand for
transportation.

For Aalborg Municipality in Denmark [8], the possibilities to enable the city to become
independent from fossil fuels have been investigated, through a combination of low-
temperature geothermal heat, wind power and biomass. The results of the analyses show that

it is possible to cover the city energy needs through the use of locally available energy sources
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if additional significant electricity and heat savings measures are combined with fuel
substitution in the transport sector.

Climate change and energy security are imposing also for the city of Hong Kong to shift from
a fossil based to a clean and low-carbon energy structure, as proposed in [9] where the present
energy structure of the city is examined, and alternative future sustainable energy strategies
are analysed. The Hong Kong government has planned to import more nuclear power from
mainland by 2020, however this will not be possible in the near future due to Fukushima
nuclear accident. In [9] an alternative scenario based on a more extensive use Renewable
Energy Sources proposed to replace nuclear power. The results show that both scenarios can
achieve the targeted carbon reduction, however, RES present better results in terms of
environmental, social benefits and long-term sustainability.

Another interesting study of zero carbon energy system, one large scale, has been presented
by Dominkovic et al. [10], who analyse the steps necessary for a transition of South East
Europe Regions to a 100% renewable energy system by 2050. The countries interested by this
study have distinct geographical features, different climates and significant differences in
gross domestic product per capita; the integration of their energy systems and the search for
100% renewable solution are considered to be very challenging. However, biomass has been
determined to have the potential to meet the target of 100% renewable energy in all the
countries considered, despite their differences.

Many studies focused on energy planning by using the EnergyPLAN software [13-27] to
simulate the current and future territory energy balance. Despite its extensive use, EnergyPlan
must be used in combination with software that can model the actual performance of the
systems that use renewable energy sources, such as TRNSYS software [29], in order to
perform energy balance simulations. In fact, the energy production values are input data to

EnergyPLAN, and when a technology is new or not yet available on the territory, production
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data must be predicted. In this case, a simulation software is needed in order to estimate
energy production of the proposed technology.

In this work, EnergyPLAN is used to analyse the possibility for the transition of a city in
southern Italy to a 100% RES by 2030, in combination with a simulation tool (TRNSYS) that
can reproduce the dynamic behaviour and performance of the systems that use renewable
energy sources. The whole energy infrastructure of the city is analysed by using EnergyPlan,
in order to evaluate fluxes combination and potential synergies between the different sectors,
while, PV technology is modelled in TRNSYS environment, in order to obtain a detailed
simulation of this component of the infrastructure. These two models, coupled for the first
time in this work, allow the authors to outline a new energy scenarios for the city, establishing
a new methodology to carry out an analysis of the energy planning of a city.

The proposed approach is crucial in the development of a new RES energy system because it
allows to take into account large temporal variations in energy availability of the RES systems
and to design an appropriate management and control system, which is crucial for the

effective use of these systems.

2. A CASE STUDY: ALTAVILLA SILENTINA

Geography, Climate and Population

Altavilla Silentina is a Municipality of Campania Region, in southern Italy (

Figure 1); more precisely in the province of Salerno. The City is developed along a hill
characterized by different heights, from 275 m .a.s.l, where the “Saint Blaise's Door” is
located, up to the 313 meters a.s.] .where the Municipal building is ubicated; the top of the hill

reaches about 424 m a.s.l. [42].
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The climate is typically Mediterranean: the coldest month of the year is January with the
average temperature equal to 6.8 °C and the hottest month is August with the average
temperature of 24.4 °C [42].

The population trend of Altavilla Silentina from 1861 to 2011 has been estimated on the basis
of the official Italian database (ISTAT) [43]. The population increases of about 100 % from
the years 1921 to 1961 reaching the maximum value of 7000 inhabitants in 1961. In following

years, the number of inhabitants is remained almost constant (Figure 1).

(Insert Figure 1 here)

Industrial activities

According to data available from the last survey by ISTAT in 2011 [43], the number of
companies in Altavilla Silentina is equal to 390.Figure 2 shows that the largest share (34%) of
these companies is classified as "Wholesale and retail trade, sale of Vehicles and
motorcycles". The "Construction” sector represents a significant part of the local industry,
with a 15%, as well as the Manufacturing and Scientific activity (13%).

Figure 3 reports the number of employees for each category. According to data from the
ISTAT [43], the 32% of 890 employees, about 285 employees, work in the “Manufacturing”
sector and the 23% of them, about 205 employees, for " Wholesale and retail trade, sale of

motor vehicles and motorcycles” category.

(Insert Figure 2 here)

(Insert Figure 3 here)
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Number of vehicles

In Figure 4 is shown the number of vehicles per category registered in the years 2010 and
2014 in the City of Altavilla Silentina [44]. It is interesting to note that there has been a slight
increases in the number of motorcycles (+3.4 %), cars (+2 %) and trucks to transport goods
(+5.4 %) from 2010 to 2014. Most significant changes recorded are: a decrease of tractors (-
32 %), a decrease of the three wheelers and quadricycles for freight (-22 %) and, an increase
of buses (+8 %). In total, an increase in number of vehicles on the road equal to 2 % between

2010 to 2014 has been found, in accordance with the population growth.

(Insert Figure 4 here)

State of the buildings

The City could be divided into four main areas: the city center on the hill, and three minor
areas:

* “Borgo Carillia” (20 m a.s.l): 779 inhabitants, located along the PR 317;

* “Cerrelli” (50 m a.s.l): 586 inhabitants, located along the PR 174 and PR 314;

* “Cerrocupo” (93 m a.s.l): 234 inhabitants, located along the PR 246 [42].

In according to the ISTAT data-base [43], from 1970 the number of buildings has steadily
grown over the years. In Table 1 the number of new residential buildings built during each

time period are reported.

(Insert Table 1 here)
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3. PREDICTIVE MODELS

The energy system of a city is characterized by fluctuating demands and productions and by
interdependencies between heat production, heat demands, electricity production, electricity
demands and transportation needs. In order to evaluate the transient behaviour of an energy
system, a dynamic model must be used. One such model is the EnergyPLAN model. Among
the tools present in literature the authors choose EnergyPLAN because it has been previously
used to simulate a 100% renewable energy system for several cities such as Aalborg and
Frederikshavn.
EnergyPLAN software allows users to simulate the whole energy infrastructure of a territory
(Municipality, Region or State), considering potential synergies between the different sectors.
EnergyPLAN can be used to design and analyse the energy system/infrastructure on an hourly
basis with reference to a typical year, including electricity, heating and cooling, energy
consumptions of residential, industry and transport sectors.
The software can take into account many energy conversion systems such as heat pumps,
combined-cycle power stations, etc. and every energy carrier [11], it has been widely used in
Denmark and in the countries such as China and America [30].
The software is designed to provide users with:

e An energy plan for a territory, obtained from a comparative analysis of several

alternative energy systems;

e A clear methodology to produce results understandable to all stakeholders.
The following inputs are requested for EnergyPLAN simulations: yearly energy demand-
production and hourly energy demand-production trends. EnergyPLAN evaluates the hourly
value of energy demand/production from the annual value [13].
The yearly energy demand/production can be obtained from data monitoring, upon request to

energy distributors and/or retail energy sales companies, or from national databases. In case
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national database is available, a “Top-down” methodology can be used: local data are scored
from the national database based on the local representative parameter (population, number of
buildings etc.) [31].

The most recent data available in the Italian national database refer to the year 2010-2011. In
this work, where the authors planned an energy scenario by 2030, the energy consumption
based on the estimate of the population increase and urban expansion. In particular, the
increase of the population is calculated following the trend between 1861 and 2010. The
urban expansion is tied to the population increase, which implies new buildings (private and
public), new areas and the increase of public and private transportation.

In addition, the work considers specific measures for reducing energy consumption and CO,
emissions, the expected increase of systems efficiency related to technology development,
and the energy production from plants already installed or planned by the municipality before
and after 2016.

In order to estimate energy and CO, emissions reduction due to the implementation of
specific measures, and the increase of system efficiency between 2010 and 2030, the AEEG
procedure presented in Technical Data Sheets [32] for energy savings evaluation has been
used.

Data for the new energy production plants, obtained from the municipal and regional
authorisations granted to companies for installation of wind turbine and biogas CHP plant; for
PV plants, the GSE ATLASOLE database [33] has been consulted.

As regards the hourly trend, standard hourly energy demand and production curve, are
reported in EnergyPLAN data-base for every country. In most cases, municipal energy
demand is different from the national one, and therefore users have to build it before running

the simulations . Users also have to implement the hourly energy production of plants, such as
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photovoltaic plants, wind turbines and, geothermal plants, that depend on local climate
conditions.

In this work, for plants already installed, the hourly production is obtained from field
measured data. Instead, for new systems/technology proposed for use in the energy plan, a
detailed model has been used to simulate the performance and calculate hourly production.
This has been the case also for energy production from photovoltaic, that is not available for
case under study, and has been simulated by using TRNSYS software. The mathematical
model implemented in TRNSYS (type 194 [34] developed by De Soto et al. [35]) is based on

this current-voltage relationship:

V+iRg

1=l —1[e  —1]-

V+IR,

sh
Where:

Nsnlch
ag=——
q

Five-parameter (the light current I, the diode reverse saturation current I, the series
resistance Ry, the shunt resistance Ry,, and the modified ideality factor a) affect the current—
voltage curve of a PV systems at operating conditions and are functions of the solar radiation
incident on the cell and cell-temperature. In order to compare several technologies, generally
the electric performance of PV systems is calculated referring to Standard Test Condition
(STC) defined by IEC/EN 60904 [36]. These conditions are rarely encountered during actual
operation, in which case the energy output can be significantly lower. In this work the authors
take in to account solar radiation and a semi-empirical model for the prediction of energy
production for four different cell technologies (single crystalline, polycrystalline, silicon thin
film, and triple-junction amorphous) under operating conditions.

The trend of thermal energy for space heating has been assumed directly proportional to the

outdoor air temperature. The energy demand is considered to be zero when the outdoor

10
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temperature is higher than 16°C. In fact, the temperature within a building is 18.0-20.0°C, so
when the outside temperature is 16.0°C, inside of a building it is assumed that the temperature
is 2-3°C higher than the outside one [37].

For cooling demand, the trend has been considered a function of the sol-air temperature,
which is defined as the equivalent outdoor air temperature that gives the same rate of heat
transfer to a surface as it would the combination of incident solar radiation, convection with
the ambient air, and radiation exchange with the sky and the surrounding surfaces [38]. In this
case, the demand for cooling is considered absent when the sol-air temperature is lower than
28°C.

The electric energy trend has been estimated on the basis of the national electricity hourly
data provided by the Italian company Terna SpA [39], which manages the national electric
grid.

Finally, the hourly energy production from wind turbines has been obtained from the
monitoring conducted by a plant installed in the municipality. The company that owns the
plant has provided the authors with the measured data for wind speed and plant electricity
production for an entire year.

The abovementioned curves have been normalised with respect to the peak load in order to
obtain a load curve representing 0-100% of the energy demand/production.

The use of EnergyPLAN, coupled with TRNSYS results and the monitoring data allows to
produce realistic result, and to outline detailed scenarios.

In Figure 5, it is possible to see a block diagram that describes the model used for the analysis

and the construction of the scenarios for the city of Altavilla Silentina.

(Insert Figure 5 here)
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The outputs of EnergyPLAN include aggregated yearly production and demand of all
modelled types, as well as the hourly values, useful to identify the necessary measures to turn
any city into a zero carbon city. Every measures identified becomes a new input in
EnergyPLAN, in order to evaluate its effect on energy balance of the city. The process
becomes iterative until a zero carbon scenario is obtained.

Finally, in this work an economic analysis has been carried in order to evaluate the electricity
and thermal energy cost. Prices per kWh of both thermal and electric energy have been
calculated according to the following equation:

Investments + Operational + Aquisition — Sales
Cown = (D
EnergyDemand

4. SCOPE and METHOD

In this work, the authors carry out the energy planning of Altavilla Silentina Municipality in
order to convert it to a nearly zero greenhouse gas emissions by 2030.

In 2013, the Municipality adhered to the Covenant of Mayors [40], and developed a
Sustainable Energy Measures Plan (SEAP) [41]. A SEAP includes an assessment of the
current situation, i.e. a “Baseline Emission Inventory” (BEI), and a “Measures Plan” with
reduction emissions targets and the measures to achieve them.

The Baseline Emission Inventory quantifies the amount of CO, (or CO, equivalent) emissions
due to energy consumption in the territory, it identifies the main sources of CO, emissions
and their respective reduction potentials.

Based on the most energy-intensive sectors as given in the BEI, it is possible to identify and
analyse specific measures to reduce the consumption and emissions of 20% by the year 2020

with respect those evaluated in the BEI reference year (2010 for Altavilla Silentina).
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The authors analysed measures that go beyond the minimum requirements of Covenant of
Major, and developed a new energy plan in order to convert Altavilla Silentina to a nearly
zero greenhouse gas emissions by 2030.
The transformation of the city is scheduled in two steps
e From 2010 to 2020 with the implementation of measures considered in the Sustainable
Energy Measures Plan;

e From 2020 to 2030 with the analysis of measures needed to fully decarbonise the city.

3.1 Baseline: Altavilla Silentina 2010

The scenario Altavilla Silentina 2010 is the baseline used by the authors to analyse future
development of the municipality energy system/infrastructure. The authors analysed the
geography and climate of the city, the population and its density, the level of economic
activity, characteristics of buildings, usage and development of transportation, citizens’
attitudes, in order to evaluate energy consumption and CO, emissions related to all of these
factors. The choice of the reference year for the BEI (2010) is based on the data available for
this year to build the inputs for the EnergyPLAN model, which are more accurate and
complete than previous years.

The main data collected for this work are reported below.

Primary Energy Consumptions

The yearly energy consumptions for the year 2010 has been obtained through a “top-down”
methodology using several national data-bases [43; 45-47]. In Table 2 and Table 3, the local
parameter and the reference database used in order to apply the “top-down” methodology are

presented.
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(Insert Table 2 here)

The results of the “Top-down” analysis are shown in
Table 4. The energy consumptions have been divided by sector and energy carrier
respectively. Residential buildings and industry have the highest energy demand, while the

industrial and transportation sectors show a lower consumption than the formers.

(Insert Table 3 here)

(Insert Table 4 here)

The analysis has demonstrated that 67% of residential heating demand is supplied by biomass.
In order to evaluate the primary energy demand, a cognitive survey on the type of biomass
used by Altavilla citizen has been performed. Results shown that wood, wood pellets and
wood briquettes biomass are widely used. The net calorific value is different for these type of
woods (from 3.5 kWh/kg for chips, 4.1 kWh/kg for logwood, 4.8 kWh/kg for pellets and
briquettes to 5.3 kWh/kg for solid wood [48]), thus in this work an average value, equal to 4.4
kWh/kg, and has been considered. The conversion efficiency value has been set to 80%, due
to the size of the plants that generally varies from 10-20 kW, to 50 kW,. Biomass plants have
been considered CO, neutral, as indicated by the European guide on “How to develop a
Sustainable Energy Measures Plan (SEAP)” [31].

As it can be seen from

Table 4, the remaining heating demand is satisfied by LPG (32%), diesel (1.3%) and oil
(0.07%). For such systems, the energy conversion efficiency has been set equal to 80%, in

order to find the primary energy used for these energy carriers.
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The analysis has also shown that LPG boilers are the most common heating system in the
tertiary sector; this is mainly due to the absence of natural gas distribution system in the
municipality. In addition, in this case, the efficiency of such systems has been considered
equal to 80% [49]. Industry presents the highest electric energy demand of all sectors.

Table 5 shows the primary energy consumptions for the transport and agriculture sectors. The
data demonstrates that the electric vehicles are practically not used, mainly because of the
high investment cost of this technology [50], while diesel is the most used fuel for both
agriculture and transport activities due reduced tax fee provided by Italian law for this sectors
[51].

CO, emissions have been calculated by using the standard CO, emission factor [31] for
different fuels and the national emission factors for electricity.

The results in terms of CO2 emissions have been shown detailed in Table 6.

(Insert Table 5 here)

Table 6 even shows, that the highest CO, emission are due to the industrial sector (50%),
although the energy consumption of the industrial is equal to that of the residential buildings
(31%); that is because the biomass systems used for space heating in buildings are considered

globally as zero emissions plant.

(Insert Table 6 here)

Although the national emission factors for electricity is lower than the others energy carriers,

the highest CO, emissions are related to its large consumption in the municipality.
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4. RESULTS

4.1 Altavilla Silentina 2020: the SEAP strategy

The measures set in the Altavilla Silentina SEAP have been derived on the basis of the energy
consumptions and CO, emissions of 2010, in order to achieve the European objective of CO,
emission reduction of over 20% by 2020. Particularly, Altavilla Silentina has set a far more
restrictive target that is 27% by 2020, with respect to the values of 2010.

To analyse the impact of these measures on the CO, emission, the authors took into account:

The population increase and the related urbanization effect.

- The measures implemented by the municipality before 2015 and their effects on the
CO, emissions in 2020;

- The reduction of CO, emissions from new renewable energy systems that are going to

be built in the future (a project has already been approved by the municipality);

The increase of systems efficiency linked to technology development;

The expected CO, emissions increase due to population and buildings growth are shown in
Table 7.

In order to estimate the CO, reduction due to the implementation of every measures, the
authors used the above AEEG methodology [32].

Table 8 shows a list of the aforementioned measures and the expected CO, emission reduction

effects.

(Insert Table 7 here)

The measures planned in the SEAP have been designed in order to reduce energy
consumption and CO, emissions reduction for the residential, transporting and, industry
sectors. The construction of wind farms implies a significantly CO, reduction (50%). The

16
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other planned actions affect for a few percentage points on the reduction of emissions except

some measures for the residential sector, such as the installation of photovoltaic systems.

(Insert Table 8 here)

Figure 6 shows that the implemented measures generate a reduction of previous CO,
emissions of at least 70% by 2020 with respect to the emissions of 2010. This result exceeds
the 27% which was the initial target set by the administration for 2020. In fact, the reduction
of 27% is estimate equal to 5566 t of CO, while the measures implementation imply a

reduction equal to 14811 t of CO,, as shown in this figure.

(Insert Figure 6 here)

In 2020, wind plants will be able to cover the yearly municipality electricity demand and to
export the overproduction in national grid (Figure 7); however, wind power depends on wind
velocity thus the production is not able to match the energy demand. Furthermore, 7.2% of
renewable electric energy will come from photovoltaic plants; also in this case production is a
function of the solar radiation that is not continuous. The electricity produced by biogas
cogeneration plants is constant but it will represent only 10% of renewable energy production
thus, even if only for a few hours per day, a supply of electrical energy from the national grid
should be considered.

Because of this daily un-matching between the energy demand and its production, results of
simulation shows that the yearly energetic balance is not sufficient to define the municipality
as “Electric self-sufficient city”. On a daily basis, even a small amount of energy comes from

the national grid, however, on a yearly basis Altavilla Silentina will be self-sufficient.
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Regarding the electric energy consumption, no significant increase is expected by 2020, due
to the small population growth instead a large gap between production and consumption

occurs by 2020.

(Insert Figure 7 here)

Figure 8 shows the primary energy consumption for heating and heat available from the
cogeneration biogas power plant. The thermal energy demand decreases between 2010 and
2020 due to the improvement of energy efficiency of buildings supported by the state
financial instruments [52-53]. The gap between production by RES and consumption
represents the energy for space heating that needs to be supplied by fossil fuel plants, which

affects negatively CO, emissions.

(Insert Figure 8 here)

4.2 Altavilla Silentina 2030: Decarbonisation Process

The 2030 Altavilla Silentina energy scenario is outlined on basis of the 2020 SEAP results, by
using EnergyPLAN.
The initial assumptions are stated below:
1) The yearly electric energy consumption in the residential and public buildings are
obtained following the consumption trend between 2010 and 2020;
2) The yearly electric energy consumption for public lighting will equal 585 MWh/year
in 2030 considering an increase of the number of lamps;
3) The yearly thermal and cooling demand will increase proportionally to the population
increase;
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4)

S)

6)

7)

8)

9)

Industrial and agriculture consumptions will not increase during the decade 2020-
2030;

Common increase of systems efficiency due to technology development are based on
the trend between 2010 and 2020;

The yearly thermal energy production by biomass plants in the residential buildings
will be equal to that of 2020;

The expected consumption for transportation will equal 4918 MWh in 2030. Fuel
consumption nearly halved in the period 2010-2020 due to the rapid development of
transport technology. In order to estimate primary energy consumption in 2030, the
same trend has been considered.

Finally, the total primary energy consumption (residential buildings, public buildings
and service, public and private transporting fleet, industry, agriculture and public

lighting) equal to 44837 MWh has been estimated for 2030.

Furthermore:

The electric and thermal energy production by RES (wind farm, PV systems and
biogas cogeneration) will be equal to that of 2020. In 2020 in fact, the electricity
production by RES is already sufficient to meet the heat and electricity demand. Thus,

thermal and electric energy production is supposed the same in 2030.

The authors modelled in “EnergyPLAN” environment the above described “Altavilla
Silentina 2030 scenario” in order to find the solutions that will enable to convert Altavilla
Silentina into a zero greenhouse gas emission municipality by 2030.

The assumptions relating to the energy demand/production trend are the ones above described

in the “Predictive Models” paragraph.

(Insert Figure 9 here)

19



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

(Insert Figure 10 here)

In Figure 9 and in Figure 10 are reported the hourly energy demand and production trend of
Altavilla Silentina Municipality expected for 2030, respectively. Curves have been
normalized with respect to the peak load.

Results of the EnergyPLAN software show that Altavilla Silentina can became zero carbon
emissions city if:

1) The fossil fuel plants that will still be present in 2020 scenario are substituted with
electric heat pumps, increasing the electric energy consumptions. The authors have
considered heat pumps with a Seasonal COefficient of Performance (SCOP) equal to
3, thus an electric energy increase for residential sector equal to 1212 MWh, is
expected with respect to that of 2020.

2) In the industry sector, 23% of thermal demand has to be supplied at high temperature
(above 70°C) while the 77% has to be supplied at low temperature (60°-70°). The
authors propose the installation of electric heat pumps in order to satisfy the request of
low-temperature thermal energy, and biomass plants for the high temperature one. The
heat pumps installation implies an electric energy increase of 419MWh/year with
respect to 2020.

3) In the tertiary sector, 83% of thermal energy demand for heating will be supplied by
heat pumps, for a total of 888 MWht, biomass plant will supply the rest of the
demand;

4) In 2030 only electric cars must be considered. The authors have evaluated the electric
energy consumption for the transport sectors by using a typically hourly consumption

profile.
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Figure 11 shows an overview of the expected electric energy consumptions for sectors

of Altavilla Silentina in the year 2030.

(Insert Figure 11 here)

It is important to note that the yearly electricity production by RES will be even higher than
the demand in 2030, even though electricity consumption will increase (Figure 12). This is
also clear in the yearly balance reported in Figure 13 where the energy exported in national
grid and the energy consumption is indicated.

The electric energy production by RES should be equal to energy demand in order to achieve
a zero energy balance of the city. In fact, the Critical Excess in Electricity Production (CEEP)
could make problems in the managing of the energy grids.

In the case of Altavilla Silentina, the construction of RES plants has already been planned
before the SEAP development, and the relationship between production and consumption had
not been evaluated.

For this reason, in the 2030 scenario the authors aim to electrify the city in order to reduce the
gap between production and consumption. Despite the efforts of authors, this gap remains.
An energy planning extended to neighbouring territories can considered as an interesting

solution, which is analysed in paragraph 5.

(Insert Figure 12 here)

(Insert Figure 13 here)
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The EnergyPLAN results show that electricity production by RES will not cover the electric
energy demand on hourly base.

As an example, the hour demand and production of electric energy are shown in Figure 14 for
a typical day in January. From this figure, it is clear that it will be necessary to import electric
energy from the national grid. To avoid this situation, an electric energy storage should be
considered in the energy system, thus completing a self-sustained “zero emissions energy

system/infrastructure”.(Insert Figure 14 here)

reports a list of the RES power plants to be installed by 2030 in order to convert Altavilla
Silentina to “nearly zero carbon emissions”. In case of heat pumps and biomass boilers, the
overall power installed is calculated considering a mean size equal to 10 kW./unit and 35
kW /unit respectively for residential and tertiary sector, and average sizes of heat pumps and

biomass boilers equal to 20 kWe/unit and 50 kWt/unit respectively for industrial sector.

(Insert Figure 14 here)

(Insert Table 9 here)

In Figure 15, the total primary energy supply for the years 2010, 2020 and 2030 can be

observed. The “electricity” nomenclature refers to the primary energy required for the

“electric energy end-use”. The conversion efficiency for electric production is considered for

the nation equal to 0.47 [54].

(Insert Figure 15 here)
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Finally, an economic analysis has been performed in order to evaluate the cost of electricity
and thermal energy. In Table 10 a list of the investment and operating costs for new plants
needed for the decarbonisation by 2030 [54] is reported. In the analysis, the cost for electric
energy storage and the costs related to electric energy exchange with the national grid have

not been taken in account.

(Insert Table 10 here)

Assuming that:
1) The cost of electric energy to be acquired on the market is equal to 0.20 €/kWh, [56];
2) The sale price electric energy is equal to 0.05 €/kWh, [56];
3) The price of wood chips and wood pellets is equal to 679 k€/year [48].

The results of the cost analysis are:
1) The total costs for electricity production is equal to 31612 k€ (1304 k€/year);
2) The total costs for thermal energy production is equal to 929119 k€ (19865 k€/year).
3) The total acquired electric energy cost is equal to 2698 k€/year;

4) The electric energy sales revenue is equal to 1211 k€/year.

Prices per kWh of both thermal and electric energy have been calculated according to
Equation (1).

Results shown that prices of both thermal and electric energy could be significantly lower
than current price, 11 c€/kWh, and 12 c€/kWh,, making the whole system highly profitable

also from an economic point of view.
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5. POSSIBLE SOLUTION TO CRITICAL EXCESS ELECTRICITY PRODUCTION
The influence of the control volume on which energy planning is based obviously very
important. Moreover, the ability of a system to operate in “Island mode” , “connected mode”
or “connected island mode” is a very interesting point to analyse and there are a lot of
arguments in favour or against each of these approaches[57].

In this work, the authors investigate an energetic analysis of the neighbouring territories
(“connected mode”), in order to evaluate the possibility to export the over-produced
electricity. The excess of electricity production, due to the wind plants in Altavilla Silentina,
can be a problem for the national grid.

The electricity demand of the neighbouring territories has been estimated considering the pro-
capite electricity demand of Altavilla Silentina by 2030 (including the electrification of
transport sector) and the population number of close municipalities (Albanella, Controne and
Castelcivita). Moreover, the authors have considered an analysis of RES plants in the
surrounding territories in order to evaluate their electric energy balance. The results
demonstrate that the yearly energy demand of these close neighbouring municipalities is
higher than the local production. (Figure 16). Therefore the electricity produced in Altavilla
Silentina can be an interesting opportunity to solve the CEEP problem and to increase the

share of green energy in their energy balance, without the need of new plants.

(Insert Figure 16 here)

However, yearly energy results are not adequate to establish that energy over-production by
Altavilla Silentina can be used by neighbouring municipality. Therefore, a further analysis is
necessary that takes in to account both energy demand of the surrounding cities and that of

Altavilla Silentina.
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The hourly results confirm that the excess electricity produced in Altavilla Silentina can be
completely used by neighbouring cities, meeting a large part of the three municipalities
demand. The choice of a larger control volume offers two-fold benefit: it solves the CEEP
problem of Altavilla Silentina, and it increases the share of RES energy in the balance of the
area.

Another benefit that should be considered is the sharing of the costs among the municipalities.
Infact, a shared service agreement among the neighboring municipalities has the potential to
decrease the operational costs and the investment ones. Every municipality may provide its
energy resources available for the agreement municipalities sharing the investment and
operational costs for the resource exploitation.

The study has demonstrates that proper energy planning must take in account also the

dependence of results on control volume considered.

6. CONCLUSION

The work presents a feasibility assessment of a novel strategy to make the Italian city of
Altavilla Silentina dependent only on renewable energy sources by 2030. An analysis of the
actual energy consumption, as well as the evaluation of CO, emission have been carried out.
The energy demand of the municipality in 2030 has been evaluated by using the software
EnergyPlan, integrated with TRNSYS software, through which a possible and effective
energy system based on renewable sources has been modelled in order to cover both the
future electric and thermal energy demands.

The analysis of the energy demand in 2010 shows that the most of the energy consumption of
the city is due to both residential and tertiary buildings (the former has 32% of global energy
consumption the latter 31%), followed by public transportation (21%). The analysis also
shows that electric energy (31%), heavy fuel (i.e. diesel 20%) and LGP (18%) are the three

most used energy carriers. Based on these evaluations, the Altavilla Silentina CO, footprint
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has been evaluated by using emission factors and top-down method for public and private
sectors respectively. Emission factors measure the amount of CO, released per kWh of
primary energy converted into electricity or/and heat. As expected, the results show that
industry has the highest CO, footprint, with more than 6881 tons of CO, per year (31% of
total emissions), followed by the tertiary buildings, 4173 tons of CO, per year (more than
21% of total emissions).

In order to reduce the energy demand and the related CO, emissions, the authors studied a
number of measures for each sector mainly:

- Increase the efficiency of energy systems for both public and residential buildings;

- Installation of new and more efficient systems for electricity and heat production;

- Increasing the efficiency of public transportation.

Each measure gives a significant contribution to both energy consumption and CO, emission
reduction. The analysis shows that, if all the proposed measures are undertaken by 2020, there

will be a reduction of more than 10900 tons of CO, per year, mostly thanks to wind energy.

In the last part of the present work, the authors simulate the energy balance of the whole city
for the year 2030 by using the software Energy Plan integrated with TRNSY'S, and defined an
effective and complex system of multiple technologies able to feed Altavilla Silentina only
through renewable energy sources by 2030. The results show that, starting from the 2020
scenario, by replacing conventional boilers with electric heat pumps and by using electric
public transport, the goal can be achieved. However, a CEEP problem occurs in this scenario
due to a large electric production by wind farms.

In order to verify the system feasibility, an economic analysis of the system has been carried

out. The results show that prices of both thermal and electric energy could become as low as
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the actual ones, 0.11 €/kWh, and 0.12 €/kWh,, making the whole system profitable also from
an economic point of view.

Finally, in order to solve the CEEP problems, an inter-municipality energy balance has been
considered. In this new scenario, the whole energy production due to wind plants is used by
citizens and the exportation in the national grid is equal to zero. The larger volume-control
offers two-fold benefit: it solve the CEEP problem of Altavilla Silentina and it increase the

share of RES energy in the balance of the closed cities.
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NOMENCLATURE

a.s.l  above sea level

BEI  Baseline Emission Inventory

C Costs

CE Cooling Energy Demand

CEEP Ceritical Excess Electricity Production

CHP Combined Heat and Power

EE Electric Energy Demand

ENEA Italian National Agency for New Technologies, Energy and Sustainable Economic
Development

GSE  Gestore Servizi Energetici

HP Heat Pump

ISPRA Istituto Superiore per la Protezione e la Ricerca Ambientale

ISTAT Italian National Institute of Statistics

LPG Liquefied Petroleum Gas

PR Provincial Road

PV PhotoVoltaic

PVP  PhotoVoltaic Energy Production

RES  Renewable Energy Sources

SCOP Seasonal Coefficient Of Performance

SEAP Sustainable Energy Measures Plans

TE Thermal Energy Demand

WP Wind Turbine Energy Production
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816 Figure 1 Geographic position and Trend of the population from 1861 to 2011, Altavilla
817 Silentina, (ISTAT [43].).
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823 Figure 2: Active companies in 2011, Altavilla Silentina, (ISTAT [43].).
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827 Figure 3: Employees in 2011, Altavilla Silentina, (ISPRA [43].).
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830 Figure 4: Vehicles on the road 2010-2014, Altavilla Silentina, (ACI [44])
831
832 Table 1: Age of residential buildings in Altavilla Silentina (ISTAT [43].)
Residential Buildings built in Altavilla Silentina
Time 5011970 197141990 1991-2000  2001-2005 20062011 Total
interval
Residential =, 5 455 154 98 119 2341
Buildings
833
834
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Figure 5: Input and Output of EnergyPLAN software.

Table 2: References Local Parameters for Top-down analysis

End User Sector
Vector . . Service . Urban

Residential Sector Industry Agriculture Transport
Electric Num‘per of Number of Number of Utlhzed Number of
Energy inhabitants . . agricultural .

- - active units employees vehicles
Residential area
Other Vector
Surface

33



854

Table 3: Reference Databases used in the Top-down analysis

~
v 2 =
S 3 & % 3 =2 2 ~
S 8 3
Sector B S °~ -5 s 5 g S
S Q ~ N ) o= & O
1G] Q ~ ~
oy K
Residential ISPRA ISPRA ISPRA ISPRA TERNA ISPRA ISPRA ISPRA
Tertiary ISPRA ISPRA ISPRA ISPRA TERNA ISPRA ISPRA ISPRA
Public e-
lighting i i i ) distribuzione ) i )
Energy Energy Energy Energy Energy Energy Energy
Regional Regional ~ Regional Regional Regional Regional Regional
Industry Balance Balance Balance/  Balance/ TERNA Balance Balance Balance
/ENEA /ENEA ENEA ENEA /ENEA /ENEA /ENEA
Private and
commercial ISPRA ISPRA ISPRA ISPRA ISPRA ISTRA ISPRA ISPRA
Transport:
Agriculture ISPRA ISPRA ISPRA ISPRA TERNA ISTRA ISPRA ISPRA
855
856 Table 4: Primary Energy Consumptions for the Buildings and Industry per energy carrier
~
Q 2 &
g 3 T &2 s < =3
S g & & £ % 3z ¥ 8
122} ~ - 51 EQ & @] ~
3 Q ~ S S
] ) ~ N
<y R
Municipal buildings, 0 387 0 0 110 0 0 0 497
equipment/facilities
Residential buildings 0 167 3871 8 6942 8116 O 0 19105
Tertiary (non municipal) 0 12 6581 0 3206 2 151 0 9952
buildings, equipment/facilities
Public lighting 0 0 0 0 827 0 0 0 827
Industry 115 1048 814 6807 9047 93 0 753 18677
Total 115 1603 11266 6815 19194 8211 151 753 48109
857
858
859
860
861
862

34



863

864

865
866
867

868
869
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875
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877

Table 5 Primary Energy Consumptions for the Transport and Agriculture sectors per energy

carrier in 2010

= g
2 3 o 5§ S & s < %
S g & S 8 S s § 8§ S
E§ 8§ =N § 8 § F R O K
T R 2
Transport:
Municipal fleet 28 14 0 0 0 0 0 0 O 42
Private and commercial 5633 6035 607 O 0 220 0 O 0 12496
Sub-total trasport 5661 6049 607 O 0 220 0 O O 12538
Agricolture and Forestry 0 5940 95 O 1837 0 49 0 O 7922
Table 6 CO, emissions per sector and per energy carrier in 2010
= 1%}
-§ S C) :o g 2R N E’J 3
S 8 & £ § § & 2 & =
§ & S § §F 3= § =8
TN 2.
Municipal buildings, | 53 g 0 51 0 0 0 0 155
equipment/facilities
Residential buildings 0 45 879 2 3247 0 O 0 0 4173
Tertiary (non municipal)
buildings, 0 3 1494 0O 1500 0 50 O 0 3047
equipment/facilities
Public lighting 0 0 0 0 387 0 0 0 0 387
Industry 29 280 185 1899 4231 O O 257 O 6881
Transport:
Municipal fleet 7 4 0 0 0 0 O 0 0 11
Private and commercial | 1403 1611 138 0 0 0 0 0 220 3196
Agriculture and Forestry | 0 1586 22 0 8¢9 0 O 0 0 2467

35



878

Table 7 Expected CO, emissions increase from 2010 to 2020, due to the population and

879 buildings growth.
Value Sector CO;, Emission
Increase (1)
Building increase (m?) | 17936 Heating Energy Consumptions for 57
Residential Buildings
Population Increase 146 Electricity Energy for residential 68
Buildings
Public Lighting 8
Public and Private Trasporting 67
Total 200
880
881
882
883 Table 8 CO, Emissions reductions expected for each of the SEAP measure
Sector Measure Measures Energy Energy Cco,
Saving from Reduction
(MWh) RES ®)
(MWh)
Public Building 01 RES 01 PV plants in the 0 28 13
School Buildings
(20 kW) (2012-
2020)
01 RES 02 Energy Efficiency 0 0,57 2
for School
Building (2012-
2020)
Residential 03 EE 01 Replacement 858 0 400
Buildings lamp(2010-2020)
03 EE 02 Replacement 465 0 217
fridge freezers
(2011-2020)
03_EE 03 PV plants (822 0 2123 989
kW.) (2013-2020)
03 EE 04 Install automatic 223 0 104
shutoff devices
TVs / decoder
(2010-2020)
03 RES 05 PV plants (1077 0 715 333
kW,) (2010-2013)
03 RES 06  Wind farm (900 0 1350 629
kW,) (2017-2020)
03 RES 07  Wind farm (600 0 1200 569
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kW,) (2012-2020)

03 RES 08  Wind farm (14 0 21000 9874
MW.) (2019-
2020)

Industry 05 RES 01  Biogas plant for 0 1228 170
electric energy
production (256
kWe)

Biogas 0 1520 708,6
Cogeneration
05 RES 02 _ plant (190 kW,)

Biogas 0 835,2 110
Cogeneration
plant (261 kW)

Transporting 08 RES 01 Renewal of the 3394 705 1049
vehicle fleet
(2010-2020)

884
885
886
25000 -
20000 4 S WS ]0]09090 T,
5566
o~ 15000 T
o]
O
S
=
* 10000 -
- -
0
2010 2020 NO SEAP measures 2020 27% target 2020 SEAP measures
B Emissions O0CO2 Emissions Increase 2020 !27% Target CO2 emissions m2020 SEAP measures
887
888

889 Figure 6 Comparison of the CO, emissions of Altavilla Silentina in the years 2010 and 2020.
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893 Figure 7 Electric Energy Consumptions and Electric Energy Production by RES of Altavilla

894 Silentina Municipality in the year 2010 and 2020.
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897 Figure 8 Primary Energy consumption for heating and thermal energy production by RES of
898 Altavilla Silentina from the year 2010 to 2020.
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Figure 9 Hourly energy demand trend of Altavilla Silentina Municipality expected for 2030
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912 Figure 11 Expected electric energy consumption of Altavilla Silentina in 2030.
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946

Table 9 Installed power plants in the Altavilla Silentina 2030 scenario.

Plant Power

Residential/ Tertiary Heat Pumps ~30.0 MW,

Industry Heat Pumps ~60.0 kW,

Wind Farm 15.5 MW,
Photovoltaic 1.92 kMW,

Biogas CHP 456 kW, — 261 kW *
Residential/ Tertiary Biomass Boilers ~63.1 MW,

Industry Biomass Boiler ~250 kW,

* Two biogas plant have been considered: the first one produces only electric energy (256
kW.) and the second one, to be built for cogeneration (190 kW.- 261 kW)
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Figure 15 Primary energy supply Altavilla Silentina in the year 2010, 2020 and 2050.

Table 10 Investments cost and operating costs of new plants to be built by 2030

Plant Investment Costs Operating Costs Period
(2020)
Unit €/Unit | % of investment | Years
Heat Pump kW 500 0.98 20
Wind Farm kW, 1840 2.97 25
Photovoltaic kW, 850 2.09 20
Biogas CHP kW, 6400 7.32 20
Biomass Boiler unit 2500 1.79 20
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948 Figure 16 Electric consumption and RES production and of the neighbouring territories
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