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Abstract: As grid parity is reached in many countries, photovoltaic self-consumption is raising great
interest. Currently, there is a big number of new projects being developed in Spain thanks to the new
regulation. From the experience of the monitoring of one full year of operation of a self-consumption
PV plant in a university building, a regulatory, energy, and economic analysis is made for this type
of building. It has been carried out by simulating the behavior of the building with installations
within the range of PV powers allowed in the Spanish regulation. The analysis shows the good fitting
between the new Royal Decree of Self-Consumption and the new Building Code. The economic
analysis proves that the new simplified compensation method gives the best economic return for this
use of the buildings when the PV production is matched with the consumption. The time of return of
investment is between 8 and 9 years, and the levelized cost of electricity (LCOE) is into the range of
the pool market price of electricity. These results show the profitability of PV self-consumption for
this type of building.
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1. Introduction

Nowadays, energy conservation is an important concern, leading to initiatives in both
efficiency and use of renewable energy sources. One of the biggest energy consumers
is the building sector, residential and commercial, accounting for about 40% of energy
consumption and 36% of CO, emissions in EU with a potential reduction of 27% in
emissions [1] and 28% of total energy in the United States [2]. The EU Directive on the
energy performance of buildings stipulates that by 31 December 2020, all new buildings
must be nearly zero energy buildings (NZEB). It is important to note that NZEB definition
has to take into account the climate, building geometry, and patterns of use [3,4]. In line
with the definition of NZEB, it is necessary to define a maximum level of energy demand
and a minimum percentage of renewable energy. The EU Directive states that “the nearly
zero or very low amount of energy required should be covered to a very significant extent by
energy from renewable sources, including energy from renewable sources produced on-site
or nearby” and that “the definition of nearly zero-energy buildings, reflecting their national,
regional, or local conditions, and including a numerical indicator of primary energy use
expressed in kWh/m? per year”. Regarding their use, in Europe, the residential sector
accounts for a 75% of the total stock in m?, and the remaining 25% is a more heterogeneous
sector, being educational and office buildings a 40% of this sector [5].

Transposition of this EU Directive to the Spanish legislation is done by means of the
renovation of the Spanish Building Code, more precisely in the Basic Document of Energy
Saving and Efficiency [6]. This document states a limitation on the building electrical
consumption based on climatic zones, use, and the extent of interventions, in case of
renovation. It clearly points out that the electrical consumption must be supported by
using renewable energy sources. Chapter 5 “Exigencia basica HE5: Generaciéon minima
de energia eléctrica” states the obligation to integrate systems of electric generation from
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renewable sources for self-consumption or grid feeding. The scope of application of
this building code comprehends buildings with different purposes from those of private
residence, when the area of the new building, extension, or renovation is higher than
3000 m2. The power to install in kilowatts will be in between a minimum of 1% of building
area and a maximum of 5% of roof area. In every case, the amount of power to be installed
will be in between 30 kW and 100 kW.

Among the renewable sources suitable for use in buildings, solar photovoltaic energy
(PV) is the most attractive. This technology has reached grid parity in a number of countries,
in particular in the commercial sector [7]. This fact makes PV self-consumption a very
convenient option for providing buildings with clean renewable energy, as evidenced in
several analyses [8-10], but it requires a stable proper legal framework to succeed as a
long-term investment.

The traditional self-consumption definition states that self-produced energy has to be
consumed instantly or in a 15 min interval [11]. As the number of PV installations surges,
there are concerns about the impact on the grid, especially at the distribution level [12].
The self-produced electricity power can be higher than consumption in many periods,
producing a surplus that can be fed to the grid. Feeding into the distribution grid of this
energy surplus can be allowed or prohibited, with a direct consequence on the profitability
of PV. In the case that it is allowed to feed energy to the grid, there are now two main
strategies for the economic evaluation of the energy exported to the grid: net metering
and net billing [13,14]. In the net metering scheme, the electricity generated in excess
is discounted from the energy taken from the grid. At the end of the billing period, if
there is net exported energy, it can be paid at a set price (lower than the purchase price)
or accumulated in a balance sheet for a limited time, ranging from months to years. In
the net billing scheme, the energy consumed from the grid is paid at a rate that can be
constant or variable, and the energy fed to the grid is usually paid at a lower rate than the
retail rate and can be related to the pool rate. In this mechanism, if the economic value
of exported energy is higher than incoming energy, a utility credit could exist or not. To
administer a net metering scheme, it is quite simple compared with other compensation
models that need to add more than one current flow meter [15]. It is also important for
these complex systems a periodic policy review applied to keep up with the progress of
technology and the evolution of the market [16]. With regard to net billing, the low value
of exports presents an incentive to improve self-consumption percentages as is pointed
in [17].

The rising number of self-consumption PV installations brings up the problem of
its integration into the distribution grid. This fact makes necessary a proper framework
for characterization of PV self-consumption systems. In this way, parameters as self-
consumption and self-sufficiency are defined as the fraction of energy produced to be
self-consumed and the fraction of self-consumed energy related to the total consumed
electricity [18]. A more complete framework for characterization of load matching and grid
interactions is developed in [12].

As PV support policies are changing from feed in tariff to net metering and net billing
schemes, the profitability for the end-user is lower, and it can be compromised. A lot of
research has dealt with this issue. According to the analysis described [19], the photovoltaic
profitability for four different types of buildings is studied, finding that it depends on the
degree of self-consumption that is obtained, taking into account the relationship between
photovoltaic production, and shape of the daily load profile of the building [20]. The
economic profitability is a subtle issue, with a high variability of economic results in its
evaluation, where there are multiple variables that must be considered, such as annual
average insolation, the combination of energy supply and demand, incentive system,
nominal power, and yields of the PV plant, inverter efficiency, cost, and finally, the size of
the PV facilities [21].

The development of PV self-consumption in Spain has seen hard times with the
approval of RD 900/2015 [22]. In fact, it was a brake for these installations because of high



Sustainability 2021, 13, 1662

30f16

costs passed to the prosumer (the infamous “tax on the Sun”) and the threat of very high
economic fines that discouraged commercial and industrial consumers from installing PV.
This legislation is analyzed in more detail in [23-25]. Fortunately, a new regulation was
approved in 2018 [26], and technical details were developed in 2019 [27], so it has become
a driver of great interest in self-consumption on residential, commercial, and industrial
consumers. This regulation marks the end of the “tax on the Sun”, with exemptions of
charges and tolls on self-consumed electricity, clearly defines collective self-consumption,
introduces surplus simplified compensation (a sort of net billing), eases administrative
procedures, and allows to install more PV power than the contracted access power. That
results in a surge of interest on PV installations.

This work is based on the experience acquired from a full year monitoring of the
self-consumption PV installation available in “E.U. Educacién y Turismo” of University of
Salamanca in the city of Avila, Spain. It is intended to shed some light on the benefits of
PV in buildings with similar use (educational, office, commercial). Detailed PV generation
and grid exchange allows one to simulate the behavior of installations of different PV
power and calculate the economic returns in accordance with the new Spanish regulation of
electricity self-consumption considering and comparing the different compensation models
in the case of discharge of surpluses. The results allow us to determine a fair time of return
of investment, making PV attractive to users so the success of the new regulation and the
Spanish Building Code can be expected.

2. Materials and Methods
2.1. Description of the Building and PV Installation

The study is carried out in the building of the University School of Education and
Tourism of the University of Salamanca in Avila (40°39’ N, 4°41’ W, altitude 1110 m).
The building has 5660 m? built, and it is located on a plot of 13,042 m?2. It currently has
750 students enrolled and 65 workers, including teachers, administration, and services staff.
According to the technical building code, if the indicated building were to be built today;, it
would have to be equipped with a renewable energy installation with a nominal power
of between 56.6 kW and 88 kW since the roof area is 1765 m?. With actual PV modules of
efficiency around 19%, it is possible to install more than 70 kW on the roof.

The existing self-consumption photovoltaic installation is ground-mounted next to
the building, it is located at the bottom right in Figure 1, and it is connected to the internal
electrical grid. So, this photovoltaic system is in an urban environment, and local climatic
conditions are of high irradiance and large daily temperature variations due to the altitude
and the dry climate. The modules are in a fixed structure with a 45° inclination and south
orientation. This is a research installation for a long-term study of polycrystalline technolo-
gies and is made up of three photovoltaic fields of 3.3 kW peak, connected respectively to
three Zigor Sunzet SP 3.3 kW inverters with two PV strings each. For the full year 2019 one
string was disconnected, so the data corresponds to a peak power of 8.33 kW.

Figure 1. View of the University School of Education and Tourism together with the 10 kW photo-
voltaic installation visible on the right.
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2.2. Description of the Electricity Retail Tariff

The electrical supply point of the building is a low voltage one, with a contracted
power of 66 kW and at retail ATR 3.0 tariff, which is the low voltage rate with three
time periods for maximum power above 15 kW. This rate is common in administrative,
educational, and commercial buildings (when they do not have their own transformer).
According to the latest report from the National Markets and Competition Commission in
2019 there are 779,914 supply points in this rate, with a contracted power of 20,642 MW for
period 2, and a total annual consumption of 37,081 GWh [28]. This rate does not make the
difference between working days, holidays, and the month of August, unlike other rates
which during holidays and in August establish the costs of the “valley” period. Table 1
shows the hourly distribution of the three periods for the winter and summer rates, together
with the reference of hourly radiation for the solstices and equinoxes. In wintertime the
“peak” period is in the afternoon, just after sunset, so solar production corresponds to
the intermediate rate (flat). During summer hours, the “peak” rate coincides with noon,
and those 4 h correspond to hours of high solar production, resulting in greater financial
savings for self-consumption systems.

Table 1. Hourly distribution and comparison with solar irradiation for ATR 3.0 rate.

Hour 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Winter Solstice irradiation (Wh/m?) 1 117 287 396 460 477 432 328 194 43

Winter retail rate “FLAT”

Equinox irradiation (Wh/m?) 5 199 413 597 733 816 837 803 712 563 373 199 3

Summer retail rate

“ELAT”

Summer Solstice irradiation (Wh/m!) 74 117 318 519 700 878 989 1017 989 908 780 613 420 216 34

The electricity bill in Spain for ATR 3.0 tariff is composed of four parts: a charge
based on nominal contracted power (named access charge), a variable charge for energy
consumed, a penalty for reactive power consumed and taxes. The taxes are a 5.11269632%
electricity tax and 21% of VAT, resulting in total taxes of 27.50265248%. The variable
charge for energy consumed is composed of two parts: tolls reflecting part of the costs of
distribution services (at a price fixed by the Ministry of Ecologic Transition [29]) and the
cost of energy. So, the cost of distribution services is charged through the access charge
(fixed) and the cost of tolls included in the retail price of energy. The price of electricity
as a commodity is the main part of the retail price of energy and includes the production
costs and energy losses. The price of energy for the consumer depends on the electricity
marketer company, and the consumer can choose among a variety of commercial offers that
can be at a fixed or variable (indexed to the electricity pool market) price. Table 2 shows
the access charge, tolls, and energy and retail prices (fixed) of two electricity marketers for
the year 2019.

Table 2. Components of ATR 3.0 tariff and prices in 2019. The access charge and the cost of tolls
are designed to pay for distribution services, and the energy price reflects the costs of electricity
production.

LAPSE VALLEY FLAT PEAK

Access charge (€/kW /year) 16.291555 24.437330 40.728885
Cost of tolls (c€/kWh) 0.4670 1.2575 1.8762
Energy price of the marketer #1 (c€/kWh) 7.1462 9.0602 10.2099
Energy price of the marketer #2 (c€/kWh) 6.0119 6.8892 7.3917
Retail price of energy #1 (c€/kWh) 7.6132 10.3177 12.0861
Retail price of energy #2 (c€/kWh) 6.4789 8.1467 9.2679

2.3. Data Collection

Data collection has been carried out through reading of bidirectional electricity meter,
which stores incoming and exported electricity, and reactive power every 15 min. Moni-
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torization data for the PV installation includes inverter parameters (voltage, current, and
power) and environmental parameters (irradiance, ambient and modules temperatures,
wind speed, and direction). All PV data are acquired every second with a National In-
struments Compact RIO system. From these values, it is easy to generate this data in a
15-min resolution. With data for imported, exported, and PV generated energy is possible
to reconstruct the load profile of the building. The retail prices for the electricity (if they are
not fixed) and the price for exported electricity are given hourly, so all data is converted
to hourly resolution. In Figure 2, data of electricity consumption and PV generation are
presented for the full year. The vertical axis corresponds to the number of the day and
the horizontal to the ordinal number of the hour, ranging from 1 to 24 according to the
Spanish electrical sector convention. From the load profile, the working schedule can be
seen in Figure 2a (from 8 A.M. to 10 PM.) as vertical bands, and weekends and holidays
as horizontal bands. The highest consumptions are in the morning in autumn, winter,
and spring. In summer, the building is closed for the first three weeks of August and in
the afternoons during the month of July and the first half of September. The maximum
hourly consumption is 45 kW. For the PV generation, it must be noted that in Spain the
daylight-saving time (DST) is one hour in winter and two hours in summer, as can be
seen in Figure 2b as a shift to the right in the center of the graphic. The maximum PV
production is for the 14th hour in winter DST and for the 15th hour in summer DST, just in
the lunchtime (in this college, classes in the morning ends at 2 PM. and afternoon classes
start at 4 PM.

Hourly Consumption Hourly PV Production

50

100

150

Day

200
250
300

350

(@) (b)
Figure 2. Data for full year 2019. (a) Load profile; (b) solar photovoltaic energy (PV) generation.

Even when the PV peak power is small in comparison with the maximum demanded
energy (7 kW vs. 45 kW), there is energy fed into the grid in some periods. The PV
production and the energy interchange with the grid are plotted in Figure 3 for a typical
week during the school year in late winter. The consumption pattern for the weekends is
almost flat, with a minimum of about 4 kW during night and even less during the daytime.
During working days, the minimal consumption is around 15-20 kW at lunchtime, just
when PV production is peaking.



Sustainability 2021, 13, 1662

6 of 16

Hourly Energy Balance with the grid

35 r [N incoming Energy
I Excedent
30 - PV Production |

20 - 7

. AL T
o AMLLAMAE A il

5F i

L Il 1 1 Il 1 1 1
Mar 04 Mar 05 Mar 06 Mar 07 Mar 08 Mar 09 Mar 10 Mar 11
Date 2019

Figure 3. Energy balance with the grid for a representative week.

2.4. Data Processing

From previous data, it is clear that even a small PV plant is capable of feeding energy
to the grid. For plants under 100 kW, in Spain there is a net billing model. With this model,
energy consumed from the grid is valuated at retail prices, but energy fed to the grid is
valuated slightly under the electricity pool market price (about 1/2 or 1/3 of retail rate).
For each month, the value of exported energy is subtracted from the cost of consumed
energy, so there is an economic saving that adds to the saving of self-consumed electricity
that is not purchased at retail price. The Spanish model does not allow a negative balance,
so if this situation occurs, then the energy term will be zero in the monthly bill.

Bearing in mind the installed power mandatory with the new Spanish Building Code
(56.6 to 88 kW in our case), the self-consumed fraction will be low. A good calculation of
hourly produced and/or exported energy is of great importance for studying the economic
return of the investment.

The data processing will be as follows: from the hourly data shown in Figure 2, the
hourly load profile of the building will be calculated as

Eéons = E;:n + E%V - Eérpl @

being E!,,,; consumed energy E! energy taken from the grid, E,;, PV generated energy
and Eg;, the surplus energy fed to the grid on the i'" hour.

Electricity prices can be fixed, as shown in Table 1, or indexed to the electrical pool
price. The pool price and the price for energy fed into the grid and the price for self-
consumption surplus fed into the grid are published by the Spanish grid operator “Red
Eléctrica de Espafia” in the web Esios [30,31]. With the hourly PV produced energy and
energy fed into the grid, the hourly savings will be calculated as

S5i= (E%v - E;rpl) Proc+ Eériﬂl'P r;wl @

being Pr',, the retail price of electricity, and Pr!_ pl the price of surplus electricity on the

i hour.

In this building, the electricity contract is under the simplified compensation mecha-
nism defined in the new self-consumption regulation [27]. The energy part of the electric
bill follows the net billing scheme and will be computed according to Equation (3)
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. . n . .
E= Z (El Prret E;rpl'Pr;rpl> v Z (EZ Prret E;rpl'Pr;rpl> >0

i=1 " i=1 ' ' (3)
E=0 YV % (El,Prig; = Bl Pri,, ) <0

The energy and economic balances for year 2019 are shown in Figure 4. The total
PV production is 11,382 kWh, that means a productivity of 1371 kWh/kWp. This figure
is representative of PV self-consumption installations in Spain, that are placed in urban
environments, with shadings and non-optimal orientations. The economic balance includes
a 5.11269632% electricity tax, and a 21% VAT. Yearly this amounts to 10,640 € of energy
consumed from the grid, 1320 € of savings of self-consumed PV electricity and 118 € of PV
surplus electricity fed into the grid. It is important to note the small amount obtained from
surplus electricity, because it is 17% of PV produced electricity, it is only 8% of economic
savings. This is because of the price of fed electricity is lower than retail price for the
electricity consumed from the grid.

Monthl ener balance W|th the rld Monthl ener; cost and savm s
14,000 — T y gy 9 1,800 — T T y gy 9 T
- Incoming Energy -Grld Purchase
12.000 - [ PV surplus ] 1,600 - [ PV surplus
: 1PV Production 1PV Savings
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Date Date

(a) (b)

Figure 4. Monthly results for year 2019. (a) Energy balance (b) Economic balance.

This data will be the starting point for a more general analysis, that can be useful
in the process of sizing PV installations in this sector of edifications, both educational
and commercial. Starting from the load profile and the PV production profile, the PV
production profile and energy balance with the grid will be calculated for different nominal
PV powers, ranging from 10 to 95 kW.

Using current prices for PV installations of these sizes in Spain, the time of return
of investment and the Levelized Cost Of Electricity (LCOE) will be calculated. For the
calculation of LCOE we will follow the procedure as exposed in [32]

YioCe/(1+7)
YL oE/(147)

LCOE = 4)

where C; are the costs, E; the energy produces and r the discount rate.

In this study, we will assume a lifetime of 25 years. The discount rate is chosen as 3%,
in line with historical data for the Euro Area [33]. The installation costs include equipment,
labor, local taxes and connection fees. Total costs include a replacement of the inverter
at the 12th year. Due to the sizes of these installations, the operation costs will be zero
and there will be a maintenance cost of 1% of the value of the installation paid on a yearly
basis. This maintenance cost is between 7 and 9 €/kW yearly and fits well with published
results [34]. Regarding the degradation of PV modules, it is considered a 0.8% based on the
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usual warranties given by PV modules manufacturers, the average climate in Spain and
taking into account the extensive research on this topic [35].

3. Results
3.1. Energy Balance

From the data and methodology presented in the former section, the energy balance
is simulated for PV powers ranging from 10 kW to 95 kW with a productivity of 1371
kWh/kWp per year. With the reconstructed load profile, for each power, the PV production
profile is supposed to be proportional to the hourly profile of the collected data. The energy
balance with the grid is calculated accordingly to Section 2.4. To summarize these extensive
results, energy balance, self-consumption, and self-sufficiency parameters will be plotted
for the PV power range under study. In Figure 5a, the energy purchased from the grid, PV
produced energy, and surplus energy are shown relative to the total consumption. For a
PV power of 68 kW, the building produces the same amount of electricity that it consumes.
Unfortunately, it does not mean that the electricity purchased is zero, in fact, it is more than
half of the electricity consumed. As was presented in Section 2.3, there are periods of time
when the consumption is low. So, the surplus energy will be very high with the increased
PV powers. In order to characterize the degree of self-consumption, Figure 5b plots the
self-consumption and the self-sufficiency parameters as defined in Equations (5) and (6)
following [18]. Self-consumption is a metric that informs the fraction of PV energy that is
self-consumed in the building, and self-sufficiency informs about the degree of dependence
on the distribution grid.

Epy — E

Sel f — consumption = —PV Tyl 5)
Epv
Epy — E

Self — sufficiency = 3 PV syl 6)

in + Epy — Esrpi

Energy summary Self-consumption & Self-sufficiency

T T T T T T T

—<&— Purchased Energy Self-consumption
PV Produced —— Self-sufficiency

—— PV Surplus = [ 7

150

®
o

~
o

S
pt <
o g
3 3
% .é 60 -
5 100 %
© "
= g
2 ~ = 50 -
5 ﬂ\s\ﬁ\ g
; ;{}"”'G"»@ 5 b
b o § 40
3 < ———0—0—0 2
$ 50 1 E
k3 2 301
2 8
> u
5] & 20
i~
i}
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10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
PV Power (kW) PV Power (kW)
(a) (b)

Figure 5. Energy balance results for different PV installed powers (a) Energy purchased from the grid, PV produced and
surplus fed into the grid (b) Self-consumption and self-sufficiency.

From Figure 5, it is clear that in spite of producing more electricity than the consump-
tion, it is not possible to disconnect the building from the grid. As the PV production
rises, the self-consumption degree decreases because of the higher surplus energy, and
the self-sufficiency degree rises slowly over 40%. The maximum self-sufficiency degree
depends on the consumer load profile and the solar resource (latitude, PV orientation, and
local climate). This parameter is a good indicator of the potential savings in each case.
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In addition to these results in the energy balance, there are important implications in the
economic balance, as will be seen shortly.

3.2. Economic Balance

The economic balance is calculated using the Spanish net-billing scheme defined
in Equation (3) for the simplified compensation procedure and using a simple purchase
and sale mechanism (without taxes and including the 7% tax on electricity generation).
The differences are that while in the simplified procedure, a negative energy term is not
allowed, in the purchase and sale mechanism a negative balance is allowed, but surplus
energy earnings are taxed with a 7% rate. In Figure 6, the economic balances for the three
options (net purchase and sale, net purchase and sale with sale taxed at 7%, and simplified
compensation) are shown for comparison. In this case under study, for PV powers under
50 kW, there is little difference between options. This is because the surplus is relatively
small, and its price very low compared to the retail price. The differences are noticeable
for powers over 70 kW, but the advantages of simplified compensation can outweigh this
small profit in many cases. Anyway, this fact depends on other seasonal factors as holidays
and other periods without electrical consumption and must be analyzed prior to sizing the
PV installation.

Yearly economic balance
2,000 T T T T T T

-2,000

-4,000 | / B

Economic balance (€)

-6,000 |- b

-8,000 —+— Net purchase and sale. 7
——— Net purchase and sale incl. 7% tax
¥ Simplified compensation
-10,000 ! : : : .
10 20 30 40 50 60 70 80 90 100
PV installed power (kW)

Figure 6. Economic balance for year 2019 computed for three net billing options. It includes energy
term in electrical bill, but savings are not included.

For a deeper insight into this topic, in Figure 7, the raw monthly economic balances
with the grid for the full year and all the simulated powers are presented. There are
negative economic balances with the grid for powers from above 40 kW. Up to 80 kW, these
balances are restricted to the months of July and August, but for higher powers, there are
also negative balances in June and even May. It is important to note that in July the College
is open only in the morning and in August it is fully closed for the first three weeks of the
month. Tt is also relevant that the climate in the city of Avila is relatively mild in summer,
so HVAC systems are not used. In other cities located near Avila, like Madrid, HVAC use
will make all these balances positive.

For the time of return of investment (TROI) and LCOE calculations, reference costs of
roof-mounted PV installations in Spain are shown in Table 3. It is important to note that
these prices can be higher because of particularities in the roof materials, labor costs, safety
and protection measures, local taxes, etc. In Spain companies can deduct VAT for this
investment, so it is an important saving. On the other side, electricity VAT is compensated
in quarterly tax returns for companies. For these reasons, VAT is excluded in the calculation
of TROL.
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Monthly balance (€) for year 2019

10 | 1095 | 1124 | 1080 | 843.3 | 862.2 | 684.8 7728 | 1110 | 1231 | 923.4 11200
15 | 1049 | 1064 | 996.8 | 792.1 | 778.2 7024 | 1045 | 1197 | 897.5
20 | 1004 | 1005 | 915.7 | 745.9 | 697.4 6353 | 982.8 | 1164 | 8727 11000
25 | 9594 | 946.9 | 838.2 | 701.2 | 620.9 9235 | 1131 | 849
30 | 916.7 | 893.6 | 766.6 | 656.8 869.1 | 1099 | 824.8 1800
35 | 874.2 | 845.2 | 70256 | 617.1 821.4 | 1069 | 8025
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Figure 7. Monthly economic balance with the grid. In the Spanish simplified compensation scheme,
negative values must be reset to zero.

Table 3. Reference cost of roof-mounted PV installations in Spain for different powers.

PV Power (kW) 10 20 30 40 50 60 70 80 90
Cost (€/Wp) 14 1 0.9 0.80 0.75 0.75 0.72 070 070

The TROI is shown in Figure 8. For PV powers under 50 kW, there are no noticeable
difference between the simplified compensation procedure and the surplus sale to the
marketer company. For PV powers over 50 kW, there is an advantage for the surplus sale
procedure due to the negative monthly balances shown in Figure 7. In our case of study,
the TROI is below 9 years for powers ranging from 35 kW to 80 kW, being near 8.5 years
in the 40-70 kW range as it is shown in Figure 8a. In Figure 8b the TROI is shown vs.
self-sufficiency degree, and it is found that the TROI is under 9 years for self-sufficiency
degrees between 30% and 40%.

Time of Return of Investment Time of Return of Investment

T T T T
—<— Surplus sale (with taxes). —<— Surplus sale (with taxes).
~——<— Simplified Compensation ~———— Simplified Compensation

E 13+ Q

Time (years)
Time (years)

10 20 30 40 50 60 70 80 90 100 10 15 20 25 30 35 40 45

PV Power (kW) Self-sufficiency degree (%)
b
(a) (b)

Figure 8. Time of return of investment for different installed powers in Spain for 1371 kWh/kWp year. (a) Relating to
installed power. (b) Relating to self-sufficiency degree.
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Economic evaluation of net billing schemes is often more complicated due to the
different prices for the energy purchased and exported to the grid. In addition, these
prices can be indexed to the electrical pool market price, so they can vary hourly. For a
proper comparison, the levelized cost of PV produced electricity is calculated based on
Equation (4) and is shown in Figure 9 related to the price range for the surplus electricity
published in [31]. The band limits in the figure are calculated as follows: for the retail
prices, they are between the minimum of “flat” price and the maximum of “peak” price as
shown in Table 2; for the surplus, all values are calculated as the mean of hourly values
where there is significant PV production (hours 9 to 20). The lower value is computed
as the mean value of the minimum value for each hour, the median value is the mean of
median values, and the upper value is the mean of maximum hourly surplus prices. The
LCOE value is within the range of values for surplus energy and below its median value,
so the surplus energy can be exported to the grid with a small profit for PV powers above
30 kW. This result allows these PV installations to be profitable, and an extensive roll-out is
possible without further regulation or promotion measures.

Levelized Cost of Electricity

T T T T

LCOE

Retail price range
Median price of surplus
Surplus price range

0 | I . 1 .
10 20 30 40 50 60 70 80 90 100

PV Power (kW)

Figure 9. Levelized Cost of Electricity for commercial PV installations of different sizes in Spain.

4. Discussion

Grid parity has been reached in many countries [36,37]. This fact means that the
levelized cost of electricity (LCOE) generated by PV self-consumption installations is lower
than the retail prices for customers. It makes PV an option as a clean, renewable source of
energy that can be integrated in buildings, but it does not mean that PV self-consumption
is profitable as an investment in all cases. The actual situation in Spain is favorable under
the new regulation, but PV self-consumption is profitable only when the self-consumption
ratio is above a threshold for each PV market segment, as is shown in [38]. This ratio is
key to maximize the economic yield. As can be seen in Figure 8, the best time of return
for the investment is for intermediate PV powers because for higher powers there is a
big proportion of surplus electricity that is valued at a lower price than the retail price.
On the other side, for small sizes, a good self-consumption ratio is reached, meaning that
the PV produced electricity is valuated at retail rate, but the installation costs are higher.
So, there is a trade-off between maximizing both self-sufficiency and self-consumption
ratios. The key factor for optimizing the profitability is the installation cost that allows
one to get the best self-sufficiency index and TROI. As the installation costs decrease for
higher PV powers, once a particular level (30 kW in our case) is reached, the installation is
profitable even for the highest powers. In order to get the best economic value for PV, a
proper sizing of installations is required. New methods such as the one proposed in [39]
have to be developed. From Figure 8b, the economically optimum range of self-sufficiency
is found between 30% and 40%. That self-sufficiency range inversely corresponds to a
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self-consumption range of 34-58% (not shown). The plot in Figure 8b can be very useful
for finding if the desired self-sufficiency level is economically optimal. PV sizing might
be addressed not only from the monthly consumption data, but hourly load profiles are
also important to reach a good matching between PV generation and consumption. Load
matching of PV generation is key to achieve a good self-consumption rate, so strategies
such as demand-side management (DSM), storage, and use of different orientations [40-43]
can play an important role in future PV developments.

The time resolution of available data is relevant for accurate characterization of PV
self-consumption. The usual 1-h period is known as a possible source of error in the energy
data of buildings because of averaging of loads with relatively short peaks [44]. For the
smallest PV installations, the relative error in calculation of self-consumption can be as big
as 32% when considering hourly versus 1 min intervals [45]. In the building under study
in this research, the effect is considered negligible because of averaging of loads and their
nature, mainly lighting, computers, and office equipment that run continuously.

Another difficulty for economic evaluation is the selection of electricity prices. While
statistical data such as that available in Eurostat [46] is very useful for many purposes, it is
not the best option for financial evaluation of PV self-consumption. This is because in many
countries, the electrical bill is composed of two main charges: a fixed one related to the
maximum available power for the customer, and a variable charge for energy consumed.
While the energy charge is reduced by the self-consumed PV energy, it is not clear that the
maximum power can be reduced, especially for small and medium contracted powers, as
in our case.

Regarding the costs of building new PV installations, the prices referenced in the
literature don’t correspond well with the real ones, as it is pointed in [47]. Besides the
price reduction of photovoltaic technology, there is a lack of transparency of prices for PV
components (modules, inverters, and balance of system). The prices in our research are
obtained directly from PV promotors, installers, and customers in our zone.

Profitability is characterized in this work by calculation of time of return of investment
and levelized cost of electricity. Regarding the prices for new PV installations, residential
ones in the range of 3-10 kW are more expensive, reaching >1.5 €/W, while industrial ones
can be as cheap as 0.6 €/W for the range 500 kW-1 MW. Final prices of PV in the range
under study are between 1.4 €/W for 10 kW and 0.7 €/W for installations over 70 kW.
As was mentioned, prices of PV self-consumption can be very different depending on
specific particularities with an impact on the economic yield. The calculated time of return
of investment is between 8 and 9 years, which can be acceptable for many companies.
The LCOE calculation gives a price below 5.0 c€/kWh for sizes over 30 kW. This price
is below the most frequent value (5.19 c€/kWh) for surplus energy in the simplified
compensation procedure during daytime for the year 2019. This fact implies that even
in oversized installations, it is possible to have a small profit because the surplus energy
is paid at a value over the LCOE. Also, it is important to note that the yearly production
of our installation (1374 kWh/kW) is acceptable but a bit low. In Spain, usual values for
PV self-consumption are in the range 1500-1600 kWh/kW. Higher yearly values imply
lower values of LCOE, as can be seen in Equation (4). These LCOE values are consistent
with recent values published by the International Energy Agency for some countries [48].
In Table 4 we present the LCOE for some commercial installations in France and Italy,
calculated with a 3% discount rate and converted to Euro currency, alongside the results in
our research.

Table 4. Levelized cost of electricity for Solar PV commercial installations in France, Italy, and Spain.

Country France ! Italy ! Spain 2
Power (kW) 500 80 210 420 30 95
LCOE (c€/kWh) 4.8 6.3 44 5.8 5.00 3.85

! Source: International Energy Agency [48], 2 This work.
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These results present favorable prospects for PV self-consumption in Spain. There
is a large number of new PV self-consumption installations in Spain but there is a lack of
data about this. The exception is the Government of Catalonia, that provides detailed data
about PV from the Institut Catala d’Energia [49]. Catalonia figures are representative for
all Spain and show a growth in the number of installations of 242% in 2019 and of 247% in
2020. The number of new installations in 2019 was 1679 with a new power of 21,927 kW
and it was of 5869 in 2020 with 49,467 kW. From the total number of installations 5.91% of
them were of power between 35 kW and 100 kW with 36.87% of total power installed. Data
from regional government of Castilla y Ledn shows a new installed power of 65,000 kW for
self-consumption in the first 11 months of 2020, an increase of 800% over 2019 [50]. For the
whole of Spain it is expected a total of 720 MW of new solar rooftop capacity for 2020 [51].

Whilst the Clean Energy Package [52] states that E.U. Member States must enable
self-consumption and guarantee access to the grid, the situation of self-consumption across
EU is very varied and will be briefly exposed for the European top PV markets. Countries
like Germany and France have a mixed model with coexisting Feed in Tariff that is evolving
into auctions for mid-sized and large rooftops, and self-consumption is expected to have
a high growth in small systems. Netherlands enjoys an unlimited net-metering scheme
for residential PV, but according to a new law proposal, from 2023, it would decrease to
9% per year, ending in 2031. For SMEs and real estate owners, there are fiscal incentives.
Poland has a favorable self-consumption scheme, which balances out for a full year and
has an interesting discount mechanism to exchange the surplus with the grid: there is a
coefficient that states the fraction of surplus energy that can be recovered from the grid, for
systems lesser than 10 kW it is as high as 0.8 and 0.6 for systems higher than 50 kW [51].
The present framework in Spain, without charges for self-consumed electricity and with
the option to sell or compensate the surplus at prices slightly lower than the pool market
price is well balanced and favorable for prosumers.

5. Conclusions

Solar PV self-consumption in a University building has been analyzed for a full year,
extending the results for a wider range of educational and office buildings, corresponding
to the range defined in the new Spanish Building Code as mandatory to use renewable
energy sources.

The new regulation of electricity self-consumption in Spain has been evaluated and
the two methods for valuing surplus electricity, simplified compensation, and sell, have
been compared. It is found that for PV powers under 50 kW the economic profit is very
similar for both methods but above this power, selling surplus electricity to the grid is
more profitable. Anyway, the simplified mechanism benefits from an easier management,
especially because of tax exemptions.

The limitation of simplified compensation method to positive monthly balances en-
courages proper PV sizing and load matching, reducing negative effects of PV on the
distribution grid and thus allowing a higher penetration of PV.

Self-consumption and self-sufficiency are very useful parameters for installation sizing,
giving a good indication about the optimal performance of the installation, in both energy
and economic senses. For these consumers, educational and office buildings, it is found
that in Spain, the optimum range for self-sufficiency is between 30% and 40%, and inversely,
the self-consumption optimum range is between 34% and 58%.

Regarding the levelized cost of electricity, it is found to be within the lower range of
electricity pool market price due to lower costs of installation than in the residential sector.
For PV sizes starting from 30 kW, the LCOE is lower than the commodity price of electricity
in Spain. This makes profitable even the surplus electricity, and it allows one to oversize
installations in an economical way. In addition, this fact allows new business models for
PV self-consumption installations and opportunities for third-party companies.

The obligation of installing renewable energy sources in commercial buildings is well
fitted with the new regulation of self-consumption thanks to the net billing scheme. The
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time of return of investment of PV in these conditions is between 8 and 9 years, making the
adoption of these installations easier.

Finally, it can be stated that the new Spanish regulation provides a good framework
for PV self-consumption, and it is expected a successful and sustainable development of
this sector, as it is shown in available data of new installations for the year 2020.

More extensive research is in progress considering the effect of different yearly irradi-
ation together with self-consumption and self-sufficiency parameters and using additional
economic indicators as an internal rate of return and present net value. Further research
directions of this work will address the situation and performance of self-consumption
by industrial consumers in Spain and comparative studies of the self-consumption legal
framework, evolution, and performance of installations in Europe and Latin America.

Author Contributions: Conceptualization, A.J.O.M. and E.S.H.; methodology, A.J.O.M. and E.S.H.;
software, E.S.H.; investigation, AJ.OM. and E.S.H,; resources, E.S.H.; data curation, E.S.H.; writing—
original draft preparation, A.J.O.M. and E.S.H.; writing—review and editing, A.J.O.M. and E.S.H,;
funding acquisition, E.S.H. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by “Fundacion Memoria de D. Samuel Solérzano Barruso”, grant
number FS/21-2019.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data from University consumption and production are not publicly
available due to restrictions. The energy pricing data is publicly available in the web of Spanish grid
operator REE [30].

Acknowledgments: The authors wish to thank the Direction and staff at E.U. Educacién y Turismo
of Avila for their support with the PV installation operation and to “Silicio Ferrosolar” (part of
Ferrogloble group) for funding the PV installation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Energy Performance of Buildings Directive | Energy. Available online: https://ec.europa.eu/energy/topics/energy-efficiency /
energy-efficient-buildings/energy-performance-buildings-directive_en (accessed on 23 November 2020).

2. U.S. Energy Information Administration Total Energy Annual Data-U.S. Energy Information Administration (EIA). Available
online: https://www.eia.gov/totalenergy/data/annual/ (accessed on 23 November 2020).

3.  Atanasiu, B.; Boersmans, T.; Hermelink, A.; Schimschar, . Principles for Nearly Zero-Energy Buildings. Paving the Way for Effective
Implementation of Policy Requirements; BPIE: Brussels, Belgium, 2011; ISBN 9789491143021.

4. Sartori, I.; Napolitano, A.; Voss, K. Net zero energy buildings: A consistent definition framework. Energy Build. 2012, 48, 220-232.
[CrossRef]

5. Economidou, M.; Atanasiu, B.; Staniaszek, D. Europe’ s Buildings under the Microscope, Buildings Performance Institute Europe; BPIE:
Brussels, Belgium, 2011; ISBN 9789491143014.

6. Gobierno de Espafia. Ministerio de Fomento. Cédigo Técnico de la Edificacion. Documento Bdsico HE. Available online:
https:/ /www.codigotecnico.org/ (accessed on 3 February 2021).

7. Briano, J.I; Fondo Roca, C.; Fasolino, J.D. Pv Grid Parity Monitor; Creara: Madrid, Spain, 2016.

8. Cucchiella, F; D’Adamo, I.; Gastaldi, M.; Koh, S.L. Renewable energy options for buildings: Performance evaluations of integrated
photovoltaic systems. Energy Build. 2012, 55, 208-217. [CrossRef]

9. D’Adamo, I; Falcone, PM.; Gastaldi, M.; Morone, P. The economic viability of photovoltaic systems in public buildings: Evidence
from Italy. Energy 2020, 207. [CrossRef]

10. Lee, M.; Hong, T.; Jeong, K.; Kim, J. A bottom-up approach for estimating the economic potential of the rooftop solar photovoltaic
system considering the spatial and temporal diversity. Appl. Energy 2018, 232, 640-656. [CrossRef]

11. International Energy Agency. Trends 2013 in Photovoltaic Applications: Photovoltaic Power Systems Programme. Available
online: https:/ /iea-pvps.org/trends-reports/ (accessed on 3 February 2021).

12.  Salom, J.; Marszal, A.J.; Widén, J.; Candanedo, J.; Lindberg, K.B. Analysis of load match and grid interaction indicators in net zero
energy buildings with simulated and monitored data. Appl. Energy 2014, 136, 119-131. [CrossRef]

13. International Renewable Energy Agency. Innovation Landscape Brief: Net billing Schemes. Available online: https:/ /www.irena.

org/publications/2019/Jun/Market-Design-Innovation-Landscape-briefs (accessed on 3 February 2021).


https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://www.eia.gov/totalenergy/data/annual/
http://doi.org/10.1016/j.enbuild.2012.01.032
https://www.codigotecnico.org/
http://doi.org/10.1016/j.enbuild.2012.08.029
http://doi.org/10.1016/j.energy.2020.118316
http://doi.org/10.1016/j.apenergy.2018.09.176
https://iea-pvps.org/trends-reports/
http://doi.org/10.1016/j.apenergy.2014.09.018
https://www.irena.org/publications/2019/Jun/Market-Design-Innovation-Landscape-briefs
https://www.irena.org/publications/2019/Jun/Market-Design-Innovation-Landscape-briefs

Sustainability 2021, 13, 1662 15 of 16

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Owen, Z.; Alexandra, A.; Carl, L.; Naim, D.; Timon, D.; Emmanuele, B. Grid-Connected Distributed Generation: Compensation
Mechanism Basics. Available online: http:/ /www.nrel.gov/docs/fy18osti/68469.pdf (accessed on 3 February 2021).
Poullikkas, A.; Kourtis, G.; Hadjipaschalis, I. Review of Net Metering Mechanism for Electricity Renewable Energy Sources. Int. J.
Energy Environ. A 2013, 4, 975-1002.

Rokach, ].Z. Net Metering Needs a Safety Net. Electr. ]. 2011, 24, 106-108. [CrossRef]

Avilés A., C,; Oliva H., S.; Watts, D. Single-dwelling and community renewable microgrids: Optimal sizing and energy
management for new business models. Appl. Energy 2019, 254, 113665. [CrossRef]

Luthander, R.; Widén, J.; Nilsson, D.; Palm, J. Photovoltaic self-consumption in buildings: A review. Appl. Energy 2015, 142, 80-94.
[CrossRef]

Lang, T.; Ammann, D.; Girod, B. Profitability in absence of subsidies: A techno-economic analysis of rooftop photovoltaic
self-consumption in residential and commercial buildings. Renew. Energy 2016, 87, 77-87. [CrossRef]

Roberts, M.B.; Bruce, A.; MacGill, I. A comparison of arrangements for increasing self-consumption and maximising the value of
distributed photovoltaics on apartment buildings. Sol. Energy 2019, 193, 372-386. [CrossRef]

Chiaroni, D.; Chiesa, V.; Colasanti, L.; Cucchiella, F.; D’Adamo, L; Frattini, F. Evaluating solar energy profitability: A focus on the
role of self-consumption. Energy Convers. Manag. 2014, 88, 317-331. [CrossRef]

Gobierno de Espana. Ministerio de Industria Energia y Turismo. Real Decreto 900/2015, de 9 de Octubre, Por el Que se Regulan
las Condiciones Administrativas, Técnicas y Econémicas de las Modalidades de Suministro de Energia Eléctrica con Autoconsumo
y de Produccién con Autoconsumo. Available online: https://www.boe.es/buscar/act.php?id=BOE-A-2015-10927 (accessed on
3 February 2021).

Mir-Artigues, P.; Del Rio, P.; Cerda, E. The impact of regulation on demand-side generation. The case of Spain. Energy Policy 2018,
121, 286-291. [CrossRef]

Ibarloza, A.; Heras-Saizarbitoria, I.; Allur, E.; Larrea, A. Regulatory cuts and economic and financial performance of Spanish solar
power companies: An empirical review. Renew. Sustain. Energy Rev. 2018, 92, 784-793. [CrossRef]

José, J.; Rios, A.; Ahnert, V.A,; Gil, ].B.; Moreda Diaz, E. La Regulacion del Autoconsumo en Espafia: ;un Impuesto al Sol? Revista
de Obras Piiblicas. 2017, 3584, 40-47.

Gobierno de Espafia. Ministerio de Industria Energia y Turismo. Real Decreto-ley 15/2018, de 5 de Octubre, de Medidas
Urgentes Para la Transicion Energética y la Proteccion de los Consumidores. Boletin Oficial del Estado. Available online: https:
/ /www.boe.es/buscar/doc.php?id=BOE-A-2018-13593 (accessed on 3 February 2021).

Gobierno de Espafia. Ministerio de Industria Energia y Turismo. Real Decreto 244/2019, de 5 de Abril, por el que se Regulan las
Condiciones Administrativas, Técnicas y Econdmicas del Autoconsumo de Energia Eléctrica. Boletin Oficial del Estado. Available
online: https://www.boe.es/buscar/doc.php?id=BOE-A-2019-5089 (accessed on 3 February 2021).

Comisién Nacional de los Mercados y la Competencia. Memoria Justificativa de la Circular de la Comisién Nacional de los
Mercados y la Competencia por la que se Establece la Metodologia para el Calculo de los Peajes de Transporte y Distribucion de
Electricidad. 2020. Available online: https://www.cnmc.es/expedientes/cirde00219 (accessed on 3 February 2021).

Ministerio para la Transicion Ecolégica. Orden TEC/1366/2018, de 20 de diciembre, por la que se establecen los peajes de acceso
de energia eléctrica para 2019. Boletin Oficial del Estado. Available online: https://www.boe.es/diario_boe/txt.php?id=BOE-A-20
18-17606 (accessed on 3 February 2021).

Red Eléctrica de Espafia (REE) esios. Available online: https:/ /www.esios.ree.es/es (accessed on 3 December 2020).

Red Eléctrica de Espafia (REE) esios Autoconsumo. Available online: https://www.esios.ree.es/es/analisis/1739?vis=1&start_
date=03-12-2020T00%3A00&end_date=03-12-2020T23%3A00&compare_start_date=02-12-2020T00%3A00&groupby=hour&
compare_indicators=1013,1014,1015 (accessed on 3 December 2020).

Branker, K.; Pathak, M.; Pearce, ].M. A review of solar photovoltaic levelized cost of electricity. Renew. Sustain Energy Rev. 2011,
15, 4470-4482. [CrossRef]

IMF/FRED International Monetary Fund, Interest Rates, Discount Rate for Euro Area. Available online: https:/ /fred.stlouisfed.
org/series/INTDSREZQ193N (accessed on 21 January 2021).

Steffen, B.; Beuse, M.; Tautorat, P.; Schmidt, T.S. Experience Curves for Operations and Maintenance Costs of Renewable Energy
Technologies. Joule 2020, 4, 359-375. [CrossRef]

Jordan, D.C.; Kurtz, S.R.; VanSant, K.; Newmiller, ]. Compendium of photovoltaic degradation rates. Prog. Photovoltaics Res. Appl.
2016, 24, 978-989. [CrossRef]

De Boeck, L.; Van Asch, S.; De Bruecker, P.; Audenaert, A. Comparison of support policies for residential photovoltaic systems in
the major EU markets through investment profitability. Renew. Energy 2016, 87, 42-53. [CrossRef]

Rodrigues, S.; Torabikalaki, R.; Faria, E; Cafofo, N.; Chen, X.; Ivaki, A.R.; Mata-Lima, H.; Morgado-Dias, F. Economic feasibility
analysis of small scale PV systems in different countries. Sol. Energy 2016, 131, 81-95. [CrossRef]

Prol, J.L.; Steininger, K.W. Photovoltaic self-consumption is now profitable in Spain: Effects of the new regulation on prosumers’
internal rate of return. Energy Policy 2020, 146, 111793. [CrossRef]

Talavera, D.; Munoz-Rodriguez, FJ.; Jimenez-Castillo, G.; Rus-Casas, C. A new approach to sizing the photovoltaic generator
in self-consumption systems based on cost-competitiveness, maximizing direct self-consumption. Renew. Energy 2019, 130,
1021-1035. [CrossRef]


http://www.nrel.gov/docs/fy18osti/68469.pdf
http://doi.org/10.1016/j.tej.2011.09.018
http://doi.org/10.1016/j.apenergy.2019.113665
http://doi.org/10.1016/j.apenergy.2014.12.028
http://doi.org/10.1016/j.renene.2015.09.059
http://doi.org/10.1016/j.solener.2019.09.067
http://doi.org/10.1016/j.enconman.2014.08.044
https://www.boe.es/buscar/act.php?id=BOE-A-2015-10927
http://doi.org/10.1016/j.enpol.2018.05.008
http://doi.org/10.1016/j.rser.2018.04.087
https://www.boe.es/buscar/doc.php?id=BOE-A-2018-13593
https://www.boe.es/buscar/doc.php?id=BOE-A-2018-13593
https://www.boe.es/buscar/doc.php?id=BOE-A-2019-5089
https://www.cnmc.es/expedientes/cirde00219
https://www.boe.es/diario_boe/txt.php?id=BOE-A-2018-17606
https://www.boe.es/diario_boe/txt.php?id=BOE-A-2018-17606
https://www.esios.ree.es/es
https://www.esios.ree.es/es/analisis/1739?vis=1&start_date=03-12-2020T00%3A00&end_date=03-12-2020T23%3A00&compare_start_date=02-12-2020T00%3A00&groupby=hour&compare_indicators=1013,1014,1015
https://www.esios.ree.es/es/analisis/1739?vis=1&start_date=03-12-2020T00%3A00&end_date=03-12-2020T23%3A00&compare_start_date=02-12-2020T00%3A00&groupby=hour&compare_indicators=1013,1014,1015
https://www.esios.ree.es/es/analisis/1739?vis=1&start_date=03-12-2020T00%3A00&end_date=03-12-2020T23%3A00&compare_start_date=02-12-2020T00%3A00&groupby=hour&compare_indicators=1013,1014,1015
http://doi.org/10.1016/j.rser.2011.07.104
https://fred.stlouisfed.org/series/INTDSREZQ193N
https://fred.stlouisfed.org/series/INTDSREZQ193N
http://doi.org/10.1016/j.joule.2019.11.012
http://doi.org/10.1002/pip.2744
http://doi.org/10.1016/j.renene.2015.09.063
http://doi.org/10.1016/j.solener.2016.02.019
http://doi.org/10.1016/j.enpol.2020.111793
http://doi.org/10.1016/j.renene.2018.06.088

Sustainability 2021, 13, 1662 16 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Sanchez, E.; Izard, ]J. Performance of photovoltaics in non-optimal orientations: An experimental study. Energy Build. 2015, 87,
211-219. [CrossRef]

Litjens, G.B.M.A.; Worrell, E.; van Sark, W.G.J.H.M. Influence of demand patterns on the optimal orientation of photovoltaic
systems. Sol. Energy 2017, 155, 1002-1014. [CrossRef]

Freitas, S.; Brito, M. Non-cumulative only solar photovoltaics for electricity load-matching. Renew. Sustain. Energy Rev. 2019, 109,
271-283. [CrossRef]

Brown, PR.; O’Sullivan, EM. Shaping photovoltaic array output to align with changing wholesale electricity price profiles.
Appl. Energy 2019, 256, 113734. [CrossRef]

Cao, S.; Sirén, K. Impact of simulation time-resolution on the matching of PV production and household electric demand.
Appl. Energy 2014, 128, 192-208. [CrossRef]

Jiménez-Castillo, G.; Rus-Casas, C.; Tina, G.M.; Muifioz-Rodriguez, F. Effects of smart meter time resolution when analyzing
photovoltaic self-consumption system on a daily and annual basis. Renew. Energy 2021, 164, 889-896. [CrossRef]

European Statistics Office. Electricity Prices for Household Consumers-bi-Annual Data (from 2007 Onwards) (nrg_pc_204). Avail-
able online: https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc_204&lang=en (accessed on 24 October 2019).
Gallego-Castillo, C.; Heleno, M.; Victoria, M. Self-consumption for energy communities in Spain: A regional analysis under
the new legal framework. arXiv 2020, arXiv:2006.06459. Available online: https://arxiv.org/abs/2006.06459 (accessed on
3 February 2021).

International Energy Agency. Projected Costs of Generating Electricity 2020. Available online: https://www.iea.org/reports/
projected-costs-of-generating-electricity-2020 (accessed on 3 February 2021).

Catalunya, G. de Observatorio del autoconsumo en Catalufia. Available online: http:/ /icaen.gencat.cat/es/energia/autoconsum/
Observatori-de-lautoconsum-a-catalunya/index.html (accessed on 9 December 2020).

JCYL Mesa de Autoconsumo Energético en Castilla y Leén. Available online: https://comunicacion.jcyl.es/web/
jcyl/Comunicacion/es/Plantillal00Detalle /1284877983892 /NotaPrensa /1285016062572 /Comunicacion ~ (accessed  on
22 January 2021).

Solar Power Europe. EU Market Outlook for Solar Power 2020-2024. Available online: https://www.solarpowereurope.org/
european-market-outlook-for-solar-power-2020-2024/ (accessed on 3 February 2021).

Clean Energy for All Europeans Package. Available online: https://ec.europa.eu/energy/topics/energy-strategy/clean-energy-
all-europeans_en#documents (accessed on 25 January 2021).


http://doi.org/10.1016/j.enbuild.2014.11.035
http://doi.org/10.1016/j.solener.2017.07.006
http://doi.org/10.1016/j.rser.2019.04.038
http://doi.org/10.1016/j.apenergy.2019.113734
http://doi.org/10.1016/j.apenergy.2014.04.075
http://doi.org/10.1016/j.renene.2020.09.096
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc_204&lang=en
https://arxiv.org/abs/2006.06459
https://www.iea.org/reports/projected-costs-of-generating-electricity-2020
https://www.iea.org/reports/projected-costs-of-generating-electricity-2020
http://icaen.gencat.cat/es/energia/autoconsum/Observatori-de-lautoconsum-a-catalunya/index.html
http://icaen.gencat.cat/es/energia/autoconsum/Observatori-de-lautoconsum-a-catalunya/index.html
https://comunicacion.jcyl.es/web/jcyl/Comunicacion/es/Plantilla100Detalle/1284877983892/NotaPrensa/1285016062572/Comunicacion
https://comunicacion.jcyl.es/web/jcyl/Comunicacion/es/Plantilla100Detalle/1284877983892/NotaPrensa/1285016062572/Comunicacion
https://www.solarpowereurope.org/european-market-outlook-for-solar-power-2020-2024/
https://www.solarpowereurope.org/european-market-outlook-for-solar-power-2020-2024/
https://ec.europa.eu/energy/topics/energy-strategy/clean-energy-all-europeans_en#documents
https://ec.europa.eu/energy/topics/energy-strategy/clean-energy-all-europeans_en#documents

	Introduction 
	Materials and Methods 
	Description of the Building and PV Installation 
	Description of the Electricity Retail Tariff 
	Data Collection 
	Data Processing 

	Results 
	Energy Balance 
	Economic Balance 

	Discussion 
	Conclusions 
	References

