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5.3.2. Battery Capacity

By taking into account the proposed renewable plants, LIB capacity varied from 22.11 kWh
to 227.77 kWh. Figure 10 displays the energy and environmental result of the parametric analysis
for each case (Case ETC and Case PV). In particular Figure 10 (left) displays PES and ΔCO2, while
Figure 10 (right) points out the ratios: (i) Eel,fromGRID on Eel,LOAD, (ii) Eel,toGRID on Eel,LOAD and (iii) Eel,self
on Eel,LOAD.

Figure 10. Parametric analysis: PES and ΔCO2 (left) and energy ratios (right).

The increase in battery capacity from 22.11 to 227.77 kWh causes a reduction in the energy
performance: PESCaseETC passes from 40.48% to 38.59% and PESCasePV varies from 54.97% to 49.33%
for Case PV. These trends are due to the battery discharge and charge efficiency. In fact, supplying
the surplus electric energy to LIB and discharging the battery when needed, leads to a loss of electric
energy, and therefore, a reduction of PESs (Figure 10). However, both the studied cases exhibit the
same trend. In fact, after an initial decrease, the values of PES become almost constant by further
increasing the battery capacity.

This behavior is well explained by Figure 10 (left), in fact, the Eel,self/Eel,LOAD ratio initially increases
but for capacity values higher than 113.9 kWh, the ratio is almost constant, to almost 53% and 44.2%
for Case PV and Case ETC, respectively (Figure 10). In order to obtain a further increase of the ratio
Eel,self/Eel,LOAD, an increase in the electric energy production by PV panels or ORC machine is needed
because with the current installed electric capacity, the proposed renewable plant covers only 53% for
Case PV and 44.2 % for Case ETC of the total electric energy demand (Figure 10).

Besides, the increase of LIB capacity leads to a limited worsening of the energy and environmental
performance, for both the analyzed cases.

In Figure 11 the economic results are shown, in particular, Figure 11 (left) displays SPB,
while Figure 11 (right) displays Jtot and ΔC. Figure 10 (left) also explains the economic results:
by increasing the battery capacity, the values of electric energy sent/withdrawn to/from the grid
initially decreases/increases but for capacity values higher than 113.9 kWh they become about constant
(Figure 10). Consequently, the yearly economic savings initially increase and then become almost
constant. In particular, for capacity values higher than 113.9 kWh, ΔCCaseETC and ΔCCasePV are equal to
about 7.8 k€/year and to about 9.1 k€/year, respectively (Figure 11). By increasing the battery capacity
from 22.11 kWh to 227.77 kWh, the capital cost hugely increases from 103.7 k€ and 101.7 k€ to 174.7 k€
and 172.7 k€, for Case ETC and Case PV, respectively. This is mainly due to the high cost of LIB.
Consequently, SPB dramatically grows up: SPBCaseETC passes from 14.17 years to 22.25 years, and
PBCasePV varies from 12.17 years to 18.82 years.
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Figure 11. Parametric analysis: SPB (left) and capital cost and economic savings (right).

In conclusion, the LIB capacity increase causes a general reduction in the economic performance
of the two studied cases.

5.3.3. PV and ETC Area

The area of ETCs and PV panels varied from 5 m2 to 85 m2. The energy and environmental results
of this parametric analysis are displayed in Figures 12 and 13. In particular, Figure 12 (left) displays
the electric energy produced by the ORC and the ORC efficiency, for both the studied cases, while
Figure 12 (right) shows the electric energy withdrawn/sent from/to the grid, and the total electric
energy produced by the proposed renewable power plants. Figure 13 (left) displays PES and Figure 13
(right) shows ΔCO2.

Figure 12. Parametric analysis: ORC performance (left) and electric energy performance (right).

The increase of ETCs area directly affects the ORC performance: the higher the ETCs area the
higher the thermal energy provided to the ORC evaporator, and consequently, the higher the electric
energy produced by the ORC. Conversely, the variation of PV field area obviously does not affect the
ORC performance. Thus Eel,ORC,CaseETC increases, by passing from 43.28 MWh/year to 48.21 MWh/year,
while Eel,ORC,CasePV remains constant (Figure 12).

Note that the growth of the ETCs area causes also an increase of ηORC, because for higher ETCs
areas, higher inlet oil temperatures to the ORC evaporator are reached. In particular, ηORC,CaseETC
passes from 6.49% to 7.15%, by varying ETCs area from 5 m2 to 85 m2 (Figure 12).

296



Energies 2020, 13, 2391

Anyway, by considering the whole plant, the increase of PV field area with respect to the increase
of ETCs area leads to a more significant enhancement of the energy performance of the power plant.
In fact, the increase of the PV field causes a remarkable increase in the electric energy production, due
to PV field energy production, thus Eel,renw passes from 44.58 MWh/year to 66.09 MWh/year (Figure 12).
This result affects the values obtained for Eel,toGRID,CasePV, significantly increasing from 1.96 MWh/year
to 16.96 MWh/year (Figure 12).

Note that, although the electric energy production for Case PV significantly increases, the electric
energy withdrawn from the grid exhibits a limited reduction. This is due to the selected LIB capacity
(that is not able to store all the electric energy surplus), and because the electric load and production
are not simultaneous. For all the reasons above explained, PESCaseETC values increase slightly, whereas
PESCasePV values increase remarkably. In particular, PESCaseETC and PESCasePV, respectively, passes
from 36.89% and 38.19% to 41.94% and 64.57% (Figure 13). The avoided CO2 emissions follow the
same trend as PES. Finally, the increase of the solar fields area enhances the energy and environmental
performance of the proposed plants.

Figure 13. Parametric analysis: PES (left) and avoided equivalent CO2 emissions (right).

Figure 14 displays the economic results, in particular this figure plots SPB (left) and Jtot

and ΔC (right). Eel,fromGRID,CaseETC exhibits a limited reduction without significative increasing of
Eel,toGRID,CaseETC, whereas Eel,fromGRID,CasePV exhibits a limited reduction but a remarkable increase in
Eel,toGRID,CasePV. Therefore, ΔCCaseETC remains about constant, conversely, ΔCCasePV increases. In fact,
ΔCCaseETC is averagely equal to about 7.73 k€/year, whereas ΔCCasePV passes from 7.73 k€/year to
9.44 k€/year. The capital cost of both the cases has a remarkable increase but Jtot,CaseETC is higher
than Jtot,CasePV due to the higher capital cost of evacuated thermal solar collectors with respect to the
PV panels.

Therefore, SPBCaseETC increases by passing from 13.69 years to 16.91 years. Conversely, SPBCasePV

shows a limited decrease, by passing from 13.30 years to 12.27 years.
In conclusion, Case PV has better energy, environmental and economic performance. However,

the increase of the ETCs and PV panels area leads to an enhancement of the energy and environmental
performance of the proposed renewable power plans. Conversely, from the economic point of view,
the better configuration suggests larger PV fields.
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Figure 14. Parametric analysis: SPB (left) and capital and operative cost (right).

5.3.4. Optimization

In conclusion, an optimization analysis is performed in order to detect the optimal configuration
of each analyzed layout. Primary energy savings, avoided CO2 emissions and simple payback period
are considered as object functions. For PV layout, the number of battery cells in parallel and the size
of the PV field are simultaneously varied (Table 9). The results of these simulations are displayed in
Figure 15. The best configuration achieves a PES equal to 107%, a ΔCO2 equal to 107% and a SPB
equal to 8.60 years. This configuration consists of a PV field area equal to 200 m2 and a storage system
capacity equal to 22.78 kWh. This layout exhibits the larger PV field and the smaller battery capacity.
This trend is due to the high cost of the lithium-ion battery. Indeed, increasing the battery size the
economic performance worsens. Figure 15 (left) displays the Pareto front for two objective functions:
SPB and PES. Note that the higher the primary energy savings, the lower the payback period. These
configurations are that in which the PV field is larger, and the battery capacity is smaller.

Table 9. Parameter varied during the optimization analysis, PV layout and ETC playout.

Case PV

PV Area [m2] Battery Capacity [kWh]

min max min max

5 200 22.78 683.31

Case ETC
ETC Area [m2] Battery Capacity [kWh] Specific Tank Parameter [l/m2]

min max min max min max

5 85 22.78 341.66 2.5 10

 
Figure 15. 2D Pareto frontier (left) and Optimal configuration research for Case PV (right).
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For ETC layout, the number of the battery cells in parallel, the size of the ETC field and the specific
tank parameter are simultaneously varied (Table 9). It is clear that the increase of the avoided CO2

emissions and primary energy savings lead to a remarkable increase of the payback period, reducing
the economic feasibility of the ETC layout (Figure 16). This trend is related to the high cost of the
ETCs, indeed increasing the ETCs field area PES and ΔCO2 increase while SPB worsens. Moreover,
as deeply explained in the previous section, the increase in the ETC area leads to a not so significant
improvement of the ORC efficiency. Therefore, the increase in the ETC area causes a huge rise in the
capital cost and a limited increase in the yearly savings.

Figure 16. 2D Pareto frontier (left) and Optimal configuration research for Case ETC (right).

The optimal configuration, consisting of an ETC field equal to 5 m2, a specific tank parameter
equal to 7.5 l/m2 and a battery capacity equal to 22.78 kWh, achieves a payback period of 13.36 years,
a ΔCO2 equal to 38.91% and a PES equal to 39.12% (Figure 16). Note that the system is not too sensitive
to the variation of the specific tank parameter, in fact, the overlapped points (Figure 16) are due to the
configurations among which varies only this parameter.

6. Conclusions

In this work, two innovative micro renewable polygeneration plants, both consisting of a micro
organic Rankine cycle, single-stage H2O/LiBr absorption chiller, geothermal well, biomass auxiliary
heater and lithium-ion battery are presented. The main aim of this work is the thermoeconomic
comparison of two alternative solar technologies integrated as auxiliary systems into two polygeneration
plants, namely the evacuated solar collectors and photovoltaic panels. Both plants produce power
for, heat and cool a small bar, located in Naples (South Italy), in a weather zone famous for its
volcanic activity and high solar availability. Plant layouts are dynamically simulated in the TRNSYS
environment, by developing comprehensive models suitable for evaluating the transient energy
performance (temperatures, heat, power and efficiency) of all the plant components on hourly, daily,
weekly, monthly and yearly time basis. A parametric analysis of the design parameters of the key units
of the plant is also performed. The main findings of the simulations are summarised in the following:

• During the daylight hours, evacuated solar collectors rise the inlet oil temperatures to the organic
Rankine cycle evaporator on average by of 5–10 ◦C with respect to the plant including photovoltaic
panels, consequently, a higher organic Rankine cycle efficiency, 6.7% vs 6.4%, is obtained;

• The polygeneration plant including photovoltaic panels showed better performance from an
energy, environmental and economic point of view with respect to the plant including evacuated
solar collectors. In particular, the primary energy saving, payback period, and avoided CO2

emissions are 51% and 38%, 15 years and 13 years and 51% and 38%;
• The lithium-ion battery capacity increasing causes an increase in the energy-self-sufficiency but a

worsening of the economic, energy and environmental performance of two studied plants;
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• From the economic point of view the better configuration suggests larger photovoltaic fields and
smaller evacuated solar collectors fields due to the higher capital cost of evacuated solar collectors
than photovoltaic panels and the achievable economic saving for the higher amount of selling
electric energy.

Finally, an optimization analysis is carried out for both the analyzed layouts, the main findings
are listed in the following:

• For the layout including photovoltaic panels (Case PV) the larger the photovoltaic field and the
lower the battery capacity the better the energy, environmental and economic indices of the plant;

• For the layout including evacuated solar collectors (Case ETC) the tank size does not affect the
performance of the plant;

• The optimal layout based on evacuated solar collectors (Case ETC) consists of the lower collector
area and the lower battery capacity due to the high costs of both the battery and evacuated
solar collector.
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Nomenclature

A area (m2)
c specific cost-price (€/kWh or €/m2 or €/m or €/t)
cp specific heat at constant pressure (kJ kg−1 K−1)
d pipe diameter (m)
e open circuit voltages at full charge, extrapolated from V-I curve (V)
FSOC fractional state of charge (-)
G incident solar total radiation (W m−2)

g
small-valued coefficients of H in voltage-current-state of charge
formulas (V)

h heat transfer coefficient (W m−2 K−1)
I current (A)
J capital cost (€)
k conductibility (W m−1 K−1)
l length (m)
LHV lower heating value (kWh Sm−3)
m mass flow rate (kg s−1)
m cell-type parameters for the shape of the I-V-Q characteristics (-)
mORC ORC yearly maintenance (%/year)
mSF solar field yearly maintenance (%/year)
Np number of modules in parallel (-)
Npipe number of pipe (-)
Ns number of modules in series (-)
P electric power (kW)
PE primary energy (kWh/year)
PES primary energy saving (-)
Q thermal power (kW)
Q electric charge (Ah)
Qm rated capacity of cell (Ah)
r internal resistances at full charge (Ω)
R thermal resistance (k W−1)
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rbackfill backfill material radius (m)
rpipe pipe radius (m)
SoC state of charge (-)
SPB simple pay back (years)
T temperature (◦C)
U overall heat transfer coefficient (W m−2 K−1)
v velocity (m s−1)
V volume (m3)
Vel voltage (V)
Greek Symbols

Δ difference (-)
ε long wave emissivity (-)
η efficiency (-)
θ time step (s)
ρ density (kg m−3)
ρs solar reflectance (-)
Subscripts

a ambient
act activation
avg average
c referred to battery charge
conv convective
cool cooling
d referred to battery discharge
DHW domestic hot water
E energy
el electric
el,devices electric devices of the building
ex exchange
FromLIB electric energy withdrawn from lithium-ion battery
fromGRID electric energy withdrawn from national electric grid
heat heating
i number of nodes of ground-coupled heat exchanger
I inverter
in inlet
inf inferior
min minimum
NG natural gas
ORC organic Rankine cycle
out output
p primary energy
PS proposed system
PV photovoltaic field
renw the renewable energy produced
RS reference system
s soil
sup superior
t the value of a parameter in time step
th thermal
toBUILD electric energy supplied to building
toEV to evaporator of ORC machine
toGRID electric energy sent to national electric grid
toLIB electric energy sent to the lithium-ion battery
u user
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Abstract: This paper presents a thermodynamic, economic, and environmental analysis of a renewable
polygeneration system connected to a district heating and cooling network. The system, fed by
geothermal energy, provides thermal energy for heating and cooling, and domestic hot water for
a residential district located in the metropolitan city of Naples (South of Italy). The produced
electricity is partly used for auxiliaries of the thermal district and partly sold to the power grid.
A calibration control strategy was implemented by considering manufacturer data matching the
appropriate operating temperature levels in each component. The cooling and thermal demands of
the connected users were calculated using suitable building dynamic simulation models. An energy
network dedicated to heating and cooling loads was designed and simulated by considering the
variable ground temperature throughout the year, as well as the accurate heat transfer coefficients
and pressure losses of the network pipes. The results were based on a 1-year dynamic simulation and
were analyzed on a daily, monthly, and yearly basis. The performance was evaluated by means of the
main economic and environmental aspects. Two parametric analyses were performed by varying
geothermal well depth, to consider the uncertainty in the geofluid temperature as a function of the
depth, and by varying the time of operation of the district heating and cooling network. Additionally,
the economic analysis was performed by considering two different scenarios with and without feed-in
tariffs. Based on the assumptions made, the system is economically feasible only if feed-in tariffs
are considered: the minimum Simple Pay Back period is 7.00 years, corresponding to a Discounted
Pay Back period of 8.84 years, and the maximum Net Present Value is 6.11 M€, corresponding to a
Profit Index of 77.9% and a maximum Internal Rate of Return of 13.0%. The system allows avoiding
exploitation of 27.2 GWh of primary energy yearly, corresponding to 5.49·103 tons of CO2 avoided
emissions. The increase of the time of the operation increases the economic profitability.

Keywords: heating and cooling network; polygeneration system; geothermal energy community;
ORC; geothermal energy; energy district

1. Introduction

Industrialization has promoted the use of oil, natural gas, coal, and other conventional energy
sources causing the risks of stock depletion and environmental pollution [1]. Thus, the environmental
emergency is a priority on the policy agenda of different countries. Indeed, in the framework of the
Conference of the Parties in Paris [2], a group of countries has signed and ratified different documental
acts with the common aim to solve the climate change problems [3]. Moreover, the European
Commission developed the model to convert the energy and production economic panorama
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into a low-carbon model within 2050 [4]. The crucial topic of these legislations is the necessity
to obtain a climate-friendly European economy encouraging renewable energy against long-term
energy consumption.

The concerns regarding global warming and well-being targets allowed defining the elementary
energy objectives to be reached [5], such as the almost exclusive use of renewable energy sources (RESs)
and, in particular, the increase of local RESs exploitation. The objective of a completely renewable
energy production panorama cannot disregard adoptable city strategies to enhance their sustainability
to a globally competitive level [6,7].

Different studies [8,9] about energy districts fed by local energy sources demonstrate that the
development of energy systems depends on the reciprocal connection of all the energy vectors such
as the electric, heating, and cooling. Thus, the correct combination in energy polygeneration model
permits to obtain a territorial energy planning strategy to optimize the use of the local energy resources
and satisfy the energy needs of a defined territory [10,11].

Ecological policies, aimed to define energy-independent areas by use of the availability of RESs
in the area, have increasingly become a branding factor of cities [12]. Avant-garde cities such as the
Danish capital of Copenhagen, the Swedish city of Malmö, and the German city of Freiburg have
all invested significant resources into the development of a green image via ambitious sustainability
policies [13]. These cities attract thousands of foreign politicians interested in learning about ways to
optimize the concept of a common green economy. Finally, a “green image” is often associated with a
high degree of livability [14], which can attract new citizens [15]. Therefore, a requalification of a zone
through a green imagine could be a way to develop and recover an interesting area with the promotion
of social acceptability of renewable plants by encouraging citizenship in both social and economic
aspects [16].

Sometimes the employment of renewable energy is limited by the uncertainty of RESs with
higher impact of diffusion (such as solar or wind energy). The possible strategy can be the use of
higher stable RESs such as geothermal and biomass. In addition, to reach energy independence,
the use of local RESs is incentivized to obtain energy districts and communities [17]. In this context,
the use of RESs to satisfy the energy requirements of an entire area of a city is crucial for achieving
the energy and environmental targets associated with ecological policies. In worldwide panorama,
the geothermal power plants represent the higher reliable RESs in terms of operating hours (this value
is averagely the 62% of total yearly hours) [18]. The use of geothermal reservoirs could be a good
solution to obtain a more flexible and stable energy system. In 2016, renewable energy was used to meet
13.7% of the worldwide electricity demand, and only 4.3% was covered by geothermal sources [19].
Concerning geothermal power plants, in 2014, the total worldwide installed capacity was 12.6 GWel.
Among the World’s countries, the United States had the largest installed capacity (3.5 GWel, 28% of
the world total), followed by the Philippines (1.9 GWel, 15%), Indonesia (1.4 GWel, 11%), and New
Zealand (1 GWel, 8%) [20]. Although geothermal power generation accounted for only 0.3% of the
total electricity production, it increased significantly in 2014, representing a substantial proportion
of the total electricity generation in countries such as Kenya (32%), Iceland (30%), El Salvador (25%),
and New Zealand (17%) [20].

As regards thermal direct geothermal applications, the installed geothermal power is ~107,727 MWth

worldwide, with an annual increment of 8.73% from 2015. Geothermal energy is mainly exploited
in ground-source heat pumps (58.8%), bathing and swimming (18.0%), and space heating (16.0%);
only 3.50% is employed in greenhouse heating and 3.70% for all the other applications. China, Iceland,
Turkey, France, and Germany are the best countries for geothermal district heating exploitation [21].
District heating systems coupled with renewable energy sources can save fossil fuels and reduce
greenhouse gas emissions. Indeed, the interest in RES based-district heating and cooling systems
has increased during the last years and different applications can be found worldwide. In [22],
an application based on low-temperature geothermal district heating feeding the municipality of
Aalborg has been analyzed. The simulation results highlighted that RES was not able to cover the
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total space heating request for the municipality. In Germany, during 2017 geothermal plants provided
1.3 TWh of heat on yearly based, which was generally used for district heating purposed [23]. Moreover,
in [24], it was compared a district heating system based on deep geothermal energy with a conventional
district heating system based on natural gas. The innovative RES system was able to increase the
exergy efficiency by ~12% and to reduce heating costs by ~25%.

Furthermore, the geothermal reservoirs allow the cascade use of geothermal hot fluids [25,26] to
provide different energy vectors such electricity and heat exchanging fluids to meet space heating and
cooling, as well as domestic hot water (DHW) demands. From literature analysis about the future
employment of geothermal uses, it has been calculated that this source could satisfy 5% of the global
heating demand by 2050 [27].

Despite the encouraging data, the geothermal reservoirs are often not used in many areas
such as Italy [28]. The employing of the geothermal source is threatened by the impossibility to
generalize the plant configuration that strictly depends on chemical, enthalpy, deep, and quantity of
geothermal site availability. In addition, to define a basic model compatible with all sites, a limit is
the social acceptability of geothermal plants by citizens often caused by incomplete and inaccurate
environmental information [29]. In the actual RESs, world panorama America and Asia exhibit
the largest geothermoelectric installed capacity, followed by Europe. Italy is the leading country in
Europe, with installed geothermal power plants around 916 MW, but all these plants are in Toscana.
The Italian electricity generation from geothermal sources amounts to 5.9% of the total renewable-based
electricity production, and up to 0.9% of thermal energy produced from renewables is from geothermal
sources [30,31]. The usage of geothermal sites in electric applications in Italy regards the higher
temperature sources (T > 150 ◦C) by traditional Rankine or Kalina Cycle. These plants are not
suitable for the exploitation of the most widespread low/medium temperature reservoirs. To use the
low/medium geothermal energy sources in power plants the literature considers the employment of
Organic Rankine Cycle (ORC). This technology represents one of the most satisfying strategies to
exploit renewable energies and low/medium temperature thermal cascades that permits in addition to
electricity the thermal energy recovering if opportunely designed [32,33]. The ORC module consists of
a Rankine cycle in which the water was replaced by an organic fluid that, despite the cons represented
by high cost, toxicity, and flammability, it presents the vantages such as low critical temperature,
low latent heat of evaporation, positive slope of the vapor saturation curve and high molecular weight.

The share of ORC installations in geothermal applications worldwide is 19% of the total number
of ORC plants for all feeding typologies, but they cover 74.8% of the installed ORC capacity owing to
their high size availability (typically under set of ten MWel) [34]. In many zones, ORC installations at
low/medium temperatures are available, allowing the use of the well-known ORC technology, which is
particularly suitable for these applications. The renewed interest in the academic study of the ORC is
due to its growing technological adoption in the energy conversion of thermal sources at low/medium
temperatures ranging from 80 to 300 ◦C [35]. The results of ORC applications in this field are very
promising [36] when coupled with different renewable sources as solar, geothermal, and biomass [27,37],
but its diffusion is nowadays complexed because of the high specific cost of investment, low conversion
efficiencies, high production costs, and maintenance cost linked to aggressivity of geothermal fluids [38].

Currently, only large power plants can compensate for the technological concerns in exploiting
low-temperature heat sources for electricity production [39]. Globally, only 16.0% of geothermal power
plants use ORC technology [39].

Typically, the ORC modules are suitable for large power range applications in particularly those
with low/medium enthalpy, e.g., geothermal reservoirs, biomass combustion, industrial waste heat,
waste heat from reciprocating engines [40–42] and gas turbines [43], biomass gasification [44,45],
concentrated solar radiation [46–48], exploiting the recovery of residual heat from diesel engines [49],
and drying [50,51]. Simulation studies on geothermal ORC plants indicated that the first-law efficiency
for the ORC ranges from 7 to 15% with a geothermal source temperature of 160 ◦C. Sometimes to
improve the system the integrations with solar collectors are considered to keep the working fluid

307



Energies 2020, 13, 4603

under the desired conditions at the turbine inlet. In addition to trigeneration use, the geothermal brine
sometimes could be used for the desalinization of water [52–54].

In the present study, an ORC module for geothermal applications was designed and simulated
to supply the energy demand of a district in Monterusciello, a district of Pozzuoli (Naples), in the
geothermal area of Phlegraean Fields, South Italy. The ORC module uses a geothermal source in
cascade application to supply thermal demands for space heating and cooling and domestic hot water
demands of the district in a polygeneration application; otherwise, the electric output energy is partly
used to supply the energy request of thermal network and the remaining part is sold to electric national
grid. The selection of organic fluids is based on a literature analysis and depends on the thermophysical,
economic, and environmental properties [55,56]. An appropriate selection of the working fluid of the
cycle is crucial for optimizing the efficiency of the binary plant, to maximize the conversion efficiency
or to determine the best configuration for a given plant capacity. The selection of the working fluid
also significantly affects the costs of the heat exchanger.

Considering the previous literature [57], the choice of the working fluid depended on the
source temperature and critical temperature of the fluid. The working fluid must satisfy the
general technological and environmental criteria, which have been widely discussed in the literature,
for example, suitable thermodynamic fluid properties, no toxicity, no or low flammability, low cost,
a low Global Warming Potential, and no Ozone Depletion Potential impact.

By using the previous analysis [58–60], the organic fluid R245fa was selected because of its
environmental and thermodynamic efficiency in the case of heat sources with temperatures close to
150 ◦C for geothermal applications and/or other renewable sources for ORC applications. The use
of R245fa is also effective for temperatures below 170 ◦C [61]. Other studies that optimize the ORC
efficiency, consider the zeotropic mixtures such as the combination of 70% R245fa and 30% R125a [62].

The analyzed polygenerative plant application in Monterusciello is used to satisfy the thermal
loads of a small local energy community through a mini-grid system. The geothermal district was
inspired by energy community based on geothermal activity in Japanese real cases [63]. Its simulative
model is created to evaluate the economic and social benefits of a district energy system as suggested
in the literature [64], getting closer to meet economic and environmental needs. The study wants to
encourage the energy district diffusion. It defines the limits and advantages of small independent
energy districts fed by renewables reservoirs.

The keys for comprehensively developing such district contexts and making them economically
profitable are the integration of different sources, the simultaneous production of different energy vectors
(polygeneration), and the “load plant sharing” approach, which maximizes the source exploitation.
In this context, a pre-feasibility study cannot be neglected. The authors propose a district system based
on the exploitation of geothermal sources integrated with an auxiliary biomass backup system for the
simultaneous production of electricity, heating, and cooling for domestic air conditioning (using a
district heating and cooling network (DHCN) and domestic hot water network (DHWN). The plant
system was simulated in TRNSYS environment [65], and all the heat exchangers and the ORC were first
developed by previous analysis in the AspenEDR [66] and AspenONE [66] environments, respectively.
AspenEDR allows a detailed and in-depth design; according to its simulation results, the heat-exchanger
geometry is developed in the TRNSYS environment, creating user-defined components.

Because the ORC built-in model is absent in the TRNSYS library, it was first developed and
simulated in AspenONE to extrapolate working maps as functions of the inlet heat source temperature
and mass flow rate and after inserted in TRNSYS environment to create a user-defined component
following the approach adopted in [52–54]. A control strategy is developed in this study to manage
the layout and the simultaneous production of multiple energy vectors.

The dynamic model of the entire system includes a typical building configuration in the real
considered residential district realized by TRNBUILD (a TRNSYS tool).

The novelty of the study is related to defining a possible geothermal energy district in a not yet
used geothermal field. In particular, a combination of two flexible and stable RESs is considered
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(biomass and geothermal energy). A sustainable energy district in load sharing configuration is
analyzed by using low-temperature geothermal source, to requalify a district of Naples by improving
the local energy sources and the local energy network. Moreover, a sensitivity analysis is performed by
varying the depth of the geothermal well, to take into account the uncertainty related to the depth
where a suitable geothermal source temperature is available. An economic analysis, which is the
most central aspect of the pre-feasibility study and based on accurate market surveys, is performed
by taking into account different scenarios of the Italian market for electricity production (with and
without feed-in tariffs).

2. Area of Interest

This study should be referred to the improvement of geothermal reservoirs exploitation in Italy.
Considering the general Italian geothermal context, it has been highlighted from the geothermal maps
(available at depths of 1000, 2000, and 3000 m) that the areas of interest concerning the temperature
and geothermal flow are located in Tuscany, Aeolian Islands, and Neapolitan area [67,68]. In [69,70],
it is demonstrated that the geothermal anomalies also in different Italian areas such as the Alps, Sicily,
and the central Tyrrhenian and the Mediterranean Sea with a heat flux of 80, 40, and higher than
150 mW/m2, respectively.

The area of interest in this study is the Neapolitan area (Phlegraean Fields), which (similar
to numerous wells already surveyed in the 1980s) has a highly aggressive geothermal fluid and
temperatures of approximately 100 ÷ 150 ◦C at the land surface [71–73]. Interest in the geothermal
area of Naples started in 1930 and grew rapidly in the mid-1980s. A total of 117 geothermal wells were
investigated, with a maximum depth of 3046 m. The results were particularly encouraging for the
Phlegraean Fields [74] and Ischia, where high geothermal gradients have been recorded, owing to the
presence of localized high enthalpy fluids (T > 150 ◦C) at low depths (hundreds of meters), and both
steam and water dominated [75–77].

In the Neapolitan contest, the Phlegraean Fields represent the area of greatest interest. According
to the previous investigation for some reservoirs of these sites, the average geothermal gradient is
0.170 ◦C/m (average reference value of 0.03 ◦C/m) [68] and the average geothermal flow is 149 mW/m2

(average reference value of 63.0 mW/m2) [68]. In this area, buildings with different intended uses
(such as residential, commercial, and also industrial buildings) can be found and they all can be
connected by a thermal grid fed by geothermal sources.

In the past, the local geothermal applications in the Neapolitan area provided to direct use of the
source in thermal employment using available reservoir sites in medium-low enthalpy. Nowadays,
the technological maturity of the ORC component and the large diffusion of polygeneration systems to
define energy district can be made usable these low/medium enthalpy sources. This study analyses the
possibility to employ the large low/medium temperature geothermal sources available in Phlegraean
Fields in polygeneration approach to satisfy the energy loads of a district. In addition, this work
focuses on the replacement of pre-existent wells realized from 1930 until 1985, during which a large
amount of data were collected firstly by the SAFEN Company and successively in ENEL-AGIP Joint
Venture for geothermal exploration [77].

In a previous study about Monterusciello [78], it was analyzed only a system, without ORC
module, meeting thermal loads using geothermal fluid at a temperature of 50 ◦C available at a depth
of 100 m. In the current analysis, the geothermal fluid could be obtained from two wells of extraction
(really investigated from the previous AGIP campaigns [77]) at the desired temperature and flow
rate. In this upgrade study, an analysis of the existing geothermal wells of Phlegraean Fields was
conducted as reported in Table 1. According to geological maps, the geothermal analyzed wells are
collected and geolocated. For each well, the geothermal gradient is estimated by considering a linearity
approximation as reported in the last column of the table. For Monterusciello, the gradient considered
is 0.1 ◦C/m in the simulation at depth of 1500 m that guarantees a geothermal brine temperature
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of 150 ◦C. This value represents a possible real gradient in the Monterusciello by considering the
near wells.

Table 1. Collection data of wells in Phlegraean Fields.

Well Latitude Longitude Temperature (◦C) Depth (m) Geothermal Gradient (◦C/m)

Cigliano1D 40◦50′54′′ 14◦07′15′′ 342 2785 0.123

San Vito 1 40◦50′54′′ 14◦07′16′′ 419 3046 0.138

San Vito 3 40◦51′48′′ 14◦07′13′′ 385 2360 0.163

San Vito 8D 40◦51′48′′ 14◦07′17′′ 375 2868 0.131

Romano 40◦49′46′′ 14◦08′57′′ 97 35 2.771

Lopez 40◦49′35′′ 14◦07′17′′ 29 20 1.450

Regina 40◦50′19′′ 14◦06′25′′ 37.2 57 0.653

Sardo 40◦51′06′′ 14◦06′20′′ 29.6 60 0.493

Caruso 40◦50′18′′ 14◦05′34′′ 37 39 0.949

Damiani 40◦50′21′′ 14◦05′24′′ 48 40 1.200

Viola 40◦50′51′′ 14◦05′13′′ 30 60 0.500

Enel 40◦50′45′′ 14◦05′15′′ 29 45 0.644

Purziano 40◦50′15′′ 14◦04′51′′ 29 10 2.900

Giannotti 40◦50′08′′ 14◦04′53′′ 40 21 1.905

Babbo 40◦50′02′′ 14◦04′50′′ 32 11 2.909

Licola1 40◦51′23′′ 14◦03′12′′ 280 2653 0.106

Lubrano 40◦50′23′′ 14◦06′22′′ 41.8 120 0.348

3. Buildings and Heating and Cooling Network Characterization

A previous analysis for the building modeling was performed based on a field investigation
to define both for the envelope characteristics and users/consumers typologies. The definition and
modeling of the building are set up using a tool of TRNSYS software (TRNBUILD). Each building
of the district, which is an ensemble of social housing, consists of four floors and eight apartments
and is in a residential zone. In the SKETCHUP environment [79], the rendering of the building is
represented in Figure 1. Each building consists of four floors with eight thermal zones of 198 m2 and
two apartments for each thermal zone; such a configuration was implemented by considering, on one
hand, a plausible reproducibility of the considered context and, on the other hand, the computational
burden of such a complex layout. The building model reproduces the typical council housing of
1960s. The stratigraphy respects the Italian building regulations for its specific age of construction [80].
All 90 buildings of the district led to a total of 1440 apartments and 1980 habitants, covering ~6% of the
Monterusciello population. The opaque and transparent building envelope characteristics and the
geometrical parameters for each building are reported in Table 2. The transmittance of windows is
referred to a single glass component with aluminum frame. Space heating and cooling loads were
evaluated considering an occupancy schedule, represented in Figure 2, based on four different cases
(a, b, c, and d):

• case a: two working adults and two children,
• case b: two adults, a child, and an elderly person,
• case c: two elderly habitants, and
• case d: two working adults.
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Figure 1. Single building representation in the SKETCHUP [79] environment.

Table 2. Building envelope and geometric parameters.

Structure Type U (W/(m2 K)) Geometrical Parameter for Each Building

External wall 2.10
Building length (m) 39.8 m
Building width (m) 9.95 m

Roof 1.21
Building height (m) 15.3 m
Number of floors (-) 4

Adjacent wall 1.32
Number of the apartment per floor (-) 4
Number of rooms for apartmen (-) 4

Common ceiling 1.06
Floor area (m2) 396
Floor height (m) 3.24

Window 5.68 Thermal-zone volume (m3) (m2) 574

Figure 2. Schedule occupation.

Each one of these schedules refers to two apartments of each considered building.
For the domestic hot water, load is defined as a normalized hourly profile for different months of

the year [81] and a daily volume consumption of 50 L per district resident [79].
According to Italian normative [82], the heating period for Naples in climate zone C goes from

15 November to 31 March. While the cooling period is from 1 June to 30 September. The maximum
number of heating and cooling systems operating hours is established to 10 h per day.

All the electric energy produced by the plant is sold to the power grid excluding the part needed
for auxiliaries of the thermal district network.

While during the winter period the heating load depends on the desired comfort condition
(indoor temperature at 20 ◦C) required in the whole apartment, during the summer season the energy
delivered by cooling network depends by activation of terminal cooling units that commonly serve
only the rooms of the apartment effectively occupied. The yearly trends of heating and cooling load
for the whole building are presented in Figure 3. The 1-year simulation was based on the weather file
available in Trnsys library, which refers to [83].
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Figure 3. Yearly trend of the building load.

The buildings of the Monterusciello District area, modeled through TRNBUILD tools and based
on the previous information, are connected by means of two energy networks: DHCN and DHWN.

The district area is divided by considering the constraints of the DHCN and DHWN network
installation. Figure 4 reports the pipelines segments (in light blue color) running along the main roads,
the spatial distribution of the buildings and a viable energy conversion system plant location (in red
color). The pipelines segment are labeled as “A” or “B”, referring to different blocks of the district
or “MAIN”. The lengths of the pipeline are consequently calculated by considering the real building
location and the plausible location of the plant. The diameters sizing takes into account the thermal
demand distribution and a fluid velocity of 2.0 m/s is considered. The DHWN sizing was performed
similarly to the DHCN one. The geometric features of piping are listed in Table A1 in Appendix.
The DHCN considers a time operation of ten hours (from 10 a.m. to 8 p.m.). A parametrical analysis
was also conducted to consider the cases in which DHCN is turned off 2 and 4 h later than the base
case (10 p.m. and 12 p.m.). The DHW is guaranteed for all 24 h. The set point of DHW temperature is
ensured by the biomass boiler. The overall head and thermal losses of the distribution networks takes
into account the ones related to the DHCN and the one related to the DHWN.

 

Figure 4. DHCN layout. Map data© 2019 Google.

4. System Configuration and Layout

The simplified system layout is shown in Figure 5, where the main components are presented but
the DHCN and the DHWN are omitted. For simplicity of the scheme, only one production well is
represented, even if such an analysis two production wells are supposed to be exploited.
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Figure 5. System layout.

First, geofluid powers an ORC module through a heat exchanger (GHE1) heating the hot water
(HWORC); the HWORC heats the ORC working fluid in the evaporator.

The ORC is calibrated to ensure a constant power production; it is condensed with cooling water
(CW), which is cooled through the cooling tower (CTORC) and whose mass flow rate is adjusted using a
variable speed pump to keep the temperature difference at the condenser constant. The ORC module is
intended to operate under steady-state conditions with stable evaporation and condensation pressures.
This condition at the evaporator is guaranteed by fixed temperature and flow rate of geothermal brine.
While to assure the stationary condition at the condenser a variable cooling water flow rate from the
water supply net is considered.

A little part of the electricity available from the ORC plant is used to cover the network auxiliaries
(pumps, etc.), while the most is sold to the national grid. After delivering thermal energy at ORC
evaporator the geothermal fluid is used to provide space heating, cooling, and DHW by means of
DHCN and DHWN. A brief description of the system operation and the control strategy is presented
herein following a previous study [78].

The Hot Water (HW, red line in the layout) feeding tanks (TK1 and TK3) are produced through the
GHE2 heat exchanger. One part of HW is stored in a tank (TK1) to recover thermal energy for space
heating and cooling. Through a control strategy, HW is alternatively sent to storage tank TK3, and it is
used to store and heat the DHW. Then, a dedicated subsystem is used to ensure a constant temperature.

GHE2 is designed to provide a suitable HW mass flow rate basing on the temperature approach.
If the temperature of the HW is higher than that of the geothermal source entering GHE2, the thermostatic
valve (through D1/M1) diverts the HW bypassing GHE2, to prevent heat dissipation.

Diverter D2 diverts the HW flow to keep TK1 and TK3 thermally loaded, giving priority to TK1.
Different opportune set temperatures on the top of the tanks are provided for both the heating and
cooling operation modes. A thermostatic valve (through D3/M3) ensures a constant temperature
(45 ◦C) of the DHW for the networks.

A thermostatic valve (through D4/M4) ensures a constant temperature of the HWDHCN for the
DHCN, which is sent directly to the network during the heating operation while it is sent to the
adsorption chiller (ADS) during the cooling operation. The HW temperature is set to 50.0 ◦C during
the heating operation and 100 ◦C during the cooling operation for feeding the ADS. If the set point
temperatures cannot be ensured, the biomass boiler (BB) fed with wood chip, is activated until the
indicated temperature is reached and until the thermal storage TK1 is thermally loaded. Similarly,
if the DHWN set point temperature cannot be ensured, the DHW flow is diverted to the biomass boiler
trough thermostatic valve D7/M7.
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During the cooling operation, the ADS is activated (by cooling tower, CTADS), and the chilled
water (ChWADS) produced is sent to storage tank TK2, where the water ChWDHCN is stored at 10.0 ◦C
and is sent to the DCHN.

To fed DHCN and DHWN the GHE2 is designed to provide a suitable mass flow rate of HW in a
temperature range of 40 ÷ 75 ◦C.

The modeling of the plant has considered an ad hoc defined flow rate for geothermal fluid
and a recommended minimum rejection temperature of 70.0 ◦C as the literature suggestions [84,85].
This value represents a good compromise for avoiding excessive depletion of the geothermal source
and moderately mitigating problems involving scaling at the heat exchangers and the mechanical
apparatus of the rejection process. Once the geothermal source is set, according to the mass flow rate
and temperature range, the available thermal energy is calculated, and the entire system is calibrated
accordingly. The ORC is calibrated to ensure constant power production. It is intended to operate
under steady-state conditions of working fluid (R245fa); the evaporation and condensation pressures
are stable.

5. Models

The development of the whole simulation model has been carried out in three steps, namely,
the development of the ORC module in AspenPlus environment, the heat exchanger in AspenEDR
environment, and the dynamic simulation model in TRNSYS environment. The TRNSYS library does
not include the ORC module; the ORC was implemented in AspenPlus software and simulated by
varying the inlet temperature of the source; there were obtained working maps reporting the main
output parameters as a function of the inlet temperature of the thermal source, given a constant mass
flow rate.

These functions have been implemented in TRNSYS environment adding a user-defined
component. The entire dynamic simulation model also includes the ORC heat exchangers modules
(evaporator and condenser) and geothermal heat exchangers (GHE1 and GHE2) designed, as previously
defined in the introduction section, in the AspenPlus and AspenEDR environments, respectively.

All the heat exchangers of the plant have been developed and designed in AspenEDR environment.
After this, the geometry and suitable heat transfer coefficient correlations have been implemented

in TRNSYS software to create a user-defined component: this approach is more rigorous with respect
to using the built-in ones since it takes into account the real instant operation of the heat exchanger in
terms of overall heat transfer coefficient and efficiency. In the Table A2 in Appendix A all the input
parameters of the dynamic model are listed for ORC, working fluid, and heat exchangers. In particular,
the heat exchanger GHE1 and GHE2 are simulated considering shell and tube heat exchanger model
in titanium material. The resulted characteristics of GHE1 and GHE2 show an external diameter of
tubes of 19.05 mm, thickness of tube of 1.2 mm, pitch of 23.8 mm. For the ORC module, the isentropic
efficiencies are fixed: 70% and 85% for the pump and turbine, respectively. The ORC pinch point
temperature differences are 7 and 5 ◦C respectively at the evaporator and the condenser. The working
fluid used for the ORC plant is the R245fa. The evaporator and condenser for ORC module are
two AISI306 shell and tube heat exchangers. The output parameters of the heat-exchanger design
and the ORC module obtained as results are presented in Tables A3 and A4, respectively. In the
ORC evaporator (not showed in the layout figure), the inlet and outlet temperatures of R245fa are,
respectively, 51.08 and 120.1 ◦C at 19.35 bar, while at the condenser, they are 66.05◦C for the inlet and
50 ◦C in the outlet section at 3.43 bar. The thermal power exchanged in the evaporator and condenser
is 4698 and 3835 kW, respectively.

The nomenclature used to define each parameter in Tables A2–A4 is referred to system layout
scheme represented in Figure 5.

The ORC is calibrated considering a nominal power production of 500 kWel. All the heat
exchangers are simulated by calculating the outlet streams’ conditions using the heat and mass balances
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and the surface area. The inlet and the outlet temperatures of the condensation process are fixed.
The mass flow rate is determined accordingly.

Once the cycle is completely defined and simulated in the AspenONE environment, the evaporator
and the condenser are designed in AspenEDR.

Both the geothermal heat exchangers (GHE1 and GHE2) are designed by considering plausible
values from an ORC market survey of the cold-side mass flow rate for feeding the ORC module,
a plausible value of the cold-side temperature difference, and a hot inlet–cold outlet temperature
approach. The correlations adopted for the overall heat-transfer coefficient to define heat exchangers
parameters are based on the fully developed laminar flow inside the duct with an isothermal wall [86]
and the fully developed turbulent flow inside the duct with an isothermal wall [87].

The calibration of the overall system is based on a preventive dynamic simulation of the building
equipped with a plausible number of fan coils per apartment, which are also implemented in the
TRNSYS environment. Then, according to the simulation results, the heat-exchanger geometry is
developed in the TRNSYS environment (with the creation of user-defined components using macros
and Calculator blocks) to dynamically simulate the real heat-transfer performance with regard to the
instant value of the overall heat-transfer coefficient, efficiency, and number thermal Unit (NTU).

The simulation model of the building is linked to the simulation model of the fan coil in the same
TRNSYS environment. The calibration of the fan-coil simulation model is based on a market survey.

The seasonal data about fan coil are listed in the Table 3, such as the nominal power of fan coil
(Pnom,fc), flow rate water and air of fan coil (mfc,w, mfc,a), the comfort temperature set (Tset,amb), and the
ratio between sensible and total thermal power (Pth,sens/Pth,TOT).

Table 3. Fan coils data set.

Operating Mode Pel,nom,fc (kW) Mfc,w (kg/h) Mfc,a (kg/h) Tset,amb (◦C) Pth,sens/Pth,TOT (-)

Heating mode: 15 November/31 March 1.45 168 224 20 -
Cooling mode: 1 June/30 September 1.08 168 224 26 0.78

This approach allows us to determine the effective thermal and cooling loads under dynamic
operating conditions and then take into account variable weather conditions, the thermal inertia of the
building envelope, and the variability of the space occupation.

Once the time-dependent thermal and cooling loads are extrapolated and the maximum thermal
energy available from the geothermal source is considered, it is possible to determine the maximum
number of apartments served by the system.

Finally, the variable parameters are calibrated in the TRNSYS environment such as mass flow
rates, set point temperatures, and characteristics of components under nominal conditions.

The system plant simulation model is linked to the DHCN one, which takes into account the heat
losses occurring in the network piping. In turn, the DHCN simulation model is linked to the thermal
and cooling loads, allowing the return water conditions to be determined.

6. Methodologies

The system described in the previous sections has been analyzed from an economic an
environmental point of view according to the following methodology.

As regards to economic analysis, the total plant investment cost, ZTOT, is given by the sum of the
costs of all the modules composing the plant, the cost of the distribution networks, and the BOP (Balance
of the Plant) cost ZBOP, to take into account all the auxiliary systems and supporting components of the
plant. Table 4 reports the parameters used in the economic analysis, as well as the main parameters of
the reference scenarios for each energy vector and emission factor. The performances of the renewable
ORC coupled with DHCN system are evaluated by assessing the energetic and economic savings,
and by comparing the proposed system (PS) with the reference one (RS). In particular, in case of the
reference scenario
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• a reversible electric-driven air-to-water heat pump for space heating and cooling is supposed to
be installed in each building; the coefficient of performance (COP) in heating mode is supposed to
be 3.0, while in cooling mode it is supposed to be 2.5 [88];

• a natural gas boiler for DHW production is supposed to be installed in each dwelling; its efficiency
is supposed to be 0.85;

• power production is given by the national grid characterized by an overall average efficiency,
ηgrid, equal to 46% [89]

The same space heating and cooling terminal units (fan coils) are adopted both in case of PS
and RS.

All the electricity prices (for the cases with and without feed-in tariffs) are based on the Italian
real market trends from January 2018 to August 2019 [31]. Different prices are provided for the three
time-dependent partitions of the Italian market (F1, F2, and F3). The prices of heating and cooling
energy are based on market surveys.

The ZBOP is calculated as 3.00% of the overall plant cost. An economic analysis is performed
by taking into account two different scenarios for electricity sales: with and without feed-in tariffs
provided by the Italian market [31].

In the case of feed-in tariffs, the revenue related to electricity sales Rel,feed-in is defined as follows,

Rel,feed-in = Eelcel,feed-in (1)

where Eel represents the amount of yearly electricity produced, and cel,feed-in represents the price of
electricity under feed-in tariff market conditions. In the case where no feed-in tariffs are provided,
a guarantee minimum price tariff system is assumed: regardless of the effective electricity market
price, the plant always sells energy above a certain threshold price established by the GSE (Gestore dei
Servizi Energetici, i.e., Italian energy services management institution).

Moreover, three selling prices are considered based on the hourly partition of the time-dependent
tariff system. Given the uncertainty of the results due to the variability of prices, a plausible range of
the revenue (i.e., Rel,min and Rel,max) is calculated according to the minimum and maximum values of
the sale price. The minimum and maximum sale price values are established with consideration of the
real price trend from January 2018 to August 2019 (reported in Figure A1 in Appendix A).

Then, the minimum and the maximum revenues are calculated as follows,

Rel,min = EelfF1cel,F1,min + EelfF2cel,F2,min + EelfF3cel,F3,min (2)

Rel,max = EelfF1cel,F1,max + EelfF2cel,F2,max + EelfF3cel,F3,max (3)

where the subscript Fi indicates the specific partition of the time-dependent tariff system and the
subscript fFi indicates the yearly fraction of the hours belonging to the specific Fi partition.

The revenue related to the selling of thermal energy for space heating Rth is calculated as follows,

Rth = Ethcth (4)

where Eth represents the amount of thermal energy provided to the network yearly, and cth represents
the price of thermal energy based on an Italian market survey.

Similarly, the revenue related to the selling of cooling energy Rcool is defined as

Rcool = Ecoolccool (5)

where Ecool represents the amount of cooling energy provided to the network yearly, and ccool represents
the price of cooling energy based on an Italian market survey.
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The simple payback (SPB) is defined as follows,

SPB =
ZTOT

CFS
(6)

where CFS represents the yearly cash-flow statement, which is defined as

CFS = RTOT − CTOT (7)

RTOT represents the sum of all the revenues, and CTOT represents the sum of the yearly maintenance
cost CO&M and the yearly operational cost COp, which are defined as follows,

CO&M = 0.05×ZTOT (8)

Cop =
PAUX,TOT

LHVbiom
× cbiom (9)

where PAUX,TOT represents the total thermal energy provided by the auxiliary boiler, LHVbiom represents
the lower heating value of the biomass (wood chips), and cbiom represents the unit cost of the biomass.

Finally, the main economic indicators are calculated to assess the economic profitability of
the system, i.e., the discounted payback period (DPB), net present value (NPV), profit index (PI),
and internal rate of return (IRR):

DPB =
ln(1− SPBa)

ln(1 + a)
(10)

NPV = (CFS ×AF) − ZTOT (11)

PI =
NPV
ZTOT

(12)

where a represents the discount rate, AF represents the annuity factor, and N represents the service life.

AF =
1
a
× (1− 11

(1 + a)N
) (13)

Regarding the environmental analysis, the saved primary energy source (PE) is calculated by
considering a specific reference scenario for each produced energy vector (electric energy and thermal
energy for air conditioning).

Then, the PE is calculated as follows,

PE =
Eel

ηgrid
+

Eth

ηboil,ref
+

Ecool

COPref,HPηgrid
(14)

where ηboil,ref. represents the reference value for the efficiency of the traditional natural gas
boiler, and COPref,HP represents the reference value for the coefficient of performance (COP) of
a traditional chiller.

Finally, the avoided CO2 emissions EMCO2 are calculated as follows,

ECCO2

(
Eel +

Ecool

COPref,HP

)
× EFgrid +

Eth

ηboil,ref + LHVnat.gas
EFnat.gas (15)

where EFgrid represents the emission factor related to the national grid and EFnat,gas represents the
emission factor of the natural gas.

The implemented economic model calculates the investment and the operating costs of both PS
and RS. The cost functions adopted for PS and RS components are taken from scientific and technical
literature. The cost of GHE1 and GHE2 are obtained by previous literature studies as a function of the
heat exchanger area [51]. The tank cost is a function of occupied volume [90]. The cost of line networks
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for DHCN and DHWN is the functions of diameters and length of pipes [91]. The cost of pumping
depends on flow rates which cross the pumps [92].

Table 4. Main input parameters for the economic and environmental analysis.

Parameter Value

Reference scenario

ηboil,ref (-) 0.85

cnat.gas (€/m3) [93] 0.80

LHVnat.gas (kWh/m3) 9.59

COPref, HP (-) 2.5

ηgrid (-) [89] 0.46

LHVbiom (MWh/t) 3.70

cbiom (€/t) 60.00

Price of electricity

Feed-in tariffs [31]

cel,feed-in (€/MWh) 165.00

No feed-in tariffs [31]

cel,F1,MIN (€/MWh) 53.60

cel,F1,MAX (€/MWh) 82.82

cel,F2,MIN (€/MWh) 52.49

cel,F2,MAX (€/MWh) 79.89

cel,F3,MIN (€/MWh) 52.30

cel,F3,MIN (€/MWh) 69.84

fF1 (-) 0.32

fF2 (-) 0.23

fF3 (-) 0.45

Thermal unit price

cth (€/MWh) 81.17

ccool (€/MWh) 90.00

Economic parameters

a (-) 0.05

N (years) 20

AF (-) 12.46

Environmental parameters [90]

EFgrid (kgCO2/MWhel) 445.50

EFnat,gas (tCO2 /TJ) 55.80

The study realizes a parametric analysis with different depths of the geothermal well. The depth of
the geothermal well affects both the operation of the system plant and economic performance. The aim
of the analysis is the prefeasibility study by considering the uncertainty related to the depth where the
geothermal source is available and assessing a range for each main performance indicator where the
system can be considered feasible and profitable.

A second parametric analysis is performed with different operation times of the DHCN,
without changing the operation time of the DHWN; this ensured a constant temperature of 45 ◦C.
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When the DHCN operation time is reduced, a larger amount of electric energy is available, because
all the auxiliaries of the DHCN subsystem are off. Consequently, higher revenue related to electricity
production is expected.

Additionally, the DHWN subsystem is forced to use the auxiliary biomass boiler to ensure the
appropriate temperature of the DHWN; thus, a higher operational cost related to boiler fuel (wood chip)
is expected.

The objective is to evaluate the effects of the production strategy on profitability and to determine
the optimum operation point.

7. Results

7.1. Thermodynamic Analysis

First, the daily results are presented and discussed through two days representative of the system
functioning for each operation mode: one for heating (winter day) and one for cooling (summer day).

Figures 6 and 7 show the main system outputs, respectively, for the winter day where the
nomenclature and numeration refer to Figure 5.

 
(a) 

 
(b) 

Figure 6. Main system temperatures: winter day (30 January). from T1 to T8 (a); from T10 to T26 (b).
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(a) 

 
(b) 

Figure 7. Main system powers: winter day (30 January).
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Figure 6 presents the temperatures of the geothermal system for the winter day. T1 and T2 are not
reported on the figure. T1 is constant at 150 ◦C, according to the input parameters, and T2 is constant
at 122 ◦C due to the steady working conditions of the ORC module. T3 varies depending on the time
operation of the DHCN and the operation of TK1.

When the DHCN is off, T3 coincides with T2, whereas it continuously varies depending on the
inlet condition of the cool side at GHE2, i.e., T10.

T3 never decreases to 70.0 ◦C, due to the calibration of the overall system and the control strategy.
T10 and T8 exhibit the trends of TK1 to and from GHE2, respectively; T11 and T21 represent the

trends of the water temperatures to and from the DHCN, respectively. The system can ensure a
constant temperature of 50.0 ◦C to the DHCN and the set point temperature of the fan coils installed in
the apartments taking into account the small heat losses occurring in the piping.

Moreover, the system is capable to give the DHW at a constant temperature value of 45.0 ◦C,
as shown in Figure 6, independently by the load, shown in Figure 7.
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From 6:00 to 10:00, the geothermal source is mainly employed to thermally load TK3, which belongs
to the DHW subsystem. From 10:00 to 20:00, the source is mainly employed to thermally load TK1,
which belongs to the DHCN.

Simultaneously, the geothermal source is constantly employed to feed the ORC module.
The foregoing is clearly shown in Figure 7, which presents the main system powers.
When the DHCN is off, the amount of achievable thermal power by the geothermal fluid is

equivalent approximately to 4.50 MW, whereas it increases to 13.0 MW when the load required by the
network is maximized.

The ORC net power production depends on the operation time of the DHCN. When the DHCN is
off, the ORC power (approximately 430 kWel) is employed for geothermal fluid pumping and the ORC
cooling tower auxiliaries, and the remaining part is sent to the grid.

When the DHCN is on, ORC power is employed to feed all the system auxiliaries (pumps and the
overall control and monitoring system). Then, the net power sent to the grid decreases to 380 kWel.

Figures 8 and 9 show the main system temperatures for the characteristic representative summer
day, and Figure 10 presents the main system powers.

 
(a) 

 
(b) 

Figure 8. Main system temperatures: summer day (21 July—A). from T1 to T8 (a); from T10 to T26 (b).
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Figure 9. Main system temperatures: summer day (21 July—B).

 
(a) 

 
(b) 

Figure 10. Main system powers: summer day (21 July).
.

Qgeo,
.

QNET.req,
.

QTK1,in,
.

QTK2,out and
.

QBB (a);
.

QDHW,
.

QNET.supply,
.

Qchill,
.

Qloss,tot and
.
Pel,net (b).

322



Energies 2020, 13, 4603

In particular, Figure 9 indicates the temperature trend of TK3 (T15, T16, T19, T20) and the ADS
module (T13, T14, T15, T16, T17, T18). As shown, the feed temperature T13 of the ADS module is constant
at 100 ◦C, except at the initial time, where no cooling load is observed (Figure 10) and the feed water is
available at 120 ◦C. Moreover, the results indicate that the system is perfectly capable of ensuring a
constant temperature T19 (10.0 ◦C) of the cooled water to be sent to the network, which corresponds
(taking into account the losses in the network piping) to the set temperature of the fan coil in the
cooling mode.

Table 5 presents the main results of the thermodynamic analysis on a monthly and yearly basis.

Table 5. Main results of the thermodynamic analysis (on a monthly and yearly basis).

Thermal/Electrical Energy Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year

Egeo (MWh) 6438 5850 5853 3877 3992 3932 4419 4297 3932 3965 4827 6339 57,720

ETK1,in (MWh) 2508 2278 1879 22.29 16.99 96.02 499.6 363.6 113.5 14.14 1007 2397 11,195

ETK1,out (MWh) 2486 2271 1869 7.406 2.671 81.46 483.9 347.4 98.12 2.531 997.2 2386 11,029

ETK2,in (MWh) 0.000 0.000 0.000 4.158 0.984 51.63 403.7 270.8 62.55 0.000 0.000 0.000 793.9

ETK2,out (MWh) 0.000 0.000 0.000 3.744 0.152 50.46 403.3 269.2 61.37 0.000 0.000 0.000 787.2

Eheat,ADS (MWh) 0.000 0.000 0.000 6.054 1.77 81.62 601 408.8 97.45 0.000 0.000 0.000 1197

Ecool,ADS (MWh) 0.000 0.000 0.000 4.188 1.037 51.71 403.7 270.9 62.61 0.000 0.000 0.000 794.2

Ereq,WINT,DHCN (MWh) 2518 2294 1860 0.000 0.000 0.000 0.000 0.000 0.000 0.000 997.7 2402 10072

Ereq,SUMM,DHCN (MWh) 0.000 0.000 0.000 0.000 0.000 48.8 399.8 265.5 57.58 0.000 0.000 0.000 771.6

ESUPPLIED,DHCN (MWh) 2527 2304 1870 0.000 0.000 50.19 402.3 268.90 61.19 0.000 1003 2412 10,900

ETK3,in (MWh) 440.9 417.8 482.2 458.3 466.1 440.8 413.8 426.9 422.7 440.7 432.1 449.8 5292

ETK3,out (MWh) 434.1 408.5 473.5 457.2 464.8 439.5 412.4 425.5 421.9 439.5 427.5 440.8 5245

Ereq,DHW (MWh) 468.1 428.7 476.4 457.9 465.3 440.4 445.3 438.4 422.5 440 433.5 458.2 5375

ESUPPLIED,DHW (MWh) 469.4 429.9 477.8 459.2 466.5 441.4 446.1 439.1 423.1 440.7 434.3 459.3 5387.0

EAUX,DHCN (MWh) 45.78 40.48 4.294 0.08738 0.000 1.5 117.7 64.99 2.091 0.000 7.869 30.03 314.8

EAUX,DHW (MWh) 34.22 20.31 2.854 0.75677 0.5793 0.9461 32.69 12.73 0.6141 0.6358 5.992 17.60 129.9

ELOSS,DHCN (MWh) 7.368 7.296 8.894 0.5708 0.3691 1.386 2.476 3.402 3.615 1.212 2.889 6.170 45.65

ELOSS,DHW (MWh) 1.252 1.248 1.419 1.31 1.197 0.961 0.7956 0.6573 0.5994 0.6896 0.8207 1.053 12

Eel,ORC (MWh) 372.0 336.0 372.0 360.0 372.0 360.0 372.0 372.0 360.0 372.0 360.0 372.0 4380

Eel,net (MWh) 327.2 295.7 328.6 311.3 321.7 311.1 321.1 321.1 311.4 329.8 318.3 328.0 3825

COPAVG (-) 0.000 0.000 0.000 0.6917 0.586 0.6335 0.6717 0.6627 0.6425 0.000 0.000 0.000 0.6636

ηORC (%) 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64

As shown, the system is perfectly capable of ensuring the temperature levels in each subsystem
and it is perfectly capable of covering the total network load required (sum of thermal total power
required by DHCN and DHWN) and the losses occurring in the network.

During the heating season, the overall thermal energy provided by the system for district heating,
ESUPPLIED,DHCN, is higher than the thermal energy required, Ereq,WINT,DHCN; the difference is caused
by the losses occurring at the network piping.

Moreover, the sum given by the thermal energy exiting the TK1, ETK1,out, and the one coming
from the auxiliary boiler for the DHCN, EAUX,DHCN, is higher than ESUPPLIED,DHCN: this is due to the
thermal losses occurring at the plant piping.

Thermal losses occurring at the thermal storages are given by the difference between the thermal
energy entering and exiting the tanks.

What has just been discussed can be referred to the domestic hot water production system.
During the cooling season, the overall cooling energy provided by the system for district cooling,

ESUPPLIED,DHCN is higher than the cooling energy required Ereq.SUMM,DHCN; even in this case the
difference is caused by the losses occurring at the network piping.

Similarly to the heating season, during the cooling season the cooling energy exiting the TK2
ETK2,out is higher than the supplied one ESUPPLIED,DHCN because of the losses occurring at the
system plant.

The gross amount of electricity produced, Pel,ORC, remains constant throughout the year, and Pel,net,
which represents the amount of electricity produced and sold to the grid, is lower during the cooling
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operation than during the heating operation. This is because the entire ADS subsystem, which is off
during the heating operation, must be powered.

The constant average first-law efficiency of the ORC is 10.6%, owing to the steady working
condition of the module.

The ADS, whose COP is 0.700 under nominal conditions (temperature of the feed hot water equal
to 100 ◦C, the temperature of chilled water equal to 7 ◦C, and temperature of the cooling water equal to
22 ◦C), operates during the year with an average COP of 0.660: this is due to fluctuations in operating
conditions (in terms of the feed water temperature, cooling water temperature, load), which move the
module from the optimum point of operation.

7.2. Environmental and Economic Data Analysis

In this section, the main results of the economic and environmental analyses are presented and
briefly discussed. The costs of the components are presented in Table 6, along with the cost function
adopted. The total investment cost takes into account three different values of the depth of the
geothermal well: the base case at 1500 m and the case of higher depth at 2000 and 2500 m by considering
two production and one reinjection wells. Globally, the total investment cost (ZTOT) ranges between
7.84 and 8.21 M€.

Table 6. Component plant costs.

Component Cost (k€)

Zwell
1500m [94] 943

Zwell
2000m [94] 1122

Zwell
2500m [94] 1301

ZGHE1 [52] 53.97

ZGHE2 [52] 36.61

ZPgeo [52] 3.301

ZORC [52] 1500

ZADS [52] 882.0

ZBB [78] 1600

ZCT [78] 153.2

ZPiping-DHCN [78] 26.75

ZPiping-DHCN [78] 1784

ZSubstations [94] 463.8

ZTOT
1500m 7838

ZTOT
2000m 8023

ZTOT
2500m 8207

Table 7 presents the detailed yearly economic analysis results for each well depth and the different
scenarios of the electricity market (with and without feed-in tariffs).

In the case of no feed-in tariffs, the total revenue RTOT ranges from 1.09 to 1.18 M€. With a total
operational and maintenance cost CTOT of approximately 0.40 M€, the CFS ranges between 0.69 and
0.78 M€ per year.

All the economic indicators are negatively affected by the low CFS, and the system appears to
be unprofitable.
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Table 7. Main results of the economic analysis (on a yearly basis).

Rel (M€) Rth (M€) Rcool (M€) RTOT (M€) CO&M (M€) COp (M€) CTOT (M€) CFS (M€)

No Feed-in Tariffs

deep min max min max min max

1500 0.2018 0.2919 0.8175 0.0694 1.089 1.179 0.3919 0.0072 0.3991 0.6897 0.7797

2000 0.2018 0.2919 0.8175 0.0694 1.089 1.179 0.3919 0.0072 0.3991 0.6897 0.7797

2500 0.2018 0.2919 0.8175 0.0694 1.089 1.179 0.3919 0.0072 0.3991 0.6897 0.7797

Feed-in Tariffs

1500 0.6312 0.8175 0.0694 1.518 0.3919 0.0072 0.3991 1.119

2000 0.6312 0.8175 0.0694 1.518 0.3919 0.0072 0.3991 1.119

2500 0.6312 0.8175 0.0694 1.518 0.3919 0.0072 0.3991 1.119

SPB (y) DPB (y) NPV (M€) PI (%) IRR (%)

No Feed-in Tariffs

H min max min max min max min max min max

1500 10.05 11.37 14.31 17.22 0.757 1.879 9.653 23.97 6.071 7.640

2000 10.29 11.63 14.81 17.86 0.5723 1.695 7.134 21.12 5.787 7.336

2500 10.53 11.90 15.31 18.52 0.3880 1.510 4.728 18.40 5.512 7.041

Feed-in Tariffs

1500 7.004 8.836 6.107 77.92 12.99

2000 7.169 9.098 5.923 73.83 12.61

2500 7.334 9.363 5.739 69.93 12.24

The SPB period exhibits a minimum value of 10.0 years and a maximum value of 11.9 years.
These are far higher than the acceptable range of 5.00 to 7.00 years for private investments.

With a discount rate of 5.00%, the DPB period increases (minimum value of 14.3 years and
maximum value of 18.5 years).

The NPV exhibits low values ranging between 0.388 and 1.88 M€, corresponding to a PI ranging
between 4.73% and 24.0%. Acceptable values of the PI are between 60.0% and 70.0%.

Finally, the IRR exhibits low values between 5.51% and 7.64%
The economic profitability is improved in the case of the feed-in tariffs for electricity selling.
In fact, given the constant revenues related to the thermal and cooling energy for air conditioning,

Rth, and Rcool, as well as the constant operational and maintenance costs CTOT, in correspondence of
CFS value of 1.12 M€ the higher revenue related to power production Rel are equal to 0.631 M€.

Consequently, acceptable values of the SPB and DPB are obtained.
The SPB period ranges between 7.00 and 7.33 years, and the DPB period ranges between 8.84 and

9.36 years.
The NPV is increased to values between 5.74 and 6.11 M€, corresponding to PIs of 69.9% and

77.9%, respectively.
Finally, the IRR ranges between 12.2% and 13.0%.
Globally, as shown in Table 8, such a renewable system allows avoiding the employment of

27.2 GWh of primary energy and (depending on the reference scenario adopted for the energy and
material outputs) avoiding 5.49 × 103 tons of CO2 emissions.

Table 8. Saved primary energy and CO2 emissions.

Saved Primary Energy Avoided CO2 Emissions

GWh t of CO2

27.16 5.490 × 103

The main results of the thermodynamic and economic analyses performed by varying the operation
time of the DHCN are presented from Tables A5–A9 in Appendix A. In detail, the data about electricity
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production (Rel), the CFS, the SPB, the NPV, and the PIs in the case of feed-in tariffs (green) and the
cases of the minimum and maximum selling prices of electricity are reported.

Longer operation time of the DHCN subsystem corresponds to higher economic profitability:
all the economic indices are affected by lower DHCN operation time.

In fact, in the case of the longest time of operation, a slightly lower amount of electricity is sold to
the grid because the auxiliaries are on, and the revenue related to electricity is lower as well.

On the other hand, a higher amount of thermal energy is available from the geothermal source,
then avoiding the use of biomass and reducing the operational cost of the biomass boiler to supply
the DHW.

In case of the shortest time of operation, a higher amount of electricity is available (auxiliaries
are off) for the selling. At the same time, any load from DHW network is cover by the biomass boiler,
and a higher operational cost related to boiler fuel is obtained.

The higher operational cost of the biomass boiler prevails on the higher revenue related to
electricity when the time of operation is reduced and the global profitability decreases.

The revenues related to space heating and cooling are constant.
It is worth noticing that, despite the analysis was carried out with the greatest possible precision,

the results strictly depend on the specific case study analyzed and on the considered market context;
moreover, they are affected by unavoidable uncertainty given by

- weather conditions, which affect the electric and thermal loads, and the ORC operation (including
the cooling tower);

- real availability of geothermal source, which can be assessed only after a specific
exploration campaign;

- fluctuations of the electricity prices and variation of the feed-in tariffs system; and variations of
prices related to district heating and cooling (even though they are characterized by more stability
if compared to electricity one).

8. Conclusions

A thermodynamic, economic, and environmental analysis of a renewable polygeneration system
connected to a DHCN was performed.

The system is designed for a suburban area of the metropolitan city of Naples (South of Italy)
and it is powered by geothermal sources and biomass, producing electricity, thermal energy for space
heating and cooling, and DHW production.

The entire dynamic simulation model (which includes an organic Rankine cycle module, an ADS,
an auxiliary biomass boiler, geothermal heat exchangers, thermal storage tanks, the DHCN, residential
systems of space conditioning including terminals, and a suitable model of the building envelope) was
developed and implemented in AspenONE and TRNSYS environments.

The layout and the control strategy were implemented to match the appropriate operating
temperature levels for each component and to prevent the temperature of the geothermal fluid
reinjected into the wells from decreasing below 70.0 ◦C.

The overall component calibration and the economic analysis were based on manufacturer data
and market surveys.

The economical returns are estimated by considering the electric power sold to the national grid.
Differently, the thermal energy for heating and cooling is employed to satisfy the thermal yearly load
of the whole district.

An analysis was performed with different depths of geothermal wells where the source is available
considering a geothermal temperature gradient of 0.1 ◦C/m.

An economic analysis was performed for two different electricity purchase scenarios: with and
without feed-in tariffs.

The system, whose investment cost ranges between 7.84 and 8.02 M€, is economically feasible
only under feed-in tariff conditions.
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In fact, without feed-in tariffs, economic indicators suggest that the system is unprofitable:
the minimum SPB period is 10.1 years (corresponding to a DPB period of 14.3 years if a discount rate
of 5.00% is applied), and the maximum NPV is 1.88 M€ (corresponding to a maximum PI of 24.0%).

Finally, the maximum IRR is 7.64%.
Conversely, if feed-in tariffs are considered, the economic indicators suggest that for the specific

case study analyzed, the system is attractive.
The minimum SPB period is 7.00 years, corresponding to a DPB period of 8.84 years.
The maximum NPV is increased to 6.11 M€, corresponding to a PI of 77.9%. The maximum IRR

is 13.0%.
The system allows avoiding exploitation of 27.2 GWh of primary energy yearly, corresponding to

5.49 × 103 tons of CO2 emissions avoided yearly.
The keys to making the small-medium scale systems powered with geothermal sources feasible

and attractive are the polygeneration and the load-sharing, which aim at maximizing the source
exploitation by diversifying the energy and material vectors produced and by obtaining loads and
requests that are distributed over time to the greatest extent possible.

In future studies, different typologies of final users and different energy vectors could be considered
using the sources availability 24 h/24 h to feed the plant.
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Nomenclature

A Area (m2)
a discount rate (-)
AF annuity factor
BOP Balance of the Plant
C Cost (€, k€, M€)
c unit price (€/specific unit of measurement)
CFS cash-flow statement (€, k€, M€)
COP coefficient of performance (-)
d Diameter (mm)
DPB discounted payback (y)
E Energy (kWh, MWh, kJ, MJ)
EMCO2 avoided CO2 emissions (-,%)
EF emission factor (kgCO2 /MWhel, tCO2 /TJ)

H geothermal well depth (m)
L Length (m)
LHV lower heating value (kJ/kg, kWh/m3, MWh/t)
ṁ mass flow rate (kg/s)
N service life (y)
NPV net present value (M€)
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IRR internal rate of return (-)
.
P Power (kW)
p pressure (bar)
PE primary energy (MWh)
PI profit index (-)
E thermal energy (kWh, MWh, kJ, MJ)
R Revenue (€, k€, M€)
SPB simple payback (y)
T Temperature (◦C)
t ton
U Transmittance (W/(m2K))
V Volume (m3)
Z investment cost (€, k€, M€)
Superscripts and Acronyms
a air
amb ambient
ADS adsorption chiller
AUX auxiliary
AVG average
biom biomass
boil boiler
BB biomass boiler
BOP Balance Of Plant
chil electric chillers
CT cooling tower
ChW chilled water
CW cooling water
cool cooling
CO2 carbon dioxide
D diverter
DHCN district heating and cooling network
DHW domestic hot water
DHWN domestic hot water network
el electric
F timeslot of electricity market
fi yearly fraction of -ith timeslot of electricity market
fc fan coil
geo geothermic/geothermal
GF geothermal fluid
GHE geothermal heat exchanger
grid power plant grid
h hour
heat heating
hot hot
HP traditional heat pump
HW hot water
in inlet
is isentropic
LMTD logarithm mean temperature difference (K)
LOSS losses
max maximum
min minimum
M mixer
nat, gas natural gas
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net net
nom nominal
NTU number thermal unit
O & M operation and maintenance
Op operative
out outlet
ORC organic Rankine cycle
P pump
piping piping
PS proposed system
ref reference scenario
req required
RES renewable energy sources
RS reference system
s shell
sens sensible
set setpoint
SUPPLY supplied
SUMM summer
th thermal
TOT total
TK thermal storage tank
w water
wf working fluid
WINT winter
Greek Letters
ε heat-exchanger efficiency (-)
η isentropic efficiency/first-law efficiency (-)

Appendix A

Appendix A.1. Input Parameters

Table A1. Lengths and diameters of the main line and of the pipes of the subdistrict.

Network Piping

Segment Length (m) Diameter (mm)

MAIN 90 300

A1 80 250

A2 80 250

A3 70 175

A4 80 250

A5 50 200

A6 80 200

A7 70 200

A8 50 175

A9 70 175

B1 100 250

B2 100 250

B3 60 200
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Table A2. Main thermodynamic and design input parameters.

Parameter Value

mgeo (kg/s) 40.00

mHW_ORC (kg/s) 44.15

mHW (kg/s) 268.3

mChW_ADS (kg/s) 268.3

mHW_DHCN (kg/s) 268.3

p1 (bar) 8.000

T1 (◦C) 150.0

T2 (◦C) 122.0

T3 (◦C) >70.00

T4 (◦C) * 115

T5 (◦C) * 140

T6 (◦C) * 20.0

T7 (◦C) * 45.00

T10 (◦C) * 40.0

T8 (◦C) * 78.0
.
Pel,ORC (kW) ** 500.0
.
Pel,2 (kW) ** 13.4
.
Pel,3 (kW) ** 13.40
.
Pel,4 (kW) ** 13.4
.
Pel,5 (kW) ** 13.4

COPADS(-) * 0.70

Pth,BB (kW) ** 2000.0

Pnom.ADS (kW) ** 7000.00

VTK1 (m3) 160.0

VTK2 (m3) 160.0

VTK3 (m3) 60.0

* Under nominal conditions. ** Rated power.

Table A3. Geothermal heat exchanger output parameters.

Parameter Value

GHE1

AGHE1 (m2) 175.9

Tube number (plain) (-) 248.0

LGHE1 (m) 6.0

Number of tube passes (-) 1

Number of tube passes (-) 1

ds,GHE1 (mm) 457.2

Number of segmental baffles (-) 10
.
Pth,GHE1 (kW) * 4698
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Table A3. Cont.

Parameter Value

εGHE1 (-) * 0.7851

TLMTD (◦C) * 8.53

FGHE1 (-) 1.02

GHE2

AGHE2 (m2) 106.6

Tube number (plain) (-) 296.0

LGHE2 (m) 6.096

Number of tube passes (-) 1.000

Number of tube passes (-) 1.000

ds,GHE2 (mm) 498.5

Number of segmental baffles (-) 10.00
.
Pth,GHE2 (kW) * 9659

εGHE2 (-) * 0.6365

TLMTD (◦C) * 36.69

* Under nominal conditions.

Table A4. Main ORC output parameters.

Parameter Value

Evaporation pressure (bar) 19.35

Condensation pressure (bar) 3.432

Evaporation temperature (◦C) 120.1

Condensation temperature (◦C) 50.00

mR245fa (kg/s) 20.04

Evaporator heat exchanger area (m2) 207.7

Condenser heat exchanger area (m2) 214.2

 
Figure A1. Electricity price from January 2018 to August 2019 for every partition (F1, F2, and F3) of the
time-dependent tariff.
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Appendix A.2. Cost Functions

In the following are the cost functions used in the economic analysis; it is also indicated the reference the
function was taken from.

The cost of the well zwell, which is divided into three different segments, is a function of the diameter and
depth of each segment. In this work, two production well and one reinjection well were supposed.

zwell = 2 (37.974× e(0.0079×Dwell,1) ×Hwell,1 + 37.6× e(0.0039×Dwell,2) ×Hwell,2

+ 37.6× e(0.0039×Dwell,3) ×Hwell,3

Dwell,1 = 0.600 m; Hwell,1 = 10.0 m
Dwell,2 = 0.600 m; Hwell,2 = 10.0 m
Dwell,3 = 0.600 m; Hwell,3 = 10.0 m

(A1)

zgeopump = 107.26× .
P

0.7176
pumping (A2)

zORC = 3000× ṔORC (A3)

zHE = 150×
( AHE

0.093

)0.78
(A4)

zADS = 126× Q́ADS (A5)

zbiomass,boil = 8000× Q́biomass,boil[kW] (A6)

zTK = 167.19×VTK (A7)

zpump = 389× ln(ḿ ∗ 3.6) − 289 (A8)

ZCT = 8815× ln
(
Ṕcool,CT × 3600

)
− 174 (A9)

zsubstations = 1850/unit (A10)

zpiping=
(
349.63 + 2472.37× 2472.37×Dpipe

)
× Lpipe (A11)

Appendix A.3. Main Results of Thermodynamic Analysis

Table A5. Main results of the thermodynamic analysis (stop time of the DHCN at 20:00).

Thermal/Electrical Energy Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year

Egeo (MWh) 6309 5726 5739 3776 3884 3833 4307 4195 3839 3863 4710 6214 56,394

ETK1,in (MWh) 2486 2261 1877 24 16.55 95.5 490.9 362.6 117.2 13.4 990 2392 11,125

ETK1,out (MWh) 2475 2257 1866 7.753 2.644 81.49 481.1 347.1 98.24 0.000 995 2376 10,987

ETK2,in (MWh) 0.000 0.000 0.000 4.159 0.9846 51.63 403.6 270.9 62.57 0.000 0.000 0.000 793.8

ETK2,out (MWh) 0.000 0.000 0.000 3.746 0.1533 50.45 402.2 269.2 61.37 0.000 0.000 0.000 787.2

Eheat,ADS (MWh) 0.000 0.000 0.000 6.04 1.797 81.6 600.3 408.4 97.41 0.000 0.000 0.000 1196

Ecool,ADS (MWh) 0.000 0.000 0.000 4.195 1.053 51.73 403.7 271 62.65 0.000 0.000 0.000 794.3

Ereq,WINT,DHCN (MWh) 2518 2294 1860 0.000 0.000 0.000 0.000 0.000 0.000 0.000 997.7 2402 10,072

Ereq,SUMM,DHCN (MWh) 0.000 0.000 0.000 0.000 0.000 48.8 399.8 265.5 57.58 0.000 0.000 0.000 771.6

ESUPPLIED,DHCN (MWh) 2527 2304 1871 0.000 0.000 50.36 402.2 269.2 61.29 0.000 1003 2411 10,900

ETK3,in (MWh) 331.8 309.8 373.7 358.7 361.1 346.5 313.2 330.1 329.2 343.1 336.1 334.2 4068

ETK3,out (MWh) 327.3 303.6 365.9 357.8 360.2 345.4 312.2 329.1 328.4 342.3 332.1 326.4 4031

Ereq,DHW (MWh) 468.1 428.7 476.4 457.9 465.3 440.4 445.3 438.4 422.5 440 433.5 458.2 5375

ESUPPLIED,DHW (MWh) 468.4 429 476.5 457.9 465.4 440.4 445.1 438.2 422.4 440.1 433.5 458.5 5376

EAUX,DHCN (MWh) 56.76 49.17 8.054 0.033 0.000 1.923 120.27 65.5 2.905 0 8.823 40.42 353.9

EAUX,DHW (MWh) 141.1 125.37 110.55 100.15 105.21 94.96 132.95 109.08 94.04 97.79 101.43 132.11 1344.7

ELOSS,DHCN (MWh) 7.368 7.296 8.894 0.5708 0.3691 1.386 2.476 3.402 3.615 1.212 2.889 6.17 45.65

ELOSS,DHW (MWh) 1.252 1.249 1.42 1.31 1.197 0.9611 0.7958 0.6574 0.5994 0.6895 0.8208 1.053 12.01

Eel,ORC (MWh) 372 336 372 360 372 360 372 372 360 372 360 372 4380

Eel,net (MWh) 327.4 295.9 328.8 312.3 322.8 312.1 322.1 322.1 312.3 330 318.5 328.2 3832

COPAVG (-) 0.000 0.000 0.000 0.6944 0.5861 0.634 0.6724 0.6634 0.6432 0.000 0.000 0.000 0.6643

ηORC (%) 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64
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Table A6. Main results of the thermodynamic analysis (stop time of the DHCN at 22:00).

Thermal/Electrical Energy Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year

Egeo (MWh) 6309 5726 5739 3776 3884 3833 4307 4195 3839 3863 4710 6214 56,394

ETK1,in (MWh) 2486 2261 1877 24.00 16.55 95.50 490.9 362.6 117.2 13.40 990.0 2392 11,125

ETK1,out (MWh) 2475 2257 1866 7.753 2.644 81.49 481.1 347.1 98.24 0.000 995 2376 10,987

ETK2,in (MWh) 0.000 0.000 0.000 4.159 0.9846 51.63 403.6 270.9 62.57 0.000 0.000 0.000 793.8

ETK2,out (MWh) 0.000 0.000 0.000 3.746 0.1533 50.45 402.2 269.2 61.37 0.000 0.000 0.000 787.2

Eheat,ADS (MWh) 0.000 0.000 0.000 6.04 1.797 81.6 600.3 408.4 97.41 0.000 0.000 0.000 1196

Ecool,ADS (MWh) 0.000 0.000 0.000 4.195 1.053 51.73 403.7 271 62.65 0.000 0.000 0.000 794.3

Ereq,WINT,DHCN (MWh) 2518 2294 1860 0.000 0.000 0.000 0.000 0.000 0.000 0.000 997.7 2402 10,072

Ereq,SUMM,DHCN (MWh) 0.000 0.000 0.000 0.000 0.000 48.8 399.8 265.5 57.58 0.000 0.000 0.000 771.6

ESUPPLIED,DHCN (MWh) 2527 2304 1871 0.000 0.000 50.36 402.2 269.2 61.29 0.000 1003 2411 10,900

ETK3,in (MWh) 331.8 309.8 373.7 358.7 361.1 346.5 313.2 330.1 329.2 343.1 336.1 334.2 4068

ETK3,out (MWh) 327.3 303.6 365.9 357.8 360.2 345.4 312.2 329.1 328.4 342.3 332.1 326.4 4031

Ereq,DHW (MWh) 468.1 428.7 476.4 457.9 465.3 440.4 445.3 438.4 422.5 440 433.5 458.2 5375

ESUPPLIED,DHW (MWh) 469.4 429.9 477.8 459.2 466.5 441.4 446.1 439.1 423.1 440.7 434.3 459.3 5387

EAUX,DHCN (MWh) 50.49 44.19 6.964 0.000 0.000 1.612 118.73 65.72 2.466 0.000 8.032 34.43 332.6

EAUX,DHW (MWh) 54.66 41.74 25.09 21.77 24.85 18.69 50.94 30.63 19.50 22.66 25.02 42.59 378.1

ELOSS,DHCN (MWh) 7.469 7.404 8.934 0.5708 0.3691 1.386 2.481 3.405 3.615 1.212 2.907 6.250 46.00

ELOSS,DHW (MWh) 1.252 1.249 1.420 1.310 1.197 0.9611 0.7957 0.6574 0.5994 0.6896 0.8208 1.053 12.01

Eel,ORC (MWh) 372.0 336.0 372.0 360.0 372.0 360.0 372.0 372.0 360.0 372.0 360.0 372.0 4380

Eel,net (MWh) 327.2 295.7 328.6 311.3 321.7 311.1 321.1 321.1 311.4 329.8 318.3 328.0 3825

COPAVG (-) 0.000 0.000 0.000 0.6917 0.586 0.6335 0.6717 0.6627 0.6425 0.000 0.000 0.000 0.6636

ηORC (%) 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64 10.64

Appendix A.4. Main Results of Economic Analysis

Table A7. Main results of the economic analysis (on a yearly basis; stop time of the DHCN at 20:00).

Rel (M€) Rth (M€) Rcool (M€) RTOT (M€) CO&M (M€) COp (M€) CTOT (M€) CFS (M€)

No Feed-in Tariffs

deep min max min max min max
1500 0.2022 0.2924 0.8175 0.0694 1.0892 1.1794 0.3919 0.0275 0.4195 0.6697 0.7600
2000 0.2022 0.2924 0.8175 0.0694 1.0892 1.1794 0.3919 0.0275 0.4195 0.6697 0.7600
2500 0.2022 0.2924 0.8175 0.0694 1.0892 1.1794 0.3919 0.0275 0.4195 0.6697 0.7600

Feed-in Tariffs

1500 0.6324 0.8175 0.0694 1.519 0.3919 0.0275 0.4195 1.100
2000 0.6324 0.8175 0.0694 1.519 0.3919 0.0275 0.4195 1.100
2500 0.6324 0.8175 0.0694 1.519 0.3919 0.0275 0.4195 1.100

SPB (y) DPB (y) NPV (M€) PI (%) IRR (%)

No Feed-in Tariffs

deep min max min max min max min max min max
1500 10.31 11.70 14.86 18.04 0.508 1.632 6.480 20.83 5.711 7.303
2000 10.56 11.98 15.38 18.73 0.3236 1.448 4.034 18.05 5.431 7.004
2500 10.80 12.25 15.91 19.44 0.1393 1.264 1.697 15.40 5.652 6.713

Feed-in Tariffs

1500 7.127 9.030 5.869 74.87 12.71
2000 7.294 9.298 5.684 70.85 12.33
2500 7.462 9.570 5.500 67.02 11.97
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Table A8. Main results of the economic analysis (on a yearly basis; stop time of the DHCN at 22:00).

Rel (M€) Rth (M€) Rcool (M€) RTOT (M€) CO&M (M€) COp (M€) CTOT (M€) CFS (M€)

No feed-in tariffs

deep min max min max min max
1500 0.2020 0.2922 0.8175 0.0694 1.0890 1.1791 0.3919 0.0115 0.4034 0.6856 0.7757
2000 0.2020 0.2922 0.8175 0.0694 1.0890 1.1791 0.3919 0.0115 0.4034 0.6856 0.7757
2500 0.2020 0.2922 0.8175 0.0694 1.0890 1.1791 0.3919 0.0115 0.4034 0.6856 0.7757

Feed-in tariffs

1500 0.6318 0.8175 0.0694 1.519 0.3919 0.0115 0.4034 1.115
2000 0.6318 0.8175 0.0694 1.519 0.3919 0.0115 0.4034 1.115
2500 0.6318 0.8175 0.0694 1.519 0.3919 0.0115 0.4034 1.115

SPB (y) DPB (y) NPV (M€) PI (%) IRR (%)

No feed-in tariffs

deep min max min max min max min max min max
1500 10.11 11.43 14.42 17.38 0.705 1.829 8.997 23.33 5.998 7.572
2000 10.34 11.70 14.92 18.03 0.5209 1.644 6.493 20.50 5.714 7.269
2500 10.58 11.97 15.43 18.71 0.3366 1.460 4.101 17.79 5.441 6.795

Feed-in tariffs

1500 7.028 8.873 6.061 77.32 12.93
2000 7.193 9.136 5.877 73.25 12.55
2500 7.358 9.402 5.692 69.36 12.18

Table A9. Main results of the environmental analysis (on a yearly basis).

Case Saved PE (GWh) Avoided CO2 Emissions (t)

stop time of the DHCN at 22:00 27.17 5494

stop time of the DHCN at 20:00 27.17 5495
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