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Abstract: Matching demand profile and solar irradiance availability is necessary to meet space
heating and domestic hot water needs by means of an air-source heat pump and photovoltaic
system in a single-family house. Demand-side management, with smart control of the water storage
set-point, is a simple but effective technique. Several studies in the literature pursue demand-side
matching and self-consumption goals through system adjustments based on the model predictive
control. This study proposes a rule-based control strategy, based on instantaneous photovoltaic (PV)
power production, with the purpose of enhancing the self-consumption. This strategy exploits the
building’s thermal capacitance as a virtual battery, and the thermal storage capacity of the system
by running the heat pump to its limit when PV surplus power is available, and by eventually using
an electric heater in order to reach higher temperatures. Results of annual dynamic simulations of a
building and its heating system show that the proposed rule-based control strategy is able to reduce
significantly the energy exchanges between the system and the grid. Despite the enlarged renewable
energy share, economic analysis points out the pursuit of the self-consumption goal may lead to a
diminution of the economic advantage in the Italian context (Italian weather data and the electric
power pricing scheme).

Keywords: demand-side management; photovoltaic; air-source heat pump; self-consumption;
net-metering

1. Introduction

In Europe, there is a clear long-term objective to decarbonise the energy system. The residential
sector is responsible for 25.4% of the final energy consumption in the EU28 [1]; however it also
represents 63% of the potential building energy savings in 2050 [2]. Currently, the average final energy
demand in the EU28 residential stock is 160 kWh m~2 y~! for heating, 31 kWh m~2 y~! for domestic
hot water, and 12 kWh m~2 y~! for space cooling [3]. The share of energy consumption for space
cooling is quite low, since less than 20% of the residential buildings in Europe actually meet their
cooling needs, with many buildings opting to live with the discomfort of overheating rather than pay
for the cost of cooling to a comfortable level [4]. An increase in the share of energy from renewable
energy sources, together with more efficient energy use, are therefore required to meet the transition
target toward a low-carbon society.

An air-to-water heat pump (AWHP) coupled with photovoltaic (PV) panels can play an important
role in meeting the European targets, as evidenced by their increasing share in the European market.
The AWHP represents the fastest growing heat pump segment across Europe, according to the
European Heat Pump Market and Statistics Report 2015 [5]. The coefficient of performance (COP) of
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heat pump thermodynamic cycle depends on the operating conditions (especially on the source and
the sink temperatures) and on how the partial load operation is performed. For AWHDPs, the large
variation of the source temperature (i.e., outdoor air) significantly affects the COP, and consequently,
the energy consumption. Nonetheless, inverter-driven (i.e., variable speed) compressors and other
thermodynamic cycle enhancements allowed for performance improvements, both at partial and full
load conditions. Therefore, the performance of the average commercial products has consistently
improved in recent years [6]. Besides, the new optimized management of defrosting cycles allows the
AWHP to operate even at low air temperatures, although with the drawback of a reduced COP.

However, the increased nominal and partial load efficiencies of the AWHP are not enough to
ensure optimal behavior of the building and its heating, ventilation, and air conditioning (HVAC)
system. For instance, some issues arise with regard to the control of the HVAC systems due to fast
changes in energy demand of high performance buildings, and consequently, the building might be
easily subject to poor comfort conditions [7]. Hence, an optimal design and control of the HVAC
systems is essential to ensure the reduction of energy consumption and the achievement of thermal
comfort for the entire heating season [8]. The challenge of minimizing energy use and cost while
maintaining thermal comfort is always open. The complexity of the systems and their control strategies
is increasing, since it also includes the efficient use of renewable energy sources [9]. Moreover,
the AWHPs have the potential to provide flexibility to the power system, and they can reduce the
grid imbalance problems due to the peaks in the PV production [10]. This is relevant in a scenario
where the peaks in electricity demand are growing or where the non-dispatchable generation share
is increasing [11]. Hence, the pursue of optimal self-consumption is one of the main objectives of
designing the AWHP coupled with PV panels for space heating and domestic hot water preparation.

In the literature, several authors have coped with the enhancement of the self-consumption rate
of locally generated power [12], and storage is becoming the key aspect [13]. The water storage tank is,
to a large extent, the most common tool for reducing the discrepancy between the renewable source
availability and the energy demand. Nonetheless, some authors [13,14] have demonstrated that an
increase in thermal storage has very limited benefits during winter, and the self-consumption target
can be achieved with standard tank sizes. Other authors [15] have found a negligible effect of storage
size, except for large PV sizes or highly fluctuating electricity prices. Schibuola et al. [16] applied three
control strategies to different combinations of water storage and AWHP capacities, but the results
do not show any relevant variation in the energy consumption related to water storage sizes. On the
contrary, large tank sizes can reduce the system efficiency unless a proper control strategy is used [17].
Prada et al. [18] studied the cost-optimal mix between the water storage tank, electrical batteries,
and storage capacity of the envelope [19] in a simplified residential building in three Italian cities.
The results of a multi-objective optimization process point out that about 60% of the optimal solutions
have a volume lower than 150 L in Trento and Rome, and lower than 100 L in Palermo.

The necessity of a more advanced control system to maximize PV self-consumption emerges from
these studies, and some attempts have been made in the literature. Psimopoulos et al. [20] used weather
forecasts to take rule-based decisions on the system operation. Similarly, Thygesen and Karlsson [14]
proposed a controller of the tank set point based on the radiation forecast for a ground source heat
pump in the Swedish climate. However, such a controller proved to be economically unprofitable.
Pospisil et al. [21] proposed a predictive control, to operate the AWHP during periods with the highest
outdoor temperature. Henze et al. [22] used the time-of-use price signal to shift the electrical loads to
off-peak periods at night and weekends in cooling applications. An extensive review by Péan et al. [23]
clearly distinguishes between rule-based controls and model predictive controls. Almost all of the
cases analyzed in the literature belong to one of these two categories. Most of these strategies, however,
require advanced control systems that make them more suitable for new installations.

On the contrary, this study proposed a simple rule-based strategy that can be implemented
through a low-cost controller. The simple, rule-based (i.e., if/then) control logic is based on
instantaneous measurements of PV production, in order to exploit the storage tank and building
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capacity with a few changes to the HVAC management system. Nevertheless, the simplicity of the
rule-based control algorithm could undermine its ability to produce near-optimal control strategies.
For this reason, the benefits of the proposed strategy for increasing PV self-consumption and at
the same time reducing the energy drawn from the grid are analyzed. A coupled simulation of a
single-family house and its energy system was set up in the TRNSYS simulation suite. Standard and
TESS libraries [24] were used to model the building and the HVAC components (e.g., storage tank,
PV modules, AWHP, and the control system). A TRNSYS type able to simulate variable-speed units
was developed by the authors, in order to correctly model the partial load operation of the AWHP.
Finally, the study focuses on the Italian context and on the analysis of the HVAC running costs. For this
reason, the Italian net metering tariffs for PV systems were implemented in the simulation code.

2. Methods

This study proposes and tests two control strategies for demand-side management, based on
instantaneous PV power production by means of dynamic simulations. A coupled simulation model
of a single-family house, and the energy systems for heating (SH) and domestic hot water production
(DHW), was set up by means of the TRNSYS software, using standard and TESS libraries. Annual
simulations were run with a time-step of 1 min.

The Italian electricity tariffs for the year 2017 and the typical reference year for Milan (a city
having a 4A climate, according to ASHRAE 90.1 classification [25]) were used as boundary conditions.
Weather data included hourly profiles of dry bulb air temperature, relative humidity, global radiation,
and wind speed. However, the climate can affect significantly the ASWHP performance [26].

This is an initial study focused on Northern Italy, and for this reason, does not investigate the
extent to which the weather data can affect the control strategy, even if it significantly influences the
PV production and the energy performance of the AWHP [26].

2.1. Building Model

The building is a small, bi-level, single-family house, having a volume of 275 m3 and fagades
oriented towards the main cardinal directions. The windows are exposed to south, east, and west.
The choice of this building is due to a previous modelling work of a real high-performance prototype
building [26]. The walls and roof have a thermal transmittance equal to 0.25 W m 2K, and windows
have a thermal transmittance equal to 0.9 W m~2 K~!. The ventilation rate of the building is 0.5 ACH
(air change per hour), according to Italian technical specification UNI/TS 11300-1 [27], and ventilation
is performed by a mechanical ventilation system with a heat recovery exchanger. The building is
representative of a European family house, since the floor area (about 80 m?) is quite close to the
average European floor area of a residential dwelling (i.e., 84 m?) [28]. The building modeled is divided
into four thermal zones, three of which are equipped with radiant floor panels. A small mechanical
room is without a heating terminal, but has internal heat gains due to the tank thermal losses. A weekly
pattern represents the total internal gain due to people and appliances, with two different profiles
for the living room/kitchen and for the bedrooms. The profiles are taken from the Italian technical
specification UNI TS 11300-1 [27]. The building model and the input/output management is performed
by means of Type 56 (standard TRNSYS library).

2.2. Heating, Ventilation, and Air Conditioning System and the Domestic Hot Water Production Model

The heating system was based on a variable-speed AWHP, coupled with radiant floor panels
(Figure 1). The AWHP simulation model was based on the performance map and on the partial-load
performance function provided by the manufacturer. A high-performance unit with a COP value
of 4.5 at 7-35 °C and a nominal heating capacity of 5 kW is considered in this study. As usual with
high-performance units, the partial-load operation performance curve is such that the optimal AWHP
performance happens when it is operating at around 50% of the load, and the maximum COP is up
to 30% higher than the COP at the nominal capacity. The compressor speed depends on the control
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strategy, and it takes different variables as input. In the reference case, for the SH mode the speed
linearly depended on the distance of the temperature from the set-point in the SH tank, while for the
DHW mode the AWHP was always run at the maximum speed. Cross-linked polyethylene (PEX)
pipes were used for the radiant panels, with a diameter of 0.016 m, pipe spacing of 0.12, and thermal
conductivity of 0.44 W m~! K~1. An on-off temperature controller in each room controlled the ambient
temperature, with a dead-band of +0.5 °C. Two separate water storage tanks were used for SH and
DHW, and a temperature controller (with dead-band of 3 °C around the set-point) controls their
temperatures. The set-point temperature of the SH tank is reset based on the outdoor temperature,
and it varies linearly between 38 °C and 28 °C as the outdoor air temperature varies between —5 °C
and 15 °C. The set-point temperature of the DHW tank was set to 45 °C in the reference case. The water
storage tanks were modeled as stratified vertical cylindrical tanks, with a volume of 150 L for space
heating and 250 L for DHW production. Priority is given to DHW demand, which is modeled through
the M standard tapping profile according to the EN 16147 [29]. A mechanical ventilation system with
heat recovery (with a nominal efficiency of 75%) guarantees a ventilation rate of 0.5 ACH in each room.
A typical commercial PV module was used in the simulation (Table 1). Since the PV production greatly
affects the control efficiency, the PV area is a parametric value in this study. Hence, three different PV
areas are considered, i.e., 15 m? (PV15), 20 m? (PV20), or 30 m? (PV30), corresponding, respectively,
to the peak powers of 2.1 kW, 2.8 kW, and 4.2 kW. The PV electric power production, when available,
is used by the AWHP, and if necessary, additional electric power is taken from the grid. PV surplus
power is delivered to the grid, and the model assumes a conversion efficiency (DC/AC inverter)
of 90%.

outdoor temperature

: ‘controller D - L w&l K DHW

i’-‘\uxiliai heating g
Heat —'_‘E: ﬁ}—g‘z r\_/_fq_

External air X pump

SH tank Radiant floor

Figure 1. Heating system layout.

Table 1. Technical specifics of the photovoltaic (PV) modules.

Module Specifics Value Units

Area 1.6 m?
Power Rating at Standard Test Conditions 230 W
Efficiency 14.1% -
Number of cells 60 -
Maximum power point current 7.8 A
Maximum power point voltage 29.5 \Y%
Short circuit current 8.4 A
Open circuit voltage 37 \%
Tilt angle 10 deg

2.3. Economics

The electricity market is set up to match energy supply and demand in Italy. For this reason,
there is trading between generators and suppliers in the Italian Power Exchange. The increasingly
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widespread diffuse electricity production and the growing number of heat pump installations are
altering the grid balance and in order to face those changes, the electricity marked is evolving. Italian
energy providers have recently introduced a time-of-use tariff for the domestic users that does not
penalize consumers with large annual electricity needs. This rate will promote the adoption of AWHPs
for space heating or cooling. The time-of-use tariff has two electricity prices that change every three
months (Figure 2a). During the weekdays, the F1 price is used from 8:00 AM to 7:00 PM, while the
F23 price is available from 7:00 PM to 8:00 AM. The F23 is also applied for the weekends. The annual
electricity bill also includes fixed costs (about 159 €/y for a committed power of 4.5 kW) and 13%
of fees (in 2017) [30]. The daily profiles of the time-of-use tariff, including transport/management
and system charges, are shown in details in Figure 2a. Figure 2b represents instead a typical profile
of the real price on the market (unique national price; PUN) that reflects the unbalance of electricity
exchanges between the grid and the consumers/producers.

0.135 0.11
-=-=lquarter ——Ilquarter - lll quarter — - IV quarter

0130 1111 T T Bedrrsdretsishrsforiessdcredons fvesheos]

0.125 0.08

0.120 0.07
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hours hours

(a) (b)

Figure 2. (a) Italian electricity time-of-use tariffs for domestic users in 2017. Prices include
transport/management and system charges and annual fixed costs, but fees are not included.
(b) Unique national price (PUN) on a weekday for the year 2017 with the typical double-peak profile.

A separate national net-metering scheme rewards and incentivizes power production from
renewable energy sources. In the Italian net-metering scheme, the power generated by eligible on-site
renewable plants can be delivered to the grid and used to offset the electricity withdrawn from the grid.
The grid authority pays a contribution based on the balance and the economic value of power injections
and withdrawals in a given calendar year. The contribution amount, calculated with Equation (2),
is based on the energy exchanges with the grid (Eg/i4, Egrig) and some economic indices of the national
market, such as the day ahead of auction market (MGP), the unique national price (PUN), and the
price of the flat-rate exchange (CUsy) [31,32].

The annual economic balance is defined in Equation (1), where Bill is the cost of purchased
electricity, Cs and Exc are the contributions, defined respectively with Equations (2) and (3), and the
Netbill is the amount actually paid at the end of the year by the householder. The economic credit
(Exc) is granted only if the economic value of the electricity fed to the grid is higher than the economic
value of the withdrawn power, according to Equation (3).

Net bill = Bill — Cs — Exc 1)
G = min(Efrom grid'PUN/' Ey grid'MGP) + Cusf'min(Efrom grids Eyo grid) ()
Exc = max (0; Eto gria-MGP — Efyom gn-d-PllN> ®)

2.4. Control System Strategy

The proposed control strategy aims to increase self-consumption by changing the set-point
temperatures as a function of the actual PV generation. In a previous work [30], different algorithms,
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based on either the PV production or the outdoor temperature, were compared to each other.
The authors found that the temperature has a limited impact on the control reliability with respect
to the control, based on the PV production. In the previous study, the algorithm checks whether PV
power is still available after standard set-points are met. If this is the case, the algorithm increases
the set-points of the DHW tank, the SH tank, and ambient thermostats and, consequently, it runs the
AWHP to satisfy the new set-points. In addition, the set-points are slightly reduced in case of low or
absent PV power.

In this study, we propose a new control strategy (HP+) as a further development of the algorithm,
based on PV production [33]. The new algorithm first checks the AWHP capacity, and in this respect,
the available PV power is compared with the minimum and the maximum power absorption of the
AWHP. The increase in set-points is therefore calculated as a function of this difference. The maximum
set-point variation is applied in the case when PV production is greater than the power absorption
at the maximum AWHP speed. Otherwise, only a fraction of the maximum set-point variation is
applied. The set-points are only increased and not reduced, with the purpose of avoiding any possible
discomfort (even if acceptable). Besides, the algorithm comparability with the reference case is ensured
since the same indoor conditions are pursued. The maximum set-points are 55 °C for the water
tanks (the maximum temperature supply of the AWHP) and 22 °C for the air ambient temperature.
Moreover, another rule-based control scheme is implemented. This new function checks whether PV
power is still available after the maximum set-point temperature is reached in the tanks. In this case,
the excess power is used to heat the DHW storage to a higher temperature (up to 90 °C for safety
reasons) by means of an electric heater (two subsequent stages of 500 W). This strategy maximizes
the self-consumption of PV production, although with the drawback of a high exergetic cost of the
electric resistance, which affects the overall efficiency of the system. The function is called electric
heater plus (EH+). The two functions are applied either independently or in combination (HP+ and
EH+), but with HP+ priority.

Tset,max — Tet ref

Tset,HP+ = Tset,ref P P ‘max (0? PPV,surplus - ahs,min) (4)
abs,max — Labsmin

Tset,EH+ = Tmax,DHW'maX (0; PPV,surplus - abs,max) ‘max (0; Tiank — Tset,ref) ®)

Notice that a temperature-controlled mixing valve is installed, both on the DHW and the SH
supply system. This secondary control, connected to a three-way valve, mixes the water exiting from
the tanks with cold water in order to meet the supply water temperature (i.e., 45 °C for DHW and
depending on the outdoor reset control for the SH).

The different level of self-consumption is quantified by two indices. These two key figures are the
self-consumption ratio (SC,4;,) and the self-sufficiency ratio (SS,,+,), which are detailed in Equations
(6) and (7), respectively.

Sel fconsumption [kWh]
PVproduction[kWh]

Sel fconsumption kWh]
Totalconsumption kWh]

S Cmtio =

(6)

Ssmtio =

@)

The two indices quantify the optimality of the control in a different way. The self-consumption
ratio evaluates the portion of energy produced by the PV that is directly consumed, while the
self-sufficient ratio quantifies the share of total energy consumption for SH and DHW produced
by using the PV source.
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3. Results

The results are presented as a comparison between the reference case, in which the system is
controlled using the standard approach, and the cases in which the new control strategies (Section 2.4)
are applied.

Energy use, self-consumption (direct use of the energy generated by PV panels), and energy
exchanged with the grid, are presented on a monthly or annual basis. Bills and contributions are
evaluated on an annual basis.

In the reference case, the annual SC, 4, is 7%, and the remaining energy from the PV system is
delivered to the grid. Such a low value is due to the configuration of the model, where no cooling
applications or domestic appliances are taken into account, as explained in the introduction. Only the
DHW needs are covered in the summer months, and consequently, a large amount of surplus energy is
produced. Figure 3 includes some significant results about the simulation of the reference case. On the
left, the monthly energy exchanged with the grid is represented, and it is evident that the energy to the
grid exceeds the energy from the grid, especially in summer. On the right, annual costs/incomes for
the householder on the base of the net-metering scheme indicate that the contribution considerably
reduces the Netbill.

Energy kWh
Jan
) 600
===-from grid Dec Feb
500
to grid
400
Nov ,’\\BQO Mar Net bill
] SSecaa
;200 ‘\‘ Exc
(\ y
\\ 100 ,Il Cs
Oct ‘~,g P Apr
% Bill
0 50 100 150 200 250 300 350 400 450 500
Sep May Annual money [€]
Aug Jun

Jul

Figure 3. Reference case: monthly energy exchanges with the grid and annual bills/takings for the
householder with net-metering (Equations (1)—(3)).

Figure 4 compares the three simulations with the new control strategies to each other and to the
reference case, in terms of monthly energy fluxes. All of the algorithms applied have the effect of
reducing the exchanges with the grid (energy drawn from the grid and energy delivered to the grid).
In other words, the algorithms improve the self-consumption and the self-sufficiency, especially when
the HP+ and EH+ are combined together. In this case, the SC, 4, increases from 7% to 60%, and the
SS;atip from 12% to 65%. This result therefore highlights the potential benefit for the grid manager if
this algorithm were extensively applied in buildings with PV systems.



Environments 2018, 5, 132 8 of 12

Jan Jan
Energy from the grid [kWh] 600 Energy to the grid [kWh]D 600
Dec Feb ec Feb
————— reference 500 -----reference 500
——HP+ —— HP+ 400
— EH+ Nov Mar ——EH+ Nov 300 Mar
——— HP+ and EH+ ~——— HP+ and EH+
Oct Apr Oct Apr
Sep May Sep May
Aug Jun
Jul Jul

Figure 4. Monthly energy exchanges with the grid for the reference case, and for the cases with the
new control algorithms (PV area of 20 m?).

The reduction of the energy exchanges is also evident from Figure 5, in which the increase
of self-consumption is also shown on the annual balance. This increase is quantified as 167% for
HP+, 660% for EH+, and 729% for HP+ and EH+, with respect to the reference case. Note that the
self-consumption exceeds the energy drawn from the grid when the EH+ or the HP+ combined with
EH+ algorithms are adopted.

g . ____________________________________|
to grid

reference
: |
from grid m HP+
EH+
: |
self-consumption HP+ and EH+
0 500 1000 1500 2000 2500 3000 3500 4000

Energy [kWh]

Figure 5. Annual amounts of energy exchanged with grid and self-consumed for the reference case
and for the cases with the new control strategies (PV area of 20 m?).

Figure 6 compares the three simulations with the new control strategies to one another and to
the reference case, in economic terms. The new algorithms are not advantageous in economic terms,
although the energy taken from the network is greatly reduced. The resulting Netbill increases because
the contribution (Cs) decreases for higher self-consumption levels. That means that these control
strategies aimed at increasing the self-consumption are not favored by the Italian net-metering scheme,
which does not adequately reward such behavior.
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Figure 6. Annual bills/takings for the householder on the base of the net-metering scheme (Equations
(1)~(3)) for the reference case and the cases with control strategies applied (PV area of 20 m?).

Finally, Figures 7 and 8 show the influence of the PV array area (or aperture) on the energy
exchanges and costs. Figure 7 clearly shows how, passing from 15 m? to 30 m?, the energy withdrawn
from the grid obviously decreases, and the energy fed into the grid increases. With a PV area of 15 m?,
the energy withdrawn exceeds the energy delivered to the grid. The SS, 4, increases from 65% (PV15)
to 58% (PV20) and 72% (PV30) by oversizing the area, while the SC,,;, increases from 60% (PV15) to
65% (PV20), but then decreases to 48% (PV30).

Energy from the grid [kWh] Jan Energy to the grid [kWh] Jan
600 600
—PV15 Dec Feb —PV15 Dec Feb
500 500
—PV20 J—
- PV20 o
—PV30 Nov 300 Mar —PV30 Nov 300 Mar
200 200
100 100
Oct \: / Apr Oct Apr
Sep May Sep May
Aug Jun Aug Jun

Jul .

Figure 7. Monthly energy exchanges with the grid for the case with control strategy HP+ and EH+,
and for a PV area of 15, 20, and 30 m?.

Figure 8 shows the different effects of the contribution to the Netbill from an economic point of
view. In both the case with HP+ only and with HP+ and EH+, the Ecx term is equal to zero, and the
Cs term is lower for the smaller area size; the resulting Netbill penalizes this situation. Therefore,
an oversized system is more profitable, compared to one that is more suitable to the actual energy
needs of the building by considering the running costs. Nonetheless, the different installation costs
and the payback times should also be considered.
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Figure 8. Annual bills/takings for the householder on the base of the net-metering scheme
(Equations (1)—(3)) for the case with control strategy HP+ only (above) and HP+ EH+ (below), as well
as for a PV area of 15, 20, and 30 m?.

4. Conclusions

Householders who take part in the Italian net-metering scheme receive a contribution that
significantly reduces their net annual spending for electricity. The contribution boosts the installation
of PV plants, helping to meet the goal of the progressive de-carbonization of the dwelling sector.

The regular bill (time-of-use tariff) linearly depends on the purchased electricity, and decreases
when a control strategy oriented to self-consumption is applied. Despite the benefits of those control
strategies, in terms of self-consumption and energy exchanges, the Italian net-metering contribution
does not boost the optimal use of the self-produced electricity in terms of net cost, resulting in larger
net money savings for management of the system with larger energy exchanges with the national grid.
In particular, if the HP+ and EH+ strategies are applied together, the energy delivered to the grid and
drawn from the grid decrease by 56% and 36%, respectively, but the net bill increases by 34%.

A threshold for the PV array area, below which the energy withdrawn exceeds the energy
delivered to the grid, can be identified for a particular system configuration and energy use.
The economic advantages are obviously lower for smaller areas, although more suitable for the
building energy demand. It worth noting, however, that a correct sizing procedure would require
taking into account other electrical uses that are not included in this study, and a comprehensive
economic analysis should include the initial investment, maintenance, and replacement costs of the
PV system.
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