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HIGHLIGHTS 43 

• A FIT scheme for grid-connected integrated PV-battery systems is discussed.  44 

 45 

• The FIT tariff scheme solely rewards self-consumption. 46 

 47 

• An optimization problem minimizes the tariff and it sizes the integrated systems. 48 

 49 

• The saving on bill is approximately 50%, the end user attains 25% self-sufficiency. 50 

 51 

• The self-generation is 50% at least, the self-consumption is 80% at least.  52 

ABSTRACT 53 

With reference to an integrated photovoltaic battery (PV-BES) system for grid-connected end users, a feed-in tariff 54 

scheme is discussed in this article. This scheme solely rewards self-consumption. Zero is the generation price paid for 55 

the generated renewable energy, and zero is the export price paid for the renewable energy delivered to the grid. This 56 

feed-in tariff scheme, referred to as S-FIT, also excludes the net-metering service and the possibility that the grid 57 

recharges or discharges the batteries. 58 

To calculate the incentive tariff, an optimization problem is adopted. The problem returns the minimum value of the 59 

tariff so that the subsidy given to the end user is equal to the difference between the instalments paid for the integrated 60 

PV-BES system and the savings obtained from the electricity bill. The period during which the end user has secured this 61 

grant is ten years.  62 

The S-FIT scheme is applied to the case of the Italian Public Administration from 2011 to 2015. Consequently, the 63 

real values of temperature, irradiation, and energy consumption are measured every 15 minutes, and the real electricity 64 

prices over the period 2011-2015 are considered. The optimal solution returned by the optimization problem allows for 65 

a significant reduction of the electricity bill by 49.56%; moreover, the self-produced energy is equal to at least 50%, 66 

whereas the self-consumed energy is equal to at least 80%.  67 

The optimal solution that is calculated using 2011 data is applied for 2012 to 2015. Although the electricity prices 68 

were subject to a radical change during this period, the optimal solution still allows for a significant reduction of the 69 

electricity bill; in particular, this reduction is equal to 44.98% when the PV-BES system is adopted, whereas it is equal 70 

to 33.65% when only the PV system is adopted. In both cases, the optimal solution ensures self-produced energy of at 71 

least 50% and self-consumed energy of at least 80%.  72 

This article ends with an assessment of the impact of the integrated PV-BES system on the load profile from the grid 73 

perspective and the satisfactory degree of self-sufficiency achieved by the end user. 74 

 75 

Index Terms — Battery storage; Economical analysis; Feed-in tariff; Optimal sizing; Photovoltaic system; 76 

Support policy.   77 

1. INTRODUCTION 78 

Among the contributions in the literature concerning the study and the economic viability of integrated photovoltaic 79 

and battery energy storage (PV-BES) systems for industrial or dwelling applications, including those benefitting from an 80 

incentive policy, Ref. [1] stands out among the many studies because the conclusion is the opposite of the majority of 81 

the contributions. In 2012, McKenna et al. state that in the UK, the PV-BES combination is not economically efficient 82 

because even in the presence of the incentive feed-in tariff policy, there is no economic convenience when adopting lead-83 

acid batteries even if ideal batteries with an optimistic life expectation are considered. In addition, based on well-84 

formulated considerations, McKenna et al. claim that this conclusion, batteries in the UK do not pay, is also valid for the 85 

case of Germany and the Australian States of Queensland, Victoria and Western Australia. 86 

Three years before, in 2009, the study of PV-BES systems on the German FIT policy was already being addressed in 87 

Ref. [2]; in this reference, Braun et al. present a PV-BES system developed within a French-German project called Sol-88 

ion. They conclude that the adoption of the Sol-ion system is a profitable operation for lithium-ion battery system prices 89 

below 350 €/kWh. 90 

 One year later, Ref. [3] arrived at the same conclusion; Hoppmann et al. state that in 2013, investment in storage 91 

batteries in Germany was economically viable for small PV systems even when not considering feed-in policies or 92 

demand-side management. The authors conclude that a promotion policy of battery storage will be necessary only in the 93 

short term. 94 

In 2014, the study of PV-BES systems on the German FIT policy is again addressed in Ref. [4]. Like many other 95 

academics, Weniger et al. also seek to identify the storage system price at which residential PV-BES systems become 96 

economically sustainable. In reality, the authors question which factor primarily influences the break-even price and 97 

conclude that the main factor is the rate of interest, followed by the PV system price, the retail price of electricity and the 98 

feed-in tariff. Consequently, Weniger et al. suggest evaluating the profitability of PV-BES systems and focusing on the 99 

future development of retail electricity prices instead of the development of new feed-in tariffs. The authors state that the 100 

integration of PV systems with batteries will be the most economical solution in a long-term scenario. 101 
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A further contribution to the study of PV-BES systems on the German FIT policy was made in 2015 by [5]. In the 102 

reference, Linssen et al. show that the use of realistic load and production profiles is mandatory to allow for reliable 103 

statements concerning both the technical parameters and economic feasibility. The authors also conclude that the break-104 

even price for the integrated system is approximately 900 €/kWh without a battery energy storage support scheme and 105 

approximately 1200 €/kWh when considering the German support scheme. Linssen et al. conclude by underlining that 106 

the individual taxation of revenues can significantly lower the break-even costs. 107 

The study of PV-BES systems on the German FIT policy in commercial applications is addressed in 2016 in Ref. [6]; 108 

in the reference, Merei et al. focus their attention on this sector due to the significant opportunity for economic savings. 109 

Indeed, commercial buildings usually have ample space for the installation of photovoltaic panels, and their load profiles 110 

have a high correlation with the generated solar energy. A supermarket in Aachen with yearly electricity consumption of 111 

238 MWh is the case studied in the reference; in this commercial application, the authors conclude that battery storage 112 

significantly increases the self–consumption of PV produced energy, but even with unrealistic battery prices of less than 113 

200 €/kWh, batteries cannot offer an economic solution.  114 

The German incentive system was used as inspiration in Ref. [7]; in this reference, Mulder et al. affirm that since 115 

2012 in Belgium, the use of lead-acid batteries up to 5 kWh is also affordable without subsidies, regardless of the increase 116 

in the cost of electricity. In view of the gradual decrease of the cost of lithium batteries, this latter technology will be 117 

attractive in the short term. Specifically, if the price of electricity increased by 4%, 4 kWh lithium batteries will be an 118 

attractive option in 2017 even without subsidies. 119 

Currently, Italy does not have a specific FIT policy for battery energy storage systems; the only concession to 120 

customers for the installation of batteries is a tax deduction equal to 50% of the investment costs spread over 10 years. 121 

All residential and commercial customers can install BES systems, which do not necessarily have to be integrated with 122 

a PV plant. In the case of batteries integrated with PV systems, the installation of a bidirectional electric meter is required 123 

to prevent the annulment of the incentives, where they exist, for the PV system. An analysis of the costs/benefits of the 124 

PV-BES system in residential applications is reported by the Italian total public-controlled Research into Electrical 125 

Systems company in Ref. [8]. The results presented in the reference show that in the case of an existing PV system 126 

subsidized by a feed-in tariff, the adoption of a BES system further increases the annual economic benefit of 127 

approximately 150 euros. In the case of a PV system that is not subject to a feed-in tariff, the additional annual economic 128 

benefits increase to approximately 170 euros. The calculated annual benefit is estimated net of the costs of the initial 129 

investment. 130 

In most of the articles cited above that are mentioned in the noteworthy review presented in Ref. [3], the analysed 131 

incentive schemes already exist; therefore, these schemes include input data in the economic-financial evaluation of an 132 

integrated PV-BES system, like solar radiation or user load profiles. On the contrary, a proposal for a new incentive 133 

scheme for PV-BES systems on the Greek island of Corvo is presented in 2011 in Ref. [9]. Two diesel generators of 120 134 

kW and two of 160 kW serve the island and its approximately 400 inhabitants. To calculate the subsidy for remunerating 135 

the adoption of PV-BES systems, Krajacic et al. estimate the fuel savings achieved from the adoption of batteries; they 136 

conclude that for a residential battery storage system with a capacity of up to 40 kWh mounted with a 4 kW inverter, the 137 

feasible remuneration scheme is a fixed tariff of 53.8€/kWh, multiplied by the storage capacity.  138 

Two further proposals for a new incentive scheme for PV-BES systems in Australia are presented in 2014 in Refs. 139 

[10,11]; in these references, Ratnam et al. study 145 residential customers who were randomly selected from customers 140 

located in the low voltage Australian distribution network operated by the Ausgrid distributor.  141 

For these customers, the authors assume the use of a photovoltaic system mounted on a rooftop and a battery storage 142 

system with a capacity initially fixed at 10 kWh. The authors also propose a role and the respective algorithm that 143 

efficiently manages the batteries to grant economic benefits to the residential customer and simultaneously alleviate the 144 

utility burden associated with peak demand and reverse power flow. The economic benefits are derived from the proposed 145 

FIT schemes. One of these schemes consists of a generous constant FIT of 0.4$/kWh; this value is higher than peak load 146 

price but is lower than the FIT offered in 2010 by the New South Wales Government, which paid a generation price of 147 

0.6$/kWh. The proposed FIT schemes enable an overall average savings of $350/yr and $100/yr per user. 148 

Four algorithms for the battery storage system operation are also proposed in Ref. [12], where the residential storage 149 

at the local and grid levels for Portugal is analysed. In the reference, Santos et al. use these algorithms to implement four 150 

rules and achieve the same number of different objectives. The first objective is to minimize the energy exchange between 151 

the grid and the customer, i.e., the grid zero role; the second and third objectives aim to reduce the peak demand from 152 

the grid and the peak energy injected into the grid, respectively. The last objective is to facilitate the integration of wind 153 

power from the grid. Each storage role is studied with respect to the four scenarios that represent the incentive for the 154 

customer to adopt the battery storage system. The authors concluded that the grid zero scenario is better able to derive 155 

profits from a self-consumption incentive scenario that rewards the customer with an on-site consumption tariff of the 156 

generated energy of 0.17€/kWh by a feed-in tariff of 0.17€/kWh and a buy tariff of 0.17€/kWh. 157 

In this article, an incentive scheme for PV-BES systems that does not exist to date is also considered. 158 

 159 
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 160 
Fig. 1 An integrated photovoltaic battery (PV-BES) system 161 

 162 

For a typical integrated PV-BES system for an end user connected to the distribution network, such as that shown in 163 

Fig. 1, the incentive scheme of this article only rewards the end user with a fixed incentive that is paid for each self-164 

consumed kWh. The self-consumed energy is a non-negative number: 165 

Esc (t) = EPV (t) - Ed (t) (1) 166 

where EPV and Ed denote the energy produced by the PV system and the energy delivered to the grid, respectively, in the 167 

time interval t. Moreover, zero is the generation price paid for the energy generated by the PV system, and zero is the 168 

export price paid for the PV energy delivered to the grid. This feed-in tariff scheme, called S-FIT, also excludes the net-169 

metering service and the possibility that the grid charges or discharges the batteries. 170 

Therefore, bearing in mind the definition of a feed-in tariff as reported by Couture in Ref. [13], Sun in Ref. [14] and 171 

Ritzenhofen in Ref. [15], to name a few, the incentive scheme considered in this article might be classified as 172 

unconventional because it forces the government to pay for the energy generated by exploiting renewable sources that is 173 

not delivered to the grid. 174 

To adhere to the S-FIT scheme as in Eq. (1), the operation of the integrated PV-BES system in Fig. 1 must comply 175 

with two rules. The first rule states that the PV system supplies the local electrical loads first and then recharges the 176 

batteries. The second rule states that the grid does not recharge or discharge the batteries. Given the S-FIT scheme and 177 

the two relevant rules, the problem of determining the incentive value expressed as €/kWh must now be addressed. 178 

In many countries, the value given to incentives is typically determined by the national government in view of the 179 

type of renewable resource (solar, wind, biomass) and the technical and economic parameters (size, investment, cost) to 180 

ensure secure profitability for the investor — namely, the end-user. In the last decade, the promotion of generation 181 

systems that exploit renewables has gained immense approval in almost all countries around the world. The World Energy 182 

Outlook 2015 [16] has estimated that subsidies granted to renewable source plants around the world amounted to $135 183 

billion in 2014 with an average growth rate of 25% per year since 2008. In 2014, Germany, the USA and Italy accounted 184 

for almost 50% of the total.  185 

However, this beneficial situation may have an unexpected backstory: it cannot be forgotten that subsidies are 186 

calculated on electric bills; therefore, the above-mentioned $135 billion was paid by small, medium and large companies 187 

and public administrations as well as by citizens and less affluent families. These latter users are probably no longer 188 

willing to comply with the uncontrolled application of additional incentive policies implemented through market-189 

independent FIT schemes. Consequently, the value of any new incentive scheme to promote the exploitation of renewable 190 

energy sources, to be eventually equipped with storage systems, must be adequately and reasonably determined. In 191 

particular, the respective extra cost burden on the bill should be as small as possible to stimulate market growth but avoid 192 

mere speculation. By doing so, a future incentive policy can identify the broadest possible consensus.  193 

The incentive for the S-FIT scheme of this article is determined by an optimization problem that returns the minimum 194 

value of the incentive, which corresponds to the break-even point of the investment. More specifically, the optimization 195 

problem calculates the incentive in €/kWh so that the end-user receives a yearly subsidy equal to the difference between 196 

the instalments that the end-user pays for the integrated PV-BES system and the savings that the end user obtains to 197 

reduce his electric bills. The period during which the end user has secured this grant is ten years. 198 

Since the optimization problem also returns the optimal size of the photovoltaic system and the battery storage system, 199 

the end user pays for the best photovoltaic battery combination that meets the constraints of the PV-BES model, including 200 

performance requirements. An example of a performance requirement is the percentage of self-generated electricity and 201 

the percentage of self-consumed energy. In this article, these percentages are set to at least 50% and 80%, respectively. 202 

To verify the feasibility and the economic viability of the S-FIT scheme, a building at the University of Calabria in 203 

southern Italy has been evaluated. The electricity consumption of this case study was measured every 15 minutes from 204 

2011 to 2015. As a result of this dense measurement harvest, it is possible to affirm that the load profiles are repeated in 205 

almost the same way. In particular, the data measured in 2011 are representative of the long-term habits of the case study, 206 

thus they are used as input data for the numerical simulations. 207 

The numerical results show that the S-FIT scheme for integrated PV-BES systems is both feasible and convenient for 208 

the considered case study. In 2011, the end user obtained savings of €9,179.82, which is 49.56% of the electric bill. The 209 

user pays €16,835.59 for instalments for the PV system and the battery storage system, and he receives a subsidy of 210 
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€7,655.77. Since the subsidy is evidently higher than the instalments, the adoption of the S-FIT scheme is favourable for 211 

the end user, manufacturers and the market in general. 212 

After 2012, electricity prices vary dramatically; up to 2012, the peak load electricity price was always higher than the 213 

off peak price. After 2012, this historical certainty gradually disappears until the opposite became true in 2015. The peak 214 

load price collapse evidently leads to a reduction in savings on electric bills and, consequently, a reduction in the cost-215 

effectiveness of the investment in an integrated PV-BES system for self-generation and self-consumption. 216 

To quantify the implications of the considerable reduction of peak load prices on the economic viability of the 217 

integrated PV-BES system, the authors calculate a situation in which the optimal solution obtained using the 2011 data 218 

were applied to the years 2012 to 2015. The numerical results show that in the period 2011-2015, the adoption of the S-219 

FIT scheme, together with the integrated PV-BES system, allows for a satisfactory reduction of the electric bill of 220 

approximately 44.98% instead of 33.65%, as is the case when only the PV system is adopted. On the other hand, the 221 

excessive reduction in peak load electricity prices forces the end user to contract a debt, year by year, that in the five 222 

years amounts to €9,653.29, i.e., 26.21% of the subsidy that the user receives during the period 2011-2015. 223 

It may be the case that the distortion of the electricity prices for Public Administrations occurred in Italy at the end 224 

of 2014. This temporary and sporadic anomaly, like the event reported by Sioshansi in Ref. [17]: due to the over-225 

generation phenomenon, the Texas retailer TXU offered free electricity between 9 pm and 6 am in November 2015. If 226 

this were the case, then we can consider these price distortions a temporary and sporadic anomaly. The S-FIT scheme of 227 

this article is a valid alternative for promoting integrated PV-BES systems and sustaining both self-generation and self-228 

consumption. 229 

This article ends with an assessment of the different contributions of the batteries during the months of the year and 230 

of the 25% electricity self-sufficiency achieved by the end-user due to the integrated PV-BES system. 231 

2. THE MODEL OF THE INTEGRATED PV-BES SYSTEM AND THE OPTIMIZATION PROBLEM 232 

This section describes the model of the integrated PV-BES system shown in Fig. 1 with an optimization problem, 233 

which returns three values, namely the minimum value of the incentive S-FIT, the optimal size of the photovoltaic system 234 

PV and the optimal capacity of the battery energy storage system BES.  235 

Because none of the equations of the optimization problem refers to the regulatory framework of a specific country, 236 

the international perspective of the problem is ensured, and both residential and commercial customers are candidates 237 

that are eligible for the installation of a PV-BES system awarded by the S-FIT scheme.  238 

Assume that k is the index over the T time intervals along t and that the input data for the optimization problem are 239 

the solar irradiation G(k), the load profile PLOAD (k) and the rated power of the battery storage system PBES. The 240 

optimization problem is: 241 

 242 

Minimize S-FIT  

subject to: 

 

Balance= Savings(.) + Subsidy(.) - Costs (.)= 0  2 

Savings(.)= Electr.bill
w/out PV-BES

- Electr.bill
with PV-BES

 3 

Electr. Bill =  ∑ Ea(k) ∗ Price(k) 

T

k=1

 

4 

Subsidy(. ) =  ∑ Esc(k) ∗ 𝐒_𝐅𝐈𝐓

T

k=1

 

5 

Costs(.)= Instalment(PV) + Installment (BES)  6 

Instalment(PV)= f(Loan_rate; Loan_length; Amount(PV)) 7 

Instalment(BES)= f(Loan_rate; Loan_length; Amount(BES)) 8 

PPV(k)=PV*G(k)* θ(k)* PV 9 

EPV(k)= PV(k)*t 10 

ELOAD(k)= PLOAD(k)*t 11 

PBES (k) ≥ 0                                                 if (EPV(k) – ELOAD(k)) ≥ 0 12 

PBES (k) ≤ PPV(k)-PLOAD(k)                                     if (EPV(k) – ELOAD(k)) ≥ 0   13 

|PBES(k)| ≤ m*PBES                                            if (EPV(k) – ELOAD(k)) ≥ 0   14 

SOC(k) = SOC(k-1) + (PBES(k)*t/BES)*charge*100                        if (EPV(k) – ELOAD(k)) ≥ 0   15 

PBES (k) < 0                                                 if (EPV(k) – ELOAD(k)) < 0 16 

PBES (k) > PPV(k)-PLOAD(k)                                     if (EPV(k) – ELOAD(k)) < 0   17 

|PBES(k)| ≤ PBES                                                                     if (EPV(k) – ELOAD(k)) < 0   18 

SOC(k) = SOC(k-1) + (PBES(k)*t/BES)*(1/discharge)*100                 if (EPV(k) – ELOAD(k)) < 0   19 

EBES(k)= PBES(k)*t       20 

EGRID(k)= EPV(k) – ELOAD(k) - EBES(k)        21 

Ed(k)= EGRID(k)                                             if EGRID(k)>0 else Ed(k)= 0 22 

Ea(k)= EGRID(k)                                             if EGRID(k)≤0 else Ea(k)= 0 23 

Esc(k) = EPV(k) - Ed(k)                                               24 
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∑ EPV(k)

T

k=1

≥ 0.5 ∗ ∑ ELOAD(k)

T

k=1

 

25 

∑ Esc(k)

T

k=1

≥ 0.8 ∗ ∑ EPV(k)

T

k=1

 

26 

m = Recharge_Current/Discharge_Current 27 

SOCmin ≤ SOC ≤ SOCmax 28 

PV≥0; BES≥0, S-FIT≥0   29 

k=1, 2, … T       30 

 243 

The constraints of the optimization problem are now discussed in the order in which they are numbered. The constraint 244 

(2) imposes that the variable Balance must equal zero; this variable is the sum of three terms: the cash flows, where the 245 

first is Saving, defined by (3) as the difference between the electric bills with and without the PV-BES system. The 246 

electric bill is calculated in (4) considering the electric energy absorbed by the grid Ea(k) and the electricity price Price(k). 247 

The second term is Subsidy, which it represents the euros the end user receives yearly thanks to the S-FIT scheme; 248 

Subsidy is calculated in (5) considering the S-FIT value and the self-consumption Esc(k). The last term is Costs; it is 249 

calculated in (6) as the sum of the instalments for the PV system and the BES system, defined in (7) and (8), respectively.  250 

Equation (9) calculates the power PV(k) produced by the photovoltaic system as the product of the rated power PV, 251 

the irradiance G(k), and the function θ(k) to account for the ambient temperature, the parameter PV, to account for the 252 

combined photovoltaic system losses. Consequently, Eq. (10) returns the energy EPV(k) generated by the PV system. 253 

Given that Eq. (11) calculates the energy ELOAD(k) consumed by local loads, the difference between EPV(k) and 254 

ELOAD(k) is calculated; when this difference is positive, the renewable supply exceeds the demand, batteries can be 255 

charged and the power PBES(k) delivered to the batteries is positive, as in (12). 256 

The equations from (13) to (15) govern the operation of the battery storage system when the renewable supply is 257 

higher than the demand; thus, excess renewable power is available to recharge the batteries. In particular, Eq. (13) sets 258 

the power PBES(k) lower or equal to the exceeding power, whereas Equation (14) limits the power PBES(k) up to the 259 

batteries’ rated power PBES, which is multiplied by the coefficient m defined in (27) as the ratio between the recharge 260 

current and the discharge current. The state of charge (SOC) of the batteries consequently changes; Eq. (15) calculates 261 

the new value of the SOC by updating the previous value, adding a quantity that depends on the power PBES(k), the battery 262 

storage capacity BES and the coefficient charge, which accounts for power losses during the recharge. 263 

The equations from (16) to (19) govern the operation of the battery system when the renewable supply is lower than 264 

demand; these constraints are complementary to those from (13) to (15).  265 

The equations (20) and (21) return the energy absorbed or delivered to the batteries and the energy absorbed or 266 

delivered to the grid, i.e., EBES(k) and EGRID(k), respectively.  267 

Equation (22) sets the value of Ed(k) equal to the energy delivered to the grid while Eq. (23) sets the value of Ea(k) 268 

equal to energy absorbed from the grid. Equation (24) calculates the self-consumption as the difference between the 269 

energy generated by the photovoltaic system and the energy delivered to the grid.  270 

Equation (25) requires that the yearly self-generation be at least 50% of the yearly load energy demand; similarly, 271 

Eq. (26) requires that the yearly self-consumption be at least 80% of the yearly self-generation. Equation (27) returns the 272 

coefficient m as the ratio between the recharge and the discharge battery current; evidently, this coefficient takes into 273 

account the battery technologies and the ability to charge the batteries with the current m times the discharge one. As an 274 

example, m is higher than 1 when Li-ion batteries are used, and m is lower than 1 when lead-acid batteries are used. 275 

Equation (28) provides a lower and upper bound for the SOC value. Finally, Eq. (29) requires that decision variables be 276 

non-negative numbers, whereas Eq. (30) sets k as the index over the T time intervals, each along t.  277 

3. THE CASE STUDY: TECHNICAL, ECONOMIC AND REAL DATA 278 

In this section, the authors present the case study used for the numerical experiments reported in section 4.1; the 279 

authors also illustrate how the electrical energy generated by the photovoltaic system is calculated and provide technical 280 

specifications of the battery storage system. Economic data, the amortization system used to determine the investment 281 

instalments, and the electricity prices are presented. Finally, the authors illustrate the measurement harvest of the energy 282 

consumption, the obtained load profiles and the selection of the representative load profiles of the case study in the long 283 

term. 284 

3.1 The case study 285 

A building at the University of Calabria, illustrated in Fig. 2, was studied. This building has eight floors; laboratories 286 

and office are distributed on each floor. In 2011, the electric energy consumption was approximately 133 MWh, 29% of 287 

which was for internal lighting, whereas the remaining 71% was for other electrical appliances. The electric bill was 288 

about nineteen thousand euros, 21% VAT not included.  289 

 290 
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 291 
Fig. 2 The case study 292 

3.2 Photovoltaic electricity generation 293 

The measurements of irradiance and ambient temperature were collected every 15 minutes for all five years, from 294 

2011 to 2015, returning values of 35,040/yr. To calculate the energy generated by the PV system, a reduction/increase in 295 

the rated nominal power of the PV modules was calculated as a function of the operating temperature of the photovoltaic 296 

cell; this reduction/increase is 0.4982% for each Celsius degree higher/lower than the standard temperature of 25 Celsius 297 

degrees. The operating temperature of the photovoltaic module is calculated as: 298 

𝑇𝑚𝑜𝑑𝑢𝑙𝑒 = 𝑇𝑎𝑚𝑏(𝑘) + 𝛼 ∗ 𝐺(𝑘)                                                                  (31) 299 

where Tamb(k) is the mean value of the ambient temperature in the time interval k, α is a constant equal to 0.050°C/(W 300 

/m2), and G (k) is the mean value of the radiation in the time interval k. Therefore, the parameter θ (k), which is useful 301 

for Eq. (9), of the optimization problem is:  302 

𝜃(𝑘) =  (1 − (𝑇𝑎𝑚𝑏(𝑘) + 0.05𝐺(𝑘) − 25) ∗ 0.4982)                                           (32) 303 

Power losses due to the tiltmeter shading and local shading are void; power losses due to reflection and in dc and ac 304 

circuits are 4%; power losses in the inverters are 2%; and power losses from mismatching are 3%. As a consequence, the 305 

coefficient PV in Eq. (9) of the optimization problem is 0.91. 306 

3.3 Battery energy storage system 307 

The storage system is equipped with lithium-ion batteries. This technology is preferred among storage technologies 308 

for this type of application due to their superior practicability and high modularity [18,19]. For the operation of the battery 309 

storage system, the following assumptions are made: the round trip efficiency is 82%; equal values for power losses 310 

during the recharge and discharge (c=d=0.90) processes are considered; the minimum value for the state of charge 311 

(SOCmin) is 20%; the maximum value for the state of charge (SOCmax) is 98%; and the self-discharge phenomenon is 312 

negligible. Finally, the recharge current is assumed as being equal to the discharge current, which is m set equal to 1 in 313 

Eq. (14) for the optimization problem.  314 

3.4 Economic input data: unit costs, the French amortization system and instalments 315 

Italian market prices in 2011 are used as a reference for the determination of the unit cost for both the photovoltaic 316 

system and the battery system. These unit costs are assumed as being equal to 1,800.00 €/kWp and 800.00€/kWh, 317 

respectively. Unit costs account for the laying and the maintenance of both the systems. The instalments for the 318 

photovoltaic system and the battery storage system are calculated using the well-known French amortization system, 319 

which is characterized by equal annual payments. The values of the loan rate and the loan length are 5% and 10 years, 320 

respectively. 321 

3.5 Electricity prices and the three F1, F2 and F3 time-slots 322 

The case study considered in this article refers to the Italian Public Administration; therefore, the electricity prices do 323 

not coincide with those of the consumers’ market but are instead determined by national administrative action. More 324 

specifically, the electricity prices are the result of a public tender operated by Consip Spa; this company is a public joint 325 

stock company held by the Italian Ministry of Economy and Finance, which serves the Public Administration sector 326 

throughout a procurement process. Electricity prices vary according to the type of user (e.g., customers connected to a 327 

low or medium voltage grid, electric vehicle charging stations, public street lighting), the day of the week and the hour 328 

of the day; in particular, three time ranges — F1, F2 and F3 — are defined. As reported in Table I, from Monday to 329 

Friday, the F1 range covers the peak-load hours, the F3 range covers the off-peak hours, and the F2 range covers one 330 

hour at sunrise and four hours in the early evening. On Saturday, the F2 range covers the daytime while the F3 range 331 

covers night-time; on Sunday and holidays, the F3 range covers both t daytime and the night-time use. 332 

   333 

 334 

Table I – The three time-ranges: F1, F2 and F3  335 
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 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 
 345 

Fig. 3 Electricity prices from 2010 to 2015  346 

 347 

Figure 3 reports the electricity prices from 2010 to 2015 for a Public Administration body connected to the medium 348 

voltage grid that forms the case study. These prices pay for the electricity generated and the transmission/distribution 349 

losses; they do not include the general charges of the electric power system or the national taxes on electricity. To also 350 

take into account these charges and taxes in the numerical experiments reported in section 4, the authors have analysed 351 

the electricity bills of the case study from 2011 to 2015. They estimated that, on average, these charges and taxes represent 352 

36.26% of the bills in 2011, 42.83% in 2012, 47.89% in 2013, 54.72% in 2014 and 48.48% in 2015.  353 

The movement in the electricity prices is a crucial point in the economic evaluation of an integrated system for PV-354 

BES, as discussed in this article. Referring to Fig. 3, the peak-load prices have always been the highest, precisely as in 355 

2010, when the peak-load price in January was approximately 99.29€/MWh and was almost perfectly double the off-356 

peak price.  357 

The electricity prices in the three-year period of 2010-2012 may be considered representative of the historical trend 358 

up to the beginning of 2013, when the consolidated reality of peak-load prices higher than off-load prices experienced a 359 

crunch, and the peak-load price falls below the price of the F2 range. Just a year later, the peak-load price falls below the 360 

off-peak price, and it maintains a decreasing trend for all of 2015 until December, when the peak-load price is just 361 

32.57€/MWh, whereas the off-peak price is 48.42€/MWh. Such large movements in the electricity prices caused a sort 362 

of distortion in the Italian electricity market with serious repercussions both inside and outside the market itself.  363 

 364 

3.6 Electric load profiles: measurement harvest and selection of the representative profiles in the 365 

long period 366 

The electricity consumption in the case study was measured every 15 minutes from 2011 to 2015. As a result of this 367 

measurement harvest, it can be concluded that data measured in 2011 are representative of the habits in the long run of 368 

the case study. Therefore, the 35,040 values measured in 2011 are used as input for numerical simulations. The 369 

representativeness of the data measured in 2011 in the long run is now illustrated by showing, for sake of brevity, only a 370 

comparison compared to the data measured in 2013 and 2015. 371 

Figure 4a shows the average daily profiles for the twelve months of 2011. Such profiles are indicated with the letter 372 

LPi, with i = January and December; these months are clearly very similar, with the exception of the LPaug profile of 373 

August when the electricity consumption is much lower than the consumption measured in the remaining months. Fig. 374 

4a also shows the standard deviation i to quantify the dispersion of the 96 daily measured values; for all months in 2011, 375 

the standard deviation is approximately 2.5 kW during the night and approximately 7 kW during the daytime. The black 376 

 From Monday to Friday Saturday Sunday and holidays 

7 am -  8 am F2 F2 F3 

8 am -  7 pm F1 F2 F3 

7 pm - 11 pm F2 F2 F3 

11 pm -  7 am F3 F3 F3 
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line LPave of Fig. 4a is the average value of the LPi profiles, while the dotted black line of ave is the corresponding 377 

standard deviation; the latter line is clearly close to zero. 378 

Figure 4b relates to the data measured in 2013. The average profile for July stands out because the electric power 379 

consumption is greater than in all other months; on the contrary, the average profile of August stands out because the 380 

electric power consumption is the lowest of all months, exactly as in 2011. Fig. 4c relates to the data measured in 2015. 381 

The August profile still stands out because it is the lowest of all months. When observing Figs. 4a, 4b and 4c together, it 382 

is clear that the average profiles and the standard deviation values are repeated by year in a strongly similar way, thus 383 

confirming that the 2011 data are representative of the long term. 384 

 385 

 386 

 a) 387 

 b) 388 

 389 
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 c)  390 

 391 

Fig. 4 Daily average load profiles and standard deviation in a) 2011, b) 2013 and c) 2015 392 

 393 

At the end of this section, the authors calculate the distribution of the consumption of electrical energy between the 394 

three time-ranges F1, F2 and F3. As reported in the first row of Tab. 2, in 2011 from Monday to Saturday, 36.66% of the 395 

electricity consumption is in the F1 range, while 19.13% and 29.17% are in the ranges of F2 and F3, respectively. Sundays 396 

and holidays account for approximately 15% of the annual consumption. The remaining rows of Tab. 2 show the 397 

distribution of energy consumption from 2012 to 2015; such distributions are very similar to the distribution calculated 398 

in 2011. The values of Tab. 2 clearly confirm the necessity of investigating the impact of the movement of electricity 399 

prices in the economic evaluation of the integrated PV-BES system, as 37.60% and 38.15% of the energy consumption 400 

during the 2014 and 2015 were measured during the peak-load and, precisely during 2014-2015, the peak-load price 401 

collapsed below the off-peak price. 402 

 403 

Table II – Distribution of electric energy consumption 404 

 From Monday to Saturday  On Sunday and Holidays 

 F1 F2 F3  F1 F2 F3 

2011 36.66 19.13 29.17  8.55 2.50 3.97 

2012 31.44 21.82 34.87  5.95 2.27 3.63 

2013 33.92 21.99 32.05  6.20 2.13 3.69 

2014 37.60 17.95 28.61  9.36 2.61 3.84 

2015 38.15 18.29 28.45  8.88 2.33 3.88 

 405 

4. NUMERICAL RESULTS 406 

In this section, the authors present the optimal solution returned by the optimization problem that was presented in 407 

section 2 for the case study described in section 3.1. It is worth noting that this solution is calculated using the 408 

measurements of energy consumption and electricity prices of 2011. Later, this solution is applied to the case study but 409 

uses data from 2012 to 2015.  410 

This section ends with an assessment of the productivity of the battery energy storage system and the different 411 

contributions of the batteries during the months of the year. Finally, the 25% electricity self-sufficiency that is achieved 412 

by the end-user due to the integrated PV-BES system is discussed, along with a brief insight on the impact of the optimal 413 

solution on the user profile from the grid point of view. 414 

4.1 The optimal sizing of the S-FIT incentive and the PV-BES system using data measured in 2011 415 

and its application over four years, 2012-2015 416 

The optimal solution returned by the optimization problem using 2011 data is as follows: an incentive equal to S-417 

FIT=0.117c€/kWh, a photovoltaic plant with peak power equal to PV=45.90 kW, and a battery storage system with a 418 

storage capacity equal to BES=41.56 kWh. The authors approximate the optimal solution as follows: PV=50 kWp and 419 

BES 50 kWh. Consequently, the incentive is recalculated to comply with the constraints of the model and is S-420 

FIT=0.126c€/kWh. 421 
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It is worth remembering that the rated power of the battery storage system is not a decision variable; the authors 422 

pragmatically set the rated power of the batteries equal to 50 kW because this value is the peak power of the PV system 423 

and is also a value that is close to the maximum power required by the user in 2011. 424 

 425 

Table III – Economic and operational results from 2011 to 2015 426 

   2011 2012 2013 2014 2015 

E
co

n
o

m
ic

 

Bill w/out PV-BES [€] 18560.92 19084.25 17005.60 15109.81 13571.97 

Bill with PV-BES [€] 9381.10 8957.72 9189.72 10007.35 8315.31 

Saving [€] 9179.82 10126.53 7815.88 5102.46 5256.66 

Saving [%] 49.46 53.06 45.96 33.77 38.73 

Inst(PV) [€] 11655.41 11655.41 11655.41 11655.41 11655.41 

Inst(BES) [€] 5180.18 5180.18 5180.18 5180.18 5180.18 

Subsidy [€] 7655.77 7700.80 7211.96 7237.40 7017.23 

Balance [€] 0.00 991.73 -1807.75 -4495.74 -4561.70 

Eload [MWh] 133.95 120.69 113.97 117.96 115.30 

O
p

er
at

io
n
 

EPV [MWh] 72.95 74.06 73.37 71.16 75.20 

EBES [MWh] 9.71 12.34 12.65 12.10 9.31 

Ea [MWh] 73.48 59.86 57.00 60.79 64.76 

Ed [MWh] 12.52 13.29 16.45 14.04 12.01 

Generation/demand [%] 54.46 61.37 64.38 60.33 65.22 

Self-consumption [%] 82.83 82.06 77.58 80.27 84.03 

 427 

 428 

The economic and the operation results from 2011 to 2015 when the solution (PV; BES; S-FIT) = (50; 50; 0126) is 429 

adopted are reported in Tab. III. As shown in the first column, in 2011, the electric bill without the PV-BES system is 430 

equal to €18,560.92 while it decreases to €9,381.10 in the presence of the PV-BES system. Savings of €9,179.82 or 431 

49.46% is thus achieved. Given these savings, the end user pays two instalments, one for the photovoltaic system and 432 

one for the battery storage system; the instalments amounted to €11,655.41 and €5,180.18, respectively. Since the user 433 

receives a subsidy equal to €7,655.77, a balance of €0.00 is achieved as desired and requested. Because the variable 434 

Balance is the sum of the expected cash flows from operations, the end user is not exposed to any economic risk or 435 

benefit; therefore, the net present value of the investment equals zero.  436 

The last seven rows of Tab. III report the operation results for the case study. 437 

The electricity demand in 2011 is 133.95 MWh, the photovoltaic system produces 72.95 kWh, while the batteries store 438 

73.48 MWh; as a result, the energy absorbed by the distribution grid is 73.48 MWh, while the energy delivered to the 439 

distribution grid is 12.52 MWh. At the end of 2011, self-generation and the self-consumption amounted to 54.46% and 440 

82.83%, respectively. 441 

The remaining four columns of Table III report the economic and the operation results from 2012 to 2015 when the 442 

solution (PV; BES; S-FIT) = (50; 50; 0126) is adopted. 443 

Therefore, upon scrolling through the values of the first row, it can be seen that as a consequence of the progressive 444 

fall in peak-load electricity prices — as discussed in section 3.5 and as shown in Fig. 3 — the electric bill without the 445 

PV-BES system decreases considerably from €18,560.92 in 2011 to €13,571.97 in 2015. In particular, assuming the 2011 446 

bill as a base unit quantity, the bills from 2012 to 2015 are 1.2, 0.91, 0.81 and 0.73. Therefore, in five years, the electric 447 

bill decreases almost linearly by 27%. 448 

Even the electric bill with the PV-BES system decreases in the period 2011-2015. Assuming the 2011 bill as a base 449 

unit quantity, the bills from 2012 to 2015 are 0.95, 0.97, 6.1 and 0.88; therefore, in five years, the electric bill decreases 450 

almost linearly by 22%.  451 

The final conclusion of this section relates to the balance, which is the algebraic sum of the savings, the subsidy and 452 

the instalments. In 2011, the balance is zero because the optimal solution was calculated using 2011 data, and Eq. (2) of 453 

the optimization problem requires that the balance equal zero. In 2012, the balance is a positive number and amounts to 454 

€991.73. On the contrary, in later years, the balance becomes negative, indicating that the subsidy and savings do not 455 

pay for the instalments of the PV-BES system. By year, the user contracts a debt of €1807.75 in 2013, €4495.74 in 2014 456 

and €4341.53 in 2015. The total debt amounted to €9,653.29, which is 26.21% of the subsidy that the end user receives 457 

in the period 2011-2015. 458 

4.2 Storage productivity, profitable storage. 459 

To evaluate the productivity of the battery energy storage system and its profitability, the economic and operational 460 

results of the case study are calculated again, but in the absence of the battery storage system because only the 461 

photovoltaic system is adopted. The incentive is also calculated again, and it is 0.077€/ kWh instead of 0.126€/kWh. 462 
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 463 

Table IV - Economic and operational results with and without the battery storage system 464 

   2011-2015 

   with PV with PV and BES 

 

PV  [kWp] 50.00 50.00 

BES  [kWh] 0.00 50.00 

S-FIT  [€/kWh] 0.077 0.126 
E

co
n

o
m

ic
 

Bill w/out PV-BES [€] 83332.55 83332.55 

Bill with PV-BES  [€] 55289.28 45851.20 

Saving [€] 28043.27 37481.35 

Saving  [%] 33.65 44.98 

Inst(PV)  [€] 58277.06 58277.06 

Inst(BES) [€] 0.00 25900.91 

Subsidy [€] 17934.18 37043.34 

Balance [€] -12299.66 -9653.29 

O
p

er
at

io
n
 

Eload [MWh] 601.87 601.87 

EPV [MWh] 348.75 348.75 

EBES [MWh] 0.00 56.11 

Ea [MWh] 362.70 315.90 

Ed [MWh] 109.58 62.96 

Generation/demand [%] 57.94 57.94 

Self-consumption [%] 68.58 81.95 

 465 

Table IV reports the sum of the economic and operational results of the case study for all the five years, from 2011 to 466 

2015; more precisely, the third column reports the numerical results when the solution (PV; BES; S-FIT) = (50; 50; 467 

0.126) is adopted, while the fourth column reports the numerical results when the solution (PV; BES; S-FIT) = (50; 0; 468 

0.077) is adopted.  469 

The sum of the electric bills without the PV-BES system for the years 2011-2015 is €83,332.55. This amount 470 

decreases to €55,289.28 when only the PV system is adopted, while it further decreases to €45,851.20 when even the 471 

batteries are adopted. This latter decrease demonstrates that the installation of batteries generates value; in fact, the 472 

percentage saving increases from 33.65% to 44.98%. Furthermore, the subsidy granted to the user increases from 473 

€17,934.18 when the PV system is adopted to more than double that figure when the batteries integrate the photovoltaic 474 

system. 475 

Moreover, the balance is €-12299.66 in the presence of the photovoltaic system, while it decreases to €-9653.29 in the 476 

presence of the integrated PV-BES system. 477 

With regard to the operational results, the battery storage system allows the user to achieve an important goal: the 478 

energy generated by the photovoltaic system that is fed into the grid is 62.96 MWh instead 109.58 MWh; therefore, self-479 

consumption amounts to 81.95% in the presence of storage instead of 68.58%, which is in the presence of the PV system 480 

only. 481 

4.3 Battery usage and impact of the integrated system from the grid point of view  482 

This article ends with an assessment of the impact of the integrated PV-BES system on the load profile from the grid 483 

point of view; in particular, this assessment illustrates how the contribution of the batteries varies over the months of the 484 

year and highlights the satisfactory 25% self-sufficiency achieved by the end user. 485 

As a result of the adoption of the integrated PV-BES system, the load profile of the end user from the point of view 486 

of the grid necessarily changes as a function of the size of the photovoltaic system and the battery energy storage system. 487 

For example, the average daily load profiles of January, March, July and October in 2011 are plotted in Fig. 5; these 488 

profiles are obtained by calculating the arithmetic mean of the daily energy consumption that is measured every 15 489 

minutes. The dashed black line is the load profile in the absence of an integrated PV-BES system, the grey solid line is 490 

the load profile as amended by the adoption of a 50 kWp PV system, while the black solid line is the load profile as 491 

amended by the adoption of the storage battery system 50 kWh, in addition to the photovoltaic system. 492 

The area between the black line and the grey line is the renewable electric energy stored in the batteries; this area 493 

provides an idea of the contribution of the batteries to self-consumption; therefore, the larger this area is, the more relevant 494 

the use of the batteries is and vice versa. For example, regarding the average load profiles illustrated in Fig. 5, the use of 495 

the batteries is of limited relevance in January since the batteries accumulate 9.58 kWh/day or a value that is 496 

approximately equal to 20% of the battery storage capacity. In March and October, the use of the batteries increases 497 

when compared to January; in fact, the stored energy is equal to 21.42 kWh/day and 24.51 kWh/day, respectively. In 498 
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July, the contribution to self-consumption provided by the use of the batteries is certainly significant because they 499 

accumulate 35.02 kWh/day or a value close to 70% of the battery storage capacity.  500 

In summary, the monthly stored and self-consumed energy equals 296.98 kWh in January, 664.02 kWh in March, 501 

755.81 in October and 1085.62 in July. If the same calculation is executed using data measured every 15 minutes instead 502 

of the average profiles of Fig. 5, the monthly stored and self-consumed energy increases slightly and amounts to 385.71 503 

kWh in January, 735.30 kWh in March, 773.27 in October and 1220.17 in July. 504 

 505 

 506 

 a)  b) 507 

  c)  d)  508 

 509 

Fig. 5 Average load profiles in January, March, July and October 510 

 511 
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 512 
Fig. 6 Load profiles of 8th July 2011  513 

 514 
To further investigate the impact of the integrated PV-BES system on the load profile from the grid point of view, 515 

the recurrences of the measurements of the energy absorbed from the grid every 15 minutes are now assessed. Fig. 6 516 

illustrates the load profile of 8th July 2011 when, due to the adoption of the integrated PV-BES system, the load profile 517 

is zero from 8:30 to approximately 17:45, thus indicating that the user is energy self-sufficient for almost all daylight 518 

hours. On that day, the measurement of 0 kWh recurs 40%, while it never recurs in the absence of the integrated system. 519 

Recurrences of measurements for the five years from 2011 to 2015 are shown in Tab. V, distinguishing between the 520 

absence (w/out) and the presence (with) of the PV-BES system. 521 

 522 

Table V - Recurrences of measurements of the energy absorbed from the grid 523 

 524 

   Energy measurement [kWh] 

   0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 

R
ec

u
rr

en
ce

s 
[%

] 

2
0

1
1
 

w/out 0.00 0.13 18.50 34.25 18.78 10.87 10.98 5.06 1.26 0.16 0.01 

with 23.05 0.12 13.95 22.66 9.27 2.45 1.47 0.38 0.03 0.00 0.00 

2
0

1
2
 

w/out 0.00 3.82 24.37 33.80 15.33 11.49 7.63 2.69 0.67 0.17 0.01 

with 27.11 2.63 15.87 20.51 5.59 1.52 0.67 0.14 0.03 0.00 0.00 

2
0

1
3
 

w/out 0.00 8.27 28.14 29.81 12.57 10.78 6.99 2.45 0.80 0.17 0.01 

with 26.17 5.65 18.01 17.89 3.81 1.15 0.56 0.10 0.04 0.01 0.00 

2
0

1
4
 

w/out 0.01 5.05 24.00 37.72 9.67 12.53 8.28 2.56 0.18 0.01 0.00 

with 25.75 3.61 15.97 22.91 2.98 1.56 0.77 0.26 0.01 0.00 0.00 

2
0

1
5
 

w/out 0.00 4.32 23.75 33.90 14.09 11.42 8.47 3.19 0.73 0.13 0.01 

with 25.52 3.00 15.95 20.99 5.41 1.67 0.87 0.22 0.03 0.00 0.00 

 525 

As reported in the first row of Tab. V, the measurements that occur most frequently in 2011 are 3 kWh (34.25%), 2 526 

kWh (18.50%) and 4 kWh (18.78%), whereas the measurement of 0 kWh never occurs. The adoption of the integrated 527 

PV-BES system reduces all instances of the first row with the exception of 0 kWh, which, as in the second row, is the 528 

most common measurement (23.05%). Similarly, 0 kWh is the measurement that occurs most frequently even in the four 529 

years from 2012 to 2015, when the integrated PV-BES is adopted. On average, the end user shows complete electric 530 

energy self-sufficiency for about a quarter of the time.  531 

In addition to the significant self-sufficiency described above, the adoption of the combined PV-BES system also 532 

provides benefits to the local distributor because the PV-BES system provides renewable energy, especially during peak 533 

hours. Additionally, it reduces power losses, and the voltage drops along the electric lines; consequently, it reduces the 534 

operating costs of the electrical system. 535 
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5. CONCLUSION 536 

A feed-in tariff scheme for promoting the integrated photovoltaic battery (PV-BES) systems for grid-connected end 537 

users has been discussed. This scheme, S-FIT, solely rewards self-consumption, which is calculated as the difference 538 

between the energy produced by the photovoltaic system and the energy delivered to the grid over a short time interval, 539 

e.g., 15 minutes. Zero is the generation price; zero is the export price; the net-metering service is excluded; and the grid 540 

does not recharge or discharge the batteries. 541 

An optimization problem was used to determine the incentive and optimal sizes of the photovoltaic and battery energy 542 

storage systems. The incentive was calculated so that the yearly subsidy equals the difference between the instalments 543 

paid for the integrated PV-BES and the savings obtained from the electricity bill. The sizes of the photovoltaic and battery 544 

storage system were calculated so that the percentage of self-produced energy is at least 50% and the percentage of self-545 

consumed energy is at least 80%. 546 

The S-FIT scheme, together with the integrated PV-BES system, was applied to the case of an Italian Public 547 

Administration building from 2011 to 2015. Real values of temperature, irradiation, energy consumption and electricity 548 

prices were considered. 549 

The numerical results demonstrated that the S-FIT scheme for an integrated PV-BES system is feasible and 550 

advantageous because the electricity bill in 2011 was reduced by 49.56%. Moreover, the yearly subsidy received by the 551 

end user is lower than the instalments paid for the integrated PV-BES system; therefore, the adoption of the S-FIT scheme 552 

has a positive socio-economic impact. 553 

The optimal solution calculated using the 2011 data was applied to the years 2012 to 2015 to evaluate the scheme 554 

response to a radical change in electricity prices — namely, the collapse of the electricity peak-load price. The numerical 555 

results showed that the S-FIT scheme and the integrated PV-BES system also allow a reduction of the electricity bill in 556 

the presence of this radical change in electricity prices. The reduction equals 44.98% when the PV-BES system is 557 

adopted, whereas it equals 33.65% when only the photovoltaic system is adopted.  558 

This article ends with an assessment of the impact of the integrated PV-BES system on the load profile from the grid 559 

point of view; in particular, this assessment illustrates how the contribution of the batteries varies over the months of the 560 

year and highlights the 25% self-sufficiency achieved by the end user. 561 

 562 
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