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Abstract: In this paper two solar electric-driven air conditioning systems are compared and analyzed
from an energy and environmental point of view. Both systems satisfy the electricity, space heating
and cooling needs of an existing multi-purpose, multi-story building that is simulated with TRNSYS
17. The first one, considered as reference system, is based on a centralized electric heat pump coupled
with a conventional photovoltaic plant installed 10 years ago. The second one, hereinafter proposed
system, has a hybrid configuration, consisting of a ground-source heat pump, a low temperature
thermal network and a series of electric heat pumps, one per apartment. In addition, the plant is
connected to a high-performance commercial photovoltaic system equipped with a solar tracking
system to the panels. Five different solutions realized with vertical, two horizontal orientations, polar
and two-axis trackers are taken into account and compared with the standard fixed configuration.
The last hybrid configuration can be seen as an upgrade of an existing decentralized air conditioning
system in which the local electric heat pumps are converted in water-to-water devices that interact
with the thermal grid representing the heat source/sink for them. In both solar electric heating and
cooling plants the photovoltaic system is installed on the building roof and it produces electricity to
feed the heat pumps and end-users. The electricity surplus or the load not covered by solar field
is fed to/taken from power grid. The energy and environmental analyses have been performed by
considering both average annual and monthly values of power grid efficiency and CO, emission
factor for electricity. By comparing reference system and proposed one equipped with a two-axis
tracker system a primary fossil energy saving of 101.67% is achieved in summer period and 28.10% in
winter period. These percentages are the highest values recorded, even if, for all configurations the
energy analysis rewards the proposed system. The results of environmental analysis demonstrate
that the reference system has the worst performances compared to proposed system with all solar
tracker systems selected guarantying positive values for avoided carbon dioxide index up to 45.86%.

Keywords: air conditioning systems; ground source heat pump; electric heat pump; photovoltaic
plant; solar tracking system; multi-purpose building; dynamic simulation; energy analysis;
environmental analysis

1. Introduction

The total final energy consumption in the EU-28 amounted to 13,414 TWh in 2017. Buildings
(residential and tertiary sector) made a substantial contribution to European countries energy
consumption. In particular, 37.5% (5028 TWh) of final energy demand in EU-28 was due to buildings
in 2017 [1]. Among others, in the same year, the energy consumption for heating, cooling and domestic
hot water accounted for 79% of total EU-28 total energy demand. Furthermore, cooling requests have
experienced a growing trend in the civil sector during last decade due to the increase of indoor comfort
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expectations and the climate change resulting in environmental temperature rises [2]. Regarding
European industrialized countries this growing trend in buildings’ energy consumption has been
particularly acute. For instance, in Italy an increase percentage of 49.9% in final energy consumption of
civil sector in 2017 has been recorded compared to 1990 [3].

According to Eurostat, up to 75% of buildings” cooling and total heating demand (including
domestic hot water requirements) is still covered by fossil fuels and only a little share—19%—is satisfied
by means of Renewable Energy Sources (RESs) [4]. Subsequently, EU buildings were responsible of
about 36% of the total European CO; emissions [5]. Thus, to reach the EU’s energy and climate targets
for 2030 (at least 40% cuts in greenhouse gas emissions from 1990 levels; 32% share for renewable
energy, 32.5% improvement in energy efficiency [6]), buildings must reduce their energy consumption
and use of fossil fuels. Thus can be fulfilled by improving the thermal behavior of building envelopes
and by using smart techniques (smart thermostats or demand side management solutions) to manage
energy consumption. Energy can also be saved by replacing existing heating and cooling plants
with more efficient technologies. On the other hand, the reduction of reliance on fossil fuels can
be achieved with the diffusion of RESs-based energy conversion systems to satisfy heating, cooling
and electricity needs in the civil sector. As regards this last occurrence, in the pastyears, under the
pressure of regulatory measures and international/national incentives, increased use of RESs has
been observed and above all photovoltaic (PV) system exploitation has exhibited an unprecedented
increase. Grid-connected PV capacity in the EU-28 has increased tenfold, from 11.3 GW in 2008 to
over 117 GW in 2017. Consequently, in the EU-28 around 130 TWh of electricity has been produced
from PV plants covering 4.8% of the final electricity demand. In the same year, in Italy, 440 MW of
PV systems have been connected to the power grid, increasing the total installed capacity to 20.1 GW
and providing 22.9 TWh of electricity (7.1% of the total electricity requirements in 2017) [7]. Thus, PV
plants are nowadays a well-established technology that can be particularly suitable when coupled
with air conditioning systems. Traditionally, Heating Ventilation and Air Condition (HVAC) systems
coupled with solar thermal plants face two issues: the high investment cost and the difficulty to
manage and operate the systems used in cooling operation that have not yet reached a satisfactory
level of technological development [8]. On the contrary, the use of solar electric heating and cooling
systems (SEHC) allows one to achieve high performance and to overcome various problems. Indeed,
the cooling equipment used in SEHC is a mature technology well established in the market. In addition,
SEHC plants operate in parallel with the power grid, making the whole system flexible. It is possible
to feed in or take from the grid electricity when a surplus or deficit occurs, whereas it is not possible to
manage the excess of thermal energy with the same flexibility in a solar thermal heating and cooling
system and often there is a risk of wasting it. On the basis of these advantages in recent years many
researchers have focused their attention on SEHC systems.

Some authors have compared SEHC system performance with that of solar thermal air conditioning
plants. In [9] the authors have modelled and simulated different configurations for a solar-assisted
heat pump meeting thermal, cooling and domestic hot water requests of a two-story building with
various insulation levels. One configuration is composed by a SEHC system consisting of a heat pump
connected to a PV plant (with a nominal peak power of 1.20 kW) and an electric storage system with
a capacity varying from 1.2 to 19.2 kWh. Considering the highly and medium insulated building,
the greatest energy reduction (-30% and —24%, respectively) is achieved by SEHC plant with a
battery storage of 19.2 kWh, while, the solar thermal air conditioning system is the most profitable
solution from an economic point of view in the highly insulated building case. In [10] researchers have
investigated the performance of two different solar-assisted heat pump configurations: one coupled
with thermal collectors and one with PV panels. The systems meet the heating and cooling load of an
office building located in North Europe. The results show that the solar-assisted absorption heat pump
ensures a higher renewable energy share with respect to the PV-activated heat pump. Nevertheless, the
economic analysis indicates the electrically based systems are better. Nizetic et al. [11] have conducted
experimental analysis on a PV-driven electric heat pump under three specific working regimes in
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a Mediterranean climate. They have found that the performance parameters calculated under all
operating conditions encourage the use of this plant solution for small/medium civil applications in
mild climates.

Bellos et al. [12] have studied different combinations of solar thermal/PV panels and heat pumps
to identify the best plant configuration from the economic and energy viewpoint. They have found that
the PV-assisted air source heat pump shows the best economic performance, instead the hybrid system
composed by photovoltaic and thermal collectors coupled with a water source heat pump guarantees
the best energy results. The performances of a SEHC system serving an office building in Romania
have been compared to a thermal-driven solar heating and cooling plant [13]. The results indicate that
the SEHC plant achieves a one-year solar cooling fraction equal to 36.6% while that of the thermal
activated system is 24.5%. However, the unstable and discontinuous nature of the solar energy source
make necessary to couple the SEHC with back-up sources or storage systems to smooth the system
operation. Thus, several works have paid attention to defining the optimal plant configuration and size
of SEHC systems. Different strategies have been studied to couple solar-assisted plants with batteries
storage systems and all of them have highlighted the effectiveness of this configuration in reaching
high levels of solar energy self-consumption [14-17]. The PV energy can be stored in either electric or
thermal form as in [18] where a PV-driven electric heat pump installed in a reference building located
in Sweden has been analyzed. Two different energy storage technologies have been investigated.
One storage system is composed of batteries with a capacity of 48 kWh and another one is a hot water
tank in which the photovoltaic electricity is stored as latent heat. The results demonstrate that the
electric storage achieves the highest level of on-site consumption but also delivers the worst economic
performance. The heat pump coupled with hot water storage tank achieves energy performances not
far from those of the plant with the battery system, but on the contrary it shows a levelized cost of
electricity more than two times lower than the plant with electric storage. Among the back-up sources
used to circumvent the intermittent behavior of solar energy availability, the use of ground as a stable
source of a heat pump driven by PV system, seems to be an attractive solution. Indeed, the literature
is rich in works exploring the performances of ground source heat pumps (GSHPs) coupled with
PV plants.

In [19] the authors have performed and energy and economic analysis of a system composed by a
PV driving a GSHP varying the photovoltaic system capacity (2.5-10.0 kW) and the battery storage
size (3.2-9.6 kWh). Litjens et al. [20] have proved by means of measured data that that PV system
can provide around 19% of the GSHP electricity demand when installed in residential dwellings in
The Netherlands, while enhanced batteries are able to reduce the peak electricity demand by 45%.
In [21] and [22] the authors have investigated a stand-alone PV-GSHP plant by means of experimental
data. On the contrary, in [23], [24] and [25] the performances of solar-assisted GSHP have been studied
through dynamic simulations using the TRNSYS 17 software [26]. Other studies [27,28] have focused
on the development of optimization models of PV-GSHP plants. The topic is very interesting and the
aforementioned works are just a few of the extensive literature investigating these systems.

From the previous literature review the following gaps emerge:

(i) the performances of SEHC technologies are often compared to those of air conditioning plants
activated by solar thermal systems, neglecting the comparison among different SEHC plants
consisting of various energy conversion systems;

(ii) the PV-GSHP plant has been widely investigated in recent years, nevertheless, to the best of the
authors’” knowledge, none have considered the effect of the adding a solar tracking system to
PV-panels on the whole plant performance. This solution has been already analyzed in literature
considering other configurations and it has shown encouraging results. For instance, in [29] the
authors have considered the coupling of an air-conditioning unit based on a desiccant wheel with
a photovoltaic plant including a solar tracking system. They have found that the PV-electricity
production substantially grows for each tracking configuration compared with the standard
fixed orientation.
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Thus, the novelty of this work lies in the fact that both the previous issues are addressed in this
paper for the first time. More precisely, two SEHC systems have been analyzed and compared from
an energy and environmental point of view by dynamic simulation using the TRNSYS 17 software.
Both plant configurations satisfy the electricity, space heating and cooling demand of a block of flats
located in Naples (South of Italy). The first plant is based on a centralized electric heat pump coupled
with obsolete conventional PV system installed 10 years ago. This solution is chosen because the
use of EHP as main energy conversion system in Italian existing buildings is widespread since it has
been recognized as technology able to reduce primary energy consumption [30]. The second one
has a hybrid configuration, consisting of a ground-source heat pump, a low temperature thermal
network and a series of electric heat pumps, one for each apartment. In addition, in this last solution,
a high performance photovoltaic plant equipped with a solar tracking system and installed on the
building roof produces electricity to feed the heat pumps and end-users. Five different solar tracking
systems—vertical, two horizontal orientations, polar and two-axis trackers—have been considered
and compared to a standard fixed configuration. This solution can be seen as an upgrade of an existing
decentralized air conditioning system (as considered in [31]) in which the local electric heat pumps
are converted into water-to-water devices that interact with the thermal grid representing the heat
source/sink for them. The comparison among two systems has been conducted by considering both
yearly and monthly average values of power grid efficiency and CO, emission factors for electricity in
the energy and environmental analysis. The values of these parameters are referred to the real Italian
electricity production in 2017.

2. Users and Building Description

The building served by the considered energy conversion systems is a block of six flats located in
Naples (South of Italy; Heating Degree Days = 1034, Italian climatic zone C). In Figure 1 the annual
trend of air temperature for Naples, ranging from —3.00 °C to 35.00 °C is shown, while Figure 2 displays
the total horizontal solar radiation trend for Naples. Obviously, it is higher in the summer period,
achieving values up to 970 W/m? and it decreases in winter months.
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Figure 1. Annual air temperature trend for Naples.
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Figure 2. Annual total solar horizontal radiation trend for Naples.

Each floor is composed of two 100 m? apartments. The first two floors of the building are intended
for office use while the remaining floors are occupied by households. There are 12 occupants in each
office from 8:00 a.m. to 7:00 p.m. during working days, whereas there is nobody on holidays, Saturday
and Sunday. As regards to residential users, four typical Italian families (two with four components
and two with a couple of people) are taken into account. They are defined as follows:

e  User#l: a couple of workers with two students;

e  User#2: a couple of workers with one son and a retired person;
e  User#3: a couple of workers;

e  User#4: a couple of unemployed people.

The distribution of users in each flat is reported in Table 1, where the annual electricity, space
heating and cooling demands are listed too. The apartments are named with an upper case letter “E”
for the East-facing flats and “W” for the West-facing lodgings and a Roman numeral indicating the
floor (I for the first floor, II for the second floor, etc.). The electric load of offices referred only to the
typical equipment used for desk work (printers, computers, copiers, etc.) according to [32]. For each
type of residential user, a specific annual stochastic electricity profile has been defined considering the
occupancy of active households, their typical behavior, the lighting device and domestic appliances by
means of a one-minute time resolution model developed by Richardson et al. [33].

Table 1. User type and electricity, heating and cooling demand on annual basis for each flat.

Apartment User Type Electricity Heating Demand Cooling Demand
Demand [MWh/y] [MWh/y] [MWh/y]
W_I office 2.90 291 1.06
E 1 office 2.90 2.85 1.09
W_II office 2.90 2.59 1.24
E_II office 2.90 2.03 0.921
W_III #1 3.10 2.22 0.951
E_III #2 3.25 2.63 1.19
W_IV #3 1.35 2.04 0.900
E IV #4 1.40 2.19 1.32
W_V #1 3.10 2.20 1.34
E_V #2 3.25 2.35 1.32
W_VI #3 1.35 3.09 1.20

E_VI #4 1.40 3.14 1.62
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The space heating demand is referred to a period that goes from 15 November to 31 March,
that is the heating period considered by Italian legislation for climatic zone C [34]. Moreover, in that
period, the heating systems are activated no more than 10 h/day to be compliant with Italian law
requirements [35]. However, Italian legislation does not impose a limit for the cooling period that is
chosen from 1 June to 30 September taking into account the typical environmental temperature trend.
From 1 April to 31 May and from 1 October to 14 November, the SEHC systems do not operate, thus only
the PV system is working and only electricity demand occurs. The total building annual energy
requests for heating and cooling purpose are 14.15 MWh/y and 11.76 MWh/y, respectively and they are
obtained through a dynamic simulation in the TRNSYS 17 environment using a 1.5 min’ time-step.

The thermal transmittance of each envelope component of the existing building is 0.39 W/m?K
for the external vertical walls, 0.37 W/m?K for the flat roof and 0.42 W/m2K for the ground floor. The
ground floor transmittance refers to a basement floor layer made of gravel and sand with a thermal
conductivity of 2.0 W/(m K) according to [36]. The transmittance of windows is equal to 2.71 W/m2K
including both glass and aluminum frame transmittances. The frame is 15% of total transparent
component that is equipped with a low-e double glass (3/2.5) with a 12.7 mm interspace filled with
argon and with a solar energy transmittance equal to 0.76. The total transparent surface represents
about 20% of total vertical walls area.

3. Solar Electric Heating and Cooling Configurations and Components

Two solar electric heating and cooling systems are analyzed and compared in this work. Both of
them satisfied the electricity, heating and cooling demands of the same building described in the
previous section. The two SEHCs are centralized systems located in a plant room at the building
ground floor and they are connected to each flat by means of a thermal grid (TG). It is 19.8 m long and
it is composed by ducts with a diameter and thermal loss coefficient equal to 6.5 cm and 0.83 W/(m? K),
respectivetly. The TG is composed by two hydraulically balanced pipelines: one line supplies water to
each flat and another one, counter-currently to the first line, collects water from each apartments and
back towards the plant room.

The first SEHC plant analyzed and chosen as Reference System (RS) in this work is composed by
a PVRS system coupled with an air to water electric heat pump (EHPRS) (Figure 3).

From/to
otherflats

INV+G] mamm

From/to
otherflats

Figure 3. RS layout scheme. FC_W_V/FC_W_IV: fan-coil of flat W_V and W_IV; STy, .: storage tank;
EHPRS: air to water electric heat pump; PVRS: photovoltaic system; PG: power grid; INV+GI: inverter
and grid interface.



Energies 2020, 13, 3585 7 of 23

Electricity produced by the photovoltaic panels is used both to activate the EHPR® and to satisfy
the users’ electricity needs. When there is a deficit or surplus of photovoltaic electricity it is possible to
take/feed electricity from/to the external power grid (PG). A coupled inverter and grid interface system
(INV+GI) manage the electricity produced from PVRS panels and the electricity flows to/from PG.
The PVRS plant has been considered as installed on the roof of the analyzed building for a total power
of 14.25 kWp). The panels cover the maximum usable roof surface without shading each other and they
are arranged in 3 strings of 19 units and face south. The modules have a tilt angle of 30°, other technical
data are reported in Table 2 [37], instead the inverter characteristics are listed in Table 3 [38].

Table 2. PVRS and PVFS panels technical data.

PVRS  pvPs
Parameter
Unit Value

Peak power kW 0.250 0.400
Solar panel electric efficiency % 15.28 22.60
Rated working voltage \% 30.38 65.80
Rated working current A 8.29 6.08
Open circuit voltage \Y% 37.12 75.60
Short circuit current A 8.76 6.58
Temperature coefficient of power %/K -0.42 -0.29
Temperature coefficient of voltage %K -0.32 —-0.23
Temperature coefficient of current %/K 0.059 0.046
Gross area m? 1.64 1.77

Table 3. Inverter characteristics for RS and PS.

Parameter Unit Value
Rated DC input power kW 22.75
Rated AC power kw 22.0
Maximum efficiency % 98.2

The EHP®S has a heating and cooling capacity equal to 63.7 kWry, and 60.3 kWc,, respectively.
Its nominal coefficient of performance (COP) is equal to 3.12, whereas the energy efficiency ratio (EER)
amounts to 3.00 [39]. The energy conversion system is linked to a hot/cold storage tank (STy) where
the stored water is maintained in a temperature range equal to 50 + 2 °C during the heating period
and 8 + 2 °C during cooling operation. The hot/cold water from STy, is sent to each apartment by
means of a thermal grid (TG) to which the heating/cooling terminals are connected.

The second SEHC plant, hereinafter considered as Proposed System (PS), consists of the PVFS
plant coupled with a GSHP, a low temperature TG and a series of water-to-water EHPs® located at each
apartment (Figure 4). This configuration is an upgrade of an existing decentralized air conditioning
system in which the local electric heat pumps are converted in water-to-water devices interacting with
the thermal grid (TG) representing the heat source/sink for them. The PV’ system is composed by
high performance panels [40] arranged in the fixed configuration of five rows of 11 modules with a total
peak power of 22 kW, facing South. The main characteristics of the panels are listed in Table 2, while the
inverter is the same of RS and its main features are listed in Table 3. The PV'S system are linked to the
INV+GI system managing the electricity flows from the PVFS panels and the electricity flows from/to
PG. As for the RS configuration, PV electricity production is used to meet electricity requests of both
GSHP and users. When the photovoltaic electricity exceeds the demands, the surplus electric energy is
supplied to power grid (PG). Vice versa, if an electricity deficit occurs, it is covered by taking electricity
from PG. The analyzed GSHP has a cooling capacity and EER equal to 40.3 kW, and 3.91 while
during the heating period, its heating capacity amounts to 46.5 kW and COP is 3.82 [41]. It is a water
to water EHP interacting with ground by means of nine boreholes (BOR) each of which is 93 m deep.
The boreholes have been sized following the ASHRAE guidelines [42] and the parameters described
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in [43] have been used in the dimensioning. Thus, the total boreholes length is 837 m. The centralized
GSHP is connected to a ST} from which a TG departs connecting the centralized energy conversion
system with the local EHPs"™ at each flat. The water stored in the STy, is maintained to 20 + 2 °C
in both heating and cooling mode. The water in TG is circulated by means of the circulating pump,
only when one or more EHPs™ operates and the flow rate is regulated as a consequence. The EHPs"™
are linked in parallel to TG that acts as a source/sink for the evaporators/condensers of the water to
water heat pumps. Each EHP' has a rated heating and cooling capacity of 7.63 kWry, and 6.28 kW,
respectively, and a COP of 3.71 while the EER is equal to 3.63 [41]. This configuration ensures a better
performance with respect to the plant before upgrading since the EHPs'™ are able to interact with a
source with a more stable temperature (water in TG) with respect to the temperature fluctuations of
environment air.

The STy, in both RS and PS is a vertical tank with a volume of 3 m> and an insulation layer that
covers the metal envelope, with a thickness of 10 cm and a thermal conductivity of 0.35 W/m K [44].
In addition, each flat is equipped with five fan-coils (FCs) with a cooling and heating capacity of
1.22 kW, and 1.51 kWry,, respectively at water inlet temperature of 7 °C/50 °C [45]. A thermostat in
each dwelling turns ON/OFF the terminals in order to reach the indoor air temperature of 26 + 0.5 °C
and 20 + 0.5 °C in cooling and heating mode, respectively.
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Figure 4. PS layout scheme. FC_W_V/FC_W_IV: fan-coil of flat W_V and W_IV; ST}, storage
tank; EHP'S_W_V/EHP'S_W_IV: water to water electric heat pump of flat W_V and W_IV; PVTS;
photovoltaic system; PG: power grid; INV+GI: inverter and grid interface; GSHP: ground source heat
pump; BOR: boreholes.

4. Description of Models

The building, RS and PS have been modeled in the TRNSYS 17 software in order to perform a
yearly dynamic simulation with a 1.5 min time-step. The TRNSYS 17 program allows one to obtain the
transient behavior of many energy systems activated by both fossil and renewables sources coupled
or not with one or more buildings. Each component is modelled by means of an elementary “object
called “type” that describes its behavior by means of a mathematical model requiring input variables
and parameters. The types can belong to TRNSYS standard library [46] or to the TESS (Thermal
Energy Systems Specialists, Madison, WI, USA) library [47]. Hereinafter, a shortly description about
simulation models is provided. Each component has been validated by various researchers on the basis
of experimental results thus, in Table 4 the types, libraries and references reporting detailed description

17



Energies 2020, 13, 3585 9 of 23

or validation process of main components used in the simulation are summarized. As regards to
PS, “type 557” is adopted to model the boreholes as vertical pipes exchanging heat with ground.
The mathematical model used to calculate the heat transfer fluid temperature is based on two methods:
the explicit finite temperature approach and the analytic one. GSHP and EHPs'™ at each dwelling
are modelled trough “type 927" that defines the dynamic behavior of a water to water heat pump.
More precisely, type 927 model depends upon constructor’s performance map of energy conversion
system. It calculates the normalized heating capacity by means of an interpolation of temperatures
and flow rates of heat transfer fluids at ground and load side. Also, the centralized air to water heat
pump of RS is modelled by means of a model based on the manufacturer’s performance map data
implemented in “type 941”.

Table 4. Main device, type number, libraries and reference for description/validation models.

Device Type Number Library Reference
GSHP 927 TESS [43]
EHPs'S 927 TESS [48]
Boreholes 557 TESS [43]
EHPRS 941 Standard [46]
PVRS/pyTrs 94 Standard [19]
Inverter 48 Standard [46]
SThyc 534 TESS [8]
FC 600 TESS [43]
TG 31 Standard [46]
Building 56 Standard [46]

In addition, the following components are common to both PS and RS and they have been
modelled using the same types in both systems. “Type 534" is adopted to model ST}, as a vertical
cylindrical buffer separated into a certain number of smaller superimposed cylinders. The temperature
in each section is supposed uniform and it is evaluated through the solution energy balance equations.
The two pipes heating/cooling terminals are simulated using “type 600” which models an air handling
appliance in which the heat transfer between the air stream crossing the coil and the hot or cold water
contained in it, occurs. The ducts of TG and the thermal behavior of water flowing through them
are described by type 31. PV panels are modelled through type 94 that simulates the current-voltage
characteristics of a single module using the performance data of PV panel provided by constructor.
Moreover, the inverter is defined by type 48 based on a constant efficiency model including the direct
current from PV systems and the electricity demands of users to regulate the feeding or drawing of
electricity from/to power grid. Finally, the building is modelled by type 56 that returns the dynamic
behavior of a building with more than one thermal zones.

5. Methodology

A SEHC system well-designed should export a little amount of electricity to power grid,
maximizing the photovoltaic electricity on-site consumption. Thus, as first step, RS and PS have been
compared assessing two indices that express the on-site use of renewable electricity in both SEHC
systems. The first index, s, returns the amount of electricity requested by SEHC systems and covered
by PV plants. It is defined for RS (sR%) and PS (s7°) as reported in Equations (1) and (2), respectively:

EPV?RS
RS Elo0s
sRS — -100 )
EHP_RS AUX_RS us
EEl + EEl + EEl
EPV_PS
sFS = e 100 @)

~ TGSHP_PS , oEHPs PS5 , pAUX_PS |, ~US
Eg) +Eg +Eg +Eg
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PV_RS
EEl

where and EZIVJsP S are the electricity delivered by the RS and PS PV plants, respectively, and used

EHP_RS pAUX_RS
EEZ ’ EEl

on-site to satisfy the electricity demand, whereas, are the electricity demands of

the centralized EHP and plant auxiliaries in RS. As regards to Equation (2), Egls HP_PS is the electricity
used to activate GSHP in PS while Egﬂ) 5-PS is the electricity demand of decentralized EHPs in PS.

In addition, EZ}IUX*P s

is the electricity required by auxiliaries of PS. In both Equations (1) and (2) Egls is
the electricity demand of residential and office users.

The second index, d, is the ratio between the photovoltaic electricity used on-site to satisfy the
electricity requests and the total electricity produced by PV systems defined as EglV,P S for PS and

EEIZD VRS for RS. Thereby, dRrs (Equation (3)) and ars (Equation (4)) are expressed as follows:

EPV_RS
4R = o 00 3)
- EPV_RS
El
PV_PS
pPSs _ Elos .
4" = s 100 @)
El

The comparison of PS and RS energy performances has been performed by calculating the Primary
Fossil Energy Saving (PFES) index. This parameter indicates the amount of primary energy due to
fossil fuels avoided thanks to the employment of PS instead of RS. PFES is defined as reported in
Equation (5):

PERS — pEPS
PFES = — s 100 (5)
where:
RS _ TRS
Elfg Eltg
PERS = —=———= (6)
Mgy
e h
ELfg Eltg
Mgy

Primary energy of RS (PERS) and PS (PEF®) are defined as a ratio in which at numerator there

is the electricity imported from power grid by RS (ng fg) and PS (ng fg) reduced by the electricity

exported to power grid by RS (ER°, ) and PS (E5 ), respectively, while, the denominator consists
P p g y Elfg ElLfg p Y,
G

of the power grid efficiency (ngl ). Thus, the exported electricity is considered as a credit in primary
energy calculation in agreement with the approach proposed by International Energy Agency [49].

The environmental performances of SEHC systems are compared by means of avoided carbon
dioxide emissions parameter (ACO;) determined as:

RS PS
CORS —cO?

ACO; = -100 8
2 CORS ®)
where:
RS RS RS
COy” =a- (EEl, fe EEl,tg) ©)
PS _ PS PS
COPS = a-(EES 1~ EES, ) (10)

The carbon dioxide emissions of RS (CO»R%) and PS (CO,"®) are obtained multiplying the electricity
taken from PG reduced by the electricity fed into PG, by the carbon dioxide emission factor for electricity
(@). Following the same method used for the energy analysis, the electricity exported to the power grid
is accounted as a credit in CO, emissions evaluation. All the energy flows reported in the previous
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equations have been evaluated as the sum of the corresponding quantity in each time-step of the
performed dynamic simulation.

The power grid efficiency (nZIG) and CO; emission factor for electricity («) adopted in the energy
and environmental analysis are referred to the Italian electricity production from fossil-based and
renewables-based power plants in 2017. The most of works investigating SEHC performances used
fixed efficiency and environmental parameters for power grid. Nevertheless, UEIG and a can substantially
vary all over the year due to the variability of electricity production mix. Thus, in this paper, the energy
and environmental analysis have been performed considering two scenarios:

e  Scenario_YV (YV): in which the average annual values of ﬂEIG and « are used in the evaluation.
In particular, the average yearly qEIG calculated on the basis of hourly Italian power grid efficiency
amounts to 0.710 while the average annual « is equal to 356 gCO,/kWhg; [50].

e  Scenario_MV (MV): that takes in two account the average monthly values of r]glG and « evaluated
in [50] and summarized in Table 5

Table 5. Average monthly values of TYII;G and a referred to Italian electricity production in 2017 [50].

Month My (=) & (gCO/kWhgy)
January 0.629 399
February 0.647 391
March 0.769 327
April 0.771 328
May 0.811 315
June 0.768 332
July 0.763 330
August 0.762 329
September 0.732 356
October 0.662 387
November 0.629 394
December 0.661 379

In addition, energy and environmental evaluation have been carried out considering different
solar tacking system solutions for high-performance panels of PS. The possible configurations are
summarized in the following bulleted list:

e  FIXED: the panels have a fixed position and they cannot move. They face South with a tilt angle
of 30°;

e  VAT: the modules rotate around a vertical axis following the Sun from East to West maintaining
their tilt angle of 30°;

e  2AT: the panels rotate around two axes following solar azimuth and zenith angles;

e HAT_EW: the panels rotate around a horizontal axis oriented from East to West following the
solar zenith angle variation;

e  HAT_NS: the panels rotate around a horizontal axis oriented from North to South following the
solar azimuth angle variation;

e  PAT: the panels rotate from East to West around an axis that faces South with a tilt angle equal to
the location latitude (41° 08" N).

The FIXED case is considered for both RS and PS, while the reaming five cases are analyzed only
for PS.

6. Results and Discussion

In order to assess the PS behavior, the mean temperature of the boreholes during the simulation
has been analyzed (Figure 5). It can be noticed that the borehole temperature rises during the cooling
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period that represents the charging phase and it decreases during heating operations (discharge phase).
The maximum temperature value is about 20.5 °C, while the minimum is 16.9 °C. The thermal drift
phenomenon during the year is not significant.

Borheoles temperature (°C)

16
Apr May  Jun Jul  Aug Sep Oct  Now Dec Jan  Feb Mar
Month

Figure 5. Simulated mean temperature of boreholes for one year.

The results of dynamic simulation recorded with a 1.5 min time-step for both RS and PS, have
been elaborated to compare the SEHC systems form an energy and environmental viewpoint following
the methodology described in the previous section. The following outcomes have been divided
in winter (WIN) and Summer (SUM) period where winter period includes the months of heating
operation and autumn from 1 October to 15 November, while summer period is referred to months of
cooling operation and the springtime from 1 April to 31 May. In addition, the subsequent histograms
(Figures 6-9) show the results with this logic:

e the first two bars refer to RS and they are color-filled;

e theremaining bars are referred to the solar tracking system configurations of PS. Each configuration
is distinguished by a various patterned fill, maintaining the same colors used for SUM and WIN
bars of RS;

e the color filled markers indicate indices in SUM, while the empty markers refer to same indices
in WIN.

e  For each couple of bars, both for RS and PS, the first one refers to SUM and the second one to WIN.

In Figure 6 s and d parameters are showed for both RS and PS with reference to each configuration
of solar tracking system analyzed. Furthermore, the electricity flows corresponding to electricity
fed/taken to/from power grid and on-site consumed in summer and winter periods by RS and PS are
represented. The values achieved by s index are significantly higher in PS than RS. More precisely,
in summer period s index of RS amounts to 40.01% while, by considering PS, it ranges from 46.16%
when panels have a fixed position (FIXED case) to 51.45% when panels rotate around two axes (2AT
case). With reference to winter period, the s index maintains the same trend, but it reaches lower values
for both RS and PS in all solar tracking system configurations. Indeed, the greatest values achieved
by s parameter in summer period depend upon the large availability of electricity from PV systems.
The amount of photovoltaic electricity consumed on-site with respect to the total renewable electricity
production (4 index) reaches its maximum value in winter period for RS (71.44%). It has been observed
that in those months the availability of electricity from PVRS system is particularly limited. The highest
value of d index for PS takes place when the panels rotate around a horizontal axis oriented from East
to West (66.30% HAT_EW case) in winter period, when, the denominator of d index (Equation (3)) is
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lowest as it can be seen from the sum of the bars representing the electricity exported to the power grid

(Elgls tg) and the electricity consumed on-site (EEZV—P S) in Figure 6.
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Figure 6. Electricity flows, s and d index for RS and PS in all solar tracker system configurations on
seasonal basis.
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Figure 7. Primary energy demand of RS and PS, PFES index in Scenario_MV.
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Figure 8. Primary energy demand of RS and PS, PFES index in Scenario_YV.

In Figure 7 the results of energy analysis in the Scenario_MYV are displayed. In particular,
the primary energy consumption for reference and proposed system (PER®, PEP) and the primary fuel
energy saving index (PFES) in all cases are shown. The PER® in both winter and summer period is
higher than PE"S for all considered configuration of solar tracking system in PS. Even if the FIXED
position for modules (that is the only one solution taken into account in RS) is examined, the PS is
awards because it is equipped with high-performance panels with respect to the obsolete modules
installed in RS. Referring to PS, the best configuration for solar tracker is 2AT (in which the panels
rotate around two axes) since it ensures a negative PE"> (=96 kWh) in summer period and the lowest
PEPS in winter period (10,755 kWh). The negative value means that the electricity exported to the

grid (EglS tg), accounted as a credit in PEPS evaluation (Equation (7)) is higher that the electricity taken

from the gird (Elgls fg)' As a general consideration, in summer period the primary energy demand is
lower than winter period in both SEHC systems since the amount of electricity taken from the grid is
little thanks to the photovoltaic electricity availability increases. Thereby, by comparing RS and PS
equipped with a two axis tracker system (2AT), a PFES index of 101.67% is achieved in summer period
and 28.10% in winter period. These one are the highest values recorded for PFES index, even if, for all
configurations the energy analysis rewards PS. Indeed, PFES index is always positive assuming the
lowest values (42.73%) when a fixed position (FIXED) for modules in PS is considered in SUM, and
when a horizontal axis oriented from East to West (HAT_EW) is chosen for the solar tracker system
(17.18%) in winter (WIN).

In Figure 8 the outcomes of energy analysis referred to scenario in which the average yearly values
of power grid efficiency are considered (Scenario_YV), are represented. The trends of PER®, PEPS and
PFES index are the same of scenario in which the average monthly values of power grid efficiency are
accounted (Scenario_MYV), even if the values achieved are different. This variation lies in the fact that
in Scenario_YV a fixed value of power gird efficiency (nglc) is used for accounting primary energies of
both systems (PE"S and PER®), neglecting the intrinsic variation of this parameter.

This approach is often adopted in literature and it can prejudice the results. Indeed, the energy
benefits achieved by using PS instead of RS (in all configuration) are underestimated if Scenario_YV is
considered instead of Scenario_MV. For instance, PFES in summer (SUM) for the case in which the
panels rotate from East to West around a tilted axis (PAT case), decreases from 88.93% (in Scenario_MV)
to 87.53%. Moreover, the differences between the two scenarios are more evident in SUM due to the
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occurrence that during this period nglc has a higher fluctuation with respect to fixed value because
of the penetration of the of the intermittent solar-based electricity in production mix. As regards
to environmental analysis, in Figure 9a,b COgS, COIZDS and ACO; indexes are reported both for
Scenario_MYV and Scenario_YV, respectively.
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Figure 9. CO, emissions of RS and PS, ACO; index in Scenario_MYV (a) and Scenario_YV (b).

RS is responsible of the greatest carbon dioxide emissions in both scenarios. By analyzing all cases
analyzed for solar tracker system in PS, the best environmental performances are achieved when the
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panels rotate around two axes (2AT case) both in Scenario_MV and Scenario_YV. Thus, 2AT case for PS
results also in the best solution for the comparative environmental analysis since ACO; amounts to
99.01% (Scenario_MV) and 100.07% (Scenatio_YV).

The use of average monthly values of o parameter in the environmental analysis of Scenario_MV
leads to outcomes different from those one obtained for Scenario_YV. More precisely, the avoided CO,
index (ACO,) is overestimated if a fixed o factor is adopted, and the increase percentage varies from
1% to about 3% among all cases of Scenario_YV and Scenario_MV.

Hereinafter, the analysis performed with reference to all year not considering the seasonal division,
is presented and discussed.

Figure 10 shows the electricity flows, s and d indices for RS and PS on annual basis. The sum of
electricity taken from the power grid and the electricity exported to the power grid for each bar of
histogram, represents the electricity requests of SEHC systems. It can be observed that, as expected,
the electricity demand of PS does not change by considering different solar tracker configurations,
in addition, the overall electricity requirement of RS system is lower than that of PS. This fact is due to
the greater complexity of PS system. Nevertheless, a substantial difference exists between the value
achieved by s index in RS (26.12%) and all configurations of PS.
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Figure 10. Electricity flows, s and d index for RS and PS in all solar tracker system configurations on
annual basis.

Referring to PS, the solar radiation exploitation improves by considering a solar tracker system
with respect to the fixed position of solar panels and the best solution results again in the full tracking
system (2AT), for which 37.33% (s index) of overall electricity demand is covered by photovoltaic
electricity. However, not significant variations are observed by comparing s index of HAT_EW, VAT
and PAT cases as well as by comparing s index in FIXED case and when the panels the panels rotate
around a horizontal axis oriented from North to South (HAT_NS case). In addition, by analyzing the
electricity flows of PS, it can be noticed that even if the availability of photovoltaic electricity increases
by equipping the PVS plant with a solar tracker system, the electricity consumed on-site does not
grow correspondingly. Vice versa, the electricity exported to power grid rises. This is due the fact that
a certain electric load occurs in the evening hours when PV electricity is not available, while during the
middle of the day (when photovoltaic energy availability is higher and the load is lower) the electricity
is fed into power grid. Thus, the results can be improved by adding an electric storage to the PS
plant in order to better manage the photovoltaic electricity and the matching with the electric load.
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As regards to d index, the results awards RS, indeed 66.58% of the electricity produced by PV system
is consumed on-site. By considering the high-performance panels in RS the photovoltaic electricity
production increases but also a larger amount of it is exported to the power grid resulting in lower
values of d index that reaches 58.20% in FIXED case.

The above considerations affect the energy analysis results on annual basis evaluated in terms
of primary energy demand and PFES index in both scenarios (MV) and (YV) (Figure 11). The first
two bars in Figure 11. are referred to RS in Scenario_MV and YV, while the remaining bars consider
PS in all solar tracker configurations and in both scenarios. PER® is always significantly higher than
PEPS, thus PFES index is always positive varying from 26.55% (FIXED case) to 48.57% (2AT case) for
Scenario_MV (average monthly values of power grid efficiency) and from 25.43% (FIXED case) to
45.86% (2AT case) in Scenario_YV (average yearly values of power grid efficiency). The full solar
tracking system reappears the best solution in both scenarios and it achieves the highest performances
when the more accurate analysis conducted by using monthly average values of r]glG is performed.
In particular, it has been found that the variation between PFES index in Scenario_MV and YV ranges

from one to three points percentage.

24,000 4857 510
syaqe W PFESEI®S PFESRS/PS [
42.30
O PFESyy A PFES,, 10.05 a A .
20,000 = O irei- 425
. 34.60 1260 A
g 15,960 D ’
16,000 15157 34.0
=] 13,997
= 2655 O
o 30,46 11,588 -
g 12,000 & o 255 &
b s H
s oy -
£ 8000 il 17.0
F i
P s
4000 2t Y
532
S5
i
e
& Sk
0 Zed oo
El 2 s = B F = £ E g 2
58 §§ £3: 4% S g g
-] % X I | P! = ~ 3
o & B ™ = E é <
Tz I
RS RS PSs PS Ps Ps Ps Ps Ps Ps Ps PS Ps PS

Figure 11. Energy analysis on annual basis in both Scenario_MV and YV.

Figure 12 displays the environmental analysis outcomes on annual basis in both MV and YV
scenarios. The RS shows the worst performances compared to PS with all solar tracking systems
selected guarantying positive values for ACO; index up to 45.86% (2AT case in Scenario_YV). From
environmental viewpoint 2AT case is confirmed the best configuration while the highest CO, emissions
are achieved for PS system equipped with PV panels in fixed position followed by cases in which
the panels rotate around a horizontal axis oriented from North to South (HAT_NS) or from East to
West (HAT_EW case). CO, emissions when the modules rotate around a vertical axis (VAT case) and
when they rotate from East to West around an axis that faces South (PAT case) are not so far from the

best case.
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Figure 12. Environmental analysis on annual basis in both Scenario_MV and YV.

By comparing the two scenarios, ACO; index can assume in Scenario_MYV values up to 3 percentage

points lower than those achieved in Scenario_YV.

Definitely, in Table 6 are summarized the annual energy and environmental analysis results as
well as the values of s and d indices. The outcomes are referred to both reference and proposed system
for each configuration of solar tracker system in Scenario_MV and YV.

Table 6. Energy and environmental analysis results on annual basis for PS and RS in both scenarios.

PFES (%) ACO; (%)
Systems Cases s (%) d (%) Scenario Scenario
MV YV MV YV

RS FIXED 26.12 66.58 - - - -
FIXED 34.16 58.20 26.55 2543 2458 2443
VAT 36.88 55.21 42.60 40.05 3794 40.05
PS 2AT 37.33 53.32 4857 4586 43.62 45.86
HAT_EW 36.21 56.77 3736 34.60 3229 34.60

HAT_NS 34.64 56.99 3046 29.18 2820 29.18
PAT 36.94 54.30 4464 4586 4039 42.30

Finally, it is useful to discuss the economic aspects concerning both PS and RS.

Table 7 reports the investment cost of each component of both systems and the corresponding
references where they have been resumed. The total cost of PS is significantly higher than those of
RS, since the cost to drill boreholes and the cost of solar tracking systems affect a lot the investment
resulting in an extra-cost ranging from about 145,000 € (in FIXED case) to 167,000 € (in 2AT case).
Instead, considering a unitary electricity price equal to electricity of 0.2 €/kWhp for the electricity
imported from grid and to 0.12 €/kWhp for electricity exported to the power grid [19], the difference
between the operating cost of RS and PS is positive. In particular, it varies from about 985 €/y (in FIXED
case) to 1861 €/y in (2AT case). It is clear that the PS is penalized in the economic analysis by its
plant complexity and by the lack of commercial maturity for its innovative components. Indeed, the
payback period is very high. Nevertheless, it could be possible to achieve better economic outcomes
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by considering some financial support mechanisms only for PS that is able to reach significant benefits
from energy and environmental viewpoints with respect to RS.

Table 7. Components investment cost of RS and PS and the corresponding reference.

Systems Component Investment Cost Reference
EHPRS 20,770 € [51]
FC 300 €/FC
RS PVRS 1400 €/kW [19]
SThyc 5005 € [31]
TG + Pump 10,000 €
GSHP 8520 €
EHPsPS 4350 €/EHP’S
BOR 100 €/m [31]
SThyc 5005 €
PS TG + Pump 10,000 €
pVPs 1900 €/kW [52]
HAT/VAT 29.29% of PV'S investment cost
PAT 33.1% of PVPS investment cost [28]
2AT 52.8% of PVPS investment cost
FC 300 €/EC [51]

7. Conclusions

In this paper two solar electric heating and cooling systems have been compared from an energy
and environmental viewpoint. Both systems satisfy the heating, cooling and electricity demand of a
block of flats located in Naples (South of Italy). The first plant, considered as the reference system,
consists of a centralized electric heat pump coupled with a photovoltaic plant. The second plant
is composed by a centralized ground-source heat pump, a low temperature thermal network and
a series of electric heat pumps, one for each apartment. Furthermore, the plant is coupled with a
high-performance photovoltaic system. The last configuration, intended as proposed system, can be
seen as an upgrade of an existing decentralized air conditioning system in which the local electric heat
pumps are converted in water-to-water devices that interact with the thermal grid representing the
heat source/sink for them. In both solar electric heating and cooling plants the photovoltaic system is
installed on the building roof and it produces electricity to feed heat pumps and end-users. The deficit
or surplus of electricity is taken/fed from/to power grid. The reference and proposed systems as
well as the building have been modeled and simulated in the dynamic simulation software TRNSYS
17. The outcomes of simulations have been used to perform an energy and environmental analysis
by considering yearly and monthly average values of power grid efficiency and emission factors
for electricity and five different solar tracking systems for the high-performance photovoltaic plant
of proposed system. In particular, the analyzed solutions are realized with vertical, two horizontal
orientations, polar and two-axis trackers and they have been compared with the standard fixed
configuration. The main outcomes can be summarized as follows:

e even if the proposed system has a high complex plant layout, it achieves good results in terms
of primary energy savings and avoidance of carbon dioxide emissions in comparison with the
reference system. These good performances are ensured by the high-performance photovoltaic
plant considered in the proposed system. Indeed, by comparing reference system and proposed
one equipped with a two-axis tracker system a primary energy saving of 101.67% is achieved in
summer period and 28.10% in winter period. Moreover, the avoided carbon dioxide emission
index is always positive, reaching the maximum value of 45.86% when a two axis tracker system
is considered;

e the use of a solar tracking system guarantees a better exploitation of solar radiation than the
standard fixed configuration and the best solution is that one that allows the panels rotation around
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two axes following solar azimuth and zenith angles. Thus, by considering the average monthly
values of environmental and efficiency indicators, the highest values of primary energy fossil
energy saving index (48.57%) and carbon dioxide emission factors index (43.62%) are achieved
when the two-axis solar tracking system is accounted in the comparison;

e the improvement in solar radiation exploitation going from a standard fixed configuration of
panels to that one equipped with a solar tracking system, does not correspond to a significant
increase in electricity consumed on-site. Vice versa, it results in an increase in the amount of
electricity exported to the power grid. This is due to a time-shift between the electricity demand
occurrence and the availability of photovoltaic electricity;

e the use of average monthly values for power grid efficiency and emission factor for electricity
lead to different results than those one achieved by adopting average yearly values. In particular,
a difference up to three percentage points has been recorded in the environmental and energy
indices between the two calculation methods.

Thus, further improvements of this work will concern the investigations of solar electric heating
and cooling systems coupled with electric storage or electric vehicles, in order to solve the issue
regarding the matching of photovoltaic electricity availability and electricity demands. Furthermore,
it will be possible to detail the analysis taking into account the real hourly values of energy and
environmental parameters to discover how a more accurate analysis, in terms of time-resolution of
adopted factors, can affect the outcomes. Another possible advance of this paper deals with the
validation of the current simulation results on an existing system.
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Nomenclature

E Energy (kWh)

EER Energy Efficiency Ratio (-)

cor Coefficient Of Performance (-)

CO, Carbon dioxide emission (kgCO;)

PE Primary Energy (kWh)

PFES Primary Fossil Energy Saving index (%)

s Ratio between the photovoltaic electricity on-site consumed and the total electricity request (%)
Greek symbols

a Emission factor for electricity (gCO,/kWhg;)
n Efficiency (-)

ACO, Avoided Carbon dioxide emissions (%)
Subscripts

Co Cooling

El Electric

fg from power grid

h/c Hot/cold water

0s On-site

tg To power grid

Th Thermal
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Superscripts and Acronyms

AUX
BOR
E
EHP
FC

Auxiliaries equipment
Boreholes

Est

Electric Heat Pump
Fan-coil

FIXED Fixed axis

GSHP Ground Source Heat Pump

HAT_EW  Horizontal Axis Tracker (from East to West)
HAT_NS  Horizontal Axis Tracker (from North to South)
INV+GI  Inverter and Grid Interface system

MV .

parameters of power grid.

PAT Polar Axis Tracker

PG Power Grid

PV Photovoltaic

RESs Renewable energy sources

RS Reference System

SEHC Solar Electric Heating and Cooling

ST Storage Thank

SUM Summer

TG Thermal Grid

Us Users

VAT Vertical Axis Tracker

W West

WIN Winter

YV Referred to Scenario_YV that considers average annual values of efficiency and environmental

parameters of power grid.

2AT Two Axis Tracker
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