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Abstract: This work presents a thermoeconomic comparison between two different solar energy
technologies, namely the evacuated flat-plate solar collectors and the photovoltaic panels, integrated as
auxiliary systems into two renewable polygeneration plants. Both plants produce electricity, heat and
cool, and are based on a 6 kWe organic Rankine cycle (ORC), a 17-kW single-stage H2O/LiBr absorption
chiller, a geothermal well at 96 ◦C, a 200 kWt biomass auxiliary heater, a 45.55 kWh lithium-ion battery
and a 25 m2 solar field. In both configurations, electric and thermal storage systems are included
to mitigate the fluctuations due to the variability of solar radiation. ORC is mainly supplied by the
thermal energy produced by the geothermal well. Additional heat is also provided by solar thermal
collectors and by a biomass boiler. In an alternative layout, solar thermal collectors are replaced
by photovoltaic panels, producing additional electricity with respect to the one produced by the
ORC. To reduce ORC condensation temperature and increase the electric efficiency, a ground-cooled
condenser is also adopted. All the components included in both plants were accurately simulated in
a TRNSYS environment using dynamic models validated versus literature and experimental data.
The ORC is modeled by zero-dimensional energy and mass balances written in Engineering Equation
Solver and implemented in TRNSYS. The models of both renewable polygeneration plants are applied
to a suitable case study, a commercial area near Campi Flegrei (Naples, South Italy), a location
well-known for its geothermal sources and good solar availability. The economic results suggest that
for this kind of plant, photovoltaic panels show lower pay back periods than evacuated flat-plate
solar collectors, 13 years vs 15 years. The adoption of the electric energy storage system leads to an
increase of energy-self-sufficiency equal to 42% and 47% for evacuated flat-plate solar collectors and
the photovoltaic panels, respectively.

Keywords: hybrid renewable polygeneration plant; micro organic Rankine cycle; evacuated solar
thermal collectors; photovoltaic panels

1. Introduction

Polygeneration plants based on renewable energy sources (RES) (geothermal, solar, biomass,
wind and hydro), represent a suitable solution to reach the long-term goals expected by 2050, i.e.,
a reduction of greenhouse gas emissions by 80%–95% with respect to 1990 levels and a 100% renewable
electrical system. These targets are potentially achievable by considering that policies will continue
to support renewable electricity worldwide, increasingly through competitive actions rather than
feed-in tariffs, and by the transformation of the power sector amplified by rapid deployment of solar
photovoltaic (PV) panels and wind turbine. An RES polygeneration plant can replace the existing
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conventional technologies based on fossil fuels and simultaneously produce several energy vectors
(thermal, cooling and electric energy) and other outputs, by reducing significantly the primary energy
consumption and CO2 emissions [1].

Several studies presented in literature about renewable polygeneration plants investigate the
integration of renewable systems with different conventional systems: electric heat pump, trigeneration,
gas-fired boiler, district heating and cooling and combined heating, cooling and power CHCP plants [2]
for different purposes and application. In the context of power plants, the organic Rankine cycles
(ORCs) [3] represent an interesting opportunity when coupled with low-medium enthalpy energy
sources (biomass products [4], geothermal [5], solar [6,7], waste heat [8], ocean thermal energy [9], etc.).
ORC plants adopt specific organic fluids showing an energy performance considerably better than
water used in the conventional Rankine cycles, due to a higher molecular weight, lower evaporation
heat, positive slope of the saturated vapor curve in the T–s diagram and lower critical and boiling
temperatures [6]. In addition, for small scale units, ORC turbines are today an interesting technology,
demonstrating several advantages in terms of operation life, maintenance and part-load efficiency.

Although the rapid increase in PV application, it is well-known that solar electric production is
extremely variable due to the fluctuations of the solar radiation. This leads to an important increase
in the electricity bought from the grid during the night, when the PV production is null, and during
low solar availability hours, with the consequent reduction of the plant profitability. Therefore,
the hybridization of different power systems (PV panels, PV and thermal (PVT) panels, wind turbines,
ORC power plants) and the adoption of suitable electricity storage systems (ESSs) [10] with the proper
ESS size determination in renewable energy systems [11] to obtain a more stable availability of the
electric energy production, is an attractive solution to be investigated.

The simulation of polygeneration plants based on ORC power plants supplied by low
and medium-temperature energy sources is diffusely investigated in the literature. Particularly,
the integration of solar and geothermal sources is one of the most attractive configurations, mainly
in volcanic areas featured by high solar radiation availability [6]. Thermal energy sources at low
and medium temperature, typically within 90–130 ◦C, obtainable by solar and/or geothermal ones,
are often used as input for supplying absorption chillers (ACH), multi-effect distillation (MED) systems
and ORC in a unique renewable polygeneration plant. In the following section, an overview of the
renewable power plants based on ORC technology coupled with PV/PVT panels and/or low-temperature
geothermal energy is provided. In addition, studies investigating the combination of several thermal
activated technologies (ACH, MED, ORC, etc.) in different plant configurations are also reported.

A hybrid solar and geothermal polygeneration plant, producing thermal energy for solar space
heating/cooling (SHC), domestic hot water (DHW), fresh water and electric energy was studied by
Calise et al. [6]. The plant includes different technologies: geothermal wells at about 80 ◦C, concentrating
photovoltaic and thermal (CPVT) collectors, producing heat at about 100 ◦C, a single-stage LiBr/H2O
ACH and a MED unit. The low-enthalpy geothermal energy, combined with the solar thermal energy,
supplies the MED unit for fresh water production. Geothermal energy is also used to produce DHW
at 45 ◦C. A dynamic simulation model is developed to simulate the whole plant performance and is
applied to a suitable case study, the Pantelleria island and further volcanic Mediterranean islands.
The pay back periods achieved for all the examined weather zones were extremely low, equal to about
two years. Cheng Zhou [12] investigated a solar–geothermal hybrid plant, consisting of parabolic
trough collectors, an ORC machine and a geothermal well at about 150 ◦C. Isopentane working fluid
is adopted as working fluid and the ORC machine performance is evaluated by considering the
subcritical and supercritical cycle. The studied ORC uses an air-cooled condenser for the condensation
process and the exhaust fluid from the turbine by means of a recuperator. To perform the plant
simulations, the Aspen HYSYS simulation tool is adopted. The supercritical ORC plant exhibits the
better performance, producing from 4% to 17% more power and presenting from 4% to 19% lower
solar-to-electricity cost with respect to the subcritical ORC plant.



Energies 2020, 13, 2391 3 of 29

The performance evaluation of several types of PV materials (silicon, gallium arsenide, indium
phosphide, cadmium sulfide and triple-junction indium gallium phosphide/indium gallium arsenide
/germanium) in a system producing electricity using PV panels and utilizing the waste heat from the
cells to drive an ORC is investigated by Tourkov and Schaefer [13]. Here, the performance of a variety
of fluids as working fluids for the ORC is analyzed. It was found that n-butane is the optimal selection
for the proposed application and that triple-junction cells at high concentration combined with an
ORC were able to achieve over 45% solar efficiency. Kosmadakis et al. [14] carried out an experimental
investigation of a small-scale low-temperature ORC machine coupled with CPVT collectors. R404A
is selected as working fluid. The CPVT collectors produce electricity and heat and supply it to the
ORC. The tests showed that such low-temperature ORC unit exhibits a fair efficiency and that its
coupling with a solar field was feasible, increasing the power production of the whole system. The most
important result from the laboratory tests is that the ORC machine with a capacity of 3 kW reached
an adequate thermal efficiency, about 5%, when operated at a very low temperature. An energy and
exergy analysis of a hybrid polygeneration plant based on solar collectors and medium-high enthalpy
geothermal sources is presented by Bicer and Dincer [15]. The plant is designed for simultaneously
producing electricity, drying air, hot water and space heating and cooling. The heat provided by
the geothermal energy and an air PVT drives an ORC for producing power. The ORC waste heat is
employed for the activation of a LiBr/H2O ACH, which provides the energy for space cooling of a
dairy farm. Whereas the energy for space heating is provided by an electric heat pump. Moreover,
the outlet hot air provided by the PVT collectors was employed for the food drying process of the farm.
The polygeneration plant here proposed achieved global exergy and energy efficiencies of 28% and 11%,
respectively. The energy and exergy efficiencies of the ORC were 9% and 42%, respectively. The air
PVT collectors reached an exergy efficiency of 12%. The COP and exergy of the ACH and electric heat
pumps were 0.73 and 0.21, and 4.1 and 0.03, respectively. The optimal design of a hybrid solar power
generation system for isolated zones, consisting of PV panels, diesel generators, batteries and an ORC
machine is addressed in the work of Noguera et al. [16]. The novelty of this study is the adoption of the
heat recovery of the exhaust gases from the diesel generator to supply the ORC machine. The selected
objective function is the cost of power generation by considering as variables the nominal power of the
diesel generator and the number of PV panels and batteries. Simulation results for the selected case
study, the Cujubim city in Rondônia State, suggest that the optimized diesel-ORC-PV-battery hybrid
system, including 6288 kW diesel generators, is able to obtain a generation cost of $0.301/kWh, reduced
approximately of 38.15% in comparison with the generation cost of a diesel system.

The above-presented literature review shows that numerous studies have examined the use of
the waste heat from PVT panels for various applications, whereas there is limited research about the
optimization of a combined PV panels/ORC machine system [13]. This combination could present a
potential benefit in terms of efficiency and electricity cost if compared with the one of concentrating
PV panels. Also, the reported literature review shows hybrid renewable energy polygeneration
plants supplied by geothermal and solar energy, based on thermally-activated technologies and
ORC, are investigated in different and several plant configurations. These works often examined
medium-high scale ORC, with the exception of the ORC machines presented in references [5,14].
Specifically, the work presented in reference [5] is developed by some of the authors of this paper.
Here a 6 kW micro-scale ORC machine supplied by solar and geothermal energy is investigated.
In particular, a 25 m2 solar field consisting of flat-plate evacuated thermal collectors (ETCs) is coupled
with a geothermal well at 96 ◦C to produce DHW, thermal energy, cooling energy by a single-stage
LiBr/H2O ACH and electricity by an ORC, for a hotel located in Ischia (South Italy). With respect
to the paper presented in reference [5], where all the outputs produced by the plant are assumed to
be fully consumed by the user, in this study the power production and the heat produced for space
heating and cooling must match the real time-dependent loads of the investigated user, a commercial
building located in Campi Flegrei, a famous volcanic area of Naples (South Italy). In addition, this
paper also includes a further significant improvement, with respect to work reported in reference [5],
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since it presents a thermoeconomic comparison between two different solar layouts: in the first
one, solar energy produced by ETC collectors is converted into electricity by an ORC; the second
layout refers to a more mature and simple configuration where ETCs are replaced by PV panels,
operating independently from the ORC, supplying additional electricity to the system. In other words,
this work aims to compare an innovative complex solar geothermal plant with a simpler configuration
including PV collectors, considering both energy and economic aspects. Finally, this paper also includes
additional novelties: (i) in order to increase the renewable energy source utilization, both renewable
polygeneration plants include a biomass auxiliary heater; (ii) an electric energy storage system based
on lithium-ion technology is used to mitigate power production fluctuations; (iii) a ground-cooled
condenser in order to provide the required cooling energy to the ORC and to the ACH.

Aim of the Study

In this paper, dynamic simulation models of two hybrid renewable polygeneration plants based on
a micro-scale ORC machine coupled with a single-stage LiBr/H2O ACH for producing power, heating
and cooling are developed. The dynamic modeling involves the hybridization of geothermal, solar and
biomass energy, thermal and electric energy storage systems. The thermoeconomic performance
of two hybrid renewable polygeneration plants (the first based on ETCs and the second one on PV
panels) are also compared. The dynamic energy models, developed by the means of the well-known
TRNSYS software, include the modeling of complex operation control strategies and all the included
technologies: ETCs, PV panels, micro-scale ORC, ACH, biomass auxiliary heater, lithium-ion energy
storage, commercial building and all the other system components as storage tanks, heat exchangers,
diverters, pumps, mixers, controllers and fan coils. From the achieved results interesting design and
operating guidelines can be usefully provided for similar renewable polygeneration plants located in
zones where both solar and geothermal energy are available.

2. System Layouts

The layouts of both the renewable polygeneration plants (Cases ETC and PV) are shown in Figure 1.
They mainly consist of a low-temperature geothermal well (at 96 ◦C, depth 94 m), equipped with a
submerged geothermal brine pump and a downhole heat exchanger, 25 m2 of solar field (ETCs or PV
panels), 6 kW ORC machine, 200 kW auxiliary biomass-fired heater (AH), 17 kWf H20/LiBr single-stage
absorption chiller (ACH), stratified vertical storage tanks, ground-coupled heat exchangers, 45.55 kWh
lithium-ion energy storage system (ESS), equipped with an inverter and a 308.5 m2 commercial building.
Note that the size of the PV and ETC field are assumed equal, in fact, the aim of the proposed analysis
consists of studying the performance of these two layouts occupying the same surface. This is due to
the fact that the considered zone is not too vast and, therefore, occupying less space is a remarkable
positive aspect. The adoption of the ground-coupled heat exchangers allows one to enhance system
efficiency since both ACH and ORC efficiency significantly increases when the temperature of the cold
sink decreases. During the summer season, ground temperature is significantly lower than the air
temperature. Conversely, in winter, ground temperature may be higher than that of the air. In this case,
using outdoor air as a cold sink would be more efficient than the use of ground. However, for this
specific case, the additional cost of an air cooler would not be balanced by the income determined
by the higher ORC electrical production. Therefore, it is assumed to use the ground-coupled heat
exchanger all year long. Note that in the ETC case, ORC is driven by the combination of geothermal
energy and solar energy supplied by ETCs. Finally, additional auxiliary heat is supplied by the biomass
auxiliary heater, AH, which is used in order to achieve the minimum ORC activation temperature.
Conversely, in the PV Case, the ORC is only supplied by geothermal energy and by the biomass AH.
The overall electrical production is due both to the ORC and to the PV panels. The geothermal source
supplies energy for both building space heating and cooling. In particular, the geothermal heat is
directly exploited for building space heating, whereas the cooling energy is provided by an absorption
chiller driven by the geothermal heat. The power demand of the user is met by the power production
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of the ORC (Case ETC) or by the power production of the ORC and PV panels (PV Case), by the electric
energy stored in the lithium-ion battery and by the electricity withdrawn from the grid.
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The layout of the examined plant consists of eleven main circuits:
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• The solar fluid (only in Case ETC), which describes the diathermic oil flowing between the
stratified vertical storage solar tank (TKs) and the evacuated flat-plate solar collectors (SC) and
TKs and the ORC evaporator (EV);

• The hot fluid referred to the diathermic oil flowing from the stratified vertical storage solar tank
(TKs) and the evaporator (EV) of the ORC (Case ETC) and referred to the diathermic oil flowing
from the heat exchangers HE2 and the evaporator (EV) of the ORC (Case PV);

• The organic fluid, describing the working fluid of ORC machine, which is R245fa;
• The geothermal hot water describes the hot water flowing into the downhole heat exchanger

transferring thermal flow rate from the geothermal well to the heat exchangers HE3 in the summer
and HE1 in the winter;

• The geothermal hot water well exhausting (the geothermal brine) employed to feed the heat
exchangers HE3 in the summer and HE2 in the winter. The well exhausting is designed with the
aim of getting a suction of the high temperature geothermal brine from the geothermal ground to
the well, in order to maintain a continuously high temperature in the well;

• The chilled water, describes the cold water produced by the ACH and stored in TKu;
• The cooling water, represents the cooling loop of the absorber and condenser of ACH, in particular,

this loop exchange with the soil by means of the heat ground exchanger HE5;
• The cooling water of the condenser (CO), describes the cooling loop of the condenser of the ORC,

which exchanges with the soil by the heat exchanger HE6;
• The water grid, the outlet geothermal hot water well exhausting (by the heat exchanger HE4)

heats the grid water from 15 to 45 ◦C;
• The user water, described the heating/cooling water delivered to the fain coil unit inside the bar

for building space heating/cooling purpose;
• The power circuit, which describes the power produced by the ORC expander (EX) (Case ETC)

and by the PV panels and ORC expander (EX) (Case PV), the produced power is managed by
the inverter (I) and sent to the system electric devices, building (Figure 2) and electric pumps,
and subsequently employed for charging the energy storage system.Energies 2020, 13, x FOR PEER REVIEW 12 of 32 
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Figure 2. Building geometrical model.

Table 1 in detail reports the fluids adopted in each heat exchanger installed in the plant, the pumps
and their seasonal scheduling.

According to the activation season of the several pumps and heat exchangers, during the winter
season, D2 and D1 divert the geothermal brine and the geothermal hot water to HE2 and HE1, with
the aim of heating the diathermic oil and obtain the minimum activation temperature of the ORC, i.e.,
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Tmin,act,ORC, equal to 90 ◦C. The outlet temperature of the geothermal hot water from HE1 is exploited
for providing thermal energy for the building space heating. The geothermal hot water is delivered to
the tank of the user circuit (TKu) by M3. Then, the water is supplied by the P8 constant speed pump
from TKu to the fan coil unit with the aim of reaching the selected set point indoor temperature, Tset,heat,
equal to 20 ◦C.

Table 1. Heat exchangers and pumps.

Heat Exchanger Hot Side Cold Side Activation Season

HE1 Geothermal hot water Diathermic oil *
Winter and summer *

HE2 Geothermal brine Diathermic oil

HE3 Geothermal brine Geothermal hot water Summer

HE4 Geothermal brine Grid water All year

HE5 Cooling water ACH
Ground

Summer

HE6 Cooling water CO of ORC All year

Pumps Variable or Constant Speed Fluid Activation Season

P1 variable Geothermal hot water

All year
P2 variable Diathermic oil

P3

Constant

Diathermic oil

P4 R245fa

P5 Chilled water ACH
Summer

P6 Cooling water ACH

P7 Cooling water CO of ORC

All yearP8 Chilled or hot water

P9 Geothermal brine

* The selected diathermic oil is a mixture consisted of biphenyl and diphenyl oxide. The analytical functions of the
fluid properties are obtained by producer datasheets [17].

After the first preheating, performed by the geothermal thermal energy (HE1 and HE2),
the diathermic oil is stored in the tank of the solar circuit. Then, the evacuated solar collector further
heats the diathermic oil, to the selected set point temperature, Tset,SC, equal to 130 ◦C. The operation of
the solar fluid loop is managed by a feedback controller, which varies the flow rate of the variable
speed pump P2. Therefore, the controller tries to reach the outlet set point temperature Tset,SC, reducing
the P2 flow rate. In addition, the controller stops pump P2 if the TKs bottom temperature is higher the
outlet temperature of the solar collector, for preventing the dissipation of the thermal energy stored
in the TKs. The P3 constant speed pump supplies the diathermic oil at a variable temperature to the
ORC evaporator. In particular, the ORC feeding temperature ranges from 90 to 130 ◦C. When the
top temperature of the tank TKs is lower than Tmin,act,ORC, a biomass condensing boiler is activated,
increasing the temperature of the diathermic oil to Tmin,act,ORC.

During the summer season, the geothermal hot water is diverted to HE3 by D1, where the
geothermal brine, diverted by the D2, further heats the geothermal hot water. This strategy allows the
plant to reach a stable feeding temperature of the absorption chiller.

ACH is not in operation until the Tbottom,TKu ranges between 6.5 ◦C and 15 ◦C (Table 2), then,
in this case, also during the summer season, D2 and D1 respectively divert the geothermal brine and
the geothermal hot water to HE2 and HE1, with the aim of increasing the thermal energy availability
for the ORC machine. The constant speed pump P8 is activated for supplying the chilled water to the
fan coil units, in order to achieve the selected set point indoor temperature, Tset,cool, equal to 26 ◦C.
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Table 2. Design and operating parameters (1).

Component Parameter Description Value Unit

GHE (HE5)

lGHE Ground heat exchanger length m 60

dGHE Ground heat exchanger diameter m 0.110

AGHE Ground heat exchanger area m2 35

Vbackfill Backfill material volume m3 7.2

hconv Flow convection coefficient W/(K m2) 292

GHE (HE6)

lGHE Ground heat exchanger length m 18

dGHE Ground heat exchanger diameter m 0.050

AGHE Ground heat exchanger area m2 4

Vbackfill Backfill material volume m3 0.02

hconv Flow convection coefficient W/(K m2) 58

HDPE

kHDEP Thermal conductivity W/(m K) 0.49

ρ Density of the material kg/m3 965

cp Specific heat of the material J/(kg K) 2.25

ε Roughness mm 0.3

Sand (backfill
material)

kbackfill Thermal conductivity W/(m K) 1.5

ρbackfill Density of the material kg/m3 1500

cp,backfill Specific heat of the material J/(kg K) 1798

Clay (ground)

ksoil Thermal conductivity W/(m K) 0.862

ρsoil Density of the material kg/m3 1430

cp,backfill Specific heat of the material J/(kg K) 1439

I

SoCLIB High and low limit on fractional state of charge

-

0.95–0.05

ηI,AC,to,DC Efficiency (AC to DC) 0.98

ηI,DC,to,AC Efficiency (DC to AC) 0.96

ηR Regulator efficiency 0.95

LIB

Ccell Cell energy capacity Ah 63.27

Vbattery Battery voltage V 360

Cbattery,aviable Available capacity kWh 41.00

ηLIB Battery efficiency - 0.9

PLIB,discharge,max Maximum allowed discharging power
kW

10

PLIB,discharge,max Maximum allowed charging power 10

ACH
Prated Rated cooling power kWth 17.1

COP Rated coefficient of performance - 0.7

Tset,ACH Set-point temperature for the chilled water ◦C 6.5

AH
Prated Rated auxiliary heater power kW 200

Tset,AH Set point temperature for AH 90 ◦C

TKu
H Height m 0.5

V Volume m3 2

Finally, M2 collects the geothermal brine exiting from HE3 and HE2, in order to exploit the waste
heat of the geothermal brine for producing domestic hot water in HE4.

Note that due to the lack of a cold-water source the condenser of the ORC and ACH are cooled by
ground-coupled heat exchangers HE6 and HE5.

The power produced by the ORC expander (Case ETC) and by the ORC expander and PV panels
(Case PV) is delivered to the user through the regulator/inverter. When the power produced is greater
than the power demand, including the power supplied to the auxiliary hydronic systems, the surplus
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power is employed for charging the lithium-ion battery. Note that the charge of the battery is allowed
only if the battery state of charge (SoC) ranges between the low and the high safe limit, assumed to
be equal to 0.05 (SoCinf) and 0.95 (SoCsup), respectively (Table 2). Note that if the lithium-ion battery
is completely charged, and the building electric load is absent, the surplus power is delivered to the
electric national grid. Finally, when the power produced and the stored energy in battery are not
sufficient to match the power demand, the power is withdrawn from the electric national grid.

The adoption of a lithium-ion battery is affected by some criticism regarding the battery overheating
as explained by many literature works [18–20]. The battery overheating is a dangerous aspect for the
lithium-ion battery use, in fact, it may cause the battery to explode in the worst case but causes the
degradation of the battery integrity and consequently the deterioration of its energy performances and
the reduction of battery life-cycle [18–20]. This problem is caused by the high current intensity during
the phase of charge and discharge of the battery, in fact, high current intensity leads to an increase of
the temperature inside the battery. In conclusion, in order to prevent this problem, many literature
works ([19,21,22]) suggest limiting the discharge/charge power with respect to the maximum value
(assumed equal to the power required to fully charge/discharge the battery in one hour). Therefore,
the maximum allowed discharging/charging power is assumed to be equal to the power that would
discharge/charge the battery in 4.5 h, in order to achieve a battery life of 10 years [23].

3. System Model

The dynamic simulation models simulating the two renewable polygeneration plants shown in
Section 2 are developed in the TRNSYS environment (version 17). This is a tool widely adopted both in
academic and commercial areas. Some plant components (heat exchangers, ACH, building, energy
storage system, controllers, mixers, diverters, pumps, tanks, fan coil units, inverter, etc.) are simulated
by the “types”(i.e., libraries) included into the TRNSYS library, whereas the models of the ORC machine
and the geothermal well are developed by the authors of this work and presented in reference [5].
In this section, the models of the main components of both compared cases (Cases ETC and PV),
i.e., the flat-plate ETCs and the PV panels and thermoeconomic model developed for evaluating the
economic and energy performance of both plants are reported in detail. Note that the reliability of the
results achieved by the developed models is based on the fact that all the components adopted are
validated vs experimental data [24], vs data available in literature and/or based on manufacturers’ data.

The data concerning the design and operating parameters of the main components of both the
plants and the building simulation data are summarized in Tables 2–4. Conversely, the data concerning
the ORC machine and geothermal well are reported in reference [5].Energies 2020, 13, x FOR PEER REVIEW 13 of 32 
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Figure 3. Daily electric load for a typical summer day (left) and for a typical winter day (right).
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Table 3. Design and operating parameters (2).

Component Parameter Description Value Unit

ETC

a1 Zero collector heat loss coefficient 0.399 Wm−2K−1

a2 Temperature difference dependence of the heat loss coefficient 0.0067 Wm−2K−2

a3 Wind speed dependence of the heat loss coefficient 0 Jm−3K−1

a4 Long-wave radiation dependence of the collector 0 -

a5 Effective heat capacity of the collector 7505 Jm−2K−1

a6 Wind speed dependence in zero loss efficiency 0 ms−1

AETC Solar collector aperture area 25 m2

qP2 P2 rated flow rate 3960 kg/h

vTK Tank TK volume per unit SC aperture area 5 l/m2

η0 SC zero loss efficiency at normal incidence 0.82 -

cf Diathermic oil specific heat 1.8 kJ/kg K

α Collector slope 30
◦

β Collector azimuth 0

Tset,ETC SC outlet set point temperature 130 ◦C

PV

Pmax Maximum power 260 Wp

Voc Open-circuit voltage 37.7 V

Isc Short-circuit current 9.01 A

Vmpp Voltage at point of MPP 30.5 V

Impp Current at point of MPP 8.51 A

Ns Number of modules in series 2 -
Np Number of modules in parallel 50

A PV module area 1.6 m2

Ncell Number of cells in series 15 -
ηPV Module efficiency 15.8

Prated,PV PV panel rated power 7.63 kW

Atot PV field area 48.27 m2

Table 4. Building simulation data.

Thermal Zone:
Height (m), Volume (m3), Floor Area (m2), Glass Area (m2)

Height
(m): 3

Volume
(m3): 924

Floor Area
(m2): 308

Glass Area
(m2): 37

Building Element U (W/m2K)
Thickness

(m)
ρs
(–)

ε
(–)

Roof and facades 0.828 0.300
0.4 0.9Wall 0.866 0.291

Windows glass 2.89 0.004/0.016/0.004 0.13 0.18

Rated Heating and Cooling Capacity of the Fan Coil Unit (kW) Heating: Qheat = 15.5
Cooling: Qcool = 17.1

Set Point Indoor Air Temperature (◦C) Heating: Tset,heat = 20
Cooling: Tset,cool = 26

Heating and Cooling Season Heating: 15 November–31 March
Cooling:1 May–30 September

Occupancy Schedule (h) Winter Working Day 16:00–24:00
Weekend 10:00–24:00

Summer 10:00–24:00
Number of Occupants per Zone 20 × 10:00–14:00; 30 × 14:00–22:00; 20 × 22:00–24:00

People Heat Gain (W/p) Sensible: 60 Latent: 40
Light + Machineries Heat Gains Schedule (kW/h) Figure 3

Air Infiltration Rate (vol/h) 0.6
Free Cooling Ventilation Rate (1/h) 2

Average Daily DHW Demand (l/day) 30,240 (70 l/day/person)
DHW Set Point Temperature (◦C) 45

Tap Water Temperature (◦C) 15
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3.1. Evacuated Thermal Collector Model

The flat-plate evacuated solar collectors are modeled by considering the high-vacuum HT-Power
collectors (version 4.0), designed and manufactured by the TVP Solar company [25]. In particular,
the model, validated by several outdoors and indoors experimental campaigns, is based on a modified
version of TRNSYS Type 132 [26], which considers the Hottel–Whillier equation integrated with
the incidence angle modifier (IAM) coefficients (determined by the tests according to EN 12975 and
EN 12976 [27]) and takes into account the wind effect on the zero loss efficiency, the wind influence
on the heat losses and the long-wave irradiance dependence of the collector. Therefore, the heat
transferred from the ETC per unit aperture at each time-step is:

Qth = F′·(τα)en·
{[

1− b0·
(

1
cosθb

− 1
)]
·Gb + Kθd·Gd

}
− a1·(tm − ta)

−a2·(tm − ta)
2
− a3·u·(tm − ta) − a4·(EL − σT4

a ) − a5·
dtm
dt − a6·u·G

(1)

where F′·(τα)en is the zero loss efficiency of the collector at normal incidence angle for the solar
radiation onto the collector, Kθd is the IAM for diffuse radiation, Gb is the beam of solar radiation,
Gd is the diffuse radiation, the factor reported in square brackets is the incidence angle modifier (IAM)
for beam radiation (b0 is the IAM determined by the collector test, θb is the incidence angle for beam
radiation onto the solar collector plane). The description of the coefficients of Equation (1) and their
numerical values are reported in Figure 3.

3.2. PV Panel Model

The PV panel model is based on the so-called “four parameters” model, which is implemented
by the Type 94 using the manufacturers’ data and generating the IV curve every time step. The four
parameters used are: (i) IL,ref, the photocurrent of module at reference condition; (ii) I0,ref, the diode
reverse saturation current at reference condition; (iii) γ, the empirical PV curve-fitting parameter;
(iv) Rs, the module series resistance. The main assumption of the model is that the slope of the IV
curve at the short-circuit condition is zero. By considering Rs and γ to be constant, the current–voltage
equation of the circuit is:

I = IL,re f
GT

GT,re f
− Io,re f

(
Tc

Tc,re f

)3[
exp

(
q

γkTc
(V + IRs)

)
− 1

]
(2)

where the current I is a linear function of GT, the total incident solar irradiance on the PV panel and
GT,ref, the reference solar irradiance and depends on the temperature at the reference open-circuit
condition Tc.

The current (Impp) and the voltage (Vmpp) at the maximum power point are evaluated by means
of an iterative routine. Thus, the system of equations, that describes the four equivalent circuit
characteristics, is solved. The first step is to substitute the voltage and current into Equation (2) at
the short circuit, open-circuit and maximum power conditions. After some handling, one obtains the
following three equations, that depend on IL,ref (Equation (3)), γ (Equation (4)) and I0,ref (Equation (5)).

IL,re f ≈ Isc,re f (3)

γ =
q
(
Vmp,re f −Voc,re f + Imp,re f Rs

)
kTc,re f ln

(
1−

Imp,re f
Isc,re f

) (4)

Io,re f = Isc,re f exp
−(

qVoc,re f
γkTc,re f

)
(5)
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Another equation is needed to determine the last unknown parameter, i.e., the temperature
coefficient of open-circuit voltage. This parameter is obtained by the analytical derivate of voltage Voc

with respect to Tc:

∂Voc

∂Tc
= µvoc =

γk
q

[
ln

( Isc,re f

Io,re f

)
+

Tcµisc

Isc,re f
−

(
3 + qε

( γ
Ns

kTc,re f

)−1
)]

(6)

where µisc is the temperature coefficient of short-circuit current, Ns is the number of individual cells in a
module, q is the electron charge constant, k is the Boltzmann constant, ε is the semiconductor bandgap.
The manufactures’ specification about the open circuit temperature is equal to this analytical value.
Therefore, a search routine is used iteratively to evaluate the equivalent open circuit characteristics.

3.3. Thermoeconomic Model

The energy and economic performance of both the renewable power plants are evaluated by the
calculation of the primary energy saving (PES) and the simple pay back period (SPB) index. With this
aim in mind, a suitable conventional reference system (RS) is selected to compare each plant with the
same RS. The RS consists of a conventional vapor-compression chiller and a gas-fired heater for cooling
and thermal energy production, respectively, whereas the national grid is the conventional system
providing the electric energy to the user. The achievable PES by both renewable plants, in terms of
electric, heating and cooling energy savings vs the conventional RS is calculated as in Equation (7).

PES =
∑

t


(

Eel,devices,t+Eel,chiller,t
ηel,t

+
Qth,H,NG,spaceheating,t+Qth,H,NG,DHW,t

ηH,NG,t

)
RS
−

(
Eel, f romGRID,t−Eel,toGRID,t

ηel,t

)
PS(

Eel,devices,t+Eel,chiller,t
ηel,t

+
Qth,H,NG,spaceheating,t+Qth,H,NG,DHW,t

ηH,NG,t

)
RS

 (7)

where Eel,fromGRID,t/Eel,toGRID,t are the electric energy withdrawn/sent from/to the national grid in the
proposed system (PS), respectively, Qth,AH,biomass,t is the thermal energy supplied by the auxiliary
biomass-fired heater in PS, ηH,NG,t and ηel,t are the natural gas-fired heater efficiency and conventional
thermo-electric power plant efficiency, Eel,chiller,t and Eel,devices,t are the electric energy required by the
compression chiller and by the electric devices of the building, respectively, in RS, Qth,H,NG,spaceheating,t
and Qth,H,NG,DHW,t are the thermal energy supplied by the natural gas-fired heater for space heating
and DHW, respectively, in RS.

The corresponding potential yearly economic savings ∆C achievable by both renewable plants are
calculated by Equation (8). Here, the yearly operating costs of both PSs (Case ETC and Case PV) due
to the yearly maintenance of an ORC machine mORC and yearly maintenance of both solar fields mSF
(ETCs and PV panels), are considered.

∆C =
∑
t


((

Eel,devices,t + Eel,chiller,t
)
·cEel, f romGRID +

(Qth,H,NG,spaceheating,t+Qth,H,NG,DHW,t)·cNG
LHVNGηH,NG,t

)
RS
−

+

 Qth,AH,biomass,t·cbiomass
LHVbiomassηAH,biomass,t

+ Eel, f romGRID,t·cEel, f romGRID − Eel,toGRID,t·cEel,toGRID −
fHE4Qth,HE4cNG
LHVNGηH,NG,t

+mORC + mSF + Cex


PS


i

(8)

where cbiomass is the biomass cost for the auxiliary biomass-fired heater, Cex is the fixed yearly cost due
to the electric energy exchanged with the national grid, cEel,fromGRID is the purchasing cost of the electric
energy withdrawn from the national grid, cEel,toGRID is the selling cost of the electric energy sent to the
national grid. Note that if fHE4 = 1, the economic saving of the PS also takes into account the thermal
energy recovered by heat exchanger HE4 for DHW production. Note that the same amount of DHW is
produced in RS by a conventional gas-fired boiler.

The SPB is assessed as reported in Equation (9)
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SPB =

∑
i

Ji

∆C
(9)

Here, the capital costs of all the components Ji are considered. In particular, the capital costs for
storage tanks, pumps and heat exchangers (HE1, HE2, HE3 HE4) are calculated by suitable polynomial
equations [28] as a function of the rated volume, flow rate and heat exchange area, respectively. The unit
capital costs assumed for the other components are summarized in Table 5. Concerning the heat
exchangers HE5 and HE6, i.e., the ground-coupled heat exchangers, their capital cost JGHE is obtained
by the calculation reported in Equation (10).

JGHE = cexcavation·AGHE + clenght·lGHE + cback f ill·Vback f ill·ρback f ill (10)

where cexcavation is the excavation cost assumed equal to 80 €/m2, clenth is the specific cost of the horizontal
pipe, assumed equal to 2.72 €/m and 14.47 €/m for HE6 and HE5, respectively, note that clength depends
on the diameter dimension, AGHE is the area of the ground heat exchanger, lGHE is the length of the
ground heat exchanger (the length of the buried horizontal pipes),ρbackfill and Vbackfill are the backfill
material density and volume respectively, and cbackfill is the cost of the backfill material (sand), assumed
equal to 14.45 €/t (Table 2).

Table 5. Thermoeconomic assumptions.

Parameter Description Value Unit

JACH ACH unit capital cost per kW of cooling capacity 310 [2] €/kW

JETC ETC unit capital cost per m2 of solar field 300 [29] €/m2

JPV PV unit capital cost per kWel 1000 [30]

€/kWelJORC ORC unit capital cost per kWel 583 [5]

JI Inverter unit capital cost per kWel 180 [30]

JESS ESS unit capital cost per kWh of capacity 346 [31] €/kWh

cEel,fromGRID Electric energy purchasing unit cost 0.17 €/kWh

cEel,toGRID Electric energy selling unit cost 0.08 €/kWh

cNG Natural gas unit cost 0.88 €/Sm3

cbiomass Biomass gas unit cost 0.06 €/kg

Cex Energy exchange yearly cost 30 €/year

mORC ORC machine maintenance yearly cost 1 %/year

mSF,ETC Solar field maintenance yearly cost (Case ETC) 2 %/year

mSF,PV Solar field maintenance yearly cost (Case PV) 2 %/year

LHVbiomass Biomass lower heating value 3.7 kWh/kg

LHVNG Natural gas lower heating value 9.6 kWh/Sm3

ηel,t Conventional thermo-electric power plant efficiency 46 %

ηH,NG,t Natural gas-fired heater efficiency. 95 %

ηAH,biomass,t Auxiliary biomass-fired heater efficiency. 95 %

Table 5 summarizes the thermoeconomic assumptions for the yearly economic saving.

4. Case Study

The analyzed case study refers to a real commercial user, located in Campi Flegrei (near Naples)
worldwide famous for its volcanic activity. The geothermal well is located close to a small bar serving
five small soccer fields. The proposed polygeneration system will provide electricity, thermal and
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cooling energy to this user which is also selected to perform the dynamic simulations and the related
thermoeconomic analysis.

Two innovative micro renewable power plants are presented, based on the exploiting of the solar
and the geothermal energy source. Note that concerning the geothermal source of energy an existing
low-temperature geothermal well at the selected user is considered.

The first one (Case ETC) uses this geothermal well and a small solar field for feeding a 6 kWe

ORC machine and produce electricity and to supply a 17.1 kWf absorption chiller (supplied by the
geothermal energy only), the data about the solar field are reported in Table 3. The second one (Case PV)
only differs from Case ETC, a photovoltaic field of 48.27 m2 is installed (design data displayed in
Table 3) and no solar thermal plant is considered.

Note that ETC and PV areas are selected with the aim to obtain in both cases a similar cost.
The scope of the analysis is to compare, at the same capital costs, PV and ETC configurations.

The geothermal well included in this case study was drilled several years ago for DHW production.
However, due to its significantly high temperature compared to the other geothermal wells available
in the selected zone, it is presently unused. Indeed, the selected zone is also rich in low temperature
geothermal wells, which better suits the domestic hot water production. Whereas, the geothermal
brine temperature is equal to about 96 ◦C. Therefore, this well is presently available for the research
described in this work. The ORC machine is designed to be driven by the diathermic oil at an inlet
temperature ranging between 90 ◦C and 130 ◦C, since the additional temperature increase can be
provided by the solar field. Reference [5] in detail describes the ORC machine design parameters
and operation. Note that the biomass condensing boiler is activated only if the temperature of the oil
feeding ORC evaporator is below 90 ◦C (Figure 1).

Note that the ground heat exchangers (HE5 and HE6) are selected to cool the condenser and
absorber of ACH and the condenser of the ORC machine because in the selected location no suitable
cold-water source is available. In addition, the installation of cooling towers and/or dry coolers is not
feasible due to space availability and noise constraints.

The ground heat exchanger for the ACH (HE5) consists of a pump (P6, Figure 1 and Table 1)
which feeds a 60 m long tube of high-density polyethylene (HDPE). The heat exchange occurs in this
tube, which is buried at 5 m depth. The tube diameter is chosen equal to 0.110 m (Table 2). Moreover,
a layer of sand surrounds the tube, as backfill material, with the aim of enhancing the heat exchange
between clay ground and the pipe. The ground heat exchanger for the ORC (HE6) is developed with
the same approach, Table 2 in detail describes the characteristics and the thermodynamic features of
both the ground heat exchangers.

The commercial area consists of a 308.5 m2 small bar. Table 4 summarizes the opening hours,
schedule of the people and machines inside the bar. The assumed machines installed inside the bar are
an induction cooking professional plate, a coffee machine, a professional cooling table, an ice machine
and a fryer. The five soccer fields are equipped with 48 lights of 200 W (Table 4), switched on during the
same bar opening hours. Note that lights are turned on as a function of the solar radiation availability
after 18:00 during summer and after 16:00 during winter. The soccer fields also include locker rooms,
where the people may change and have a shower. In particular, the amount of DHW for the locker
rooms showers is assumed to be equal to 30,204 l/day (Table 4).

Figure 3 displays the power demand of the selected user. The spiky shape of the power demand
curve (Figure 3) is mainly due to the fact that the selected user is a small bar. Thus, the user is not
able to serve many consumers at the same time. Then, the electric appliances installed into the bar are
intermittently used.

The heating season is assumed to be from November 15th to March 31st with an indoor setpoint
temperature equal to 20 ◦C, while the cooling season is assumed to be from May 1st to September 30th
with an indoor setpoint temperature equal to 26 ◦C, according to Italian regulation (Table 4).

Finally, the proposed system is equipped with an ESS based on the lithium-ion technology. The ESS
assumed for this model is the Renault Zoe ZE nickel manganese cobalt oxide (NMC) lithium-ion
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battery (LIB) [23], consisting of 63.35 Ah rated capacity cells [23]. In particular, the rated capacity of
the battery is 45.56 kWh, while the rated voltage is 360 V (Table 3). Table 5 reports the assumptions
made for the thermoeconomic analysis.

5. Results and Discussion

In this section, the results achieved by means of the dynamic simulation models of both renewable
plant (Case ETC and Case PV) are presented. In particular, the dynamic, monthly and yearly results
are displayed. Moreover, a parametric analysis is shown by varying the lithium-ion storage system
capacity, and the PV and ETC solar field area.

5.1. Daily Results

Figure 4 displays the transient results for Case ETC and Case PV, above and below, respectively.
In particular, Figure 4 plots the power produced by ORC (Pel,ORC), the electric load of the proposed
layout (Pel,LOAD), the power sent and withdrawn to/from the grid (Pel,fromGRID Pel,toGRID), the power
sent/withdrawn to/from LIB (Pel,fromLIB Pel,toLIB), the state of charge of the LIB battery (SoCLIB) and the
power produced by the PV panels (Pel,PV).

For Case ETC, SoCLIB achieves its maximum value equal to 0.76 at 11:47, in fact, at this hour
the load of the bar hugely increases, by reaching the value of 25.18 kW, due to the activation of the
induction cooking plate (Figure 4, above). Consequently, LIB is discharged, from 11.45 to 14:31 by
matching the electric load of the bar, along with the power produced by the ORC machine. Note
that the residual electric load, defined as Pel,residual = Pel,LOAD − Pel,ORC, is greater than the maximum
allowed discharging power (PLIB,dicharge,max), which is equal to 10 kW (Table 2). Therefore, the power
discharged from LIB is equal to PLIB,discharge,max, and a rate of power equal to Pel,residual − Pel, f romLIB
is withdrawn from the grid (Figure 4, above). From 14:40 to 18:05 Pel,LOAD decreases, while Pel,ORC
remains almost constant, consequently, SoCLIB grows up from 0.40 to 0.53. Anyway, at 18:05 the
increase of the bar activity and the turning on of the soccer field lights causes a dramatical growth in
Pel,LOAD, reaching 38.47 kW. Consequently, LIB is totally discharged in 2h, and from 20:05 the load of
the system is completely satisfied by the grid and ORC machine. The power produced by the ORC is
averagely equal to 5.5 kW over the day (Figure 4, above).

For Case PV, SoCLIB achieves the high limit, equal to 0.95 (Table 2), at 10:00, when the PV field
power production increases (Figure 4, below). In fact, during the daylight hours, the photovoltaic
power production contributes significantly to charge the battery by matching a larger amount of the
system electric load. The surplus power is supplied to the grid, with a power value equal to 5.72 kW.
When the bar activity increases, from 11.45 to 14:31, the ORC and PV production and LIB discharging
supply the electric load of the bar. However, at 14:31 SoCLIB rises again, because the overall electric
production is higher than Pel,LOAD. Finally, at 18:05 when Pel,LOAD hugely increases, as explained
before, LIB is discharged and it is able to supply the system for 3h. Anyway, during this period
Pel,fromGRID is not null, indeed, Pel,residual = Pel,LOAD − Pel,ORC − Pel,PV is greater than PLIB,dicharge,max
(Table 2). Therefore, as explained before, Pel,fromLIB is fixed to 10 kW and the remaining amount
of power, i.e., Pel,residual − Pel, f romLIB, is withdrawn from the grid. Finally, from 21:45 the system is
completely supplied by the grid and ORC machine. Obviously, the total electric production, sum of the
ORC and PV production significantly increases in the middle of the day, by achieving the maximum
value of 11.17 kW, due to the growth of the solar power production in these hours.

In conclusion, from Figure 4 it is clear that Case PV with respect to Case ETC produces a larger
amount of power, consequently, the electric energy stored in the battery is greater. Thus, in the PV
Case, LIB is able to cover a larger amount of the electric load of the system.

In Figure 5, the inlet oil temperature to the ORC evaporator (TtoEV) for typical summer and winter
days are displayed. It is obvious that higher values of TtoEV are obtained in Case ETC. Obviously,
the higher temperatures are reached in the middle of the day when the solar radiation is higher (the
maximum value is 101.1 ◦C at 11:45). Conversely, for Case PV, TtoEV is averagely equal to 90–91 ◦C
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during winter and summer (Figure 5) days. Anyway, during the remaining part of the day, when the
solar radiation is very low or absent there are no difference between the inlet oil temperatures in ETC
and PV layouts.Energies 2020, 13, x FOR PEER REVIEW 17 of 32 
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5.2. Monthly Results

In this section, the monthly results for Case ETC and Case PV are reported. Figure 6 displays the
ratios of the electric energy (i) produced by ORC Eel,ORC, (ii) self-consumed Eel,self; (iii) withdrawn from
the grid Eel,fromGRID, (iv) sent to the grid Eel,toGRID, (v) discharged from LIB Eel,fromLIB, (vi) sent to LIB
Eel,toLIB and (vii) produced by PV Eel,PV on the monthly electric load of the studied layout (Eel,LOAD).
The total produced amount of renewable electric energy (for Case PV) Eel,renw is also displayed.
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Case ETC does not achieve the energy self-sufficiency, indeed the ratio Eel,self/Eel,LOAD constantly is
lower than about 45% for all months of the year. LIB is able to cover about 14%–16% of the electric
energy demand of the system. Note that LIB adoption causes the absence of surplus electric energy
sent to the grid during the summer season (May–October), while during the remaining part of the year
the Eel,toGRID ratio is lower than 6.7% (Figure 6, above).

Although Case PV achieves self-consumed energy ratios Eel,self/Eel,LOAD higher than Case ETC,
ranging from 40% to 52%, the energy self-sufficiency is not reached (Figure 6, below).

Note that the electric energy produced by the renewable sources (by PV and ORC) achieves higher
values during the summer season due to the higher energy production by the PV field during the
months of higher solar radiation. In fact, during the months of July and August Eel,renw/Eel,LOAD is
equal to about 73%. Moreover, during these months (July and August) the proposed plant (Case PV)
reaches the higher value of self-consumed energy, i.e., Eel,self/Eel,LOAD equal to 52% and a lower value of
electric energy withdrawn from the grid, i.e., Eel,fromGRID/Eel,LOAD equal to 48% (Figure 6, below).
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The adoption of PV panels instead of ETCs leads to a significant increase in the electric energy
produced by the proposed renewable plant. However, this higher electric energy production is not
fully self-consumed by the user, in fact, Case PV exhibits a limited increase in Eel,self, because the electric
energy demand is not simultaneous with the electric energy production, mainly because the electric
load is concentered mainly in a few hours of the day (evening hours). In addition, the battery (LIB)
is not able to store all the surplus electric energy, that is delivered to the grid, see Eel,toGRID/Eel,LOAD
ratio in Figure 6. Therefore, it is possible to conclude that the energy self-sufficiency is not reached in
both plants.

Figure 7 shows, for both ETC and PV Cases, the thermal energy supplied to the ORC evaporator
(QtoEV,CaseETC and QtoEV,CasePV), the electric energy produced by the ORC machine (Eel,ORC,CaseETC and
Eel,ORC,CasePV) and the efficiency of the ORC machine (ηORC,CaseETC and ηORC,CasePV).
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The thermal energy supplied to the ORC evaporator is about the same for both cases. The efficiencies
are also similar but ηORC,CaseETC is slightly higher than ηORC,CasePV, 6.7% vs 6.4%. This is due to the fact
that the ORC inlet oil temperature is averagely higher in Case ETC than in Case PV (see Section 5.1
(Figure 5).

Figure 8 plots the ratios calculated by the following equations:

Ri =
Qi

QtoEV
=

Qi

Qsolar + Qgeoth + Qbiomass
(11)

where Qgeoth is the geothermal energy provided to the ORC evaporator by means of HE1 and HE2,
Qsolar is the solar thermal energy provided by ETCs to the ORC evaporator and Qbiomass is the thermal
energy provided by AH to the ORC evaporator when the solar tank top temperature is lower than 90 ◦C
(Table 2). In Case PV, the geothermal source provides almost the total amount of thermal energy for
driving the ORC machine and reduces slightly in Case ETC due to the solar thermal energy production.
Indeed, in Case ETC Rsolar achieves the maximum value of 5.11%, while Rbiomass is lower than 1.1%.
Without ETCs, Rbiomass does not significantly increase and achieves the maximum value of 1.73%. Thus,
in Case PV, the geothermal source supplies more than 98% of the thermal energy needed for the ORC
(Figure 8).

In both investigated cases, the slight reduction of Rgeoth during the summer months (Figure 8),
is due to the control strategy of the proposed system. In particular, during the summer season,
the geothermal energy is used to supply the ACH producing the building space cooling, by reducing
the geothermal energy sent to the ORC evaporator. In both plants, the biomass auxiliary heater could
be removed without affecting significantly the overall plant performance.



Energies 2020, 13, 2391 19 of 29
Energies 2020, 13, x FOR PEER REVIEW 21 of 32 

 

 

Figure 8. ORC evaporator energy ratios: Case ETC (left) and Case PV (right). 

Figure 9 displays the thermal performance of the ground heat exchangers used to cool the 

condenser of ORC and ACH. In particular, in this figure, the thermal energy transferred from HE5 

(QHE5) and HE6 (QHE6) to the ground for both the cases studied are represented. As mentioned before, 

the use of PV panels vs ETCs shows minor effects on ORC operation, and consequently, the thermal 

energy transferred from the ORC condenser to the ground is about the same for both the cases (Figure 

9). ACH operates in the same way both in Case ETC and in Case PV, consequently, the values of QHE5 

are about similar (Figure 9). Anyway, the maximum values of energy transferred to the ground occur 

during the summer months, when the thermal energy required for the building space cooling 

increases. In fact, during the months of July and August QHE5 achieves the values of 10.7 MWh and 

10.3 MWh, for both cases (Cases ETC and PV, Figure 9). 

 

Figure 9. Ground heat exchanger energy performance. 

5.3. Yearly Results 

Considering the previously discussed results, the yearly thermo-economic and environmental 

results of the studied cases are discussed in Tables 6 and 7. The adoption of PV panels leads to a 

greater production of electric energy, in fact Eel,prod,CasePV is equal to 55.77 MWh/year, whereas 

Eel,prod,CaseETC is equal to 44.40 MWh/year (Table 6). Consequently, Case PV reaches a higher amount of 

self-consumed energy. Therefore, Case PV achieves a higher PES than Case ETC, 51.21% vs 37.81% 

(Table 7). The avoided equivalent CO2 emissions obviously follow the same trend of PES (Table 7).  
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Figure 9 displays the thermal performance of the ground heat exchangers used to cool the
condenser of ORC and ACH. In particular, in this figure, the thermal energy transferred from HE5
(QHE5) and HE6 (QHE6) to the ground for both the cases studied are represented. As mentioned before,
the use of PV panels vs ETCs shows minor effects on ORC operation, and consequently, the thermal
energy transferred from the ORC condenser to the ground is about the same for both the cases (Figure 9).
ACH operates in the same way both in Case ETC and in Case PV, consequently, the values of QHE5
are about similar (Figure 9). Anyway, the maximum values of energy transferred to the ground occur
during the summer months, when the thermal energy required for the building space cooling increases.
In fact, during the months of July and August QHE5 achieves the values of 10.7 MWh and 10.3 MWh,
for both cases (Cases ETC and PV, Figure 9).
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5.3. Yearly Results

Considering the previously discussed results, the yearly thermo-economic and environmental
results of the studied cases are discussed in Tables 6 and 7. The adoption of PV panels leads to
a greater production of electric energy, in fact Eel,prod,CasePV is equal to 55.77 MWh/year, whereas
Eel,prod,CaseETC is equal to 44.40 MWh/year (Table 6). Consequently, Case PV reaches a higher amount of
self-consumed energy. Therefore, Case PV achieves a higher PES than Case ETC, 51.21% vs 37.81%
(Table 7). The avoided equivalent CO2 emissions obviously follow the same trend of PES (Table 7).
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Table 6. Energy yearly results.

Case Eel,ORC
[MWh/Year]

Eel,PV
[MWh/Year]

Eel,prod
[MWh/year]

Eel,fromGRID
[MWh/Year]

Eel,toGRID
[MWh/Year]

ETC 44.40 - 44.40 47.85 1.83

PV 42.86 12.91 55.77 43.74 7.63

Table 7. Yearly energy, economic and enviromental results.

Case ∆PE
[MWh/Years]

PES
[%]

SPB
[Years]

SPBinc
[Years]

Jtot
[k€]

∆C
[k€/Year]

∆CO2
[t/Year]

∆CO2
[%]

ETC 60.94 37.81 14.71 7.36 111.64 7.59 13.37 37.70

PV 82.40 51.21 12.56 6.28 109.62 8.73 18.13 51.13

In conclusion from and energy and environmental point of view, Case PV exhibits better performance.
From an economic point of view, Case PV achieves a better SPB with respect to Case ETC.

This result is mainly due to the higher electric energy produced, self-consumed and sold to the grid
in Case PV. Note as Eel,toGRID is equal to 1.83 MWh/year and 7.63 MWh/year for Cases ETC and PV,
respectively (Table 6). Therefore, the yearly economic saving for Case ETC (7.59 k€/year) is lower than
the one obtained for Case PV (8.73 k€/year), while the total capital costs of both cases are about similar
(Table 7). In conclusion, SPBCaseETC was equal to 7.36 years, whereas SPBCasePV was equal to 6.28 years
(Table 7).

Table 8 shows the performance indexes of the studied cases. For Case ETC, the solar thermal
energy meets about 3% of the thermal energy delivered to the ORC, i.e., Rsolar equal to 3.24%. Rbiomass
passes from 0.31% for Case ETC to 0.42% for Case PV (Table 8). Thus, the absence of ETCs determines
minor variations in the ORC electricity production. Anyway, the absence of ETC causes a lower inlet
oil temperature to the ORC evaporator and consequently, ORC efficiency is slightly lower in Case PV,
6.45% vs 6.70% in Case ETC. Note that the value of the efficiency achieved by both the analyzed layouts
(Case ETC and Case PV) is consistent with the values available in the literature [32]. For the reason
above explained, the electric energy produced by ORC is slightly lower in Case PV, 42.86 MWh/year vs
44.40 MWh/year in Case ETC (Table 6). This difference does not affect the overall performance of Case
PV, exhibiting better results from energy, environmental and economic points of view.

Table 8. Yearly performance index.

Case Rsolar
[%]

Rgeoth
[%]

Rbiomass
[%]

COP
[-]

ηORC
[%]

ηsolar
[%]

mbiomass
[kg]

ETC 3.24 96.45 0.31 0.74 6.65 50.46 596.90

PV - 99.58 0.42 0.74 6.42 15.43 906.38

Finally, the yearly COP of the ACH is also evaluated (Table 8). This value, equal to 0.74, is similar
to the results available in literature about the performance of single-stage LiBr/H2O ACH [33]. Note that
the achieved COP of 0.74 is slightly higher than the rated value, due to the high activation temperature
of the geothermal brine.

5.3.1. Parametric Analysis

A parametric analysis is carried out with the aim of analyzing the effects of the variability of LIB
capacity and of ETC and PV area on the energy, economic and environmental performance.
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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 ∆CO2, 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.
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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 ∆C. 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, ∆CCaseETC and ∆CCasePV 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 ∆CO2.
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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).
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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.
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Figure 14 displays the economic results, in particular this figure plots SPB (left) and Jtot

and ∆C (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, ∆CCaseETC remains about constant, conversely, ∆CCasePV increases. In fact,
∆CCaseETC is averagely equal to about 7.73 k€/year, whereas ∆CCasePV 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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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 ∆CO2 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
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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 ∆CO2 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.
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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 ∆CO2 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
∆ 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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