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The Campania Region has one of the highest renewable energy potentials in Italy. Despite this high potential, the
lack of an integrated energy strategy has allowed for deregulated exploitation of the resources of the territory, e.
g. surplus of wind energy occurs in Campania due to the large wind farms, geothermal energy is mainly used for
thermal baths but its enthalpy could meet domestic heating demand, etc. A lack of an “integrated planning”, does
not to make the best use of resources and to contribute to greenhouse gas (GHG) emission reduction.

The aim of this work is to develop a possible scenario for achieving sustainable energy condition towards
decarbonization in the Campania Region. The 2030 ‘transition scenario’ is characterized by a reduction in GHG
emissions. In the ‘Campania 2050’ scenario, the region’s energy system is mostly reliant upon biomethane and
other local renewable resources. The new methodology, based on the classification of climatic zones, was
designed to meet the hourly energy and production demands of both current and future energy plants in the
territory. Different software tools were used to find a new integrated renewable energy system for Campania. The
software EnergyPLAN was used to design the entire system and assess the integration of the different sectors
(electric, thermal, and transport), and TRNSYS 17 and DesignBuilder were used to achieve the desired hourly

energy production of individual plants.

The results obtained show that the 2030 ‘transition’ scenario is characterized by a reduction in the “1990 CO,
emissions” of approximately 45%.

The ‘Campania 2050’ scenario achieves the decarbonization objective of reducing the GHG emissions by 80%
with respect to the 1990 values by combining different energy efficiency strategies, relying upon renewable
energy sources, and electrifying the transport sector.

1. Introduction

Many ‘case studies’ [1] illustrating the challenges of achieving a
100% renewable energy system have been presented to the scientific
community over the last two decades. The European 2020, 2030, and
2050 energy targets [2], energy securities of the involved countries, and
climate change [3] have been strong motivators in this research area.
Generally, the papers in the literature focus on the role of a specific local
energy resource that is widely available in the territory under investi-
gation [4]. What clearly emerges from the literature review is that using
a single versatile resource and overlooking the ‘cross-sector’ and ‘vector’
approaches to energy management in a territory do not allow that
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territory to achieve decarbonization [5,6,97].

To avoid ineffective scenarios, the authors took into account multiple
widely available resources of the Campania region, the territory to
design a smart energy system, that improves upon the current system
and can be implemented in the foreseeable future. For this reason, en-
ergy resources such as those involving waves, tides, or enhanced dry
rock geothermal energy were not considered in this paper.

Biomass, being a more versatile resource and largely present in the
Campania Region [7], is most suitable for these hybrid energy systems
and can be used in several ways: to produce biogas/biomethane using
gasification or anaerobic digestion, to supply both individual thermal
plants and district-wide heating systems, to feed the transport sector,
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etc.

The scientific literature has shown that obtaining biomethane from
biogas is a sustainable way to achieve decarbonization and reduce cost.
In Ref. [8], the 2030 Colombian energy system scenario, in which bio-
methane production, biomass-based powered generation, and wind and
solar power were proposed for electricity production, achieved an
approximate 20% reduction in both CO; emissions and total fuel
consumption.

In [9], an analysis of the Danish energy systems model that estimated
different CO5 costs was performed. It was found that when biomethane
was the primary fuel, the costs for systems with a high COg-cost
diminished.

In [10], a scenario, in which biogas, biomethane, and electro-
methane replaced dry biomass-derived fuels in different energy sectors,
was developed and resulted in a 16% reduction in the use of dry biomass
along with significant energy system cost reductions.

In this paper, the authors examined the reduction in GHG emissions
that is achieved when biomethane is integrated into the Campania Re-
gion energy system, when this latter is powered also by wind and solar
energy. To carry out this analysis, first, the use of wind and solar energy
to fuel the electrification of several different energy systems and the use
of the geothermal energy for heating purposes was investigated [11-13],
and then a deep biomass integration analysis was carried out.

Biomass residue is generally produced in large amounts in the south
of Italy on dairy farms whose milk is used to make cheese.

In the present work, however, the authors evaluated the ability to
produce biomethane from biogas not only from residual biomass but
also from designated agricultural crops that are grown on marginal lands
whose soil is subjected to erosion, contamination, and salinization.
Marginal lands are not appropriate for primary food production
[14-16], hence the choice of grow energy crops allows environmental
benefits [17,18] a and efficient energy production through the Anaer-
obic Digestion (AD) [19].

Another form of waste biomass, highly treated in AD plants can be
found in municipal organic solid waste [20].

Once the energy resources are defined for Campania Region, to
determine the appropriate size of the plants and their management
strategy, the authors focused on system optimization. Some scientists
base their approach on economic criteria, while others consider COy
emissions reduction [21] and/or develop innovative ways to ensure the
sustainability of resource exploitation [22]. In this study, the authors
chose to focus on CO, emission reduction.

Different tools can be used in the design process to simulate current
and future scenarios. Currently, the common trend is to adopt a “hour-
by-hour” simulation approach, because a hourly simulation allows the
researchers to better address the hourly behaviour of the energy system
under investigation [23]. This aspect is most important for the renew-
able energy sources (RES) that are generally fluctuating. Therefore, the
use of software tools allowing a dynamic analysis of the energy system
becomes necessary in this type of study.

EnergyPLAN [24], Times [25], EnergyPro [26], MODEST [27], and
PRIMES [28] are examples of the tools available in the scientific com-
munity that address multiple issues related to integrating renewable
energy sectors and technologies. Generally, energy planning software
provide the possibility to include the following elements: energy re-
sources, energy services, demand sectors, thermal/electric generation,
renewable generation, conversion-storage and economic parameters.
However, the appropriate energy tool to be used for planning is highly
dependent on the specific objectives that must be fulfilled [29].

EnergyPLAN was chosen because it has the widest range of simula-
tion possibilities, thus allowing flexibility in its use and because it is the
most complete for the evaluation of economic parameters [30], able to
highlight the role of biogas production by integrating the different
sectors and technologies and showing their synergy.

To obtain the hourly thermal energy demand curves of Campania to
input in EnergyPLAN, a new methodology based on the classification of
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climatic zones was applied. This kind of approach is necessary when the
climatic features are highly variable in the territory under investigation
(such as Campania).

On the contrary, to get the hourly trend of the electric energy de-
mand, authors have been able to rely on TERNA database [31].

Data about the power of hydro, PV, and wind plants already installed
in Campania, were used to determine, through TRNSYS 17 [32], the
hourly energy production. The TRNSYS 17 output has become an input
into EnergyPLAN. Moreover, the energy production from the solar sys-
tems installed on buildings was simulated through DesignBuilder soft-
ware [33].

Aggregated yearly energy demand and production values were also
input into EnergyPLAN. The authors collected these data from a national
database [34-38].

Campania in 2017 was the authors’ reference scenario. The reference
scenario served to validate the model. Starting from this validated sce-
nario, each measure identified as a possible solution to make the Cam-
pania Region a zero-carbon territory was input into EnergyPLAN to
evaluate the measure’s effect on the regional energy balance. An eco-
nomic analysis completed the evaluation of the feasibility of the final
scenarios (2030 and 2050).

In the new renewable energy system proposed for the Campania
Region by 2050, district heating and cooling, supplied by geothermal
energy, biomass, and waste heat resources from thermal power plants, is
introduced. In addition, the authors emphasized the role that bio-
methane from biomass can play in the decarbonization of the Campania
region.

Finally, Authors have verified the integration of the plan proposed
for Campania region with the national strategy. It is assessed the
contribution of Campania on the national 2030 targets provided by the
“Integrated National Energy and Climate Plan” (PNIEC) [39] and it is
verified that no overproduction occurs in this Region to avoid a crisis of
the national energy system.

The authors’ ultimate goal was to develop an optimal energy sce-
nario based on the use of a mix of RES by using a method that can be
applied to other Southern Italy region with similar renewable energy
potential resources for their future analysis in the electricity, heating,
cooling, and transport sectors.

Its strategy represents a key point in national energy policies, and
furthermore the replicability in other regions of southern Italy, that have
similar characteristics, could be happen. On other word, this study could
be an example for local administrations to follow a similar methodology
for energy planning of their territories.

It worth to be noticed that in Italy there is the so-called “burden
sharing”. This decree establishes the division of national energy target,
imposed by Europe, among the 20 Italian regions In this sense, each
region becomes strategic to achieve the objectives of reducing pollutant
emissions and increasing the use of renewable energy.

1.1. Novelty

As it is possible to note in literature there are several examples of
implementation and analysis of a smart energy system [40,41], but there
are no examples of a dynamic analysis involving the different weather
condition for the area under study. The above-mentioned literature
highlights an important gap: in all the “energy planning papers” the
demand and production curves are unique for each sector and technol-
ogy, respectively even if the territory is very large. Climatic conditions,
instead, have a strongly influence on the demand energy but also on the
production from renewable sources (for example production from solar
thermal and photovoltaics, or the heat demand curve of buildings). The
Campania region, for example, has four climatic zones (C and D
particularly widespread, E and F less widespread) which particularly
influence the demand or production curves.

The new methodology presented in this paper allows to have results
that are closer to reality, as also highlighted in the validation results of
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the proposed model. Therefore, a correct energy strategy and planning
cannot ignore such difference, even more in territories like Campania
region and Italy, where there is a strongly variability of the climatic
zone.

To overcome the lacks in the literature, this paper presents a new
approach to energy planning considering a comprehensive analysis of
the climatic zones. To gain a better understanding of the new approach
and order to verify the robustness of the novel methodology, authors
carried out a deep analysis of an Italian South region: the Campania
Region. The scheme below (Fig. 1) summarises the all steps followed
during the analysis: from the data collection of the “aggregated value” to
the reconstruction of the hourly load demand and production energy
curves through tools like TRNSYS 17 and DesignBuilder, steps necessary
for building and validating a Reference Scenario; from Reference Sce-
nario to the “planning section” with simulations of the whole energetic
system of Campania by integrating different RES sources, to finish to
assess of the future scenarios through parameters like Primary Energy
Supply (PES), CO; emissions etc.

2. Campania energy system
2.1. Overview of the territory features

Campania is a region located in Southern Italy. With a population of
5 839 034 (mostly located on the coastal zone) it is among the first most
densely populated region in Italy [42]. As reported in Fig. 2, obtained
with a GIS analysis carried out by the authors, it is possible to figure out
4 climatic zones (C, D, E, F). According to the [43], Italy is divided into
six climatic zones based on the energy consumption necessary to
maintain a comfortable temperature inside the building equal to 20 °C.
The ’Degrees-Day (DD)”’ is the parameter used to differentiate the six
climatic zones, it is the sum extended to all days in a conventional
annual heating period of positive differences between interior temper-
ature (conventionally fixed at 20 °C) and the mean daily external
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Fig. 2. Climatic Zone of Campania region.

temperature. The “F” zone is the coldest area with DD > 3000.

In Campania, although the climate is typically Mediterranean along
the coast (C area), whereas in the inner zones it is more continental (D-E-
F areas) with low temperatures in winter (Fig. 2).

2.2. Energy balance of the Campania Region

Fig. 3 shows a Sankey diagram used to illustrate the flows of energy
in the Campania region in 2017 [44]. In particular, the energy demand
of and primary energy supply to the Campania system are shown. It is
noted that the transport, heat, and electricity demands are not con-
nected. Thus, it is possible to state that the current energy system is not
flexible, and an increase in the production of energy from renewable
energy resources could lead to a Critical Excess Production of Electricty
(CEEP). A CEEP event occurs when the amount of electricity produced
exceeds the electricity needs and interconnection capacity of the system.
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Fig. 1. Methodology scheme.
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Transport: 33.260 TWh
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|:| Electricity Import: 7.813 TWh

0 Waste Power Plant: 1.300 TWh

Fig. 3. Energy Sankey diagram of the Campania Region in 2017.

The CEEP scenario must be avoided so that the electricity system does
not collapse [45]. Moreover, CEEP leads to a significant increase in the
total cost of the production system [46].

It can be noted that districts heating and cooling, which are the most
flexible sectors of the energy system, are not present, and the residential
and industrial heating and cooling demands are provided by individual
plants. The heating demand, which is mainly supplied by natural gas,
biomass, and oil, accounts for 22.71 TWhy,. The use of geothermal re-
sources is negligible, despite the fact that Campania possesses a high
geothermal potential due to the presence of the vulcan Vesuvio and the
caldera area of “Campi Flegrei”.

The electricity for cooling, generally a negligible amount of the total
energy used in many European regions, accounts for approximately 10%
of the heating budget in Campania (or approximately 2.11 TWh,) and
represents 30-70% of the heat budget in the 2050 scenario, owing to
increases in the standard of living and the effects of climate change [47].

The electric energy production is mainly based on:

- Conventional thermal power plants (approximately 62.7%) [31];
- Wind (approximatelyt 23.3%) [31];

- Hydroelectric (5.6%) [311;

- Photovoltaic (8.3%) [31].

Over the last 15 years, the energy production from RES, such as wind
energy, has become important in some sectors. Until 2017, 593 wind
turbine plants, with a power capacity of 1388 MW,, have been installed.
The installed production capacities of photovoltaic plants, bioenergy
sources, and hydro plants were 784 MW,, 233 MW,, and 337 MW,
respectively.

By the end of 2017, in the Campania Region, there were a total of 31
056 RES power generation plants, with a total capacity of 2741 MWe.
RES plants were responsible for 4,578 TWh, of electricity [35].

In 2017, the total power capacity of RES plants in Campania was
approximately 5% of the national power capacity. Campania was the
eighth Italian Region in terms of energy production by renewable

resources, with almost 28% of the total production of the south and
islands (7 Mtep) [34]. More details on the Campania Energy System can
be found in Tables 1 and 2 reported in the Appendix section.

3. Method

After supplying the necessary input data and assumptions (Section
3.1), the authors defined a reference scenario (Section 4.1) using Ener-
gyPLAN software integrated with TRNSYS 17 and DesignBuider. Once
the reference scenario was validated by comparing the modelled results
with the statistical regional data of 2017 (Section 4.1), the authors
modelled one short-term (Section 4.2) and one long-term model sce-
nario (Section 4.3) using EnergyPLAN. The short-term scenario was
called the ‘transition scenario’. It allowed the authors to verify that the
2030 European objectives can be achieved via this strategy. The 2050
Scenario (long-term) was developed with the goal of reducing the GHG
emissions by 80% with respect to 1990 values. In this scenario, the
available RES sources are first used. After that, biomethane is integrated
into the energy system.

To summarise, the authors modelled three different scenarios:

1. A reference model based on Campania in 2017;
2. The 2030 Scenario (‘transition scenario’);
3. The 2050 Scenario.

3.1. Input data and assumptions for the reference model

To obtain the annual energy demand/production of Campania, the
regional data from 2017 were used (see Appendix 1).

Methods used to get hourly energy demand and production curve are
described in the following sections.

3.1.1. Hourly electric distribution curve
The yearly value of the electric consumption necessary of the case
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Table 1
Number of citizens for each climatic zone.

Energy Strategy Reviews 41 (2022) 100844

Zone Number of citizens

C Zone 3094 670
D Zone 2452 380
E Zone 291 950
F Zone 522 AT
HAreaD
WAreak
Table 2
PV Power Capacity for each climatic zone.
PV Power Capacity (MW,) Weight Factor
C Zone 383.87 0.44
D Zone 366.20 0.47
E Zone 51.61 0.07
F Zone 0 0

®AreaC
| Area D

wArea b

studies under investigation has referred to the data provided by Terna S.
p-A [48]. and by Energy Statistics Department of MISE [49].

In order to achieve hourly energy demand, the authors used data
provided by the company GME [50]. GME provides the values of elec-
tricity demand for various areas of Italy: Centre North; Centre South,
North, South, Sardinia and Sicily. Authors referred to the South Centre,
where Campania is located taking hourly data from February 2016 to
February 2017. Fig. 4 shows the Hourly distribution demand curve in
Italy (South-Centre). It is worth to be noticed that, since in Italy the
cooling demand is currently supplied by electric energy, the electric

curve takes already into account the electric cooling demand.

3.2. Hourly thermal energy distribution curve

As anticipated in the novelty section, a new methodology to obtain
the hourly thermal energy distribution curve is developed in this work.

The hourly trend of thermal demand (Fig. 5) has been calculated as a
function of the outdoor temperature and the number of people for each
area.

The hourly temperature of Naples, Rome and Potenza (the latters are

Campania normalized hourly electricity demand
distribution

|I||||.||-|‘|||||||...

Normalized 0-1

0 1000 2000 3000

Hourly distribution

4000

«ww Duration curve

6000 7000 8000

5000
Time G)

Fig. 4. South-Centre Italy hourly electricity distribution.
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Campania normalized hourly heating distribution

Normalized 0-1

0 1000

2000 3000

Hourly distribution

~— Duration curve

i

4000
Time ()

5000 6000

7000

3000

Fig. 5. Campania hourly heating distribution.

not in Campania but their climate is similar) [51] was used in order to
reproduce the temperature trends of climate zones C, D and E, respec-
tively. Moreover, the number of people living in each zone was calcu-
lated (Table 1) by ISTAT data [52]. The number of citizens of zone F
does not affect significantly the total amount (0.05%), therefore it was
neglected.

3.3. Hourly cooling energy distribution curve

The cooling demand trend was calculated using the same method-
ology used for the heating demand. In this case, the sol-air temperature
was considered instead of the air outdoor temperature. The sol-air
temperature is defined as the equivalent outdoor air temperature that
provides the same rate of heat transfer to a surface, as would the com-
bination of incident solar radiation, convection with the ambient air and
radiation exchange with the sky and the surrounding surfaces [53]. The

cooling plants are considered turned off when the sol-air temperature is
lower than 28 °C.

3.4. Reference hourly electric energy production by PV plants

Following the standard heating demand methodology, the PV hourly
energy production was calculated for three climatic zones, C-D-E, cor-
responding to Napoli, Rome, and Potenza, respectively. The PV plants’
outputs (gross area of collector equal to 1.00 m?) were simulated by
TRNSYS 17 software [54,55] using the weather data from each of these
zones.

From Fig. 6, which shows the yearly electric energy production of the
PV plants in each climatic zone, it is evident that the PV production
varies among the climate zones.

Once the hourly energy production data were obtained, they were
multiplied by the weight factor (Table 2). The weight factor was

Hourly PV energy production distribution in Campania

~——— Hourly distribution

0,9
0,8
0,7
0,6
0,5
0.4
0,3
0,2
0,1

Normalized 0-1

0 1000 2000 3000 4000
Time (h)

~Duration curve

5000 6000 7000 8000

Fig. 6. Hourly PV energy production distribution in Campania.
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calculated based on the PV plants’ power capacity in each climate zone
[35].

3.5. Thermal energy production by solar thermal collectors

The hourly thermal energy production by solar collectors was
determined using the DesignBuilder software [33]. An individual solar
thermal system with solar panels with an area of 4.40 m? and a 200 L
storage tank was simulated. The energy production from a solar panel
was based on a daily consumption of 1.05 L/(m? d) per flat, which is
typical for the Campania Region (flats were assumed to be 110 m? in size
with four inhabitants). The water temperature ranged from 15 °C to
55 °C and was only used for sanitary purposes. The solar contribution to
space heating was not considered.

Using standard heating demand methods, the total solar thermal
energy production was calculated for the three climatic zones.

Next, the total solar collector surface area was calculated for each
climatic zone (Table 3) to obtain the weighted average of the hourly
thermal energy production in Campania.

The hourly trends were input into the EnergyPLAN software.

3.6. Electric energy production by wind and by hydropower and, the
transportation energy demand

The details related to the other curves needed for the refence sce-
nario have been inserted in the appendix (Figs. 1, Figs. 2 and 3 of the
appendix), where can been found the Electric energy production by
wind plants, the electric energy production distribution by hydropower
and the transportation hourly curve demand.

4. Outlined scenarios
4.1. Results and validation of the 2017 reference scenario model

The 2017 scenario served as a starting point for the future scenarios.

To validate the model, typical parameters were used to validate the
EnergyPLAN scenario [56] (CO2 emissions, RES share of PES, and RES
electricity production). The electric energy data were obtained from that
of RES and CO; emissions. The authors did not include the non-organic
solid waste used in incineration plant in the RES contribution. As noted,
the discrepancy between output and real data is very limited (Fig. 7),
allowing the authors to conclude that the reference model accurately
simulated the Campania energy system and could be used with confi-
dence to build future energy scenarios.

However, the production from other technologies could be either
lower or higher than these values. Therefore, it was possible to specify a
correction factor to adjust the hourly distribution input for the renew-
able resources (use of this factor did not change the power output at full-
load hours or at hours of zero output).

Table 3
Average surface area of the solar thermal collectors in each climatic zone.

Energy Strategy Reviews 41 (2022) 100844

4.2. Scenario 2030

A scenario that models the transition towards the decarbonization of
the Campania region was developed and was called the ‘Transition
Scenario’.

Firstly, the energy demand in 2030 was determined based on the
following:

e The methodology used to predict the electric demand for the Cam-
pania Region in 2030 was the same employed by TERNA to predict
the energy demand. The drivers used were the population and Gross
Domestic Product (GDP). The electricity demand computed by
TERNA had an average annual increase of 1% for Central-Southern
Italy, ranging from an electricity demand of 18.4 TWhe/year (in
the 2017 reference scenario) to a value of 19.34 TWh,/year in 2030
[571;

e Heat demand for domestic hot water (DHW) was assumed to be
constant, because an efficiency improvement does not significantly
affect the energy demand [58];

e Conversely, due the improvements in the energy efficiency of
buildings and plants, the heat demand decreased by 33% [58];

e The energy required for cooling, as predicted by HRE3/STRATEGO

[47], increased by 20%, from 2.69 TWh/year (2017) to 3.2

TWh/year;

Electrification of the transport sector through the use of electric and

hybrid vehicles and vehicle to grid (V2G) technology [59] was pre-

dicted. In response, less diesel was consumed (4.11 TWh/year), and

this energy source was replaced by electric power, resulting in a

loading-unloading curve (smart charge). Diesel consumption drop-

ped from the 2017 value of 24.68 TWh/year to 17.59 TWh/year

[60]. The efficiency of the electric vehicles was assumed to be 6.4

km/kWh, [59];

The LPG consumption was replaced by that of natural gas, which

increased from 2.27 TWh/year to 5.05 TWh/year [60];

The industrial energy consumption decreased due to an increase in

the efficiency of the various technologies and the use of furnaces.

In addition, it was predicted that by 2030, the main energy com-
panies will have introduced new technologies into the energy system of
Campania:

e The power plant capacity will be reduced by approximately 50%
with respect to 2017 (from 2,134 MW, to 1,040 MW,) with the
addition of combined heat and power CHP plants [31];

e The grid stabilization share for the power plants will be 650 MW,;

e A potential expansion of the wind energy will engender a capacity of
up to 2,000 MW, [61];

e A potential expansion of the PV sector will lead to an increase of
capacity up to 873 MW, [44].

Solar thermal collectors surface (m?)

C Zone 22 345.18 m?
D Zone 21 279.33 m?
E Zone 5449.03 m?

F Zone 28.64 m?

HAreaC mAreaD WAreaE
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Assuming these forecasts, it was possible to define a ‘BAU scenario
2030’ that is quite different from that obtained using the energy strategy
imposed by the EU and that is characterized by a CO3 emission equal to
14.18 Mton (Fig. 8).

To reduce the CO; emissions, the authors introduce a district heating
and cooling (DHC) systems in order to decrease the use of fossil fuels,
since they can use waste heat and renewable energy sources as
geothermal and solar sources.

In Campania, a geothermal potential assessment was developed in
several studies based on the VIGOR project [62]. For example, in the
northern zone of Campi Flegrei, the geothermal well temperatures are
around 100 °C at very shallow depths (hundreds of metres) [63], while
the enthalpy from the geothermal activity below the Ischia and Capri
islands is at a medium level (Table 4 of the Appendix). In the Vesuvius
area, the recorded temperatures in the wells are very low (51 °C at a
depth of 2,071 m).

The heat flow variation in the Campania region led the authors to
design a Multi-Level District Heating (MLDH) system [64], in which
thermal energy was supplied through pipes that were at different tem-
peratures. Geothermal energy was used to power the absorption ma-
chines, whose pipes were maintained at a temperature of 80 °C, while
the adsorption machines were maintained at a temperature of 55 °C.

After an assessment of the available geothermal resources, it was
forecasted that 50% of the residential sector’s thermal energy demand
would be satisfied by individual plants operating on natural gas. The
remaining 50% would be satisfied by geothermal energy. The total
thermal demand attributed to the district heating network was 6.78
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Fig. 8. CO, emission in BAU 2030 scenario and 2050 energy strategy.

Table 4
Electricity demand, electricity supply, and fuel consumption, sorted by
technology.

TWh/year 2017 2030 2050
Electric Demand 18.4 19.34 21.07
Electric production from technology

Traditional Power Plants 5.46 4.91 2.64
CHP Plants 0.22 3.71 1.54
Waste Plants 0.55 0.84 1.75
RES 4.54 5.25 21.31
Electric consumption by fuel

Traditional Power Plants

Ngas 12.13 10.91 3.41
Oil 0

Biomass 0 1.32
Biogas 0 0 0
CHP plants

Ngas 0 2.32 1.18
Biomass 0 2.32 0
Biogas 0 0 0.5
Waste Plants

Waste 1.75 1.75 2.58

TWh/year, with an 18% loss. The total demand was 7.98 TWh/year. The
data related to the technologies used and the resources to supply the
district heating and cooling network hypothesized at 2030 can be found
in Tables 4 and 5 of the section “Results and Discussion”.

4.3. Scenario 2050
To achieve the 80% reduction of GHG emissions by 2050 with

respect to the 1990 values in the Campania Region, the authors imple-
mented several changes on both the demand and supply sides of the

Table 5

Heating and cooling demand forecasting.
TWh/year 2017 2030 2050
Heating Demand 17.05 13.06 11.11
Individual Heating Demand 17.05 6.28 4.45
District Heating Demand 0 6.78 6.66
Heating Demand Covered by District Heating (%) 0 52 60
Cooling Demand 2.69 3.2 4.43
Individual Cooling Demand 2.69 2.11 1.4
District Cooling Demand 0 1.09 3.03
Cooling demand Covered by District Cooling (%) 0 33 68
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energy system. Following the protocol used to develop the 2030 sce-
nario, an assessment of the energy demand was first carried out, then an
analyses of the new technologies to be included in the 2050 energy
system were performed.

The 2050 scenario was based on the following assumptions, while
the model implemented was based on the 2030 one:

e The methodology used to predict the electric demand for the Cam-
pania Region in 2050 was the same as that used to develop the 2030
scenario [57]. The electric demand was assumed to increase to 21.07
TWh,/year by 2050;

e According to the projections based on the residential heating data
provided by ENEA, the improvements in the energy performance of
buildings [65], e.g. whose defined for the NZEBs or ZEBs, and
technological devices was expected to reduce the thermal energy
consumption. By 2050, the total heating demand by the residential
sector was expected to further decrease of 15% from the 2030 value
from 13.07 TWhy, to 11.11 TWhyy;

The annual space cooling demand by the residential sector was ex-

pected to reach 4.40 TWhy, [66], increasing of around 35% with

respect to 2030 value;

Use of fossil fuels to satisfy industrial energy needs was predicted to

decrease from that in the 2030 scenario in favor of an electrification

of the sector [31];

Electrification of the transport sector was expected to increase from

2030 levels due to an increase in the use of electric vehicles with a

smart charge [31]. The total km/year driven by the road fleet was

predicted to be the same [57,66]. The efficiency of the electric ve-

hicles was predicted to be 6.4 km/kWh, [66].

The following hypothesis were assumed:

The total programmable thermoelectric generation was predicted to
remain the same of 2030 [57];

By 2050, the DHC would be powered by CHP plants fueled by natural
gas and RES (geothermal energy from compression heat pumps and
for absorption machines, solar thermal collectors [44], and biomass
[67D);

In the 2050 scenario, the installed wind capacity would be 2571
MW, and the PV capacity would be 1018 MW, [68].

Assuming the aforementioned forecasts and on the basis of the as-
sumptions about the installed technologies, the authors were able to
define a ‘BAU scenario 2050° that was characterized by a CO5 emission
equal to 7.20 Mton. However, this scenario did not meet the EU objec-
tives (Fig. 9) (see Fig. 10).

A higher capacity of RES for the electricity production was integrated
for the year 2050, considering the available area in the region, for the
installation of wind (up to 5200 MW,) and PV (up to 1650 MW,) power
plants. However, the higher integration of RES considered was not suf-
ficient to achieve the GHG reduction targets set.

BAU Energy Strategy  eeeeee Energy Strategy without biogas
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Fig. 9. CO; emission from the 2050 BAU scenario and energy strategy.
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For this reason, the authors investigated the possibility of exploiting
another resource widely available on the territory: biomethane.

Assumptions about the origins of biomethane and its production
were as follows:

e Biomethane was assumed to originate from the biogas upgrading
process, where biogas was obtained through AD;
e The process yields used to calculate the biogas production were those
of dry AD [37,69]1;
The energy needs of the biomethane production process (energy to
heat the digestion unit and 5% torch losses) could not be completely
satisfied by biomethane itself;
80% of the estimated biogas production value comes from first-
harvest crops (monocultures), the rest is identified as “biomass
integration”. The utilized agricultural area (UAA) is supposed to
endure important changes in land use, due to the crisis of tobacco
and erosion phenomena, already started in the reference year. Ac-
cording to Ref. [70], 50 000 ha was dedicated to the growth of ‘en-
ergy crops.” The quantity of biomethane produced was based on the
amount of land dedicated to energy crops, the yield of biomethane
production from first-harvest corn, and the corn production yield per
hectare of farmland. On the basis of these hypotheses, 336 million
Nm® of biomethane was produced from agricultural land (LHV of
biomethane = 9.437 kWh/S m?>, totaling approximately 3,17
TWh/year of primary energy [71]);
e Other sources of biomethane production were believed to originate
from the digestion of the organic fraction of municipal solid waste
and manure sludge. The value used in this work is 110 kg/year per
capita of organic waste collected in Southern Italy, from which it was
predicted that 684 137 tons of organic waste would be produced per
year. This yielded 0.40 TWh/year of primary energy from bio-
methane production, assuming a rate of biogas generation of 110
Nms/ton, 60% of which was assumed to be methane [72];
Considering the estimated number of livestock in Campania [73], it
was assumed that approximately 80% of the manure biogas pro-
duction in Campania consisted of buffalo waste [73]. The total
amount (considering losses for collection, transportation, treatment
of manure, and the efficiency of digestion) was 153.3 million Nm® of
biogas/year, with a methane content of 55%. The energy contained
in the biomethane from manure was then 0.8 TWh/year. Thus, it was
assumed that in 2050, up to 90% of the biogas production in Cam-
pania would be due to the anaerobic digestion of veal/buffalo
manure.

Hence, 4.17 TWh of biomethane would be produced in the 2050
scenario.
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Table 6

Individual fuel consumption due to heating and cooling.
TWh/year 2017 2030 2050
Individual Heating Demand 17.05 6.28 4.45
Heating Demand Covered by Solar Thermal 0.068 0.018 0.043
Individual Heating Consumption (TWh/year) 2030 2050
oil 3.41 0 0
Natural gas 8.15 2.83 0
Biomass 8.5 4.67 0
Electricity 0.02 0 0,91
Individual Cooling Consumption (TWh/year) 2017 2030 2050
Electricity 2.69 1.32 0.47

5. Results and discussion

This section presents the main findings from the above analysis. The
first result involves the projections of the energy demand in each
modelled scenario (sorted by sector), energy supply from technology,
and fuel consumption (Tables 4-9).

One observes that the electric energy demand during 2030-2050 is
higher than that during 2017-2030. The reverse is true for the heating
demand. Moreover, in 2030 and 2050, the heating demand shifts toward
district heating. The cooling demand, previously satisfied by individual
plants, shifts to DHC by 2050 (68% of the total demand).

As in the reference scenario (2017), a note about the natural gas
consumption in the 2030 and 2050 scenarios has to be pointed out. The
role of gas-based technologies in 2017 appears to be more significant in
the region’s scenario, because Italy is one of the European countries that
does not rely on nuclear power. Here, natural gas is the main ‘stabiliser’
in the electric energy balance, and hydropower (and its storage) bal-
ances the system. The high penetration of fluctuating renewable energy
makes the system vulnerable, and natural gas technologies remain a
‘back-up’ and stabilize the electric grid.

Table 10 shows the capacities of the various technologies for each
scenario. The CHP and power plant capacity decrease from the 2017
scenario to the 2030 and 2050 ones due to the increase in RES. By 2050,
10% of the installed capacity is solar PV, 31% is wind power, and 2% is
hydropower.

The high penetration of RES in the 2050 scenario meets the target set
for 2050: the CO, emissions in 2050 are 80% lower than they were in
1990 (Fig. 11).

Fig. 12 shows the primary energy supplies in the scenarios and their
respective CO; emissions. The oil consumption decreases from the 2017
scenario to the 2050 scenario, while non-organic solid waste used in
incineration plants and RES share increase.

Once the future scenarios were determined, it was important to
verify the flexibility of its electric energy system. When it comes to
evaluate the integration of variable renewable energy sources (VRES)
fluctuations in electricity production must be considered. This is because

Table 7
Thermal energy demand forecasting, thermal energy supply, and fuel con-
sumption by DHC technology.

TWh/year 2017 2030 2050
DHC Demand 0 10,18 8,4
DHC production by technology

CHP plants 0 4.63 1.68
Solar thermal 0 0.12 0.15
Geothermal HP 0 2.83 3.16
Heat exchanger (Geothermal direct use) 0 0.51 1.8
DHC consumption by fuel

Geothermal HP

Electricity 0 1.48 1.55
CHP plants

Ngas 0 2.32 1.18
Biomass 0 2.32 0

Biogas 0 0 0.5

Table 8

Fuel consumption for heat and electricity production.
Fuel Consumption for Heat and Electricity Production 2017 2030 2050
(TWh/year)
Natural Gas 12.13 15.54 3.76
Biomass (including Waste and Biogas) 1.15 6.38 9.27

Table 9

Fuel consumption for the Industry and Transport sector.
Industry Consumption (TWh/year) 2017 2030 2050
oil 1.87 1.6 0.3
Natural gas 4.43 5.18 3.3
Biomass 0.05 0.05 0.2
Fossil Fuel Transport Consumption (TWh/year) 2017 2030 2050
Diesel 19.65 17
Petrol 5.03 2
Natural Gas 0.77 4.5 11.5
LPG 2.71 0 0
Electricity Transport Consumption (TWh/year) 2017 2030 2050
Electricity Smart Charge 0 1.9 4.5

Table 10

Installed capacity of each technology and each scenario.
Technologies 2017 2030 2050
Power Plant Capacity (MW,) 2113 650 390
Cogeneration Plant Capacity (MW,) 147 1,040 1,300
Compression Heat Pumps Capacity (MWe) 53 1,200 450
Variable Renewable Electricity (Mwe) 2516 3,222 7,199
PV Panels (MWe) 783.8 873 1,650
Wind turbine (MWe) 1390 2,000 5,200
Hydro (MWe) 342.4 349 349

fluctuations require more flexibility than fossil fuel-based energy sys-
tems. To do that, the authors decided to use the compromise coefficient
(COMP).

According to the survey at the basis of the analysis performed in
Ref. [74], the COMP factor is one of the most frequently applied criteria
to evaluate the performance of energy systems. Besides the COMP co-
efficient, other parameters have been formulated to assess the flexibility
of the system, such as:

e Relocation coefficient [75], which can compare different technology
options’ ability to give flexibility to the system and is defined as the
“statistical correlation between net electricity exchange between plant and
system, and the electricity demand minus intermittent electricity
production’;

e Flexibility factor/system flexibility defined by Refs. [76,77] as “the
fraction of peak load below which conventional generators can cycle’,
which is the lowest hourly value divided by the maximum one.

However, the COMP coefficient, defined by Connolly [78], was
preferred to the abovementioned parameters by the authors for two
main reasons:

o It has been used in more works, [79-82];

o it assesses the optimum value for the integration of one RES intro-
duced in the system and having a high impact on it, which is exactly
what the author wanted to assess in the present work.

In [78] Conolly et al. introduced the compromise coefficient (COMP)
to assess the feasible levels of wind penetration for the Ireland energy
system. The COMP is the ratio between the PES gradient (APES) and the
CEEP gradient (ACEEP):
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ACEEP

The optimum solution occurred when COMP was one, i.e., the
reduction in the primary energy supply was the same as the increase in
excess electricity.

In this work, however, the COMP was used for verifying the 2030 e
2050 energy systems considering the whole RES system.

Accordingly, the flexibility of the system was evaluated by calcu-
lating the PES and CEEP for the outlined scenarios using EnergyPLAN
software to obtain the variation in the RES component of the electricity
production. The results obtained for the 2030 scenario are listed in
Table 11.

The results show that the renewable energy capacity can still be
exploited without losing flexibility. The results obtained for the 2050
scenario are listed in Table 12:

It is shown in Table 12 and Fig. 13 that since the COMP value for the
2050 scenario is the closest to one (with RES share around 90%) and the
CEEP is less than 10% of the total electricity demand, the new Campania
energy system is highly flexibility and is characterized by integrated

Table 11

Compromise Coefficient for the 2030 scenario.
RES share in electricity CEEP (TWh/ CO, PES (TWh/ COMP
production (%) year) (Mt) year)
20% 0.04 11.47 57.35
30% 0.05 10.77 57.1 25.0
35% 0.08 10.41 56.87 7.7
40% 0.14 10.05 56.56 5.2
50% 0.47 9.76 5564 2.8
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Table 12

Compromise Coefficient for the 2050 scenario.
RES share in electricity CEEP (TWh/ CO, PES (TWh/ COMP
production (%) year) (Mt) year)
40% 0 9.183 34.54
60% 0.04 6.74 32.13 60.2
75% 0.61 5.207 30.6 2.7
90% 2.09 4.009 29.51 0.7
100% 4.42 2.87 28.64 0.4

energy sectors and the installation of DHC.
Alternatively, hydropower, confers stability and reliability to the
systems and provides storage capacity and flexibility.

5.1. Integration of campania scenarios into the future national energy
system

The aim of this section is to verify the integration of the plan pro-
posed by the Authors for Campania region with the national strategy. It
is also assessed the contribution of Campania on the national 2030
targets, and it is verified that no overproduction occurs in Campania to
avoid a crisis of the national energy system.

The “Clean energy package” adopted by the European institutions
sets the regulatory framework of the Union governance for the energy
and climate strategy in order to achieve the new European objectives by
2030 and a low-carbon economy by 2050. In this legislative framework,
every Member State had to provide a national energy plan. The Italian
Integrated National Energy and Climate (PNIEC- 2020) [39] sets new
targets: 30% of the final energy covered by RES. It fixed a roadmap, a
policy to follow but no “actions” or a distribution of targets between the
regions and autonomous provinces of Italy. According to the PNIEC “the
national programme, when approved, will be coordinated with regionally
managed programmes.” In this framework, Authors outlined a strategy for
Campania Region by 2030 that follows the national program.

In the 2017, Campania Region recorded a final energy consumption
about of 7 Mtep, it meant the 5,8% of the whole Italy consumption.
Moreover, the Campania consumption of energy by RES was of 1,2 Mtep,
while Italy showed a consumption of Energy by RES of 22 Mtep; on the
other hand, Campania impacts on the Italian RES consumption for the
5,5% and it shown in 2017 a ratio of consumption of energy by RES and
the final energy consumption equal to the 17,1%. These values allowed
to reach the “2020 burden sharing aim” for Campania provided by the
Decree March 15, 2012 of MISE Ministry with three years in advance;
however, the contribution of Campania becomes more significant with
the implementation of the strategy presented by the Authors.

In 2030, Campania could affect the Italian Energy Balance for 5,9%
and 5,1% on the value of the RES consumption and the final energy
consumption Fig. 14. It is important to notice that in RES, only the 50%
of energy carried out by the waste has been considered as indicated by
the Italian Minister Decree [49].

About the electricity sector of Italy, in 2017, approximately 35% of
gross national production originated from RES; the renewable source
that made the greatest contribution to actual electricity production in
2017 was hydropower (35% of overall electricity production from RES),
followed by solar power (23%), bioenergy (19%), wind power (17%)
and geothermal power (6%). The PNIEC is mainly focused on PV and
wind plants increment for Italy by 2030 (Fig. 15 (a)). It provides the 62%
and 49% growth in the power installed and the 67% and 59% growth in
the electric energy production for PV and wind plants respectively,
(Fig. 15(a)). The Campania strategy follows the Italian one by presenting
an increment of energy production by PV and wind plants equal to 80%
and 86% respectively. Once the Campania plan will be implemented, the
Region will boast a predominant component of wind energy production
in its energy balance. The impact of the Campania strategy on Italy RES
energy production is shown in Fig. 16. In 2030, Campania Region will
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Fig. 14. Cross-system integration of Campania into the National Strategy.

contribute with the 40% to the national wind energy production and
with the 16% to the national bioenergy production.

Moreover, the PNIEC encourages the developing of the efficient
district heating and cooling filled by RES and by the energy recovered
from waste and biomass to reduce emissions. Authors have fulfilled the
PNIEC strategy by including geothermal district heating and cooling
systems. The DHC is dedicated to the geothermal energy exploitation
that is neglected so far even if it is characterized by zero GHC emissions.

6. Cost analysis

In this section, a rough analysis of the costs associated with each
scenario is given. The investment and operating/maintenance costs
were estimated using data from the scientific literature. In this work,
only the additional investment costs are considered in the economic
analysis. In fact, the analysis involves verifying the feasibility of the
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changes in the energy demand and energy system infrastructure. Addi-
tional investment costs are also those associated with the renovation of
the plants at the end of their operating life. The 2017 costs involve only
the operating and maintenance costs as well as those required to replace
the natural gas boilers (as they already have a long lifespan). In Table 3
in the Appendix, the investment costs and Fixed operating and mainte-
nance for the introduced technologies are shown.

The costs vary based on the reference year for each scenario. The
determination of the costs associated with the EV infrastructure required
computing the percentage of electric vehicles used in each scenario. The
costs of the EV charging stations are expressed in the form of a linear
dependency between the EV penetration and the annual costs associated
with the EV charging infrastructure as follows [83]:

CEVinfrastructure = (2489 X Evshare + 785)M€

The total annual costs of the energy system include those associated
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addition to the investment, operating, and maintenance costs, the COy
and fuel costs are included. One notices that investment and fuel costs
are the two main sources of expenditure in each scenario. As expected,
the 2050 costs are much higher than those of 2030 and 2017. Almost
50% of the total cost are those related to investments in EVs (Table 3 in
the Appendix). Estimation of the fuel costs involved considering the
possible increases/decreases over the following 30-year period (see
Table 6 in the Appendix). The related CO2 emission costs are not pro-
portionate to the gains associated with its reduction, because the price
per kg/CO, used in the calculations was assumed to vary (see Table 5 in
the Appendix). Fixed Operating and Maintenance costs were assumed to
be a percentage of the investment costs, the latter of which were the
reported literature values (see Table 4 in the Appendix).

7. Conclusions

A future energy utilization strategy for Campania satisfying the Eu-
ropean and Italian targets of reducing CO2 emissions by 2030 and 2050
was developed.

Its energy mix was determined by considering the available re-
sources and technologies with the aim of achieving an 80% reduction in
the CO; emissions of Campania by 2050 compared to the 1990 levels.

For this reason, after identifying the energy consumption in the re-
gion for each sector and the potential sources of renewable energy
present in the territory, the energy system was rebuilt within the
‘EnergyPLAN’ environment, where EnergyPLAN is a tool that allows one
to implement and monitor the actions necessary to achieve the desired
objectives.

Starting with the current energy system, the authors first determined
a 2030 ‘transition’ scenario for Campania, which involved an increase in
the use of wind and solar energy for the 2030 and the installation of a
district heating and cooling. After performing an energy analysis, the
authors outlined an implementation strategy that would achieve a 40%-—
80% reduction in CO, emissions.

Using the 2030 scenario as a reference, the authors also outlined a
2050 scenario for Campania.

In the 2050 scenario: (1) up to 60% of the total thermal and cooling
demands of the residential sector were satisfied by the district heating/
cooling system; (ii) solar panels produced 0.5 TWh/year for individual
heating, and photovoltaic panels produced 0.8 GW; (iii) new turbines
provided up to 3.2 GW, of wind energy.

The expansion of the RES technological capacity played a key role in
the development of these energy systems. The flexibility of these energy
systems was tested. It was found that configurations of this type often
meet the energy security and environmental objectives but do not use all
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the energy produced by the RES technologies, increasing the amount of
CEEP. A flexibility check consisted of evaluating the ‘compromise’ co-
efficient, namely COMP. The COMP for the 2030 scenario indicated that
the energy system still possessed RES ‘untapped potential’. The COMP
for the 2050 scenario showed that the flexibility was optimal.

Moreover, the integration and coordination between different scales
of energy planning was assessed. Authors evaluated the impacts of the
Campania strategy on the National PNIEC forecasts for Italy 2030.
Campania could contribute for reaching of the targets by increasing the
quote of RES energy consumption from 5,5% to 5,9% of the national one
and by reducing the quote of the final consumption from 5,8% to 5,1% of
the national one.

Finally, an economic analysis of the three proposed scenarios
allowed the authors to assess and compare the economic viability of the
reference, 2030, and 2050 scenarios. The results indicated that the
scenarios’ total annual costs were similar (an approximate 7% increase
from 2015 to 2050). However, the initial costs to implement the new
technologies in the 2050 scenario remained very high, indicating that
the process of financially transitioning from a ‘traditional’ energy sys-
tem to a smart energy system (the primary component of which is the

Nomenclature

Acronyms and abbreviations

AD Anaerobic Digestion

BAU Business as Usual

CEEP Critical Excess Electricity Production
CEV Cost of Electric Vehicles

CHP Combined Heat and Power

CO, Carbon dioxide

COMP  Compromise Coefficient

COP Coefficient of Performance

CSP Concentrated Solar Power

DHC District Heating and Cooling
DHW Domestic Hot Water

ESM Energy System Management
EVs Electric Vehicles

GHG Greenhouse Gas

GIS Geographic Information System
LCV Lower Calorific Value

PV Photovoltaic

PES Primary Energy Supply

REEP Regional Environmental Energy Plan
RES Renewable Energy Sources
UAA Utilized Agricultural Area
Subscript

e Electric

o&m Operation and Maintenance

th Thermal

k k-th plant
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fleet of EVs) may need to be guided by a new legal framework and an
incentive scheme.

Author statement

Salvatore Fabozzi: Conceptualization, Methodology, Validation,
Software, Data curation, Writing — original draft, Visualization, Giu-
seppina De Luca: Conceptualization, Methodology, Validation, Soft-
ware, Data curation Writing- Original draft preparation, Visualization,
Vittori Battaglia: Methodology, Data curation Writing, Writing —
original draft, Validation, Software, Visualization, Laura Vanoli:
Conceptualization, Supervision, Reviewing and Editing, Henrik Lund:
Supervision, Reviewing and Editing

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.



V. Battaglia et al. Energy Strategy Reviews 41 (2022) 100844

Appendix

1. Campania Energy System

Table 1

Number and capacity of the conventional thermal and electric RES plants in the Campania Region
in 2017 [31,35,84].

Electricity
Number of Plants (n°) Electric Power (MW,)
2017 2017

Thermal power plant 145 2.48 x 102

Photovoltaic 30 401 7.83 x 102

Wind 593 1.39 x 10°

Hydro 59 3.42 x 10?

Waste 1 1.20 x 102

Bioenergy 94 1.47 x 102

Table 2
Characteristics of the Heating and Cooling RES plants in the Campania Region [35].

Heating
Number of Plants Thermal Capacity (MW;) Electric Capacity (MW,) Surface (m?)
Biomass 12510 2.50 x 102 - -
Heat Pumps 3028 5.31 x 10% 7.81 x 10! -
Thermal solar Panel 5883 - - 4,91 x 10*

2. Hourly distribution curves

Electric energy production by reference wind plants
The hourly energy production by wind turbines was obtained by monitoring a plant installed in the Campania Region. Fig. 1 shows the Campania
hourly wind distribution curve for all the plants installed across the region.
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Fig. 1. Hourly wind distribution in Campania.

Electric energy production distribution by hydropower of reference model

The hourly hydro energy production data are obtain from TERNA database for South Italy [31]. In TERNA database, the hydroelectric plants are
divided, according to the capacity of the reservoir, into three categories: reservoir plants, basin plants and run-of-river plants.

The corresponding hourly trend is shown in Fig. 2.
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Fig. 2. Campania hourly Hydro River distribution.

Transportation hourly curve demand of reference model

The methodology proposed in Ref. [11] to build a distribution curve is used. It takes into account the measurement of air pollutants related to
mobility. In fact, many pollutants present in the air are a direct consequence of the emissions produced by urban traffic; carbon monoxide, nitrogen
dioxide, benzene, polycyclic aromatic hydrocarbons, inhalable dust [85]. Among all the pollutants mentioned above, about 80% of the benzene
emissions are linked to petrol combustion and therefore directly connected to vehicular traffic. This assumption and the data provided by ACI [86],
made it possible to achieve a transportation curve demand (Fig. 3) for the case studies analysed.
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Fig. 3. Transport curve demand
3. Cost Data
Table 3
Technology costs and lifespan for scenarios 2017, 2030, and 2050 [87-94].
Sector Technology Units Investment (M€/year) Fixed O&M((M€/year)
2017 2030 2050 2017 2030 2050
HEAT AND ELECTRICITY Small CHP Units MWe 0 219 55 18 136 10
Power Plant 1 MWe 0 39 20 18 16 8
Heat Storage CHP GWh - - 0 - - 0
Waste CHP TWh/year 0 23 51 0 0
Heat Pumps gr.2 MWe - 75 71 - 4 4
Heat Pumps gr.3 MWe 87 5
Individual CHP Electricity TWh/year 0 4 3 2 2 1
Individual CHP Heat TWh/year 0 4 4 2 2 2
RENEWABLE ENERGY Wind Onshore MWe 0 85 241 38 54 161
PV MWe 0 26 39 7 8 12
River Hydro MWe 0 72 73 29 30 30

(continued on next page)
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Table 3 (continued)
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Sector Technology Units Investment (M€/year) Fixed O&M((ME€/year)
2017 2030 2050 2017 2030 2050
Geothermal TWh/year - - 14 - - 0
Solar Thermal TWh/year - 3 3 - 0 0
Heat Storage Solar GWh - - 0 - - 0
GAS FUELS Biogas Plant TWh/year - - 40 - - 83
Biogas Upgrade MW - - 9 - - 3
HEAT INFRASTRUCTURE Individual Heat Pumps 1000 Units - - 32 - - 3
ROAD VEHICLES N-gas Boilers 1000 Units 197 98 94 97
Individual Solar Thermal TWh/year 0 1 3 0 0 1
Electric Cars 1000 Vehicles 43.2 2065.2 236 1400.2
Additional costs (CHP Plant) DH/DC TJ 157 40
EV Charging Station - 83.5 66 20
Table 4
Average temperature and well depth of geothermal resources in Campania region [62].
Region area Resource Temperature (°C) Well depth (m)
Campi Flegrei Medium-high enthalpy 70-140 20-2,000
South-Est Low enthalpy 60-90 1,500-2,500
Table 5
Lifetime and percentage of Fixed O&M costs for the technology of the 2017, 2030, and 2050 scenarios [87-94].
Sector Technology Units Lifetime (years) Fixed O&M (% of inv.)
2017 2030 2050 2017 2030 2050
Heat and electricity Small CHP units MWe 25 25 25 1 3.565 1
Power Plant 1 MWe 25 25 32,5 2.31 2.32 2
Heat Storage CHP GWh - - 20 - - 0.7
Waste CHP TWh/year 20 20 20 0 0
Heat Pumps gr.2 MWe - 25 25 0.34 0.3
Heat Pumps gr.3 MWe 25 0.3
Individual CHP electricity TWh/year 31 31 31 2.14 2.14 2.15
Individual CHP heat TWh/year 31 31 31 2.14 2.14 2.15
Renewable energy Wind Onshore MWe 25 30 30 3.21 3.27 3.4
PV MWe 30 40 40 0.88 1.28 1,32
River Hydro MWe 60 60 60 1.5 1.5 1.5
Geothermal Heat TWh/year - 25 30 - 2.45 0
Solar Thermal TWh/year - 30 30 - 0.15 0.15
Heat Storage Solar GWh - - 20 - - 0.7
Gas fuels Biogas Plant TWh/year - - 20 - - 14
Biogas Upgrade MW - - 15 - - 2.5
Heat infrastructure Individual Heat Pumps 1000 Units - - 20 - - 0.525
Ngas Boilers 1000 Units 25 20 2.73 6.63
Individual Solar Thermal TWh/year 25 30 30 1.22 1.35 1.68
Road vehicles Electric Cars 1000 Vehicles - 16 16 - 4.34 4.34
Additional cost DH/DC Infrastructures TJ 40 40 - - -
Road Infrastructures 20 - - -
Table 6
Fuel costs by 2017, 2030, and 2050 [95,96].
Fuel 0il Diesel Petrol Ngas Biomass
Year 2017 2030 2050 2017 2030 2050 2017 2030 2050 2017 2030 2050 2017 2030 2050
Fuel Price (€/GJ) 17 17 17 20.9 20.9 2.8 20.8 20.8 25.8 10.4 10.4 12.3 7.3 7.3 8
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Table 7

CO;, costs by 2017, 2030, and 2050 [87].

Energy Strategy Reviews 41 (2022) 100844

Scenario 2017

2030 2050

CO-, Price (€/t) 5
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